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TARGETED NANOMEDICINES FOR APPLICATIONS IN PRECLINICAL
CANCER MODELS

Serena Marchio'? ™ Federico Bussolino'?

" Department of Oncology; University of Turin; Candiolo, Italy
2 Candiolo Cancer Institute-FPO-IRCCS; Candiolo, Italy

Despite substantial advancements in cancer management, a considerable proportion of patients cannot yet be cured. Strategies
to address this open medical need are actively pursued and include two main approaches: 1) optimizing diagnostic protocols
to detect tumors at early stages, and 2) designing personalized therapies to increase efficiency and selectivity of clinical
interventions. Our recent work has been directed to a rationally-designed implementation of both approaches. Particularly, we
have contributed to the development of nanomedicines that can be targeted to diseased tissues for theranostic purposes in
preclinical models of human cancers. Such modular nanoscale systems proved to be versatile platforms to combine imaging
and drug delivery for applications in the oncological field and could be a basis for future improvements.
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AOPECHAS OOCTABKA JIEKAPCTBEHHbIX HAHOIMPEMNAPATOB
B MPUMEHEHUN K MOOENAM PAKA HA OOKJIMHNYECKOM
STANE NCCNEOOBAHUN
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HecmoTpsi Ha 3HauMTeNbHbIE YCMexy B Tepanuu paka, 60Mblioe 4YUCAO MaUMEeHTOB MoKa He MOXET ObiTb WU3MeYeHo.
[MpencTaBnerHHble B 0630pe CTpaTern NPeooNieHns 3ToM MpobreMbl akTMBHO pa3pabdbaTbiBatoTCs Mo ABYM HaMpaBeHMsM:
1) omTumMmM3aumnsa OMarHOCTUYECKUX MPOTOKOMOB AN OOHApy>XeHWs OMyxoflel Ha paHHUX CTaausx; 2) paspaboTka
MepCcoHaIM3NPOBaHHbIX CPEACTB Tepanun AN yBenmdeHns SMEPEKTUBHOCTM U CENEKTUBHOCTU NeveHns. [poBoaMMble B
rnocnefHee Bpemst NccneaoBaHnst bl HanpaBieHbl Ha PaUMOHaTTbHOE BHeOPEHME 060X MOAXOO0B, a UX PE3yNsTaThbl BHECN
BKN1a[, B pa3paboTky HaHOMPENapaToB, KOTOPbIE MOXHO aApeCHO OOCTaBNSATb K MOPaXKEHHBIM TKaHAM B LIENSAX TEPaHOCTUKN
OMyxomnen Ha OOKIMHUYECKMX MOAENsX. ST MOOy/bHbleE HaHOCUCTEMbI OOCTATOYHO TVOKM 1 MO3BOAAKOT OObEAVHUTH
BM3yaIM3aUmio 1 TapreTMpoBaHve NeKkapcTs A5t MPUMEHeHNst B OHKoMorun. OHM MOTyT CRy>KunTb 6a30ov 418 AabHenwero
YCOBEPLLEHCTBOBAHMS METOAOB NIeHEHNs paka.
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Early diagnosis and effective treatment of cancer are essential
to minimize morbidity and mortality. These goals can be
achieved by combining 1) disease-specific molecules that may
serve as both diagnostic markers and therapeutic targets with
2) imaging and drug delivery tools capable of providing high-
performance intervention on diseased sites without (or only
marginally) affecting nearby or distant healthy tissues. Despite
this broadly accepted assumption, progress in patient-tailored
approaches has been relatively slow, particularly due to the
paucity of suitable molecular markers. For example, of the
~1,500 proteins proposed as new cancer biomarkers in the
decade 2000-2010, only < 20 have been approved by the Food
and Drug Administration (FDA) to be used in routine testing [1].
On the other hand, applications of nanotechnology to medicine
(collectively defined as nanomedicine) are experiencing a
tremendous impact on next-generation cancer management,
as demonstrated by the number of ongoing clinical trials
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and advanced preclinical studies [2, 3]. A nanomedicine is a
therapeutic, diagnostic or combined (theranostic = therapeutic
+ diagnostic) agent embedded in, or otherwise associated to,
a nanoparticle to provide better biodistribution, improve the
efficacy and/or reduce the toxicity of the agent itself. In our
studies, we identified new biomarkers and explored preclinical
applications of targeted nanomedicines for cancer imaging
(targeted fluorescent nanoparticles) and treatment (targeted
drug-loaded liposomes). In this minireview, we outline the
principal findings of these studies.

Targeted molecular imaging of metastatic
colorectal cancer

Our research group has described a previously unknown
complex of oy integrin and E-cadherin, which is present on
the surface of colon cancer cells but not of normal colon cells
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[4]. We have also identified a specific ligand to this receptor
complex, namely angiopoietin-like 6, a factor secreted in high
amounts by normal liver and physiologically involved in lipid
metabolism. We have demonstrated that this receptor/ligand
circuit is operative in secondary tumor spreading: colon cancer
cells expose the receptor, normal liver cells secrete the
ligand, and their mutual recognition allows cancer cells to
colonize the liver and eventually produce a metastatic mass
in this site [4].

In addition, we have characterized two angiopoietin-
like-6 mimicking peptides that bind the a, integrin/E-cadherin
complex. These peptides, of sequence CGIYRLRS and
CGVYSLRS (single letter amino acid code), besides competing
with angiopoietin-like 6 for binding the receptor complex (and
therefore inhibiting hepatic metastasis), represent potential tools
to flag tumor cells that expose both «, integrin and E-cadherin
[4]. So, we have exploited their binding properties to design
nanomedicines for cancer imaging [5]. This study was based
on silica nanoparticles, which exhibit favorable toxicological
profile and biocompatibility in vivo coupled to ease of
manipulation in vitro [6, 7]. We produced modular nanosystems
to obtain an imaging platform consisting of fluorescent silica-
polyethylene glycol (PEG) nanoparticles (SPNs) that expose
either the CGIYRLRS or CGVYSLRS peptide on their surface.
These SPNs have a silica nucleus associated to one or more
alkoxysilane-derivatized fluorescent dyes, included in a micelle
of the copolymer Pluronic®F127. In other words, they consist of
a PEG shell incorporating a dye-doped silica core. The external
PEG provides a standard of stealth polymer for stable dispersion
in physiological conditions and for prevention of uptake by the
phagocyte system. Moreover, the PEG tails can be derivatized
to allow covalent attachment of targeting peptides. Our
SPNs have a core diameter of 11 = 3 nm, a hydrodynamic
diameter of 23 nm and are doped with either Rhodamine A
(Rhod), Cyanine 5 (Cy5) (single-color), or both (dual-color).
Their specificity was first investigated ex-vivo on patient-
derived specimens of hepatic metastasis, compared to normal
liver and to primary colon cancer (Fig. 1). Sections of frozen
human tissues were incubated with control (untargeted) and
dual-color peptide-targeted (Rhod+Cy5)-SPNs. Nanoparticle
selectivity was evaluated by confocal microscopy (imaging;
Fig. 1 A-D, quantification; Fig. 1 E), revealing specific binding
of CGIYRLRS- and CGVYSLRS-(Rhod+Cy5)-SPNs on hepatic
metastasis (Fig. 1 B) compared to normal liver (Fig. 1 A) and
colon (Fig. 1 C), and to the primary tumor (Fig. 1 D).

The SPNs were also tested in vivo in a mouse model of
pseudo-metastatic tumor (human colon cancer cells implanted
into the spleen of non-obese diabetic/severe combined
immunodeficient mice, NOD/SCID; Fig. 2). Tumor-bearing mice
were injected with control and targeted SPNs and signal was
detected after increasing circulation times starting at 1 hour. At
6 hours, we observed a substantial reduction in background
fluorescence and this signal-to-background ratio remained
consistent at 16 and 24 hours. This suggests that clearance of
untargeted nanoparticles is accompanied by accumulation of
targeted SPNs in metastatic foci, providing a large timeframe
for applications to be translated to the clinics. Fluorescence
imaging by stereomicroscopy and confocal microscopy
confirmed a metastasis-specific accumulation of (Rhod)-
CGIYRLRS-SNPs (Fig. 2 A, D, G, H), (Cy5)-CGIYRLRS-
SNPs (Fig. 2 B, E, I, J) and (Rhod-Cy5)-CGIYRLRS-SNPs
(Fig. 2 C, F, K, L, M, N). A tridimensional reconstruction of
several confocal microphotographs showed that the targeted
SNPs localize in close proximity of tumor blood vessels
(Fig. 2 O, P).

The intra-operative use of fluorescence tracers is starting
to emerge in prostate, gastric, urinary and ovarian cancers
[8-11]. Fluorescent imaging of externally accessible human
cancers, namely honmelanoma skin tumors can be achieved
[12] and endoscopic fluorescence imaging systems have also
been developed for applications in colon cancer [13]. All these
systems are based on untargeted fluorescent tracers, while
our SPNs have the additional feature of being molecularly
targeted, providing further proof of feasibility for translational
consideration.

Targeted drug delivery in metastatic neuroblastoma

In the past years, we and our collaborators have also identified
peptides with unique targeting features for applications in
tumor treatment. Among these, CPRECES [14] and CNGRC
[15] (single letter amino acid code) bind with high selectivity to
the tumor endothelial/perivascular markers aminopeptidase A
(APA) and N (APN), respectively, so they are optimal for in vivo
applications of drug delivery via the circulation.

These two peptides were exploited in a first study aimed to
define the preclinical feasibility of targeted nanomedicines for
doxorubicin (DXR) delivery to models of infantile neuroblastoma
[16]. For this purpose, a synthetic version of each peptide was
produced as fusion with human tumor necrosis factor (TNF)
and the short linker KY (single letter amino acid code), and then
coupled to the PEG tails of stealth liposomes (SL) composed
of distearoyl phosphatidylethanolamine (DSPE)-PEG,
hydrogenated soy phosphatidylcholine (HSPC) and cholesterol.
These SLs were loaded with DXR to obtain the targeted
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nanosystems CPRECES-SLIDXR] and CNGRC-SL[DXR],
respectively, with a size of 90-115 nm, drug entrapment of 95%
and peptide coupling of 4 pg/umol of SL. For pharmacokinetic
studies, these SLs were dual-labeled by incorporation of 2H
and “C in cholesterol and DXR, respectively, demonstrating
suitable stability and long circulation times (up to 24 hours) [16].
The efficacy of such formulations, either as a single agent or in
combination regimens (COMBO), was evaluated in orthotopic
models derived by implant of human neuroblastoma cells into
the left adrenal gland of nude mice. Starting 21 days after
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tumor cell implant, mice were treated once a week for 5 weeks
with 5 mg/kg DXR (free or liposome-incapsulated), showing
that administration of CPRECES-SL[DXR], CNGRC-SL[DXR]
and COMBO provided a consistent lifespan extension vs. the
free drug (up to 17, 37 and 66 days, respectively; Fig. 3) [16].

This work demonstrates that targeting a drug to the tumor
microenvironment increases its efficacy and can therefore be
exploited for the development of innovative medicines.

Based on these encouraging results, in a successive
study we performed combined in vitro/ex-vivo screenings of
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Fig. 1. Frozen sections of (A) normal liver, (B) hepatic metastasis, (C) normal colon and (D) primary tumor were fixed in 4% formaldehyde, before incubation with
untargeted, CGIYRLRS-, or CGVYSLRS-(Rhod+Cy5)-SPNs for 4 hours at room temperature. After washing, SPN-emitted fluorescence was analyzed by confocal
microscopy and the output was converted into the false-color LUT Fire scale for prompt visualization. Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI).
Colocalized pixels were identified by Imaged software. Experiments were performed with similar results on specimens from 10 patients with metastatic CRC; exemplary
images from tissues of patient #P85 are shown. (E) Quantification of SPN binding is expressed as the intensity of emitted pixel following excitation at 514 nm (Rhod)
and 633 nm (Cy5), and represents a mean value of 5 images for each tissue. From Soster et al. [5]
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phage-displayed peptide libraries to identify novel peptide
motifs with high specificity for human neuroblastoma [16].
These experiments were designed to isolate peptides capable
of binding the whole primary tumor (n = 26 motifs retrieved)
or metastatic mass (n = 15 motifs), the primary tumor
microenvironment (ME) (n = 57 motifs) or the metastasis ME (n =
23 motifs). The specificity of 5 peptides targeting the metastatic
mass (phage clone #14, peptide sequence KSFFLSH), the
primary tumor ME (#1, YEGLISR) and the metastasis ME (#5,
HSYWLRS; #8, WSWPREL; #10, ALAAHKL) was confirmed

ex vivo by binding assays on sections of human stage IV
neuroblastoma and in vivo in mouse models. These peptides
were therefore synthetized with the addition of an N-terminal
(YSHS, single letter amino acid code) and a C-terminal
(GGG, single letter amino acid code) linkers and coupled to
SLs as described above [16]. The potential efficacy of these
nanosystems was tested in an orthotopic model derived from
implant of luciferase-transduced human neuroblastoma cells; in
addition, a pseudo-metastatic model was obtained by tumor cell
injection in the tail vein of nude mice. Orthotopically-implanted
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Fig. 2. NOD/SCID mice bearing a primary tumor and multiple liver metastases were injected with single- [control (A, Rhod; B, Cy5) or CGIYRLRS- (D, Rhod; E,
Cyb)] or dual-color [control (C) or CGIYRLRS (F)] SPNs. After 16 hours, mice were euthanized and explanted organs were photographed with a high-resolution
digital camera connected to a fluorescence stereomicroscope. In D, E, and F, orange arrows indicate blood vessels crossing the hepatic metastasis; in E and F,
white arrows indicate sub-millimetric metastatic foci. Samples of the same tissues were OCT-frozen, cut into 10-pum slices, and evaluated by confocal analysis
of single- [control (G, Rhod; I, Cy5), CGIYRLRS (H, Rhod; J, Cy5)] or dual-color [control (K), CGIYRLRS (L)] fluorescence. To visualize blood vessels, staining for
CD31 was superimposed to the SPNs signal and visualized by the secondary antibodies Alexa Fluor®647 (G-H), Alexa Fluor®488 (I-J) and DyLight™405 (K-N),
for overlay with (Rhod)-SPNs, (Cy5)-SPNs and dual-color SPNs, respectively. In the case of dual-color SPNs, samples of primary tumors from mice injected with
either control (M) or CGIYRLRS (N) SPNs are visualized as a further negative control. In O (detail of the field in J) and P (detail of the field in L), tridimensional
models of 50-80 confocal image series were reconstructed with IMARIS software. From Soster et al. [5]
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mice were treated once a week for 3 weeks starting 21 days
after tumor cell implant, and intravenously-implanted mice
were treated with the same schedule but starting 4 hours after
tumor cell implant. In a first series of experiments, growth
of luciferase-expressing orthotopic tumors was monitored
by bioluminescence imaging (BLI) at days 26, 33, 40 after
implant (5 days after each treatment) showing that 5-SL[DXR]
and 10-SL[DXR] were the most efficient in delaying tumor
progression, as also confirmed by a whole-body X-ray scan

i)

50

% survival
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performed one month after the end of treatments (Fig. 4 A).
Successively, the capacity of targeted formulations to prolong
the lifespan of tumor-bearing mice was evaluated in both
the pseudo-metastatic (Fig. 4 B) and the orthotopic (Fig. 4
C) model. Again, treatment with 5-SL[DXR] or 10-SL[DXR]
provided a survival advantage to neuroblastoma-bearing mice
when compared to control animals or even to animals treated
with DXR, either free or included in untargeted liposomal
formulations [16].

Control

DXR

SL[DXR]
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CPRECES-SL[DXR]
COMBO
CNGRC-SL[empty]
CPRECES-SL[empty]
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Fig. 3. Therapeutic efficacy of APN- and APA-targeted liposomal formulations in mouse models of neuroblastoma. Nude mice (8/group) implanted orthotopically with
human neuroblastoma cells were treated (starting 21 days after tumor implant) by intravenous administration of HEPES-buffered saline (control), CNGRC-SL[empty],
CPRECES-SL[empty] or 5 mg/kg of DXR, either free (DXR) or encapsulated in untargeted (SLIDXR]), APN- (CNGRC-SL[DXR]) or APA-targeted (CNGRC-SL[DXR])
liposomes or an equimolar mixture of CNGRC-SL[DXR] and CNGRC-SL[DXR] (COMBO), once-a-week for a total of 5 weeks. The efficacy of each formulation was
evaluated in terms of survival and is expressed in a Kaplan-Maier graph as % of alive mice at different timepoints. From Loi et al. [18]
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Fig. 4. (A) Therapeutic efficacy of peptide-targeted liposomal formulations in mouse models obtained by orthotopic implant of luciferase-expressing human
neuroblastoma cells. Treatments started 21 days after tumor implant. Mice (5/group) were administered intravenous with HEPES-buffered saline (control), or 5 mg/kg
of DXR, either free (DXR) or encapsulated in untargeted (SL[DXR]), scramble peptide- (SCR-SLIDXR] or targeting peptide-functionalized (1-, 5-, 8-, 10-, 14-SL[DRX])
liposomes, once-a-week for a total of 3 weeks. Tumor growth was monitored by BLI 5 days after each treatment (days 26, 33, 40 from tumor implant). Values are
reported as fold increase in tumor volume compared to pre-treatment (day 20). Exemplary pictures of X-ray acquisitions one month after the end of treatment (day 65),
relative to mice treated with SL[DXR], 5-SL[DXR] or 10-SL[DXR], are shown. (B-C) Therapeutic effect of the targeted formulations evaluated in terms of overall survival

in both the pseudo-metastatic model (13 animals/ group, B) and the orthotopic model (8 animals/group, C). Statistical analysis: A, p vs. SL[DXR]; B-C, p vs. control,
SL[DXR] and SCR-SL[DXR]. From Loi et al. [16].
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These preliminary findings were complemented by a
successive in-depth characterization of the HSYWLRS peptide
(#5 of the previous study) as a targeting moiety in preclinical
applications [17]. Binding and internalization specificity was
confirmed on additional cell lines and tissue specimens from
animal models and human stage IV neuroblastoma. DXR-loaded,
peptide-targeted SLs (HSWYLRS-SL[DXR]) were therefore
produced and tested as in vivo drug delivery nanosystems.
Vascular permeability was evaluated by administration of Evans
Blue in neuroblastoma-bearing mice treated with HSYWLRS-
SL[DXR], observing a specific increase in dye extravasation and
accumulation in orthotopic tumors, but not in non-tumor tissues
(Fig. 5 A). Treatment with HSYWLRS-SL[DXR] also increased
perfusion of tumor blood vessels, as determined by intravenous
injection of fluorescein isothiocyanate (FITC)-lectin and analysis
of emitted fluorescence by confocal microscopy (Fig. 5 B).
These phenomena were accompanied by (1) enhanced tumor

A mm CTR

accumulation of HSYWLRS-SL[DXR], but not of DRX included
into an untargeted liposomal formulation, and (2) prolonged
animal survival (Fig. 5 C) in the absence of toxicity signs such
as weight loss (Fig. 5 C, inset). Additionally, the therapeutic
efficacy of HSYWLRS-SL[DXR] was compared to that of
free DXR by monitoring the in vivo growth of orthotopically-
implanted, luciferase-expressing human neuroblastoma cells
with BLI, revealing that only the targeted liposomal formulation
elicits effective antitumor responses (Fig. 6 A-B) and prolongs
the lifespan of tumor-bearing mice (Fig. 6 C). The effect was
also validated by positron emission tomography (PET) coupled
with glucose consumption measurement. This analysis
revealed that treatment with HSYWLRS-SLIDXR] led to a
substantial inhibition not only of primary tumor growth but also
of secondary tumor spreading (Fig. 7 A), which was confirmed
by animal autopsy in terms of both metastatic foci number
(Fig. 7 C) and overall metastasis volume (Fig. 7 C).
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Fig. 5. (A) In vivo systemic permeability. Mice (3/group) bearing orthotopic tumors were treated, 28 days after, with a single bolus of DXR (5 mg/kg), encapsulated
into untargeted (SL[DXR]) or HSYWLRS-targeted (HSYWLRS-SL[DXR]) liposomes, in combination with 1 mg of Evans Blue dye. Control mice (CTR) received HEPES-
buffered saline only. One hour after, mice were perfused, tumors and livers collected and Evans Blue extracted and quantified (O.D. 600 nm). Results are expressed
as Evans Blue dye per g of tissue. **, p < 0.01: HSYWLRS-SL[DXR] vs. CTR and SL[DXR]. (B) Exemplary tumor sections from control mice or from mice treated with
SLIDXR] or HSYWLRS-SL[DXR] and inoculated with FITC-lectin (green). Red: CD31. Blue: cell nuclei (DAPI). Scale bar: 40 um. Graph on the right, numbers of FITC-
lectin positive cells. **, p < 0.001, HSYWLRS-SL[DXR] vs. CTR and SL[DXR]. (C) Potentiated therapeutic efficacy of HSYWLRS-SL[DXR]. Mice (8/group) bearing
orthotopic tumors were treated intravenous with 5 mg/kg of DXR, either free (free DXR) or encapsulated into SLIDXR] or HSYWLRS-SL[DXR] liposomes, once-a-week
for 3 weeks (arrows). Control mice received HEPES buffer only (CTR). Survival: p < 0.0008: HSYWLRS-SL[DXR] vs. SL[DXR]). Insert: mean body weight at different

timepoints. From Cossu et al. [17]
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Fig. 6. (A) Lateral (tumor side) images from mice orthotopically implanted with luciferase-expressing human neuroblastoma cells. Animals were treated intravenously,
once a week for 2 weeks (arrows), with 5 mg/kg of DXR, either free (free DXR) or encapsulated into HSYWLRS-targeted liposomes (HSYWLRS-SL[DXR]). CTR mice
received HEPES-buffered saline. Tumor growth was monitored by BLI at day 20 (before treatment) and 40 (end of treatments) after tumor challenge. (B) Antitumor
effects at the end of treatments; values are reported as fold increase in tumor volume at day 40 over day 20. *, p < 0.05: free DXR vs. CTR; **, p < 0.01: HSYWLRS-
SLIDXR] vs. free DXR; ***, p < 0.001: HSYWLRS-SL[DXR] vs. CTR; (C) HSYWLRS-SL[DXR] show potentiated therapeutic efficacy. Survival: p < 0.0025: HSYWLRS-
SL[DXR] vs. CTR and free DXR. From Cossu et al. [17]
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Fig. 7. Treatment with HSYWLRS-SL[DXR] inhibits secondary tumor spreading. Mice (4/CTR, 5/treatments) orthotopically implanted with luciferase-expressing human
neuroblastoma cells were treated as reported in the legend of Figure 6 and tumor extension was evaluated by PET after 41 days (A). Glucose consumption maps (white
arrows: primary tumor; black arrows: metastases). (B) Number and (C) volume of metastases following treatments. *, p < 0.05: free DXR vs. CTR; **, p < 0.01: HSYWLRS-
SLIDXR] vs. free DXR; ***, p < 0.001: HSYWLRS-SL [DXR] vs. CTR
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Together, these data support the development of the
neuroblastoma-targeting peptide HSYWLRS as a powerful tool
for therapeutic applications.

CONCLUSIONS

Early tumor diagnosis and efficient treatment (namely, a
treatment that reaches max antitumor efficacy while sparing
normal tissues) remain an open medical need. The advent of
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A NOVEL SPHEROID MODEL FOR PRECLINICAL INTERCELLULAR
NANOPHOTOSENSITIZER-MEDIATED TUMOR STUDY
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Aluminum phthalocyanine nanoparticles (NP AlPc) possess the features that make them a promising photosensitizer. In
particular, AIPc NPs do not fluoresce in free nanoform, fluoresce weakly in normal tissue, strongly in tumors and very strongly
in macrophages. Also, such particles fluoresce and become phototoxic when contacting certain biocomponents. The type of
biocomponents that bind to AIPc NPS defines intensity, lifetime, and spectral distribution of the fluorescence. This study aimed
to investigate the peculiarities of nanophotosensitizer capturing in 3D models of cell cultures. The data obtained demonstrate
that AIPc NPs are captured by cells inside the spheroid in the course of the first hour, as the fluorescent signal's growth shows.
Having analyzed the fluctuations of the fluorescence signal of AIPc NPs inside a spheroid, we have also discovered that the
cellular 3D models are heterogeneous. Laser irradiation (two-photon excitation at A = 780/390 nm) resulted in photobleaching
of fluorescence, which is probably associated with AIPc NP deactivation. Thus, the created model comprised of a 3D cell
culture and AlIPc NPs provides a better insight into metabolic processes in cells than monolayer 2D cell cultures. Besides, the
model allows to evaluate the photodynamic effect depending on phenotypic properties of various areas in the heterogeneous
3D-structure.
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NCCJIEQOBAHUE CBOWUCTB TPEXMEPHOW KNETOYHOW MOOENN
onyxonn ¢ NcnoJyib30BAHNEM HAHO®OTOCEHCUBUTM3ATOPA
B KAYECTBE HOBOW NPEOKJIMHUYECKOIN MOOENN

HO. C. MaknbirvHa' &= V1. . PomannwkuH?, A. B. Paboga’, U. B. Akoseu??, 1. BonotuH?, B. B. JlowweHos™*

" VIHCTUTYT 06LLen duaukn nmeHn A. M. Mpoxoposa Poccuiickolt akanemmm Hayk, Mocksa

2 Hay4Ho-1ccnenoBaTtenbCkuii LEHTP aBToMaTuKi yHBepceuteTa JlotapuHrim, HaHew, ®paHums
3 Benopycckuin rocyaapcTBeHHbIR yHBepcuTeT, MuHCk, Benopyccus

4 HauwmoHaneHbIN nccnenoBaTtensCckuin aaepHbin yHneepcuteT «MUI®U», Mockea

Beuoy cBovix ocobeHHoCTel HaHodacTuubl (HY), coctosuwme ns dranoumannHa antomuHng (HY AlPc), asnswoTtcs
nepcnekTVBHbIM hoToceHcnbunmaaTopom. HY AlPc He dhnyopecumpytoT B cBO60AHOM HaHOdopMe, crnabo dyopecLpytoT B
HOPMasbHOWM TKaHK, CUMbHO — B OMyXOJsiX U 04eHb CUMbHO — B Makpodharax. HY AlPc obnagatoT yHVKanbHOM 0COBEHHOCTLIO
npurobpeTaTb CNOCOBHOCTb K hryopecueHUMn 1 POTOTOKCUYHOCTU B KOHTAKTE C HEKOTOPbIMU BMOKOMMOHeHTamu. [pu
3TOM TUMN OUMOKOMIMOHEHTOB, cBsA3blBatoLLVXcs ¢ HY AlPc, BNMSET Ha MHTEHCUMBHOCTb, BPEMS XU3HW U CreKTpasbHOe
pacnpenenerve dnyopecueHumm. Lienbto paboTbl BbINo nccnenoBaTb 0CO6EHHOCTU 3axBaTa HaHOOTOCEHCHMbUIm3aTopa
B 3D-MOofensax KNeTouHbIX KynbTyp. [onydenHHble AaHHble AeMOHCTPUPYOT 3axBaT HY AIPc kneTkamun BHyTpu cheponga
B TeYeHVe MepBOro 4aca no pocTy dnyopecueHTHOro curHana. ObHapy>keHa reTeporeHHOCTb KNeToYHbix 3D-mopenei
no aHanuMay mnameHeHust curHana dnyopecueHumn HY AlPc BHyTpu cdepovpa. B pesynstate nasepHoro obydeHust
(OBYXhOTOHHOro BO36Y>KAeHua ¢ A = 780/390 HM) Habnoganu OoTOGANYNHE hIyOpEeCUEHLIN, KOTOPbIN, BEPOSITHO,
cBazaH ¢ geakTuBauven HY AlPc. Takum obpasoM, cosgaHHas Momefb, CocTosas M3 knetodHor 3D-kynsTypbl ¢ HY
AlPc, no3BonseT ny4lle oueHnBaTb MeETAbONNTUHECKIE MPOLIECChI B KNETKaX, YeM MOHOCIIOVHbIE KNETO4HblE 2D-KynbTypbl.
Kpome Toro, Mogefb NO3BOMSET OLEHMBaTb (DOTOAMHAMUYECKNA 3DMDEKT B 3aBUCUMOCTU OT PEHOTUMMUYHBLIX CBOWCTB
pasnnyHbIx 0bnacTet B reteporenHon 3D-CTpyKType.
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Nanoparticles (NPs), which are based on molecular
nanocrystals of photosensitizer (PS), are promising agents
for the fluorescence diagnostics (FD) and treatment by the
photodynamic therapy (PDT). Aluminium phthalocyanine (AlPc)
nanocrystals have an advantage over the molecular PS used
in clinic settings due to the significantly higher accumulation
selectivity of nanoscale materials [1-4]. Moreover, they are
able to fluoresce only in monomeric form upon the interaction
of nanocrystals with biological structures, hereby providing
appropriate FD detection efficiency [1, 2]. The type of interaction,
the intensity, the lifetime and the spectrum of fluorescence
depends on phenotype of the interacting cells. Fluorescence
intensity of AlPc NPs in pathological tissue (inflammation,
malignancy) significantly exceeds that in normal tissue [1, 2].
Moreover, AlIPc NPs can be considered as theranostic probes
providing both fluorescence for FD and photosensitizing activity
for PDT treatment.

The in vitro screening of novel anti-cancer agents,
particularly PSs, is mainly relied on photocytotoxicity assays
using established cancer cell lines. Conventional two-
dimensional (2D) 2D cell cultures exhibit a rapid, uncontrolled
growth phenotype and are not able to mimic the complexity
and heterogeneity of in vivo tumors. Evidently, in vivo tumors
grow in a three-dimensional conformation with a specific
organization and architecture that a 2D monolayer cell
culture cannot reproduce [5-7]. Three-dimensional (3D) cell
cultures are considered as a more accurate and reproducible
model for performing in vitro drug screening. This model
displays several features of in vivo tumor tissues such as
presence of extracellular matrix, intercellular interaction,
hypoxia, drug penetration and resistance [8—10]. Therefore,
in vitro spheroid model is an intermediate stage between
conventional 2D in vitro testing and animal models. The sphe
[11-13].

Thereby, we have chosen 3D multicellular spheroids as a
model to study accumulation, distribution and PDT efficiency
of AIPc NPs in Hela cells.

METHODS

Multicellular spheroids were initiated by seeding 10* Hela cells
into 96-well plate previously coated with 1% Agarose. Spheroid
culture medium was changed every 2-3 days. When spheroids
reached 140 + 20 pym in diameter after 7 days, they were
used for experiments. In this study, aluminium phthalocyanine
nanoparticles (AIPc NPs, d ~ 100 nm, ¢ = 10 pg/ml) were
used as the PS. The investigations of AlPc fluorescence
after different incubation intervals were performed using laser
scanning confocal microscopy. For microscopy the spheroids

/:LIZci:ﬁl\olES ;”; ## Incubation

Fig. 1. The stepwise scheme of experiment with spheroid model and AIPc NPs
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were finally washed twice with pre-warmed phosphate
buffered saline (PBS). The images were acquired with laser
scanning microscope LSM-710-NLO (Zeiss; Germany). The
20x Plan-Apochromat objective with numerical aperture (NA)
of 1.4 was used. The novel PS Aluminum phthalocyanine
(AIPc) (synthesized by Organic Intermediates & Dyes Institute
(NIOPIK), Russia) was prepeared and studied using the
spheroid model. The polycrystalline powder was added to
distilled water to a concentration of 1 mg/ml. The resulting
suspension was dispersed in Bandelin SONOPLUS HD2070
ultrasonic homogenizer with KE76 attachment (20 kHz, the
amplitude of 165 microns) [2]. Using Photocor Complex
(Russia) multi-angle spectrometer of the dynamic light
scattering, allowing obtaining the nanoparticles distribution
by size via the analysis of correlation function of the scattered
light intensity fluctuations, it was found that the average particle
diameter in the aqueous colloid was 100-150 nm. AlPc¢ colloid
(c = 10 pg/ml) was added to the medium of the spheroid
model to mimic conditions of tumor cells interaction with
PS NPs. The main AIPc NPs feature is the photoactivation
ability. The primary AlPc colloid did not luminesce upon the
laser excitation into the absorption band (at the wavelengths
633 nm and 780 nm by two-photon ex.) i.e. the PS nanocrystals
in a free form showed no photoactivity. So, the nanoparticles
colloid of AlPc was not initially photoactive and did not display
fluorescent properties. However, during interaction of AIPc NPs
with cells, the NPs are involving into metabolic cells processes
and become photoactive (A, ~ 670 nm at the excitation
A, ~ 633 nm and 780 nm by two-photon ex.).

Thus, the experiment protocol consisted of the following
steps (Fig. 1.):

1) At the beginning of experiments, 10 spheroids have
been transferred to separate Petri dish. After that the AIPc NPs
colloid was added to a set of 10 spheroids at the concentration
10 pg/ml each. PS incubation was performed at 37 °C for
15 min in the dark.

2) During futher incubation the cells autofluorescence was
excited with 488 nm laser and simultaneously the AIPc NPs
fluorescence was excited with 633 nm laser under the laser
scanning microscope. After 1 hour of AIPs NPs accumulation
the fluorescence signal stopped rising.

3) After that, the spheroids were washed twice with PBS
and directly observed on an upright fluorescence microscope.
Fluorescence images were recorded using 20% objective
from the spheroid surface. After PS NPs interaction with
biocomponents the NPs photoactivity was sufficient for the FD
and PDT. Therefore, the detected interest zones were exposed
to laser radiation with wavelength 780/390 nm (by two-photon
excitation) after analysis of PS accumulation.

Excitation
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4) Laser irradiations were performed at 780/390 nm (by
two-photon excitation). The irradiation times were adapted
for each irradiation. The assessement of photodynamic effect
was realized analyzing the fluorescent signal after staining
with acridine orange (for healthy cells detection — green;
AO, MolecularProbes®) and ethidium bromide (for dead cells
detection — red; EB, MolecularProbes®). For staining, the
spheroids in PBS, previously washed from the culture medium,
were incubated in the presence of working solution of dyes
for 5 minutes. Stained spheroids from the 96-well plates for
in vitro culture have been transferred to Petri dishes with a
0.17 mm glasse’s thick in PBS solution. AO/EB fluorescence
signals distribution was studied using confocal microscopy.
Excitation of fluorescent AO was performed with a 488 nm
laser, fluorescence was recorded in the range of 495-545 nm.
Excitation of fluorescent EB was performed with a 561 nm
laser, fluorescence was recorded in the range of 580-690 nm.
As a result, fluorescence images of AO (green) and EB (red)
were obtained in the transmitted light mode. Thus, this
stepwise approach enabled mimicing the conditions of tumor
cells interaction with PS NPs at the first hour and the processes
of FD and PDT with AIPc NPs in vivo.

RESULTS

AlPc NPs uptake in spheroids was evaluated at different times
during 1 hour. An intense accumulation was observed during
the first 30 minutes (Fig. 2 A-C). After 40 minutes of incubation
the fluorescence signal reached a plateau without considerable
further changes (Fig. 2 D-F). AlPc NPs fluorescence flaring
up visualization in space and time allowed tracking of PS
distribution. It was observed that after first 15 minutes AlPc
NPs were accumulated in the peculiar regions at the periphery.
Peripherical cells of spheroids had access to the NPs and
could be primarly involved into endocytosis. It needed at least
15 minutes of incubation for the first uptake regions to be
separated into irregularly shaped areas. Over the time these
areas have rapidly grown directionlessly into the spheroid

A
i
i
i
!
i

v

140,33 ym

core (Fig. 2 C, D). After that, the nominal regions have shrunk
into the single zone with minimal NPs uptake in the center
(Fig. 2 E). The time and spatial dynamic of AIPc NPs uptake
described above could be explained by the heterogeneity of
cells in 3D model in temrs of different metabolic processes and
phenotypes. Otherwise, the AlPc NPs uptake would have been
observed as uniform at the periphery and slightly decreasing
towards the spheroid core concentrically.

The numerical estimation of PS uptake in various areas
was obtained by recording fluorescence spectra (Fig.
3). Before starting the analysis it is worth introducing the
equivalent diameter, needed in the presence of a non-perfect
sphericity, and defined as the diameter of a circle with 150 pm,
corresponding to the average spheroid’s size and having the
same area as the spheroid section being imaged. Thus, the
total fluorescent signal from the single area was digitized and
divided into the auto- and AlPc NPs fluorescent contributions
(Fig. 3 A, B). Autofluorescence signal was in the spectral
range of 430-630 nm, excited by the A, ~ 488 nm. AlPc NPs
fluorescence maximum was about 670 nm, excited by the
A, ~ 633 nm (Fig. 3). Analysis of spectra from the concentric
regions had shown that the AIPc NPs uptake decreased with
the autofluorescence increasing from the periphery to the
center of spheroid (Fig. 3 C).

At the same time the PS NPs uptake distribution was
represented by the spheroid’s sections of 4 projections to
simplify visual perception, considering PS NPs fluorescence
signal alone (Fig. 4). This also demonstrates the maximum of
PS uptake in the periphery with local minimum in the center.

DISCUSSION

The penetration ability and phototoxicity of AIPc NPs was tested
by the confocal laser scanning microscopy. Endocytosis was
assumed to be the kind of uptake of NPs. The NPs penetration
into the depth of the spheroid was observed over the first
hour. However, under the assumption that the multicellular 3D
model is homogeneous, NPs should be able to penetrate deep

Fig. 2. Image of AIPc NP fluorescence flaring up over the time. Autofluorescence (green) excitation at A ~ 488 nm, AIPc NPs fluorescence (red) excitation at A ~ 633 nm:

15 min (A); 20 min (B); 30 min (C); 40 min (D); 50 min (E); 1 h (F)
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into the spheroids with a uniform volume distribution, which
was not observed. So, likely, the uptake diversity in different
spheroid’s areas is due to the heterogeneity of spheroid model
containing the cells of different phenotypes. This assumption
is confirmed by the variety of the phototoxicity effect in the
different spheroid’s regions, depending on the presense of
oxygen.

Therefore, the tumor model oxygenation was estimated
indirectly. In this way, this model for investigating the uptake
and photoinduced toxicity of AIPc NPs closely resembles in
vivo tumors [14-15].

This result could be explained by the difference in the
cells metabolic processes. Indeed, previous studies reported
that an apoptotic core begins forming in spheroids of
approximately 150-200 pm in diameter [16]. Similar to in vivo

OPUTMHAJIbHOE UCCJIEQJOBAHNE | HAHOMEOVLIHA

tumors, multicellular spheroids include hypoxic and apoptotic/
necrotic areas, developing as a consequence of the formation
of oxygen and nutrient gradients. Remarkably, in spheroids,
hypoxia occurs gradually over time, with the increase of the
spheroid size [17]. Thus, the AIPc NPs uptake gradient could
be explained by nutrient gradients and phenotype differences
in the cells of 3D model. The degree of the molecular oxygen
avalaibility in the different regions can be estimated by the
rate of fluorescence signal decrease during the photodynamic
irradiation upon the condition that phototoxicity depends on
the presence of molecular oxygen. Phototreatment induces
the energy transfer as a consecuence of PS fluorescence
parching and also a production of active oxygen forms leading
to cell death. The areas with a strong photodynamic effect
were identified by a comparison of AIPc NPs fluorescence
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Before PDT

After PDT

Fig. 5. Comparison of AlPc fluorescence before PDT (A) vs after PDT (B). Autofluorescence excitation A ~ 488 nm, AlPc NPs fluorescence excitation A ~ 633 nm.

Without PDT

I =140.33 um, 0,0°
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Fig. 6. Cell viability analysis after PDT, stained with acridine orange (AO) (green — living cells) (A) and propidium iodide (PI) (red — dead cells) (B). Excitation of AO

fluorescence with 488 nm laser, excitation of 561 nm laser

before and after PDT. Analysing spheroid regions, the residual
PS fluorescence signal was observed only in the core, while
elsewhere the PS fluorescence was absent (Fig. 5). It can be
related to the heterogeneous structure of spheroid with the
various accessibility of deep layers to irradiation light and with
different cells proliferation activity. In particular, this means
that molecular oxygen is absent in the cental spheroid area,
leading to limited photodynamic effect with partial fluorescence
decline. Thus, the oxygen gradient in spheroids could be
indirectly estimated analysing PS phototoxicity effects. That is
also inherent to in vivo features of tumors such as hypoxia.

Finally, the photoxicity was estimated by analysing the
spheroid cells viability using the living and dead cells staining. It
was shown in comparison with staining of primary spheroid with
green marked living cells (Fig. 6 A). This evidence consists in
the detection of green marking living cells only in the spheroid’s
core after PDT (Fig. 6 B). At the same time red marked dead
cells constitute the main bulk (Fig. 6 B). It should be noted
that the distribution of standard dye is homogeneous due the
staining of cells viability only.

High PS accumulation and penetration are the most
important characteristics responsible for anti-tumor efficiency.
These characteristics must be carefully considered for novel
PS screening. Furthermore, the main factor of incomplete
tumor eradication is the PS heterogeneous distribution into
the tumor. That is why the complex spatial and temporal
distribution processes in tissues are especially important.
The spheroid models allow simulating the penetration
and intratumor transport of photosensitizer nanoparticles.
Nowadays numerous nanoparticles have been studied for

efficient and targeted PS delivery. The negative feature of some
nanocarriers is the limited penetration, but presumably the size
of nanoparticles matters significantly [18-19]. Summarazing
the research results, the AIPc NPs are the promising PS
with high phototoxicity and, more importantly, AIPc NPs are
the probe for the inderect analysis of oxygen distribution,
phenotype and metabolic cell processes. At the same time
by the AlPc fluorescence estimation it was observed that the
3D multicellular model possesses primary in vivo features of
tumors such as intercellular interaction, heterogeneity, hypoxia,
oxygen and nutrient gradients. Thus, we suggest that in vitro
spheroid model is a good predictive platform for studying the
nanosized drugs, including the PS, prior to the animal models.

CONCLUSION

Our investigation clearly demonstrated an advantage of using
AlPc nanoparticles as photosensitizer and multifunctional
fluorescence probe. AIPc NPs have the sufficient capacity
to accumulate, diffuse and penetrate into the spheroids.
Microscopy techniques demonstrated that besides sufficient
accumulation, AlPc NPs have the dynamic photoactivity
depending on the bioenvironment. Particularly, AIPc NPs were
used to evaluate the heterogeneity and to indirectly estimate
the oxygen concentration, phenotype and metabolic cell
processes. These are the most important parameters for the
specific local nanophototheranostics. Received results should
be useful for the other sighting studies of cell models, for
example using the co-culture spheroids, which are taken into
the account the immune response [20-24].
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delivery of anticancer drugs. Accumulation of nanoparticles in a tumor varies widely in a given population; it is also highly
dependent on biological factors, which remain largely unstudied. In recent years, there was developed a hypothesis that
suggests that MRI can be used to predict response to nanoformulations-based anticancer therapy since it provides data
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Oncological diseases are a major cause of death, disabilities,
poor quality of life of the patients and the associated economic
loss. Traditional cancer treatment methods, which include radical
surgery, chemo and radiation therapy, are not highly effective,
which makes the search for new therapeutic approaches to
the problem an urgent task. Current cancer diagnostics and
treatment trends seen worldwide are 1) introduction of the
highly sensitive diagnostic methods, 2) development of the new
drugs and methods to deliver them into tumors; 3) transition to
personalized medicine.

All these trends and the underlying concepts benefit from
the use of nanoparticles (NPs) [1]. Firstly, magnetic NPs (MNPs)
allow using MRI for cancer detection. Secondly, there is a number
of nanoformulations capable of delivering chemotherapeutic
drugs to the tumor (liposomes, polymeric micelles, albumin-
based NPs) that have already been approved for clinical use.
Diagnostic and therapeutic potential of NPs enables their use
in the context of personalized prediction of treatment efficacy.
Picture 1 depicts the main idea of using MRI in the personalized
MNP-based therapeutic algorithms. Screening tumors to
register accumulation of nanocarriers therein aides the selection
of the appropriate treatment strategy. MRI-assisted estimation
of the level of contrast agents accumulation in a tumor allows
predicting accumulation of the selected anticancer drug. The
hypothesis is that the tumors with higher levels of contrast
agent accumulation will respond better to MNP-based
therapy.

There is a number of reasons behind the need for personalized
treatment effectiveness prediction. Firstly, nanoformulations
should be prescribed when the EPR-effect (higher blood vessels
permeability and weaker lymphatic drainage) ensures sufficient
drug accumulation in the tumor. Otherwise, nanoformulations-
based therapy should be preceded by treatments increasing
permeability of the tumor's vessels, e.g., local vasodilation
through heating, injecting nitric oxide, prostaglandins (Fig. 1).
Increasing arterial pressure with the help of angiotensin Il or
breaking the tumor matrix with collagenase can also facilitate
delivery of drugs to the tumor [2]. Yet another method to
counter insufficient accumulation of anticancer agent in the
tumor is to deliver it on NPs conjugated with cancer specific
ligands [3, 4]. Secondly, there are purely economic reasons to
pick the latter when considering nanoformulations and regular

anticancer drugs: for example, the cost of 20 mg doxorubicin is
540 rubles while that of Doxil is 42,300 rubles.

Methods and strategies for individual prognosis of
nanodrug delivery to tumors

Currently, there are no routinely applied clinical algorithms
allowing to evaluate the EPR-effect and the related efficacy
of nanoformulated drug in a given patient. The issue is being
addressed, however: a number of research teams conduct
respective preclinical and clinical studies.

One of such studies examined the possibility of using
magnetic particles (ferumoxytol) to estimate the efficacy of
treatment with paclitaxel nanoformulation. The animals (this was
an animal model study) were divided into groups by the MRI-
registered level of EPR effect intensity; subsequent treatment
with nanoformulated drug showed significant differences in the
tumor cells death rates and response to therapy among those
groups [5]. In 2017, researchers published the first results of a
clinical study that implied using MRI to register the magnetic
nanoparticles (ferumoxytol) delivery data and subsequently
evaluate the effectiveness of treatment of 13 solid tumor
patients with irinotecan nanoformulation. High ferumoxytol
accumulation levels (within 1 to 24 hours) were shown to
correlate with the therapy-induced tumor involution [6]. The
suggested approach, however, has a major drawback: the
difference in physical properties of diagnostic and therapeutic
NPs was significant; their sizes, in particular, were 23 nm and
110 nm, respectively. It is well-known that delivery of NPs to
a tumor depends on their hydrodynamic size: the smaller the
particle, the more effective its extravasation and penetration
into the tumor tissues [7]. Intravital microscopy conducted to
determine pharmacokinetics of ferumoxytol and PGLA-PEG
revealed the differences in speed and patterns of accumulation
for these two NP types [5].

Mammaography allowed predicting efficacy of breast cancer
treatment in rats with doxorubicin incapsulated into 100 nm
iodine-containing liposomes [8]. Contrast agent accumulation
data was used to identify animals that were supposed to
respond well to anticancer therapy, a prediction that fulfilled
later. However, the efficacy of this approach was shown only
in one tumor model. The method proposed is based on X-ray
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Fig. 1. Algorithm of personalized evaluation and antitumor nanodrug delivery efficacy prediction in an animal model
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examination, which is less sensitive and safe than MRI, the
factors that limit its adoption in the routine clinical practice.

Another interesting clinical study investigated the correlation
between accumulation of doxorubicin-containing #Cu-labeled
HER2-directed PEG-maodified liposomes in tumor and efficacy
of therapy in 19 patients with HER2-positive metastatic
breast cancer. Positron emission tomography and computed
tomography was applied to detect the radioactively labeled
NPs. The researchers found a positive correlation between the
high level of accumulation of labeled NPs and positive response
to therapy [9]. The original aim of this study was to evaluate the
effectiveness of breast cancer treatment with a combination of
liposomal doxorubicin, trastuzumab and cyclophosphamide.
In this connection, it is difficult to interpret contribution of the
concomitant factors to the data obtained. Besides, the study
focused on one tumor type only, so further investigations are
needed to arrive at a valid conclusion.

A series of studies that researched doxorubicin
nanoformulations labeled with radioactive technetium yielded
similar data. In an animal model, researchers revealed a
correlation between intensity of signal from the tumor (registered
with the help of a single photon emission computed tomography)
and accumulation of the drug in extracted tumors [10]. The
efficacy of this approach was confirmed in a clinical trial, where
©mTe-labeled liposomal doxorubicin was administered to 35
patients with mesothelioma. There was a correlation between
the level of the drug accumulation in tumors and antitumor
response [11]. However, due to safety concerns radioactive
materials are not widely used in clinics, which limits applicability
of the approach.

Gene, protein and cellular predictive markers were suggested
as alternatives to the in vivo visualization methods used to
assess the EPR effect. For example, liposome accumulation
can be predicted based on the MMP9 (metalloproteinase 9)
to TIMP1 (metaloproteinase 1 tissue inhibitor) ratio [12, 13].
In addition, growth factors of endothelial cells (VEGFA) and
fibroblasts (FGF2), interleukins (IL6, IL8), peptides (endostatin),
as well as endothelial cells and their precursors [14, 15] are
being researched as potential EPR markers.

MRI in personalized MNP-based cancer therapy:
problems and prospects

In our opinion, the approaches based on in vivo imaging,
confirmed in animal models and being researched in the context
of clinical trials, are the most promising. Unlike biomarkers
analysis, these non-invasive methods make use of equipment
and contrast agents available in the majority of hospitals.
Besides, compared to the radiological and X-ray examination
methods, MRl is safer and more widely spread. However, there
is a number of conceptual problems and technical constraints
that hamper development of a technology to evaluate and
predict the effectiveness of nanodrug delivery in a given patient,
namely:

1) different properties of the NPs used as diagnostic and
therapeutic agents [5];

2) lack of data on the potential effect the first (diagnostic)
dose has on biodistribution of the second (therapeutic) dose;

3) lack of data describing the time-related change, if any,
of the EPR effect in the same tumor (the change that may
determine differences in accumulation of the first and second
NP doses);

4) retrospective character of the majority of studies
delivering the data, as well as their focus on one model of tumor
only and small samples;
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5)lack of studies where investigating the correlation
between EPR effect and antitumor response to nanodrugs is
a primary goal and there are no concominant factors such as
combination therapy

A comprehensive assessment of the EPR effect heterogeneity
and its determinants requires studying different tumor models
(allografts and xenografts, orthotopic and heterotopic) and
types. The analysis of differences in NPs accumulation in
different animals within the same tumor model allows intra-
group heterogeneity assessment. We have recently performed
a number of experiments with MNPs and the results clearly
demonstrate that MRI can be used to assess the EPR effect in
different tumor models and various animals (Fig. 2). Based on
the data obtained, it is possible to rank animals into prognostic
groups and subsequently assess therapeutic efficacy of the
nanodrugs. Heterogeneity of the NPs accumulation can also be
associated with evolution of tumor vessels and changes in the
tissues architecture, which dictates the need for studying EPR
effect at the different stages of tumor growth.

An important step in the process of introducing personalized
nanodrug therapy to routine clinical practice is comparison of
accumulation of the first and the second doses of NPs. Firstly,
physicochemical properties of diagnostic and therapeutic NPs
should be the same. Secondly, there is a possibility that the
first dose affects subsequent NP administrations. For example,
earlier studies have shown that first intravenous injection of

6 hours after administration

Before administration

Fig. 2. EPR effect heterogeneity: intragroup (A-B); between different tumor
models (A-C)

CT-26
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oncolytic viruses activates subsequent doses capturing by
monocytes/macrophages. The same phenomenon may be
peculiar to multiple dosing of NPs. Finally, the EPR effect can
change dynamically within the same tumor, a factor that should
be taken into account when assessing predictive power of the
first dose. NPs conjugated with different dyes can be used to
model biodistribution of the two doses. Intravital microscopy
allows evaluating extravasation, diffusion and accumulation
dynamics of the first and the second doses, as well as target
cells in the tumor microenvironment. A combination of MRI and
intravital microscopy also shows promise. The first method
allows screening and ranking tumors into high and low NP
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MOLECULAR ORIGIN OF SURFACE-ENHANCED RAMAN SPECTRA
OF E. COLI SUSPENSIONS EXCITED AT 532 AND 785 NM
USING SILVER NANOPARTICLE SOLS AS SERS SUBSTRATES

Durovich EA', Evtushenko EG'? ™ Senko OV', Stepanov NA', Efremenko EN', Eremenko AV?, Kurochkin IN2

' Faculty of Chemistry, Lomonosov Moscow State University, Moscow
2 Emanuel Institute of Biochemical Physics of RAS, Moscow

Research into the molecular origin of surface-enhanced Raman spectra (SERS) of bacteria is a crucial step in assessing
the future of SERS-based discrimination and identification of bacteria in clinical analysis, food quality control, etc. Previous
studies have revealed that at 785 nm excitation wavelength SERS of bacterial cells placed on a solid surface functionalized
with in-situ grown aggregated gold nanoparticles covered with SiO, originate from a mixture of 6 purine derivatives (adenine,
guanine, AMP, hypoxanthine, xanthine, and uric acid) that are released by the cells into the medium. The aim of the present
work was to investigate whether such interpretation is possible with a different class of SERS substrates: silver nanoparticle
sols at excitation wavelengths of 785 and 532 nm. The suspension of the Escherichia coli DH5a strain was used as a model
bacterium. Sols of silver nanoparticles were obtained by reducing silver nitrate in the presence of alkaline hydroxylamine
hydrochloride. Number-weighted mean hydrodynamic diameter of the particles was 43+2 nm. We confirm that at both
excitation wavelengths the spectra can be best described as a superposition of 4 purine derivatives: adenine, guanine,
hypoxanthine, and xanthine. Importantly, we have discovered that 1) the spectra of the purine mixture are characteristic of
viable cells only; 2) due to the variations in the concentrations of purine metabolites released by the cells into the surrounding
medium the spectra of a bacterial strain can vary significantly when a silver nanoparticle sol is used as a SERS substrate.

Keywords: SERS of bacteria, E. coli, silver nanoparticles, purines
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MOJIEKYJTAPHASA NMPUPOOA I'KP-CMNEKTPOB CYCMNEH3WUWN E. COLI
NP ANNHAX BOJIH BO3BYXXAEHUA 532 N 785 HM C NCIMOJIb3SOBAHVNEM
30/TIE/N HAHOYACTUL, CEPEBPA B KAHECTBE MKP-CYBCTPATOB

E. A. Oyposuny', E. I EBTyweHko2® O. B. CeHbko', H. A. CtenaHos’, E. H. Edppemerko’, A. B. EpemeHko?, V. H. KypoukumH'2

T XvMndeckuii dhakynsTeT, MOCKOBCKUIA FOCYAapCTBEHHbIN yHBEPCUTET MMeHn M. B. JlomoHocosa, Mocksa
2 VIHCTUTYT BUOXMMUHECKOl rdnki nmeHn H. M. Smanyans PAH, Mockea

Bonpoc 0 MOnekynsipHoM nprpoae CreKTPOB MFrAHTCKOMO KOMOUHALIMOHHOMO paccesHua (TKP) 6akTepuit SBNsSeTcs KIoYeEBbIM
ONS1 OLEHKM MEPCMEKTUB NX OUCKPUMUHALMW N UAEHTUMUKALMN OaHHbIM METOAOM B LIEASX KINHUHECKON OMarHOCTUKM,
obecnedeHnsa 6e30MacHOCTY NULLEBLIX NPOAYKTOB U AP. PaHee 6bI10 MOKa3aHo, YTO MpW MCMOb30BaHUM B Ka4ecTBe
KP-cy6eTpata arpermpoBaHHbix 1 MOKPbITbIX crioem SiO, 30/10TbIX HAHOYaCTUL, Ha TBEPAOW MOBEPXHOCTU UCTOYHMKOM
CcreKTpa Mpy OfMHe BOMHbI BO3OY»KAEHNS 785 HM SBISETCA CMECH LLECTU MyPUHOBBIX MPOW3BOAHBIX (aOeHWHa, ryaHuHa, AM®,
MMNOKCaHTUHA, KCaHTVHA 11 MOYEBOW KUCIOThI), Bbiaensemas Knetkamm B pacteop. Llenbto HacTosLLen paboThl ObI10 nokasaTtb
MPUMEHNMOCTb AaHHOW MHTEPMPETALMM CMIEKTPOB Ha MPUMEPE CyCneHanm KNeToK Escherichia coli wutamma DH5a ona gpyroro
knacca 'KP-cybcTpatoBs — 301el HaHo4acTul, cepebpa nNpy AnnHax BOSH BO3OYAeHWA 785 1 532 HM. 3onn nonyyanm
BOCCTaHOBJIEHVEM HUTpaTa cepebpa XIOpUAOM MMAPOKCUIaMMHA B LLIENIOYHON Cpeae, CPEeAHEYMCIOBON pa3mep YacTul,
cocTaBun 43 + 2 HM. BbisiBeHb! ABE BaXKHblE OCODEHHOCTU: BO-MEPBbIX, CMEKTP MyPUHOBBLIX METAB0NUTOB PEMMCTPUPYETCA
TOMBKO MNPV HANMHMM »KMBbIX KIIETOK; BO-BTOPbIX, MPW UCMOb30BaHNM 30516 HaHO4acTUL, cepebpa B kKadecTae [[KP-cybcTpaTa
CMeKTpaM Jake OOHOMO M TOrO XKe LTaMMa MpUCyLLia 3HaYUTEeNbHAsA BapuaTMBHOCTb BCNEACTBUE N3MEHEHNST COOTHOLLIEHVA
KOHLIEHTPALI MYPVHOBbIX METAOONUTOB, BbIAENSEMbIX KNETKaMM B pacTBOP.

KntoueBble cnoBa: [[KP-cnekTpbl bakTepuin, E. coli, HaHo4acTuLbl cepebpa, NypUHOBbIE MPON3BOAHBIE
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Surface-enhanced Raman spectroscopy (SERS) is an optical it can be optimized to achieve a very high sensitivity and measure
technique that relies on the ampilification of the weak Raman  multiple analytes. SERS can also be employed for local analysis.
signal emitted by a molecule located in close proximity to a  Metal nanostructures used for signal enhancement are referred
metal surface with nanoscale roughness. Dating back a few  to as SERS substrates and fall into two major categories:
decades, SERS still has not lost its appeal as a powerful  nanostructures on solid supports and colloidal sols of metal
detection technique. It is rapid and simple in instrumentation;  nanoparticles.
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SER spectra of bacteria were first recorded at a 514.5 nm
laser excitation wavelength (EW) from Escherichia coli and
Bacillus megaterium [1]. It was soon discovered that excitation
at 488 or 514.5 nm results in almost identical SER spectra
from gram-positive and gram-negative bacteria, as well as their
isolated cell membranes: all acquired spectra originated from
reduced or oxidized riboflavin (RF) [2-4]. The RF extinction band
overlaps with 488 and 514.5 nm EWSs, which induces resonant
enhancement of the RF spectrum [3]. RF is a component of
cofactors of redox enzymes and electron transport proteins
found in cell membranes. If a bacterial cell is applied onto
the surface of a solid SERS substrate or, alternatively, metal
nanoparticles are synthesized or absorbed onto the cell, RF
will come to occur in close proximity to the metal surface [3,
4]. From a bioanalytical standpoint, it means that laser sources
with short wavelengths of 488 and 514.5 nm cannot be used
for the identification of or discrimination between different
bacteria.

At the same time, bacterial cells excited at long incident
EW (785 nm) have SER spectra that do not contain the
bands characteristic of riboflavin. Moreover, SER spectra
vary between bacterial species and sometimes strains, not
to mention intact and inactivated samples of the same strain
[6-7]. This inspired a hypothesis in the early 215t century about
the feasibility of SERS for the identification of bacterial species
and strains excited at 785 nm wavelength. If adopted, this
approach would have sped up pathogen detection in patients’
samples, food products, and environmental objects. However,
the molecular origin of bacterial SER spectra at long EWs was
vague. According to a proposed hypothesis, such spectra
could originate from the molecules localized in the bacterial
glycocalyx (a slime layer or a capsule) or bacterial envelope
(@ cell wall or a membrane), as was the case with short
wavelength lasers. Some authors speculated that the spectra
might originate from N-acetyl-D-glucosamine [6], amino acid
residues, peptides, protein prosthetic groups, phospholipids,
metabolites (such as glucose or acetoacetic acid), or DNA and
its constituents (guanine and adenine) [5, 7-13]. However, the
proposed hypotheses lacked substance: they interpreted the
origin of individual bands only ignoring the full spectra. As a
result, this area of science was long dominated by a formal
mathematical approach that combined the method of principal
component analysis (PCA) used to reduce the dimensionality of
experimental data and discriminant or cluster analysis aimed to
prove the feasibility of discrimination between bacterial genera,
species and strains based on their SER spectra [6, 12-15].

But then a study published in 2016 demonstrated
convincingly that it was 6 purine metabolites released into
the medium by the bacterial cell that were the source of SER
spectra at 785 nm EW for 10 investigated samples [16]. The
purine derivatives included adenine, guanine, adenosine
monophosphate, hypoxanthine, xanthine, and uric acid.
The suggested interpretation imposes a dramatic limitation
on the use of bacterial SER spectra for the identification/
discrimination of pathogens because the differences between
their spectra are caused by only 6 secreted purine derivatives
and not the whole diversity of molecules on the cell surface.
For example, a hypoxanthine-free E. coli mutant with a silent
adenosine deaminase gene was closer in its SER spectrum to
Staphylococcus aureus than to the parent strain. The EW used
in that experiment was 785 nm. Aggregated gold nanoparticles
grown on a solid surface and coated with a thin silica layer
were used as a SERS substrate. The aim of our study was to
verify the authors’ conclusions using a principally different type
of SERS substrates (silver nanoparticle sols) and to investigate

the molecular origin of bacterial SER spectra at 532 nm EW
lying between riboflavin-dominated (488 and 514.5 nm) and
infrared (785 and 1,064 nm) spectral regions.

METHODS

E. coli DH5a (Thermo Fisher Scientific; USA) was used as
a model strain. The cells were cultivated in a liquid culture
medium consisting of 10.0 g/l tryptone (Difco; USA), 5.0 g/l
yeast extract (Difco; USA) and 10.0 g/l chemically pure NaCl
(PH 6.8) (Chimmed; Russia) at 37 °C for 14-16 h until the
stationary phase was reached. According to the literature [17],
the cultured cells should be washed thoroughly to remove
the residual components of the culture medium. Bearing that
in mind, we applied the following protocol. Briefly, the cells
were pelleted in the Beckman J-2-21 centrifuge (Beckman
Coulter; USA) at 8,000 rpm for 7 min. The pellet was washed
in an equivalent volume of 0.9% NaCl. The procedure was
repeated twice. The obtained biomass was diluted with 0.9%
NaCl taken at a volume sufficient for obtaining a suspension
of 1« 108 cells per ml. The final concentration was determined
spectrophotometrically at 540 nm.

For the experiments with partially inactivated bacteria, the
suspensions were placed into a water bath preheated to 70 °C
or 90 °C and kept at this temperature for 1 h. The degree of
inactivation was inferred from the concentration of intracellular
ATP measured by the luciferase-luciferin assay using the
reagent kit and calibration standards by Lumtek; Russia.

A sol of Ag nanoparticles (AgNPs) was used as SERS
substrate. The sol was prepared by reducing silver nitrate
with hydroxylamine hydrochloride in the presence of sodium
hydroxide using AGNO, (ASC reagent, > 99.0%; Sigma-Aldrich;
USA), NH,OH-HCI (purified; Prime Chemicals Group; Russia),
and NaOH (reagent grade; Mosreaktiv; Russia). Following the
original protocol [18], the silver nitrate solution was poured into
the alkaline hydroxylamine solution. The final concentrations
of the reagents in the mixture were 1 mM AgNQ,, 1.5 mM
NH,OH-HCI, and 3 mM NaOH. Sols older than 3 days were not
used in the experiment.

The absorption spectra of the synthesized nanoparticles
were measured in a UV-visible region (300-750 nm) with the
cuvette spectrophotometer UV-1800 (Shimadzu; Japan).
The size and concentration of AQNPs were measured by
nanoparticle tracking analysis (NTA) using the Nanosight LM10
HS-BF system (Nanosight Ltd; UK).

The SER spectra of both intact and inactivated bacteria
were recorded on the day of sample preparation. Until then,
the samples were stored at +4 °C. Immediately before the
measurement, a sample aliquot was centrifuged twice
at 3,700 rpm for 5 min in the Biofuge A centrifuge (Heraeus
Sepatech; Germany) and washed in an equivalent volume of
deionized water. The obtained cell suspension in water was
mixed with the AgNP sol at a ratio of 1:1 and incubated for
1 min. Then, the NaCl solution taken at a final concentration
of 40 mM was introduced into the mixture to stimulate particle
aggregation and enhance the signal. An aliquot of this mixture
(260 pl) was transferred into a well of an aluminum well-
plate to minimize the background signal and improve heat
dissipation. The spectra were measured in 3 to 4 replicates
per sample; the samples were stirred by pipetting between
measurements.

To study the changes in the SER spectra over time, 5 ml
of the E. coli suspension were transferred to deionized water
following the procedure described above. The obtained water
suspension was stored at +4 °C and its aliquots were picked
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to register SER spectra over the course of 4 h.The filtrate was  recorded using the incident beam power of 42 mW, 5 s signal
prepared by filtering the E. coli water suspension slowly using a  accumulation time, and averaging over 20 repeated scans. At
syringe filter SFNY030022S (Membrane Solutions; USA) witha 532 nm EW, SER spectra were recorded using the iRaman
diameter of 30 mm and a pore size of 0.22 ym. BWS415-532S spectrometer (BWTek; USA) with a 532 nm

At 785 nm EW, SER spectra were recorded using the  diode laser source and a x20 PL L 20/0.40 objective. The
innoRam BWS445(B)-785S spectrometer (BWTek; USA) instrument was operated at a measuring range of 174-4,001 cm-”
with a 785 nm diode laser source and a x20 PL L 20/0.40 and resolution of 4 cm™. The spectra were recorded using the
objective. The instrument was operated at a measuring range  incident beam power of 20 mW; 5 s signal accumulation time,
of 64-3,011 cm™ and resolution of 4 cm™". The spectra were  and averaging over 20 repeated scans.

Table. The table shows all spectral bands observed in the SER spectra of E. coli including the filtrates of cell suspensions and their assignment to the purine metabolites
whose spectra were characterized in [16]. A — adenine, G — guanine, Hx — hypoxanthine, X — xanthine

785 nm 532 nm
Peak position, om Bandsf;)eeqclitra;’c;oin the Peak position, o Band;‘;a;li:e;cg//oin the Assignment
502-515 75 502-512 50 X, G
526 75 G
522-540 100
549-550 25 Hx, A
561-574 100 X, G, A
621-633 50 617-623 (sh) 100 Hx, A, G
653-667 100 648-651 100 G, X A
680-683 38 X, A
724-735 100 721-728 100 A, Hx
780-792 63 770 25 Hx
788 25 A
833 25
838-842 38 846850 0 Tyrosine (?)
867-883 63 875-878 25 G, X
925-930 38 Hx
958-966 100 952-955 100 X, G, Hx, A
1002-1008 88 1000-1006 100 Phenwi?‘ult?err]:c(iigg‘ (%*HX*X
1027-1033 25 1024-1027 100 G, A, Hx
1043-1045 75 G, X
1084-1096 50 1085-1095 100 Hx
1115-1130 38 1129-1140 100 X, G, A
1157-1160 25 1154 25 Hx
1175-1189 63 G, A
1213-1215 25 1215-1233 100 G, Hx, A
1245-1251 50 1242 25 X
1267-1276 25 1276 25 G, A
1310-1315 25 X, A
1322-1325 75 Hx
1324-1334 63
1330-1331 50 Hx
1341 25 A
1362-1380 63 1371-1379 100 G, X, Hx, A
1389-1390 13 1399 25 X, Hx
1444-1453 88 1444 25 Hx, G, A
1464-1473 75 1457-1468 100 Hx, G, X, A
1508 13 1506 25 A+Hx+X interaction (?)
1528-1534 25 1532-1538 100 G, Hx, K
1568-1578 63 1567-1575 50 G, A
1582-1591 25 1584-1595 25 X, Hx
1646 25 G, A
16301721 (broad) 75
1692-1698 100 X, Hx, G
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The recorded spectra were processed in OPUS 7.0 (Bruker
Optik GmbH; Germany). The data outside the 500-1,800 cm™’
range was discarded, and the baseline was subtracted using
the Background correction tool. Smoothing was not applied to
determine peak positions and intensity. However, SERS data
for plots was smoothened using the Smooth tool with a frame
width of 9 cm™. The spectra were processed using vector
normalization for a clear visual representation of qualitative
differences. Normalization was not performed when the
intensities of the spectra were compared.

RESULTS

The popular hydroxylamine technique for the synthesis of
AgNP sols [18] is simple and reproducible; the sols it yields
significantly enhance the spectra emitted by various analytes,
including bacterial cells [19-21]. The AgNP sols we prepared
were transparent, deep yellowish-brown in color and did
not contain any precipitate. They had a broad and intense
absorption band in the near UV-blue region corresponding
to the localized surface plasmon resonance of AgNPs with a
maximum at 407-409 nm and absorption at this wavelength
ranging from 16.5 to 18 (this accounts for 30-fold dilution with
deionized water). The number-weighted mean hydrodynamic
diameter of the particles measured by nanoparticle tracking
analysis was 43 + 2 nm in three independent AgNP batches.
The total particle concentration was (8.0 + 1.7) « 10" particles
per ml. The synthesized AgNS sols aggregated in 40 mM
NaCl did not have their own SER spectra at both EW except

Intensity (a. u.)

for a broad low-intensity band contributed by aluminum (the
material of the plate) in the region between 1,200 and
1,700 cm™. This band can be totally subtracted during data
processing.

The reproducibility of intact E. coli SER spectra at 785 nm
EW was tested in a series of different experiment. First, we
repeatedly measured the spectra of the same mixture of E. coli
+ AgNPs + NaCl. Second, we measured the spectra of different
aliquots of bacterial sample using the same and different AGNP
batches. Third, we measured the spectra of independently
cultured and isolated E. coli applied onto one and the same
AgNP substrate. Repeatedly measured bacterial samples
demonstrated good repeatability (Fig. 1A). The SER spectra of
independently cultured bacterial samples varied considerably
(Fig. 1B). The most significant variations were observed in
the following spectral regions: 508-532; 655; 730-734; 958;
1,450; 1,570-1,576 cm™.

E. coli stored in water at +4 °C for 4 h (Fig. 1C) demonstrated
a gradual increase in the total intensity of the SER spectrum
over time accompanied by a change in the intensity ratio of
its individual bands. For example, the ratio I, / I, = 1.2
remained constant at all time points, but the ratio I,,,. / |,
monotonously declined from its initial value of 1.6 to 1.0 over
the course of 4 h.

The spectra of the intact E. coli suspension in water
were compared to its filtrate (0.22 pm) in order to locate the
molecules giving rise to the SER spectra (Fig. 1D). Considering
the slow dynamics, the spectra of aliquots of the initial bacterial
suspension were recorded before and after filtration. All spectral

= 2 replicates for aliquot 1
= 2 replicates for aliquot 2

= Batch 1
= Batch 2
= Batch 3
SV W o

= 0 min
= 60 Min
— 140 min

— 240 min
o WP "

= Cell suspension before filtration
= Cell suspension after filtration
== Filtrate 0.22 pm

500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift (cm)

Fig. 1. SER spectra of E. coli suspensions at 785 nm excitation wavelength. A. Repeatability of measurements for one aliquot and one cell batch. B. Reproducibility of
the spectra for different batches of cell suspensions. C. Dynamics of SER spectra over time observed in cells stored in water at +4 °C. D. Comparison of the spectra
of the cell suspension and the filtrate (0.22 pm) of the same suspension. Vector normalization was applied to the spectra (A, B); the spectra (C, D) were not normalized
to demonstrate the difference in their intensity. Ranges of spectral differences are shown in gray

Intensity (a. u.)

500 600 700 800 900

= |ntact E. coli cells
== Cells inactivated at +70 °C for 1 h
== Cells inactivated at +90 °C for 1 h

1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift (cm™)

Fig. 2. Changes in the SER spectra of E. coli suspensions (785 nm) following inactivation by heating. The spectra were not normalized to demonstrate the difference

in their intensity
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bands observed for the cell suspension were present in the
spectra of the filtrate. Moreover, the total intensity of the filtrate
spectrum was significantly higher.

The SER spectra of intact cells and those inactivated
at 70 °C or 90 °C for 60 min were compared in an attempt
to understand whether the observed SER spectra can
indicate the presence of viable E. coli or whether they come
from an inactivated bacterial biomass (Fig. 2). The residual
concentration of intracellular ATP was also measured in all
three sample types (intact bacteria and cells inactivated
at 70 °C and 90 °C) as it is indicative of cell viability. The
ATP concentrations were 1 « 109 5.6 « 10" and 4.1 « 10"
mol per 1 ml of cell suspension, respectively. On the whole,
considerable variability was observed in the number and
position of spectral bands. However, the total intensity of
the spectrum tended to decrease. The spectra of inactivated
bacteria (90 °C) contained only 4 very low-intensity bands
characteristic of intact £. coli (730; 1,002; 1,325, and 1,450 cm")
and two low-intensity bands of the amide Il (1,230-1,270 cm™)
and amide | (1,640-1.680 cm™") regions.

The reproducibility of the SER spectra of intact E. coli was
also tested at 532 nm EW. In this case, the intensity of the
spectra was twice as high as that observed at 785 nm, resulting
in a higher number of informative spectral bands and a better
accuracy in locating their position. Similar to 785 nm EW, at
532 nm the high repeatability of the spectra was observed for
one and the same aliquot of one and the same bacterial sample

Intensity (a. u.)

500 600 700 800 900

(Fig. 3A). But the SER spectra of independently cultured and
isolated bacteria varied considerably (Fig. 3B).

DISCUSSION

Measurements conducted at EW 785 nm demonstrate that the
SER spectra of E. coli stored in water are not determined by
a single compound, but rather by a mixture of a few different
components. This becomes clear when we look at the array of
all recorded spectra that contains a fixed set of spectral bands
(see the Table). The ratios of the mixture components slowly
change over time when cells are stored in water (Fig. 1C) and
differ significantly between independently cultured batches of
intact cells (Fig. 1B). Comparison of the spectra of the intact
bacterial preparation and its filtrate (Fig. 1D) shows that the
components of the mixture do not originate from the cell
surface but are present in the solution. Moreover, the cell itself
can be seen as interfering with the recording of SER spectra,
as it adsorbs particles on its surface. This is suggested by a
significant increase in the total intensity of the filtrate spectrum
in comparison with that of the cell suspension.

Inactivation of bacterial cells demonstrates that the mixture
of the compounds in question bears connection to cell viability
(Fig. 2) but is not a product of passive desorption from the
surface of inactivated cells.

The Table features a list of spectral bands observed in all
acquired SER spectra of intact E. coli, including the filtrates.

= 2 replicates for aliquot 1
= 2 replicates for aliquot 2

= Batch 1
= Batch 2
== Batch 3

Raman shift (cm™)

Fig. 3. SER spectra of E. coli suspensions at 532 nm excitation wavelength A. Repeatability of measurements for one aliquot and one cell batch. B. Reproducibility of
the spectra for different batches of cell suspensions. Vector normalization was applied to the spectra. Ranges of spectral differences are shown in gray
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Fig. 4. Overlay of SER spectra corresponding to purine derivatives [16] and riboflavin [4, 24, 25] on the SER spectra of E. coli suspension A. Spectral bands of purine
derivatives in the spectra of E. coli at 785 nm EW. Arrows mark uncharacterized low-intensity bands. B. Spectral bands of purine derivatives in the spectra of E. coli at
532 nm EW. C. Overlay of spectral bands of riboflavin on the spectra of E. coli at 532 nm EW. The width of riboflavin bands on the graph reflects the variability of their

positions in literature sources
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Upon analyzing the literature, we concluded that at 785 nm
EW almost all spectral bands are a product of superposition of
spectra originating from 4 purine derivatives (adenine, guanine,
hypoxanthine, and xanthine). This conclusion is consistent with
[16]. Besides, for every individual SER spectrum, the intensity
and positions of bands correspond to such superposition
as well. (Fig. 4A). Unlike the authors of [16] who exploited
aggregated gold nanoparticles on a solid surface, we used
sols of silver nanoparticles. Considering the possibility of
slight variations in the relative intensity of the spectral bands
associated with the use of different SER substrates and an
increase in intensity following overlay of spectral bands of
individual compounds, our description is quite accurate.

Only 3 low-intensity bands remain uncharacterized: 838-
842, 1,002-1,008 and 1,508 cm. On the one hand, there is
a chance that low-intensity bands can be lost during digital
conversion of the spectra from literature sources. On the other
hands, it is possible that those bands have never been present
in the spectra of individual purine derivatives. Then, their origin
can be explained by two hypotheses. First, the bands can
result from the interactions between the components of the
mixture. For example, a SER spectrum of a mixture consisting
of adenine, hypoxanthine and xanthine contains two bands
(1,000 and 1,510 cm™) absent in the individual spectra of
its constituents [22]. Besides, the presence of 838-842 and
1,002 cm™ bands can be explained by minor presence of
tyrosine (the most intense spectral bands are 824; 847; 928;
1,046; 1,389 and 1,583 cm™ [23]) and phenylalanine (the
most intense spectral bands are 930; 1,002; 1,031; 1,394;
and 1,602 cm [23]).

The suggested origin of bacterial SER spectra explains
a considerable variation in the position of peaks observed
for some bands within E. coli spectra. Thus, the variability
in the position of the peak of a broad multicomponent band
ranging from 502 to 574 cm™" can be explained by an overlap
of the following bands: xanthine (508 cm), guanine (526 cm),
hypoxanthine (550 cm), adenine (558 cm), and guanine
(677 cm). For the band in the region between 653 and 667 cm™,
the contributing bands are 652 cm™ (adenine), 657 cm™’
(xanthine) and 667 cm™ (guanine); for the 724-735 cm
band, 725 cm™ (hypoxanthine) and 734 cm (adenine); for the
broad double band with peaks at 1,444-1,452 cm™ and 1,464—
1,473 cm, the contribution is made by guanine (1447 cm),
adenine (1455 cm), hypoxanthine (1456 cm), guanine
(1466 cm™), and xanthine (1478 cm).

The SER spectra of E. coli are very similar at 785 and 532
nm EW (Fig. 4A, 4B) with regards to the position and intensity
of some of their constituting bands (Fig. 1B, 3B). This finding
encouraged us to describe the acquired SER spectra at EW
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DEVELOPMENT OF LIPOSOMAL DRUG FORMULATIONS:
QUALITY ATTRIBUTES AND METHODS FOR QUALITY CONTROL

Melnikova EV, Goryachev DV, Chaplenko AA &2, Vodyakova MA, Sayfutdinova AR, Merkulov VA

Scientific Centre for Expert Evaluation of Medicinal Products
of the Ministry of Health of the Russian Federation, Moscow

The use of nanostructured components in drug manufacturing and, more specifically, targeted drug delivery has recently
become a major pharmacy trend. Nanodrugs encompass a wide range of pharmaceutical agents containing dendrimers,
nanocrystals, micelles, liposomes, and polymer nanoparticles. Liposomes are the most well-studied nanoparticles and effective
drug carriers. However, the more complex their structure is, the more process controls are needed and the more quality
attributes have to be monitored, including the chemical properties of the liposomal fraction such as the shape, size and charge
of the nanoparticle, conjugation efficacy, and distribution of the active ingredient. We believe that quality control of key liposome
characteristics can be carried out using dynamic and laser light scattering coupled with electrophoresis, differential scanning
calorimetry, cryo-electron microscopy, nuclear magnetic resonance, laser diffraction analysis, and gel filtration chromatography.
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PA3SPABOTKA JIMMOCOMAJIbHbIX ®OPM JIEKAPCTBEHHbIX NPEMNAPATOB:
METO[bl OLUEHKN N NMOKAS3ATEJIN KAHECTBA

E. B. MenbHuvkoBa, . B. Topsyes, A. A. Hannerko =, M. A. Bogskosa, A. P. CaidytamHosa, B. A. Mepkynos

depepanbHoe rocy1apCTBEHHOE BIOIKETHOE YUYpexXaeHMe «Hay4HbIN LEHTP SKCNepTn3bl CPEACTB MEANLIMHCKOrO NPUMEHEHNS»

MuHUCTEpCTBa 3apaBooxpaHeHns Poccuinckoin ®epepaummn, Mocksa
O,EI,HI/IM M3 TpeHaoB CbapMaLl,I/II/I Ha CeI'O,EI,HﬂLIJHI/II7I [OeHb ABNAETCA NPYIMeHEHe HaHOCTPYKTYPHbIX KOMMOHEHTOB OJ1A NMPon3BOACTBA
neKapcTs, B HaCTHOCTU OJiA Hal'lpaBJ'IeHHOI7I OOCTaBKW NIeKapCTBEeHHbIX CPeACTB B 3a4aHHYO obnacTb OopraHn3mMa, opraHa nnn
knetkn. K HaHonpenapartaM aBTOPbl OTHOCAT CPeaCTBa, cogep kaillye ageHaprMepbl, HAHOKpUCTaibl, MULENIIbI, JIMMOCOMbI,
a TakXke nonrMMepHble HaHO4YaCTULbI. B nacTosiee BpeMyA IMNOCOMbl — OAHN U3 Hanbonee mnccnenoBaHHbIX HAHOYaCTUIL,
KOTOpPblE paccMaTpmBarOT KakK COBPEMEHHbIE U ScbdjeKTl/lBHble cpenctea OOCTaBKM Pas3fidHbIX MpenapaTos. O,D,HaKO
yBenmdeHne CroXXHOCTW CTPYKTYPbI rnpenapara HEM3bEXKHO NpPVBOONT K YBENMNHEHNIO HCa KPUTUHECKIX TOYEK MOOon3BOAOCTBA,
a TakKe K paclupeHnio Crnncka rnokasarenen kadecTtsa. Hapﬂﬂy C KJlaCCn4eCKMI rnokasatesidiMn Ka4eCTBa aBTOPbI CHATAOT
HeOGXO,D,I/IMbIM OueHVBaTb TakXke dJI/ISI/IKO—XI/IMI/I‘—IeCKI/Ie CBOWCTBA JIMMOCOMHOM q)paKLl,I/IVI: CbOpMy, pasmMep 1 3ap4n HacTul,
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Some of the major current challenges before the its absorption, increase stability, etc. Another case are drugs

pharmaceutical industry are regulation of all pharmacokinetic
parameters of a drug (absorption, distribution, clearance and
biotransformation), ensuring its safety and selective action on
target organs and other targets, minimization of undesirable
reactions and side effects. Using nanostructured components
in general and to deliver drugs to a given body part, organ or
cell in particular is one of the trends that sees development
today. Russian legislation does not describe the concepts of
“nanopreparations” or “nanodrugs”; in reality, all drugs that
are nanoparticles or contain them are considered to be such.
This definition mainly applies to the drugs based on liposomes
and micelles, where nanostructures enable transportation of
the active pharmaceutical ingredient inside the body, prolong
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considered to be nanostructured due to the physicochemical
characteristics of their active ingredients, an example of which
are antianemic iron preparations that may contain iron (lll) atoms
stabilized by a carbohydrate complex, which defines their
nanocolloidal structure. Currently, we are developing quality
assessment and research guidelines applicable to drugs based
on liposomes and micelles, as well as containing nanoparticles.
Features of the nanodrugs' compositions define the
individual approaches to assessing their quality. For example,
quality of liposomal preparations largely depends on their
individual specific attributes (size of nanoparticles, surface
morphology, surface charge), which can affect the following
pharmacokinetic and pharmacodynamic properties in vivo:
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- rate of release of the active ingredient from liposomes,
a factor that has an effect on pharmacokinetics (PK) and
pharmacodynamics (PD) and, consequently, drug's safety
profile and efficacy;

« bioavailability of the active pharmaceutical ingredient in
liposome, its biotransformation and clearance.

PK of the encapsulated active ingredient depends on that
of the carrier, which is determined by the physicochemical
properties of the nanoparticle material; interactions between
the nanoparticle's components, active ingredient and biological
environment (body) should also be taken into account.

We define nanodrugs as drugs that contain dendrimers,
nanocrystals, micelles, liposomes and polymeric nanoparticles.
Currently, liposome is one of the best-studied nanoparticles
among those considered as effective carriers for various
drugs. In the recent years, global pharmaceutical industry has
developed and released over 20 liposomal drugs primarily
used to treat cancer (Dauno Xome (Gilead, NeXstar), Doxil
(Alza, Sequus), Couloux (Schering-Plow), Muocet (Elan, TLS))
and fungal infections (AmBisome, ABELSET (Gilead, NeXstar))
[1]. Specific capabilities related to transportation, translocation
through histohematogenous barriers and cell membranes, as
well as metabolic transformations, provide liposome-based
drugs with unique properties that improve their PK.

This article summarizes and analyzes the data describing
the use of various types of liposomes for drug delivery and
defines the specifics of the liposome-based nanodrugs quality
assessment.

Varieties of liposomes and their use
by pharmaceutical industry

Liposomes are vesicles with a lipid bilayer built of amphiphilic
molecules enclosing their contents. Recently, liposomes have
evolved from a simple model that mimics cell membranes
into an object of active research and practical application [2].
In the context of drug delivery, liposomes enable selective
accumulation of the active ingredient in pathological lesions
(tumors, inflamed tissues) due to their passive targeting ability.
This ability is the results of the difference in distance between
capillary cells in lesions/tumors and normal tissue: the former,
which is 210 to 1000 nm, is significantly greater than the latter,
which is approximately 40 nm. Thus, liposomes less than 200
nm in size cannot escape the bloodstream anywhere except
the lesions (with the exception of the brain, where tumors
typically have pores of 7-100 nm [3, 4]), and the active
pharmaceutical ingredient, which can be toxic, is unlikely to
contaminate anything but the target. For example, liposomal
doxorubicin is 2-3 times less toxic than the solution of this
drug [5].

Using target (endothelial) protein antibodies, which
are specific to vessels of various organs, allows manifold
improvement of precision of the nanoparticle-enabled delivery
of active pharmaceutical ingredients and DNA [6-9].

To date, various researchers have described liposome-
based preparations carrying a plethora of active ingredients,
X-ray and scintigraphic tracers, toxins, peptides, proteins and
nucleic acids. The overwhelming majority of studies in this field
has to do with anticancer drugs (most often, anthracycline-
based) [8]. There are five types of liposomes, different in
composition and action in vivo, that the researchers preferred,
namely: simple liposomes; sterically stabilized liposomes;
directed liposomes (immunoliposomes); cationic liposomes;
liposomes sensitive to physical and chemical stimuli, such as
temperature, light, and changes in pH [2, 10] (Table 1).

When progress in biotechnology and genetic engineering
allowed developing a new generation of drugs, such as
recombinant proteins, peptides (biotechnological drugs),
drugs based on nucleic acids (gene therapy drugs), liposomes
acquired a special significance due to the susceptibility of these
medicines to chemical and enzymatic hydrolysis [8, 39-41]. In
gene therapy, liposome nanocontainers may carry a plasmid
with a therapeutic gene sequence, antisense oligonucleotides
or small interfering RNAs [42-44]. The volume of the liposomes
allows them to contain genes of various sizes [45]. Vector
molecules attached to the outer surface of the liposomes target
delivery, a mechanism similar to that used for cytotoxic drugs
and paramagnetic contrast agents.

When liposomes are used as DNA vaccines, they hold the
antigen in their capsule and double as an immunomodulator
[46, 47]. In one of the studies, S-antigen sequence of HBV
(PRc / CMV HBS) enclosed in cationic liposomes was used as
a DNA vaccine [47]. Balb/c mice received a vaccine of 10 pg of
plasmid DNA (i.m., per mouse) twice on days O and 21. After
administration of the native HBsAg, the levels of detectable
cytokines in spleens of mice immunized with the liposome-
based preparation were 4 times higher than those registered in
intact mice and animals vaccinated with DNA, which suggests
a possibility of using this liposomal construct as a Hepatitis B
vaccine.

Both cationic or anionic liposomes and those with a neutral
surface charge can be loaded with DNA. Neutral liposomes
circulate in the bloodstream for a much longer period of time
than the charged ones; moreover, their advantages are lesser
toxicity and non-specific persorption in organs and tissues.
However, it is much harder to load them with DNA. In case
of passive loading, which is a plain emulsification of lipid
components in the presence of DNA, only 10% of the total
amount of DNA gets into the liposomes. There are special
techniques that allow increasing the number to 40%, but, as a
rule, they also increase the size of the liposomes [45]. Charged
liposomes can be loaded with more DNA, which is their key
advantage. However, cationic and anionic liposomes have
higher levels toxicity and non-specific penetration into organs
and tissues than neutral liposomes.

Specifics of the liposome-based drugs quality
and production control

The main stages of production of liposomal drug formulations
and the controlled parameters thereof are listed below [48].

1) Lipid film production and its dispersion/degradation.
Controlled parameters: amount of residual organic solvents in
the lipid film; active pharmaceutical ingredient integration rate
and size of the liposomes after lipid film dispersion; stability;
pH value.

2) Production of liposomes of the required size, separating
the non-integrated active ingredient, sterilization by filtration.
Controlled parameters: amount of the integrated active
pharmaceutical ingredient; size of the liposomes; concentration
of the lipid components; stability; pH value.

3) Lyophilization. Controlled parameters: residual moisture;
stability and percentage of drug integration into the liposomes
after lyophilisate rehydration.

The above-listed stages of the technological process
allow a conclusion that the critical liposome-based drug quality
checks imply determination of its crucial physicochemical
properties; therefore, state registration applications for
such formulations should provide the following information
(Fig. 1).
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Table 1. Use of different types of liposomes for drug delivery

Types of Simple Sterically stabilized Immunoliposomes Qatlonlc Thermosensitive and photosensitive
liposomes (lipoplexes)
Phospholipids the phase transition
temperature of which exceeds body
Modified PEG-vesicles temperature (thermosensitive).
Phospholipids Phospholivids + conjugated with 1,2-Bis(4-(n-butyl)phenylazo-4'-
Composition (neutral and/or negatively pholip monoclonal antibodies Positively charged phenylbutyroyl)phosphatidylcholine
e polyethylene glycol . Ay . g .
specifics charged) and/or (PEG) or their fragments, lipids (Bis-Azo PC) in low concentrations
cholesterol peptides, growth factors, is part of the vesicles of the
glycoproteins, etc. photoisomerized lipid molecule.
May be conjugated with PEG or
antibodies (AB)
Route of Oral, injection, inhalation, | Injection, - Injection, L
L . ; Injection . Injection
administration local, endovitreal oral intranasal

Several minutes to 2-3

Several minutes to

Half-life hours 6-8 hours to several days 4-6 hours Several days
Key Determined

accumulation Liver, spleen, lungs by the attached ligands, Liver, lungs Tumor cells
sites liver, lungs

Mode of action

Passive targeting

Passive targeting

Directed transport

Passive targeting

Directed transport

Examples
of use

— part of the virus,
antibacterial, parasitic
infection vaccines [11];

— delivery of
immunomodulators,
cytotoxic and
antimicrobial compounds
to macrophages;

— treatment of
metastases after surgical
removal of primary
tumors

[12,13];

— delivery of drugs
against intracellular
pathogens [14], systemic
fungal infection, HIV,
mycobacterial infection
[13];

— carrying radioisotopes
and contrast agents for
visualization purposes
[12,13];

— carrying antigens
[12,15]

—accumulation

of drugs in solid
tumors [16-18];

— treatment of small
cell lung cancer
and cutaneous
melanoma [19],
leukemia and lung
carcinoma [20, 21]

— delivery of drug to the
tumor [10, 22-26];

— treatment of chronic
B-lymphocytic leukemia
and acute T-cell leukemia
[23], various lymphomas
[27];

— treatment of breast,
thyroid gland, ovarian
cancer, that of uterus,
lung, esophagus,
stomach, colon and
rectum, kidney

[23, 26, 28]

— delivery of

the genetic
material to the
liver, cell therapy
of endothelial
pulmonary tumors
[2, 29, 30];

- antiangiogenic
therapy;

— treatment of
tumors of neck
and head,
melanomas [30]

— delivery of drug
to the tumor [2, 31]

Key advantages

Penetrate into the
relatively inaccessible
lesions (e.g., in the brain)
due to their negative
charge [32, 33]

Contain PEG, which
prevents liposome
opsonization,
hinders their
recognition by the
reticuloendothelial
system cells and
increases the time
of their persistence
in the bloodstream
[34, 35]

Antibodies allow
modulating distribution
of the liposomes in
organs and tissues.
Optimization of the
drug's therapeutic
properties.

Correction of the
effective dose

Penetrate into the
tumor's vessels (as
opposed to neutral
or negatively
charged liposomes)
(36]

Offer greater selectivity
of action compared
to the free drug [31, 37, 38]

The behavior of the active pharmaceutical ingredient in
a physiological environment is one of the main parameters
influencing the liposome-based drug's PK and PD. Therefore,
for the purposes listed below it is necessary to develop reliable,
validated methods of assessment of the active ingredient
release in vitro.

— Monitoring of imitation of the active ingredient release
from liposomes in the body; a test for "leakage" in vitro in the
relevant environment under various conditions (e.g., in a certain
range of temperatures and pH) can be conducted given there
are grounds for that.

— Monitoring of stability in storage to ensure consistency of lots;

— Investigation of stability and review of the production
process in the intended conditions of use.
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Table 2 provides an example of the certificate data (key
parameters and quality indicators) describing liposomes [49,
50] used for delivery of the therapeutic genes' DNA.

We believe that, depending on the specific function of
the liposomes (e.g., modification of the active ingredient's
distribution by encapsulation in order to improve the safety
profile), the following additional parameters should also be
evaluated in the development of the drug:

—maintaining the integrity of the liposomal formulation in plasma;

— characteristics of the lipid bilayer phase transition process
(transition temperature and enthalpy);

— determination of the surface charge of the liposomes;

— pH of the inner chamber of the liposomes filled by the pH
gradient;
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Lipid components:
description, source and characteristics,
production, quantification, impurity profile,
isomers and stability characteristics

Technological process:
intermediate products identification and control of quality of
their production; compliance of the "active ingredient to lipid
components" ratio (at the key production stages) to the
acceptable range requirements ensuring consistency
of the drug's functional characteristics

L} L]

Information

X subject to
Adjuvants:

quality, purity, stability -

registration
dossier

inclusion to the

Liposomal nanoparticles:
morphology, average size, liposome sizes distribution,
presence of aggregation

4

Finished liposome-based drug:
— share of the encapsulated active ingredient ("free to encapsulated" ratio);

- stability of the active pharmaceutical ingredient, lipids and functional adjuvants in the finished product,
including quantitative assessment of the degradation products (e.g., lysophosphatidylcholine,
oxidized/hydrolyzed fragments);

- rate of release of the active ingredient from liposomes in vitro in physiologically/clinically
relevant environments

Fig. 1. Information about the quality characteristics of liposomal drug formulations

— if significant, determination of characteristics of the active
pharmaceutical ingredient's physical state inside the liposome
(e.g., formation of a precipitate for doxorubicin);

— distribution of the active ingredient (e.g., on the surface of
liposomes, in the bilayer, internal environment, etc.);

— for conjugated (eg, pegylated) liposome-based preparations:
the quality and purity of the pegylated starting material,
molecular weight of the conjugated lipid and size distribution
(dispersion), location of PEG on the surface, stability of the
conjugate.

It is necessary to compile a list of tests each lot should
routinely be subjected to. This list should be based on the
parameters used to characterize the drug in accordance with
the requirements described above.

Table 2. Liposome-based drugs characteristics

Legal regulation of liposome-based
drugs in the world

Table 3 provides the examples of requirements regulator bodies
from various countries of the world impose on the production,
quality control, preclinical and clinical studies of liposome-
based forms of drugs.

CONCLUSIONS

Liposome-based drug delivery systems give a drug designer
control over the active ingredient's absorption and release
parameters. As a rule, liposome-based drugs are less toxic,
pose a lower risk of adverse reactions and allow delivering

Parameters

Analytical/instrumental methods

Physical characteristics

1 | Vesicle size and surface morphology Electron microscopy

Distribution of the vesicles sizes (submicron
and micron ranges)

Dynamic and laser light scattering, exclusion chromatography (gel filtration)

3 | Surface charge

Dynamic light scattering

4 | Surface pH pH sensitive samples

5 | Integrated DNA/free preparation percentage

Methanol-chloroform extraction and centrifugation in separation columns, ion exchange
chromatography, spectrophotometry, radioactive labeling

Chemical characteristics

1 | Phospholipid concentration

Extraction and centrifugation in separation columns

2 | Cholesterol concentration

Extraction and centrifugation in separation columns

3 | Osmolality Osmometry
Biological characteristics
1 | Sterility Pharmacopoeial sterility test

2 | Pyrogenicity

LAL test (Limulus amebocyte lysate test)

3 | Toxicity

In vitro and in vivo monitoring, histology
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Table 3. Regulatory documents containing requirements to liposomal drug

State Document

Selected aspects

Reflection paper on the data requirements for intravenous
liposomal products developed with reference to an

innovator liposomal product/21 February 2013 EMA/
CHMP/806058/2009/Rev. 02, Committee for Human Medicinal
Products (CHMP)

Quality control specifics:

— composition and authenticity of the components (lipids, adjuvants);

— active pharmaceutical ingredient to lipids ratio;

- liposomes morphology, average size and size distribution, aggregation;
— fraction of the encapsulated active ingredient (free/integrated amount);
— stability of the active ingredient, lipids, adjuvants, critical
decomposition products;

— in vitro rate of release of the ingredient from liposomes in
physiologically/clinically significant environments;

— stability;

- recovery;

— maintaining integrity of the liposomal formulation in plasma

Recommendations. Commission recommendation
of 18 October 2011 on the definition of nanomaterial
(Text with EEA relevance) (2011/696/EU)

EU countries

Definition of nanomaterials

Reflection paper on surface coatings: general
issues for consideration regarding parenteral
administration of coated nanomedicine
products/22 May 2013, EMA/325027/2013,
Committee for Medicinal Products

for Human Use (CHMP)

Key critical quality indicators, as well as the requirements for clinical and
preclinical studies, are included. Special attention is paid to the following
aspects:

— presence of a coating can affect the critical properties of the
nanodrugs from the points of view of their safety and efficacy. The
physico-chemical nature of the coating, uniformity of its surface coating
and stability (both in terms of attachment and in terms of degradation)
will determine the drug's PK and biodistribution;

—in some cases, the coating material may cause new biological
reactions that are not observed either for the coating material or for the
active pharmaceutical ingredients separately

Guidance for Industry. Liposome Drug Products Chemistry,
Manufacturing, and Controls; Human Pharmacokinetics and
Bioavailability; and Labeling Documentation.

— U.S. Department of Health and Human Services Food
USA and Drug Administration Center for Drug Evaluation

and Research, 2002

Brief description of the liposomes, critical stages of their production
and quality control, recommendations for conducting research on PK
and bioavailability of liposome-based drugs and labeling requirements.
The guideline contains general principles and recommendations for
registration of the drugs of this class.

USP41-NF36 <1> Injections and implanted
drug products (parenterals)-product quality tests

Contains definition of liposomes and liposome-based drugs and states
that in the case of liposomes, quality control implies both general and
special tests.

Pharmacopoeia of the Peoples Republic of China.
China Beijing: People’s Medical Publishing Hous.
2010; (2). p. A244-245

Definitions of various nanoparticles, requirements, nanodrugs quality
control criteria and methods are provided. The attributes that should be
monitored in production and storage of the drugs (e.g., residual amounts
of organic solvents, shape, particle size and distribution, encapsulation
rate and amount of drugs in liposomes, liposome oxidation degree, etc.)
are listed.

the active ingredient to the target part of the body. Innovative  of
drugs containing liposomes conjugated with antibodies can  to

the liposomal fraction's physicochemical properties is added
the classic quality control methods: the shape, size, and

be targeted with maximum effectiveness and release the charge of the particles are being assessed, as well as marker
active ingredient where needed. However, the more complex  conjugation effectiveness and uniformity of distribution of the
the drug's structure becomes, the more crucial stages its  active ingredient. Key methods for estimating the liposome
production acquires. Moreover, the list of parameters to control,  parameters make use of the optical effects: dynamic and laser
those that determine the quality of the drug, grows. Evaluation  light scattering, electron microscopy.
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Targeted delivery of antisense drugs is a promising technology which can provide a platform for the development of highly effective
therapeuticals against a broad range of diseases. Insufficient stability of RNA in biological media coupled with hydrophilicity
that prevents the molecule from penetrating cell membranes considerably limit RNA application in clinical practice. The aim of
this work was to design a system for antisense drug delivery to liver hepatocytes using lipidoid magnetic nanoparticles (LNP).
Nanocubes (NC) with average sizes of 16 and 27 nm were synthesized through decomposition of iron (lll) oleate under high
temperature conditions and functionalized with a cationic lipidoid C12-200. Magnetic NC demonstrated good MR-contrasting
properties. Biodistribution of LNP was studied in vivo in BALB/c mice using the MR scanner. Additionally, liver sections obtained
from the mice were subjected to histological examination. Nanoparticles of smaller size did not have a cytotoxic effect on
HepG2 and Huh7 cell lines, whereas for larger NC, IC_, was 21.5 pg/ml and 126 pg/ml for HepG2 and Huh? cells, respectively.
Smaller particles tended to accumulate in hepatocytes. Bigger NC mainly accumulated in the spleen but also ended up in liver
macrophages. This fact can be explained by a bigger hydrodynamic size of nanoparticles with a bigger magnetic core. Particles
with smaller cores are a more effective platform for the delivery of antisense drugs to hepatocytes.
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amnmnponoaobHbIE HAHOYACTUL bl OKCUAA XEJIE3A KAK
MNIATOOPMA A1 AOCTABKUN HYKJIEMHOBbBIX KUCJ1OT B NEYEHb

B. . YBaposa'*= T. P. Husamos', M. A. Abakymos’, C. C. BogonbsaHos', T. O. Abakymosa?, V. B. CantbikoBa®,
M. C. MorunbHukos?, V. B. LLietuHnH?, A. T. Maxkyra'®

' NabopaTopuns BUOMEAMLIMHCKIX HaHOMaTepWanoB, HaunoHabHbI NCCNEA0BATENBCKUN TeXHONOrM4eckuin yHsepcuteT «MICKC», Mocksa
2 LleHTp Hayk 0 »wu3H1, CKOIKOBCKUI HCTUTYT HayKW 1 TexHomorui, Mocksea

8 labopatopusi TKaHecneumdryecKrx nmraHaoB, MOCKOBCKMIA rocyAapCTBEHHbIN YHMBEPCUTET UMern M. B. JTomoHocoBa, Mockea

4 Kadheppa hmandeckoro matepmranoseaeHns, HaumoHanbHbI nccnenoBaTenbCKui TexHonormdecknii yHmsepeuteT «MCnC», Mocksa

5 POCCUNCKUNIN XUMIKO-TEXHONOTUHECKUI YHMBEPCUTET UMern [. V1. Mengeneesa, Mocksa

ApecHas 0OCTaBKa aHTVCMbICIIOBbIX MPenapartoB ABAAETCS NePCreKTUBHOM TEXHOIOMMEN, Ha OCHOBE KOTOPOW BO3MOXHA
pa3paboTka BbICOKOIPMEKTNBHBIX NEKAPCTBEHHBIX CPEeACTB AN Tepanun LMPOKOro crnekTpa 3aboneBaHuii. OpHako
HepocTaTo4Has cTabunbHOCTb PHK B Bronornyeckmnx cpegax v rmapoduiibHOCTb, OrpaHnYMBaroLLas NPOHNKHOBEHNE Yepes
KNEeTOYHble MemMbpaHbl, CYLLIECTBEHHO CY>XatoT UX UCMOMb30BaHVe B KIMHNYECKON MpakTuke. Llensto nccnenoBanns bbina
paspaboTka CpeacTB AOCTaBKM aHTUCMbICIOBbIX MPEenapaTtoB B renatoLyTbl MEYEHN C MOMOLLBIO IMMMAONOA0OHBIX MarHUTHBIX
HaHovacTuy, (JIHY). Kybudeckrne marHutHble HaHodacTuupl (HY) co cpepHumu pasmepamu 16 n 27 HM CUHTE3UPOBan
METOLOM BbICOKOTEMIMEPATYPHOrO PasfoXeHus npekypcopa — ofneata »xenesa () n xummdeckn mogmduumpoBani
hopmynsumen, BrIoHaoLen KatnonHbin nnnuagov C12-200. MarnuTHele HY obnagatoT xopowummmn MPT-KOHTpacTHeIMM
cBovicTBamm, bropacnpenenenne JTIHY necenegosanu in vivo Ha MMHENHbIX Mbitlax BALB/c ¢ nomolso MP-tomorpada. C
3TOV XKe Lienbio MPOoBen nocneaytoLLee rmcTonorM4eckoe NccnefoBaHe CpesoB neveHn. HaHodacTuLpl MeHbLLEero pasmepa
He MPOOEMOHCTPUPOBAIM LINTOTOKCUHYECKOrO AEUCTBUS MO OTHOLLEHWUIO K KIETOYHbIM nHuaM HepG2 v Huh7, a gns H4Y
KyGuieckon dopmbl Gobluero pasmepa IC,, coctasmna 21,5 Mkr/mn ans HepG2 1 126 mMxr/mn ana Huh?. Boisenero, 4to H4Y
MeHbLLEro pa3mepa akkyMyIMpytoTCs MPenMyLLIECTBEHHO B renatoumTax nedeHn, a HY 6onbluero pa3dmepa — B CeNe3eHke,
B MEYEHN >KE OHM HakanMBatoTCs MMaBHbIM 06pa3oM B Makpodharax. Takasd pasHuLa MOXET ObiTb BbidBaHa OObLUMM
rMAPOANHAMNYECKMM pa3MepoM HY, KoTopble MMEKOT BoMbLLUNIA pasMep MarHUTHoOro dapa. Obpasel, ¢ SApOM MeHbLLIEro
pasmMepa aBnseTca Hanbonee apdeKTUBHOM NnaThopMoit ANs AOCTaBKM aHTUCMBICIOBbLIX MPenapaToB B renatoLnThl.
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The term “hyperlipidemia” describes abnormally elevated
levels of low-density lipoproteins and their metabolites in blood
serum. Hyperlipidemia is a significant contributing factor in
the risk of atherosclerosis and cardiovascular disorders [1],
which, in turn, are a leading cause of death worldwide [2].
One of the approaches to treating this pathological condition
is the silencing of genes responsible for elevated lipoproteins
levels in plasma. [3, 4]. For example, lipoprotein levels can be
lowered by inhibiting the synthesis of proteins participating in
lipoprotein metabolism, such as angiopoietin-like protein 3 or
apolipoproteins B and C3 produced by liver hepatocytes [5].
The major obstacles to safe and effective gene therapy aimed
at reducing lipoprotein levels arise from the difficulties that
complicate targeted delivery of antisense therapeutic agents
to hepatocytes and the release of therapeutic agents from
endocytic vesicles [6, 7].

Platforms for the delivery of antisense drugs are traditionally
classified into viral and nonviral [8, 9]. Viruses effectively
transport foreign genetic material to cells. However, intense
debate is continuing about the safety of viral carriers: adenoviral
vectors can induce a strong immune response and their
retroviral counterparts pose a risk of insertional mutagenesis
[10]. Nonviral delivery systems comprise vectors based on
inorganic nanoparticles (NP) [11], liposomes [12, 13], and
complexes with cationic lipids or polymers [14, 15].

Lipidoids are lipid-like materials holding great promise for
effective targeted drug delivery. They can be used both as drug
carriers and NP surface coatings for the subsequent loading
of nucleic acids. RNA delivery systems based on the C12-200
lipidoid exhibit high efficacy in laboratory animals, including
rodents and nonhuman primates [16]. Lipid nanoparticles need
auxiliary components for better performance. Those include
fusogenic phosphoalipids (DSPC), which improve transfection
efficacy of the system by destabilizing the lipid bilayer of cell
membranes, PEG lipids (mPEG2000-DMG), which reduce
immune response by stabilizing LNP and protecting them from
macrophages, and cholesterol, which fills the space between
the lipid molecules on the NP surface and enhances the activity
of cationic lipids [17].

Transfection methods vary greatly in their efficacy determined
by the accuracy of drug delivery to a target cell, interactions
between the carrier and the cell membrane and the release
of the carrier from endosomes. Once endocytosed, nonviral
vectors can get trapped by the endosomal compartment of the
cell, suffering subsequent degradation of the therapeutic gene
they carry [18]. New strategies are being sought to facilitate
release of viral vectors from endosomes, which will naturally
improve the efficacy of transfection.

Magnetic iron oxide NP offer a solution to the problem of
poor transfection efficacy of nonviral vectors. Magnetite and
maghemite nanoparticles have a few attractive properties
beneficial for such biomedical applications as targeted drug
delivery, magnetic hyperthermia, and contrast-enhanced
MRI [19]. Importantly, magnetic NP can be used to attain
controlled drug release in biological objects, including cells
and experimental animals, made possible by the effect of
Brownian relaxation, which in essence is intense oscillations
of magnetic particles induced by a low-frequency magnetic
field. This approach can significantly improve the efficacy of
therapeutic agents: some researchers report that magnetic
liposomes (liposomes enriched with magnetic NP) demonstrate
better performance in the targeted delivery of doxorubicin and
paclitaxel than their conventional counterparts [20, 21].

The functional properties of drug delivery systems based
on magnetic NP are largely determined by their magnetic
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properties. For example, their suitability as contrast agents is
influenced by their size and geometry [22].

In this study we attempted to design a platform for
targeted delivery of antisense nucleic acids based on iron
oxide nanocubes functionalized with a lipid formulation and to
test the obtained carrier for the efficacy of drug delivery into
hepatocytes in vivo.

METHODS

The following reagents were used: 1-octadecene, trioctylamine,
dibenzyl ether, oleic acid, sodium oleate, iron oleate (lll),
anhydrous sodium acetate, cholesterol, 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC), 1,2-dimyristoyl-sn-glycero-
3-methoxypolyethylene glycol monomethyl ether (DMG-mPEG),
N-methyl-2-pyrrolidone (Sigma-Aldrich; USA), hydrochloric
acid, nitric acid, ethanol, butanol-1, chloroform (SigmaTec;
Russia), 1,1’-(2-(4-(2-((2-(bis(2-hydroxydodecyl)amino)ethyl)
(2-hydroxydodecyl)jamino)ethyl)piperazine-1-yl) ethylazanediyl)
didodecane-2-ol (C12-200), DMEM and DMEM/F12, deionized
water.

Cell cultures

The initial stock of Huh7 cells was provided by the Department
of RNA Structure and Functions of A.N.Belozersky Research
Institute of Physico-Chemical Biology. HepG2 cells were
purchased from a cell bank (ATCC, HB-8065). Manipulations
with the cells were carried out in the SafeFAST Elite 212 S
sterile class Il microbiological safety cabinet (Faster; Italy). The
cells were cultured in the MCO-18AIC CO, Incubator (Sanyo;
Japan) at 37 °C in 5% CO, environment. The culture medium
for Huh7 cells was DMEM (Corning, catalog number 10-013-
CV) supplemented with 4.5 g/l glucose, 10% fetal bovine serum
and 4 mM L-glutamine. HepG2 cells were cultured in DMEM/
F12 (Gibco™, catalog number 21331020) containing 10% fetal
bovine serum and 4 mM L-glutamine.

Animal model

The experiments were carried out in adult female BALB/c mice
(age of 6-7 weeks, weight of 19-20 g) purchased from the
Central breeding nursery of the Academy of Medical Sciences
(Andreevka; Russia) and kept in individually ventilated cages.
The study was approved by the Ethics Committee of Pirogov
Russian National Research Medical University (Protocol 1/2016
dated February 3, 2016).

Synthesis of lipidoid nanocubes

Precursor iron (Ill) oleate was synthesized following a protocol
described in [23]. Magnetite nanocubes with an average size
of 16 nm (CbS) were obtained through thermal decomposition
of the precursor in a high-boiling organic solvent. The detailed
description of the procedure is available in [24].

Nanocubes with an average size of 27 nm (CbB) were
synthesized in two steps. In the first step, magnetic nuclei
(seeds) were obtained as described above. In the second
step, the precursor was introduced into the reaction mixture
to stimulate NP growth. Briefly, 37.5 mg of the seeds, 0.35 g
of sodium oleate and 0.32 g of oleic acid were loaded into a
three-neck flask equipped with a mercury thermometer. Then,
a solvent mix was added consisting of 2.85 g trioctylamine and
3.13 g of dibenzyl ether. The resulting mixture was heated to
110 °C under vigorous stirring under argon flow and maintained
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under such conditions for 1 h. After that, the mixture was heated
to a boiling temperature at a rate of 5 °C/min. Subsequently,
20 ml of 0.2 M iron (lll) oleate solution in dibenzyl ether were
added dropwise to the mixture at 3 mi/h, which was then left
to boil for 20 min and cooled down to room temperature. The
synthesized NP were separated from the reaction mixture
by magnetic decantation in the presence of butanol-1. The
precipitate was redispersed in chloroform and sonicated for
5-10 min.

The nanoparticles were coated with a lipidoid formulation
using the phase transfer approach [25]. The coating consisted
of the C12-200 lipidoid [26], cholesterol, DSPC and DMG-
mPEG taken at a mass ratio of 75 : 15 : 7 : 3. The mass percent
of the lipid formulation used to coat CbB and CbS was 0.9 and
1% (relative to magnetite), respectively.

Characterization of physical and chemical properties
of the obtained nanoparticles

Transmission electron microscopy (TEM)

The obtained nanoparticles were imaged under the JEOL 1200-
EX Il transmission electron microscope (JEOL; Japan) operating
at an accelerating voltage of 100 kV. Samples for TEM were
prepared by applying 1-2 pl of the NP solution onto a formvar-
coated copper mesh (d = 3.05 mm) that was subsequently
left to air-dry. Further manipulations with images necessary
to determine the distribution of NP sizes and characterize NP
morphology was done in Imaged ver. 1.50d (Wayne Rasband
(NIH); USA).

X-ray diffraction analysis (XRD)

The crystalline structure of the particles was studied by X-ray
diffraction on the DRON-4 diffractometer (Burevestnik; Russia)
with the following settings: CoKa radiation with A = 0.179 nm,
tube voltage of 40 kV, and current of 30 mA. The samples were
scanned through a range of diffraction angles 26 from 20° to
120° by increments of 0.1°. Exposure time was 3 seconds
per frame. Phases were identified by comparing the obtained
data to the database of about 200,000 X-ray spectra in PHAN
software.

Thermal gravimetric analysis and differential scanning
calorimetry (TGA/DSC)

TGA and DSC were performed using the simultaneous thermal
analyzer Netzsch STA 449 F3 (NETZSCH; Germany). The
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samples were placed into alundum crucibles and heated in
the temperature range from 50 to 800 °C at 10 °C/min under
argon flow. Before the analysis, solvents were removed from
the samples by evaporation using a rotary evaporator.

Vibrating-sample magnetometry

Static magnetic properties of the nanoparticles were profiled
by applying a range of magnetic fields from —20 to 20 kOe at
300 K. Measurements were done using the Quantum Design
Physical Property Measurement System (PPMS; Germany)
equipped with a vibrating sample magnetometer with an
oscillation amplitude of 2 mm and frequency of 40 Hz. The
sensitivity of the system was 10 emu.

Photon correlation spectroscopy (PCS)

The hydrodynamic sizes and {-potential (charge) of the particles
coated with a lipid formulation were measured by PCS in
0.5 mg/ml LNP solutions in phosphate-buffered saline (1xPBS)
or distilled water. The solutions were poured into plastic or glass
cuvettes. The analysis was carried out at 25 °C using Zetasizer
Nano ZS (Malvern; Germany). The {-potential of the particles
was measured in distilled water using disposable capillary
cuvettes for (-potential measurements.

Cytotoxicity of lipidoid nanoparticles in vitro

LNP cytotoxicity was assessed by the MTS-assay
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium) [27]. Human hepatocellular
carcinoma cells (Huh7 and HepG2) were seeded onto 96-
well plates at 5,000 cells per well and cultured at 37 °C in 5%
CO, environment until 70% confluence of the monolayer was
achieved, which took 48 hours. Then, CbS and CbB were
introduced into the wells at magnetite concentrations of 370,
187,94, 47, 23,12, and 6 pg/ml and 420, 210, 105, 52, 26, 13,
and 6 pg/ml, respectively. After that, the cells were incubated at
37 °C in 5% CO, for 24 h and washed. Then, the MTS reagent
was added to the wells. Cells incubated in a culture medium
supplemented with equivalent volumes of phosphate buffered
saline (1xPBS) were used for control. Optical density was
measured using the plate reader VictorX3 (PerkinElmer; USA) at
A =490 nm. The proportion of the survived cells was calculated
as a ratio of optical density of cells treated with nanoparticles
to the optical density of untreated controls. Graphs were
constructed and IC,, (half-maximal inhibitory concentration) was
calculated in GraphPad Prism 8.0.0 (GraphPad Software; USA).

B

Fig. 1. ATEM image and a size distribution histogram of the magnetite nanoparticles: size range of 10 to 20 nm (A); size range of 20 to 30 nm (B)
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Study of biodistribution of nanoparticles

Biodistribution of LNP was studied in BALB/c mice divided
into 3 groups of 3. The animals from the experimental group
received 120 pl of the LNP solution (an iron concentration of
720 pg/ml) intravenously. The control group did not receive any
injections.

Studying the dynamics of LNP accumulation by MRI

The animals were scanned by the 7T animal MRI scanner
ClinScan (Bruker Biospin; USA). Transverse T2-weighted
images were obtained in the fat-suppression mode with the
following Turbo Spin Echo (TSE) parameters: TR/TE = 2000/42 ms,
slice thickness = 1 mm, matrix = 380 x 640, FOV = 34 x 60 mm.
To assess the dynamics of NP accumulation, scans were
performed before the LNP injection and 1, 12, 24, and 48 hours
after it.

Histological examination

Forty-eight hours after the LNP injection, the animals were
euthanized with a lethal dose of Zoletil® injected intraperitoneally.
After the reflexes were gone, the abdominal cavity was opened
by a midline incision. The rib cage was cut laterally on both
sides, perpendicular to the rib bones. The right atrium was
dissected and perfused with 40 ml of PBS. The solution was
supplied through a needle introduced into the left ventricle and
attached to a Janet’s syringe via a cannula. Then the cervical
vertebrae were dislocated and the organs were excised,
including the liver, spleen, kidneys, and lungs. The removed
organs were submerged in 4% paraformaldehyde and stored at
4 °C until further analysis. Sixty-um-thick slices were prepared
using the Thermo Scientific Microm HM 650 V Vibration system
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(Thermo Fisher Scientific; USA) and Perls-stained using the
Iron Stain Kit (Sigma-Aldrich; USA). Perls staining involves
treating histological slices with a mixture of hydrochloric
acid and potassium hexacyanoferrate (ll). The reaction
between the mixture and the deposits of iron compounds
in a histological slice produces a Prussian blue pigment. Its
granules of different shades of blue can be seen under a light
microscope. The samples were washed in distilled water
twice, incubated in 70% glycerol and imaged under a light
microscope by Carl Zeiss (Germany) equipped with Axioplan
2 Imaging camera.

Biodistribution of iron in the internal organs of mice
assessed by inductively coupled plasma atomic
emission spectroscopy (AES)

Paraformaldehyde-fixed organ fragments (one-third of the liver
and spleen, one kidney, one lung and a half of the heart) were
dissolved in 2 ml of a freshly prepared mix consisting of 1,500 pl
of concentrated hydrochloric acid (HCI) and 500 pl of nitric acid
(HNO,). The fragments were incubated in the acid mix for 24 h.
Then, water was added to bring the volume of the dissolved
liver and spleen to 20 ml and of the heart, kidney and lung,
to 10 ml. After the calibration curve was constructed, iron
concentrations were measured in the obtained solutions using
the 4200 MP-AES machine (Agilent Technologies; USA).

RESULTS

TEM images of monodisperse nanocubes with an average
size of 16 nm (CbS) and histograms of their size distribution
are presented in Fig. 1A. TEM images of bigger nanocubes
(CbB) sized 20-30 nm show that CbB samples have distinct
morphology and a well-faceted cubic shape (Fig. 1 B).
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Fig. 2. Physical and chemical properties of nanocubes: X-ray diffraction analysis (A); hysteresis loops (B); TGA/DSC (C)
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Fig. 3. A. Hydrodynamic size of uncoated nanocubes in chloroform. B. Hydrodynamic size of lipid-coated nanoclusters in water
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X-ray diffraction analysis yielded very similar results for both
CbS and CbB samples: the positions of diffraction peaks in the
diffraction pattern correspond to the inverse spinel structure of
magnetite with lattice constants of 0.838 nm and 0.839 nm for
CbS and CbB, respectively (Fig. 2A). Hysteresis loops (Fig. 2 B)
indicate that CbS and CbB are ferrimagnetic materials with
coercivity of 20-30 kA/m. Magnetic saturation (Ms) of CbS is
61 A« m?/kg. Large nanocubes (CbB) have Ms of 89 A « m?/kg.
In our study, magnetic saturation was normalized to the amount
of the iron oxide phase (minus the mass of organic stabilizers)
determined by TGA/DSC (Fig. 2C).

The TG curve constructed for CbS has three regions
indicating abrupt weight loss: the first recorded at 150-300 °C
corresponds to the desorption of organic compounds
noncovalently bound to the surface of NP; the second recorded
at 300-450 °C corresponds to the desorption of covalently
bound stabilizers; the third recorded over a temperature range
of 600-700 °C occurs when magnetite undergoes phase
transition. The region of the CbB TG curve showing desorption
of covalently and noncovalently bound organic molecules looks
smoother; phase transition is observed at temperatures over
500 °C.

Nanocubes with hydrophobic residues of oleic acid on
their surface can be dispersed in nonpolar organic solvents
(chloroform, hexane) and can be regarded as a colloid system
resistant to sedimentation. The average hydrodynamic size of
CbS and CbB in chloroform is shown in Fig. 3A. The polydispersity
index (Pdl) is 0.113 and 0.151 for NP with an actual average
sample of 16 and 27 nm, respectively. To stimulate the phase
transfer of magnetite NP to an aqueous phase, the particles
were coated with a lipid formulation consisting of the lipidoid
C12-200, cholesterol, DSPC, and 1,2-DMG-mPEG taken at a
mass ratio of 75 : 15 : 7 : 3. The average hydrodynamic size
of the coated CbS in the agueous phase increased to 50.9 nm

m.i -

100 1

80 %ﬂ

60'1 m CbB
1** %

L
20 T T T T T d
0.0 0.1 0.2 0.3 0.4 0.5
Magnetite concentration (mg/ml)

Surviving cells (%)

(Pdl = 0.119) (Fig. 3B). Based on the size distribution pattern,
we inferred that the majority of CbS nanocubes were present
in the solution as individual particles, while the minority tended
to aggregate into clusters. The pattern of CbB size distribution
was completely opposite: the average hydrodynamic size of
CbB particles was 118.6 nm (Pdl = 0.201) (Fig. 3B), which is
4 times bigger than their actual size, suggesting more vigorous
aggregation of nanocubes functionalized with lipids. The value
of the {-potential of magnetite-based LNP in water was positive
and equaled +20.5 mV and +34.3 mV for CbB and CbS,
respectively.

The survival of HepG2 and Huh7 cells incubated with CbS
and CbB is shown in Fig.4. Using the MTS assay, we calculated
IC50 for CbB: it was 21.5 pkg/ml (magnetite concentration) for
HepG2 and 126 pkg/ml, which is 6 times higher, for Huh7. CbS
did not exhibit any cytotoxic activity at studied concentrations.

Fig. 5A features representative T2-weighted coronal images
that clearly show that the most pronounced NP accumulation
could be observed in the liver and spleen of the experimental
mice 0-48 h after the intravenous injection of the formulation.
The accumulation of both CbS and CbB was noticeable as
early as 1 hour after the injection and its level remained stable
for the next 48 hours. This suggests that intravenously injected
NP are readily taken up by the liver and spleen. It should be
born in mind, though, that MRI is a semi-quantitative modality
and cannot be used to conclusively distinguish between
the accumulation patterns of different NP types in different
organs. Therefore, we additionally employed AES to study iron
accumulation in the internal organs of the experimental mice
(Fig. 5B). AES revealed that LNP tended to be sequestered
mostly by the liver and spleen, which was consistent with MRI
findings (Fig. 5A). LNP deposition in other organs was negligible.
The CbS sample accumulated in the liver most effectively: the
liver retained 84% of the injected LNP amount, whereas CbB
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Fig. 4. Cytotoxicity of different concentrations of lipidoid-coated CbS and CbB nanoclusters with magnetic core against HepG2 (A) and Huh7 (B) cell lines
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Fig. 5. Distribution of magnetic core CbS and CbB nanoclusters in the liver and spleen visualized by MRI (A); in all studied internal organs measured by AES (B)
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Fig. 6. Distribution of magnetic core CbS and CbB nanoclusters in liver cells (Perls reaction)

showed poor accumulation in this organ (only 43% of the
injected LNP amount).

The images of Perls-stained liver slices clearly demonstrate
that both types of iron-based NP increasingly build up in the
liver in comparison with the controls (Fig. 6). There was a
difference in the pattern of iron accumulation between the CbS
and CbB samples. CbS diffusely spread in the liver parenchyma
(presumably, depositing in hepatocytes), whereas CbB exhibited
a mixed discoloration pattern: some of the particles deposited
in irregular-shaped cells (presumably, macrophages) lying at
the border between the sinusoids and the parenchyma, and
some produced diffuse discoloration evident of their buildup in
hepatocytes.

DISCUSSION

The classic process of NP growth can be broken down into
3 stages: in the first stage, the precursor — iron (lll) oleate —
decomposes producing unstable iron-organic intermediates
until their critical concentration is reached necessary for
nucleation. In the second stage, the concentration of the
intermediates declines as these molecules attach to the surface
of magnetic seeds stimulating their growth. In the last stage, the
concentration of the intermediates drops to thermodynamically
stable levels, and the generated NP undergo Ostwald ripening.
A steady rate of NP growth can be maintained by the controlled
addition of a precursor, making NP expand in size while retaining
their monodispersity. Using this approach, one can synthesize
NP with a programmed size (as large as required) characterized
by low polydispersity, which is particularly important for the
particles with dimensions over 20 nm. When added to the
reaction mixture, a stabilizer (potassium oleate) that can be
specifically adsorbed onto the plane (111) promotes formation
of cube-shaped nanoparticles (Fig. 1B). In our study, the rate at
which the precursor was supplied to the mixture in the second
stage of synthesis, its concentration and duration of its addition
were determined experimentally. At low rates, NP underwent
Ostwald ripening: the mass was transferred from small
particles to large, promoting polydispersity. At high rates, the
concentration of intermediates in the reaction mixture surged
triggering the mechanism of primary nucleation and increasing
NP polydispersity.

For both samples, the results of the conducted X-ray
diffraction analysis are consistent with the literature [28].

For CbS, magnetic saturation (Ms) agrees with the values
reported for average-sized magnetite NP comparable in their
dimensions with CbS particles [23, 29]. The Ms of large cube-
shaped NP (CbB) was very high and comparable to that of a
massive sample [30] or huge NP [31].

According to the results of the TGA/DSC analysis (Fig. 2C),
the amount of the organic phase adsorbed onto the surface of
iron oxide NP constitutes 15.5% of the total CbS and 11.7%
of the total CbB masses. For samples with similar masses,
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an increase in the average size of NP entails an increase in
the ratio of their surface area to their volume. The process
yields more stabilizing molecules that can be adsorbed onto
the NP surface. This significantly affects the stability of the
studied colloidal system largely determined by 2 factors: steric
stabilization ensured by the presence of long hydrophobic
residues of oleic acid adsorbed onto the surface of NP and the
aggregation of those residues caused by mutual magnetism. As
the magnetic core grows, the Pdl of the CbB sample increases
(as demonstrated by PCS) and the peak of its hydrodynamic
size broadens, as compared to CbS, suggesting more vigorous
clusterization of the particles resulting from the magnetic
core growth, which, in turn, is caused by intense magnetic
interactions.

The hydrodynamic size of NP and the physical and chemical
properties of their surface largely determine the pattern of
intercellular interactions, endocytic routes and the efficacy of
NP uptake by the cell [32, 33]. The internalization of NP into
cells causes disorganization of the cytoskeleton [34, 35]. When
accumulated in abundance, NP induce disruption of the actin
and microtubule networks in neural progenitor cells of mice
and primary endothelial cells of human blood vessels [36].
We hypothesized that the mere physical presence of sufficient
amounts of NP captured by large lysosomal structures
normally found near the nucleus sterically impairs the function
of the cytoskeleton and causes reorganization of the actin
network. The results of cytotoxicity tests correlate well with a
hypothesis that establishes a link between the disruption of the
cytoskeleton and NP toxicity: the studied concentrations of the
CbB sample, whose actual size was 1.7 bigger than that of
CbS, were toxic against the used cell lines, unlike CbS, whose
phase composition, coating and morphology were similar.

The initial characteristics of magnetic NP, including size
and shape homogeneity, resistance to aggregation, and
stability of the coating, are key to the pharmacokinetics and
biodistribution of the particles. It is well known that NP with
the hydrodynamic size of less than 20-30 nm are filtered by
renal glomeruli and those over 200 nm in size build up in the
liver [37]. Nanoparticles with the dimensions between 30 and
200 nm are normally sequestered in the liver: they can be easily
captured by endocytic vesicles with an average diameter of
40-60 nm. However, particles over 150 nm in size (the upper
limit for entering the cell through caveolae) are engulfed by
macrophages. Therefore, an ideal hydrodynamic LNP size
to be taken up by the liver would be 30 to 150 nm. The
histological examination and the analysis of NP biodistribution
in the organs of mice reveal that the CbB particles are mainly
accumulated in the reticuloendothelial system, which explains
the even distribution of NP between the liver and spleen. These
findings correlate well with other studies [38]. In contrast, the
CbS sample is not sequestered in macrophages but is caught
by hepatocytes instead, leading to its buildup in the liver. This
fact is consistent with the literature describing the behavior of
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NP with a magnetic core of a comparable size [39]. Perhaps,
larger nanocubes (CbB) grow in size when introduced into the
bloodstream of a mouse because they adsorb serum proteins
on the surface which form a crown of biomolecules [40], thereby
increasing the hydrodynamic size of NP; as a result, the latter
accumulate in the spleen.

CONCLUSIONS

The proposed platform for the delivery of antisense drugs into
liver hepatocytes has proved to be effective both in vivo and in
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NANOPARTICLES GUIDED PRECISE TRANSPLANTATION OF VARYING
NUMBERS OF MESENCHYMAL STEM CELLS INTO POST-TRAUMATIC
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Spinal cord injury (SCI) is a traumatic injury to the spinal cord which is not a consequence of the disease. Mesenchymal stem cells

(MSCs) have gradually become one of the most used stem cells in research and clinic trial. Based on the previous reports employed

the cells ranged from 4 « 10°to 1 « 108, the present study was performed to figure out the best number of MSCs for transplantation

of the chronic SCI. Magnetic nanoparticles were used for proving the precise transplantation strategy. Using magnetic resonance

imaging (MRI), diffusion tensor imaging (DTI), diffusion tensor tractography (DTT), and behavior testing evaluations, we focused the

effect of varying numbers of MSCs on reducing lesion cavity and post-traumatic syrinx formation, suppressing glial scar formation,

enhancing neuronal fibers remodeling, promoting axonal regeneration and sprouting, improving vascularization, ameliorating the

neuronal factors expressional level, and function improvement. Magnetic nanoparticles were precisely transplanted into the post—

traumatic syrinx (PTS). MSCs can restore function after chronic SCI through stimulating the regeneration and sprouting of the axons,

reducing the formation of PTS. The effect of MSCs on PTS management and functional improvement post chronic SCI was cell

number—dependent, and within the range of 4 « 10°to 1« 10°, 1 « 108 cells were proved to be the best dose.
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HAHOYACTWLbI CIMTOCOBHbI HAMPABNATb TPAHCIJIAHTUPOBAHHDIE
MESEHXUMAJIbHbIE CTBOJIOBbIE KJTIETKU B MOCTTPABMATUYECKUI
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TpaBma cnvHHoro mosra (TCM) — 3To TpaBMaTU4ecKoe MOBPEXAEHVE, He SBNSIOLLEECs CNeAcTBMEM 3aboneBaHus.
MeszeHx1masbHble CTBOMOBbIE KNeTKN (MCK) CTaHOBATCS OfIHMM 13 Hanbosee 1UCrob3yeMblX TUMOB CTBOSMOBbIX KIETOK Kak
B Hay4HbIX MCCNEA0BaHKSX, Tak U B KIMMHUHECKNX UCTbITaHUsX. C y4eToM npedplayLivx paboT, B KOTOPbIX MCMONb30Banu OT
4.+10°po 1« 108 Kn., UENbIO JaHHOIO UCCnenoBaHKs bbiNo onpenennTs konndectso MCK, onTimansHoe ans TpaHcnnaHTauvm
npu xpoHudeckon TCM. MarHuTHble HaHo4acTuupl (HY) rcnonb3oBanm Ons [OoKasatensCTBa TOYHOCTM MPOBEAESHHOM
TpaHcnnaHTauum. C NOMOLLBIO MarHUTHO-pe30HaHCcHOM ToMmorpadun (MPT), anddysmoHHO-TeH30pHON Bradyanusauun (DTI),
O y3nOHHO-TEH30PHOM TpakTorpadun (DTT) n noBegeHYeCKnx TeCTOB Mbl MPOBEPUV BANAHUE Pa3NIMYHOIO KOMM4eCcTBa
MCK Ha yMeHbLUEHME MOPaXKEHHOW MOMOCTM 1 MOCTTPaBMaTUHECKOro CBULLA, NofdaBneHne (HOopMUPOBaHNUS MNANIbHOrO
pybua, yeuneHe pemMoaenMpoBaHns HEMPOHHbLIX BONTOKOH, COAENCTBIE pereHepaummn 1 NpopacTaHnio akCoHOB, Yiy4LLEeHWe
BaCKynApu3aLm, MnoBbILLEHNE YPOBHA SKCMPECCUM HEMPOHHBIX (DAKTOPOB U yryylleHue (YHKUMOHMPOBAHMSA CUCTEMBI.
MarHuTHble HY 6b1m TOHHO TpaHCcnIaHTVPOBaHbI B MocTTpaBmatnyeckuii camiy (MTC). MCK mMoryT BoccTaHaBmMBaTb (hyHKLIMIO
nocne xpoHuyeckor TCM nocpeacTBOM CTUMYASILMN PereHepaLiv 1 NpopacTaHns akCoHOB, YMeHbLUasi obpasosaHue IMTC.
Takum obpasom, BivsHne MCK Ha MTC 1 byHKUMOHANBHOE YyylleHe nocne xpoHudeckorn TCM 3aBuCUT OT KonmnyecTsa
KNeToK, 1 B AnanasoHe oT 4 « 10° 0o 1 « 108 Hanny4Len noson siensietcs 1 « 106,
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Previous epidemiological research suggested the annual
incidence in China of spinal cord injury (SCI) reached 23.7 cases
per million people [1]. The global annual incidence was recently
reported range from 9.2 to 246 cases per milion [2]. Aimost half
of the cases result in complete loss of function below the injury
level. First-year medical costs for a high tetraplegic patient
and a paraplegic patient are estimated at over $800,000 and
$300,000 respectively [3]. In the past decades, the mortality
rate in the first year has been successfully reduced. However,
SCl is still regarded as untreatable condition [4].

The pathophysiology of SCI can be defined as a biphasic
process: (1) the primary phase which involves the initial
mechanical injury and (2) the delayed secondary phase
which is characterized by inflammation activation, vascular
disruption, ischemia, oxidative stress, and excitotoxicity [5-6].
The secondary phase is divided into the immediate, acute,
intermediate, and chronic stages of SCI [5]. The main features
of chronic SCI are glial scar and cavity formation following
function loss [7-8].

Stem cell transplantation has become a widely accepted
treatment for overcoming SCI. The first description of
mesenchymal stem cells (MSCs) occurred in 1991 [9]. MSCs
have gradually become one of the most utilized methods
in research and surgery. A number of studies on MSCs
transplantation for SCI were conducted [11-16]. The increasing
number of the clinical trials employing MSCs for treating SCI
indicates that MSCs are considered to be potentially beneficial
for translational studies despite several questions which still
need to be examined basic and preclinical research level [10].

In order to promote the MSCs transplantation into formal
clinical application, the following issues must be addressed,
optimal transplantation timing, the most effective transplantation
method and the optimal number of stem cells. Our previous
research focused on the benefits of employing mesenchymal
stem cells in the acute and subacute phase of the contusion
rat model [17]. After a broad literature review, we found that
the chronic phase could also be considered a potential time
to perform cell transplantation [11-16]. Two main reasons are
given: (1) globally, there are many chronic SCI patients eagerly
waiting for an effective treatment; (2) the microenvironment is
continuously changing during the acute/subacute phase, while
it is relatively stable during the chronic stage, which will affect
the survival or differentiation of transplanted cells. Considering
the transplanted cell survival, migration and safety, intralesional
transplantation is preferable, compared with intrathecal
transplantation and intravenous transplantation [18-19]. Across
the current studies and clinical trials, the number of employed
MSCs are not uniform. The number of cells used ranged from
4 +10°to 1 « 108 in the animal studies [19-22], and 7 « 10° to
2 « 107 in the clinical trials [12, 14, 15, 23].

This experiment was designed to determine: (1) to verify our
strategy for MSCs precise transplantation; (2) to explore the
best number of MSCs transplantation ranged from 4 « 10° to
1« 108 for improvement of chronic SCI.

METHODS
Nanoparticles transplantation

Nanoparticles were designed and generated as we reported
[24]. Transplantation was performed under the guidance of
MRI, as we previously reported [25]. Generally, the rats were
anesthetized throughout the whole procedure with the E-Z
Anesthesia system EZ-7000 330 (PA, USA). The fur over T10
was carefully shaved and the exposed skin was sterilize. The

skin and the superfcial fascia were opened along the initial
laminectomy incision. Two silver acupuncture needles (Kazan
medical instruments plant JSC; Russia) were inserted through
the erector spinae. The needles were positioned parallel to the
ground and at a 40-degree angle to the spine with 1 needle
on both sides of the animal. The tips the needles were passed
through the muscle and intersected each other, creating a
cross—like shape.

The MRI was conducted to calculate both the volume
of PTS and the 3-dimensionl (3D) coordinates using the
crossed needles as a reference point. Both the lateral and the
longitudinal distances between PTS and the crossed needles
were measured with software MultiVox Dicom Viewer (R3.0
SP13; USA). The depth of PTS was also calculated.

Animals group allocation

In order to prove the precise intra—PTS transplantation strategy,
adult Sprague-Dawley rats (n = 3) weighted 180-220 g were
used to create the chronic SCI models. To evaluate the effect
of MSCs transplantation, another adult Sprague-Dawley rats
(n = 24) weighted 180-220 g were used to create the chronic
SCI models. Rats were randomly divided into four groups with
6 rats in each group): (1) DMEM group (the cell culture medium
group); (2) the 4 « 10° cells group; (3) the 8 « 10° cells group; (4)
the 1 « 108 cells group.

Experiments were carried out in compliance with the
principles of International Laboratory Animal Care, and the
European Communities Council Directive of 24 November 1986
(86/609/EEC). All efforts were made to minimize the number of
animals used and their suffering.

Isolation, Culture, and Characterization of MSCs

MSCs were collected from the bone marrow of 4-6-month-
old SD rats. Generally, in a ficoll density gradient 1.077 g/ml
(Sigma-Aldrich; USA), we centrifuged to isolate the fraction of
mononuclear cells (300 rpm, 30 min). The cells were cultured in
RPMI 1640 (Gibco; USA), supplemented with 2 mM glutamine,
100 U/ml penicillin, 0.1 mg/ml streptomycin (Gibco; USA) and
15% FBS (Biowest; USA) at 37 °C, 5% CO,. Passage 2-4 MSCs
were used in the present research. The presence of positive
specific MSCs markers (CD105, CD90, and CD44) and negative
hematopoietic markers (CD45, CD34) was verified by flow cytometry
(MoFlo sorter; Beckman Coulter; USA) with the appropriate
primary—labeled antibodies (Miltenyi Biotec GmbH; Germany).
MSC cells were trypsinized (trypsin—-EDTA, 0.25%)
(Invitrogen; Russia) and counted. Then 4 aliquots of medium
with the composition of serum free DMEM (Gibco; USA),
supplemented with 2 mM glutamine, 100 U/ml penicillin,
0.1 mg/ml streptomycin (Gibco; USA) were prepared. Three of
them were randomly selected to prepare the cell suspension in
different concentrations: 1« 105 2 « 10° and 2.5 « 10° cells/l.

Chronic spinal cord injury model

The surgery was performed as we previously reported [17].
After intraperitoneal anesthetization with ketamine (50 mg/kg),
animals were placed on a warm pad in the prone position and
the dorsal fur was shaved. The surgical area was sterilized.
The laminectomy at T9-10 segment was performed to expose
the spinal cord. Then a force of 200 kilodynes was induced
an impact injury to the spinal cord using the PSI-IH Impactor,
which has sensors to accurately measure the impact force.
(Precision Systems and Instrumentation LLC, Fairfax, VA; USA).
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After flushing the wound with ice saline, the surgical site was
sutured. A subcutaneous injection of Baytril (2.5 mg/kg/d) (Bayer;
USA) was administered on the rats. After surgery, the animals
were returned to their home cages and received manual bladder
expression twice daily until the recovery of spontaneous
urinary function.

Stereotactic MSCs transplantation

Cell transplantation was performed at 4w post injury [11]. After
the induction of general anesthesia, the cell transplantation
was performed through the skin guided by MRI. MRI was
employed to locate the injured area of each rat prior to the
transplantation procedure. Using a Hamilton syringe and a 33—
gauge, 45 degree-beveled needle (Hamilton, Reno; USA), 4 ul
of liquid was directly transplanted into the injury area with the
assistance of the microinjection unit and Razel Syringe Pump
(NE-1002X) (Razel Scientific; USA) in 2 min. The needle was
held at the injection site for 2 min and was withdrawn slowly for
another minute.

MRI and DTl scan

All rats were anesthetized throughout the whole procedure by
inhalation of isoflurane (5DG9621, BAXTER; USA) with the E-Z
Anesthesia system (EZ-7000 330, PA; USA). MRI and DTl scans
were performed using 7 Tesla animal MRI scanners (ClinScan,
Bruker BioSpin; USA) on the first and the fourth week after
SCI to evaluate the injury area, and the eighth week after SCI
to determine the effect of MSCs transplantation. For coronal
images: T2-weighted images in coronal plane were acquired
by Turbo Spin Echo sequence with the following parameters:
FOV 120 « 59.2 mm, base resolution 320 - 158, TR = 3850 ms,
TE = 39 ms, slice thickness 1 mm, number of acquisition = 1,
echo train length = 9. For sagittal images: T2-weighted imaged
in sagittal plane were acquired by Turbo Spin Echo sequence
with following parameters: FOV 100 « 49.2 mm, base resolution
256 « 126, TR = 3850 ms, TE = 42 ms, slice thickness 1 mm,
number of acquisition = 3, echo train length = 9.

DTl images were acquired with identical geometry as
the anatomical images using single shot spin—echo planar
imaging (EPI) sequence with TR/TE of 4000 ms/88 ms, slice
thickness of 3 mm, b factor of 1000 s/mm2, bandwidth of
200 kHz, 25 gradient encoding directions, acquisition matrix
of 64 « 64, and field of view 10 « 10 mm. To calculate the DTI
indices, the collected images were analyzed on an independent
workstation. DTT of the spinal cord was generated using the
FACT algorithm implemented in Volume-One software, and
fractional anisotropy (FA) threshold < 0.2 and stopping angle
of > 25° were used as parameters.

Macroscopic assessment of injury area

Macroscopic assessment was performed 8 w post cell
transplantation in each rat. All rats were humanely euthanized
with the same aforementioned process. Intracardial perfusion
with saline and then 4% paraformaldehyde was performed
to flush possible blood components from the sample. The
spinal cords form the injury level were collected. The images
of spinal cords from each group were generated by the digital
camera (Leica Co.; Germany). With Image J software (Basics
1.38; USA), the macroscopic injury sites on the surface of
spinal cords were selected and the injury areas were auto—
calculated. The average injury area of each group was gained
and quantitatively compared.
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Hematoxylin-eosin (H & E) staining

After macroscopic assessment, rats were deeply anesthetized
with ketamine and xylazine, and perfused with saline and 4%
paraformaldehyde in 0.1 M phosphate buffer. Three spinal cord
samples from each group were randomly selected. The samples
were dehydrated gradually in 70%, 80%, 90%, 100% ethanol,
and embedded in xylene and paraffin. 10 ym longitudinal slices
were made on the microtome (Rotary microtome) (Microm HM
650V; USA).

For hematoxylin eosin staining, slices were hydrated
in 100%, 90%, 80%, 70% ethanol and water, stained in
hematoxylin for 1 minute, washed in water for 5 minutes,
followed by staining in eosin for 1 minute. After coversliping
with entelan, the slices were sent to the light microscope for
the evaluation of the injured area. Three slices from each group
were collected, the mean injured area was calculated. With
Image J software, the injury sites of the slices were selected
and the injury areas were auto-calculated. The average injury
area of each group was gained and quantitatively compared.

Immunohistochemistry (IHC)

Three spinal cords from each group were randomly selected.
The samples were embedded in PBS, 50um longitudinal slices
were made on the vibratome HM 650V (Thermo Scientific;
USA). Three slices from each sample were collected and
analyzed. The slices were incubated with anti-microtubule
Associated Protein 2 (MAP2; mouse anti—rat; 1 : 400) (Abcam;
UK), anti-B3—tubulin (33-tubulin; rabbit anti-rat; 1 : 400) (Sigma;
USA), anti-glial fibrillary acidic protein (GFAP; rabbit anti-rat;
1:500) (Abcam; UK), Nestin (1 : 400, rabbit anti-rat) (Abcam;
UK), brain derived neurotrophic factor (BDNF; mouse anti-rat;
1 :400) (Abcam; UK) and vascular ecndothelial growth factor
(VEGF; mouse anti-rat; 1 : 200) (Abcam; UK) overnight at
4 °C, followed by TRITC-conjugated goat anti-mouse or FITC-
conjugated anti-rabbit IgG (1 : 200; ZSGB-BIO) for one hour at
37 °C. The slices were examined using confocal microscopy
(Nikon, A1+MP) (Nikon; Japan).

3D surface plot was employed for evaluating fluorescence
measurements semi—quantitatively. The sample’s heatmap of
each slice was generated based on the fluorescence intensity
in different fluorescence channels. The sample’s heatmap,
which is simply a three—column matrix colored from light blue to
bright red, illustrated the different expressional levels of positive
proteins.

Behavioral analysis

Basso, Beattie, and Bresnahan (BBB) locomotor test was
performed based on the principle of double blind before
injury and weekly post injury to evaluate the hindlimb motor
behavior recovery. To assess motor coordination, a rotarod
test was conducted before the rats were killed (at 8 w post
transplantation). All rats were placed on a standard Rotarod
(Med Associates, Inc.; USA) to determine their motor
performances. The test was not conducted throughout all the
experimental period because falling from the rod might lead to
further injuries. Each animal was placed on a 10 cm diameter,
15 cm long rod, rotating at constant speed. Impairment of
motor coordination was defined as the inability of rats to remain
on the rotating rod for a 60 s test period. Animals were pre-
trained on the rotating track before the injury and re-trained
24 h before the test. The testing protocol comprised of one 60 s
test period every 24 hours for 72 hours. On these continuous
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days of testing at 4, 8, and 12 rpm on, respectively, 1%, 2", and
39 day, with a 10 min interval between each trial.

Statistical analysis

All statistical analyses were performed by SPSS 17.0 software
package (SPSS Inc.; USA). Results were considered to be
statistically significant with p < 0.05. All data are presented
as mean + standard error of the mean (SEM), and repeated
measures ANOVA (RANOVA) was employed.

RESULTS
Precise transplantation into PTS

The nanoparticles showed low signal change in T2-weighted
MRI scanning (Fig. 1). Nanoparticle transplantation was
repeatedly conducted in the rats with PTS. As shown in Figure,
the PTS volume showed a significant decrease from (5.71 +
0.21) mm?® to (3.23 + 0.364) mm?® post first transplantation
(o < 0.05), the volume further decreased from (3.23 + 0.364)
mm?to (1.48 + 0.722) mm? post sect transplantation (o < 0.05).
Thus, our transplantation strategy was proved to be precise by
nanoparticle.

General situation and motor functional recovery

All the rats involved in the present research showed no signs
of complications or died unexpectedly, during the whole
experimental procedure.

Preoperatively, the rat BBB scores were 21 points in all rats.
Immediately after SCI, all rats demonstrated significant loss of
motor function of the hind limbs and the BBB scores were
reduced to O points (Fig. 2). Gradually, BBB score increased in
all groups, and reached 5.85 + 0.83 (DMEM group), 5.94 + 0.74
(4 « 10° group), 6.08 + 0.75 (8 « 10° group) and 6.02 + 0.84
(1 « 108 group) at four weeks after injury. Differences in the BBB
scores among the four groups were not statistically significant
before cell transplantation.

One week post transplantation, compared with the DMEM
group, the differences were found to be statistically significant
in cell transplanted groups (Fig. 2 M). Compared with the

DMEM group, the behavior ability also suggested the better
outcome in the cell transplanted groups. Among all the groups,
1« 10° group showed the best outcome (Fig. 2 M). Eight-week
post transplantation, BBB score reached 7.02 + 1.36 (DMEM
group), 8.14 +1.12 (4 « 10° group), 10.25 + 1.02 (8 « 10° group)
and 11.07 = 1.44 (1 « 10° group). The rats showed different
behavior abilities on weight support, plantar placement, and
plantar stepping (Fig. 2 A-M).

The Reduction of PTS

MRI was performed on the first week and fourth week post
injury, and eighth week post MSCs transplantation. The
formation of post-traumatic syrinx (PTS) was evaluated. As
shown in the Table 1, the cases of the animal with PTS on
different weeks were listed.

As shown in the Fig. 4, the PTS volumes were calculated
based on the MRI. The volume of PTS decreased in the cell
transplant groups when evaluated 8 w post transplantation.
Among all the groups, 1 « 10°% group showed the best
improvement (Fig. 3 S-Y).

The visible injured area was caluated in order to evaluate the
effect of MSCs on preventing scar formation post chronic SCI.
As shown in the Figure 4, compared with the DMEM group,
the differences were statistically significant in cell transplanted
groups (Fig. 4 E). Among all the groups, 1 « 10° group showed
the best outcome (Fig. 4 A-E).

The promotion of neural restoration

In order to evaluate the effect of MSCs on promoting the neural
regeneration and sprouting, DTl and DTT were conducted on
eighth week post cell transplantation. As shown in the Fig.
4 and Table 2, the dorsal columns tracts of lesion site from
each group were evaluated. Compared with the DMEM group,
the continuity and density of neural fibers were found to be
improved in cell transplanted groups (Fig. 4 B-D). Among all
the groups, 1 « 10° group showed the best neural fibers with
complete continuity and high density (Fig. 4 D). As shown in the
Table 2, compared with other groups, ADC showed significant
decrease and FA showed significant increase in the 1 « 10°
MSCs group, the effect showed the cell-dose dependent manner.

Post-
delivery 2

Pre- Post-

delivery delivery 1

Fig. 1. Nanoparticles transplantation and MRI analysis. A. Nanoparticles showed low signal change in T2-weighted scanning. B-E. The volume change of PTS post
nanoparticle transplantation. PTS volume decreased after the first transplantation, and further decreased after the second transplantation (p < 0.05)
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DISCUSSION

Based on the present research and the previous reports, it was
suggested that the beneficial effect of MSCs transplantation
is dose—dependent [26]. The research into the optimal dose
is desirable. The optimize number of cells ranged from 4 « 10°
to 1 « 10° was studied in the present research. In order to
avoid producing additional damage to the spinal cord, high
concentrations of cells were employed. In the present research,
1+10% 2+ 10°and 2.5 « 10° cells/ul were employed [19-22].
As observed, 2.5 « 10° cells/ul is the maximum concentration
for preparing MSCs. The higher concentration exerted the
negative influences on cells survival, and required the larger
caliber of the injection needle, which led to additional damage.
The smallest possible volume 4ul of cell suspension was used
due to the volume of the rat spinal cord and the adequate cell
suspension medium for cells survival [19-22].

Varying strategies for transplantation into the spinal cord
were reported, including lesion site delivery, single-point with
various intervals delivery, multi-target point delivery, and twice

ORIGINAL RESEARCH | NANOMEDICINE

separately delivery [26-28]. Four factors should be considered
when planning an administration route: (1) a greater number
of cells could be administered into lesion site and fewer cells
could be administered into normal tissue; (2) higher rates of
cell survival; (3) the approach that can be repeated accurately
in each individual; (4) less added damage. Thus, based on our
previous reports, the local lesion site delivery was employed in
the present research [25].

Several studies reported that MSCs transplantation was
able to positively improve the outcome post SCI [19-22]. Based
on the present study, MSCs transplantation can stimulate the
regeneration and sprouting of the axons, improve the motor
function recovery, reduce the formation of PTS and glial scar,
promote vascularization and neuro-trophic factor expression.
In the present research, the effect suggested the cell number—
dependent manner, 1 « 10° cells showed the best outcome
among all groups. The hypothesis can be drawn that the
more employed cells, the better gained effect. It was reported
that one of the main mechanisms of MSCs transplantation
on treating chronic SCI is MSCs’ paracrine effect [11]. Thus,

A
DMEM
E A
8.10°
M 20 -
15

BBB score
)

—— DMEM (n = 6)
* 3 — 4 +10°%(Nn=6)

— 8.10°(n=6)

1+ 10° (n = 6)

o —+—"+r-r—r—r———rr—rrrrrrrrrrrre
SIS TR PR R R R W W R R R R\
0{@6\0,%&@@'\ S N

Fig. 2. Motor function recovery evaluated by BBB score. Differences in the BBB scores among the four groups were not statistically significant before cell transplantation.
One-week post transplantation, compared with the DMEM group, the differences were found to be statistically significant in cell transplanted groups (M). Compared
with the DMEM group, the behavior ability suggested the better outcome in the cell transplanted groups. Among all the groups, 1 « 10° group showed the best outcome
(M). Eight-week post transplantation, the rats showed different abilities on weight support (A, D, G, J), plantar placement (B, E, H, K), and plantar stepping (C, F, I, L)

Table 1. The cases counting of PTS formation

1 w post injury 4 w post injury 8 w post transplantation
DMEM group 0 3 3
4 « 10° group 0 3 3
8 « 10° group 0 4 4
1« 10° group 0 4 3
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7d post injury
4w post injury

8w post transplantation

7d post injury

4w post injury

8w post transplantation

5 ] *

@ 4w post injury
@ 8w post transplantation

PTS Volume (mm?3)
w

n=3n=8  (1=3=3  (=dn=4 " (1=4n=3
DMEM 4.10° 8. 10° 1.10°

Fig. 3. The Reduction of post-traumatic syrinx. Lateral and horizontal MRI scanning was performed in all groups to evaluate the situation of post-traumatic syrinx pre-
and post- transplantation (A-X). The volume of PTS decreased in the cell transplant groups when evaluated 8 w post transplantation. Among all the groups, 1 ¢ 10°
group showed the best improvement (S-Y). The areas in the red box were magnified in the figures with red frame

DMEM 4.10° 8.10° 1.10°

Colour instruction:

Blue: inferior-superior direction
Red: left-right direction

Green: anterior-posterior direction

Fig. 4. Tractography images of the spinal cords in all the groups at 8w post cell transplantation. Tractography image of the spinal cord in DMEM group showed the
fracture of neural fibers (A). All cell transplanted groups showed the repairing sign of spinal neural fibers (B-D). 1 ¢ 10° group showed the best outcome (D)
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Table 2. The situation of ADC and FA in the injury area

ORIGINAL RESEARCH | NANOMEDICINE

5 DMEM 4 +10° MSCs 8« 10° MSCs 1¢10° MSCs
rou

P ADC FA ADC FA ADC FA ADC FA

8w post (1792.64 + 719.28) (1483.52 + 924.91) (1851.77 + 1024.55) (1276.39 + 1214.84)
transplantation * 10° mm?/s 0.34=0.08 * 10°mm?/s 0.41+0.10 * 10°mm?/s 0.45+0.09 * 10° mm?/s 051012

we hypothesized that the more employed cells, the more
gained trophic factors. As proved in the present research with
immunohistochemistry, the expressional levels of BDNF and
VEGF in the lesion site were the highest after the transplantation
of 1+ 108 cells among all groups, while after transplanting 4 « 10°
cells and 8 « 10° cells, the BDNF and VEGF expressions were
also improved compared with DMEM group. Currently, there
has been no quantitative study looking into the changing of
trophic factors post chronic SCI, or looking into the detailed
number of desired trophic factors for treating SCI. Our study
suggested the more employed cells, the higher expressional
trophic factors, the better gained behavioral recovery. However,
prudent planning should be employed when increasing
cell volume and/or concentration to ensure additional
damage.

It is a limitation of the present research that the survival
rates of the transplanted MSCs were not evaluated. Further
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PROMISING METHODS FOR NONINVASIVE MEDICAL DIAGNOSIS BASED
ON THE USE OF NANOPARTICLES: SURFACE-ENHANCED RAMAN
SPECTROSCOPY IN THE STUDY OF CELLS, CELL ORGANELLES AND
NEUROTRANSMITTER METABOLISM MARKERS
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Application of advances in nanomedicine and materials science to medical diagnostics is a promising area of research.
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HENPOMEOWATOPHOIO OBMEHA

E. A Tyonnunn'22 A. A. CemeHosa?, O. E. EpemuHa’, H. A. Bpaxe®, E. A. T'younuHa®, T. FO. dangaHosa®, I. B. Makcumog?,
. A. Becenoga'

T Xummndeckuin hakynsteT, MOCKOBCKUI FOCYAapCTBEHHbIN yHMBEpCUTET nMmeHn M. B. JlomoHocosa, Mocksa

2 dakyneTeT Hayk 0 MaTepuanax, MOCKOBCKUIA rocyfapCTBEHHbI YHBEpCUTET meHn M. B. JTomoHocoBa, Mocksa

3 Brionorndecknin haxynstet, MOCKOBCKUI roCyAapCTBEHHbI YHMBEpCUTET MMeHM M. B. JlomoHocosa, Mockea

4 HaupoHanbHbIli MEQVLIMHCKNIA NCCEeLoBaTeNbCKUIA LIEHTP OHKoornn uvenn H. H. BrnoxuHa, Mocksa
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In the past 10-15 vyears, the evolution of nanomedicine
and materials science made possible by the findings of
interdisciplinary studies at the interface of chemistry, physics
and biology has been driven by the challenges of medical
diagnosis [1-3]. Hopes are high for research into targeted drug
delivery, theranostics, discovery of therapeutic nanoparticles
and diagnostic nanomaterials, including contrasting agents
for scintigraphy, CT, MRI and ultrasonography (Fig. 1). Some
of them have already been launched onto the market and set
a new standard for medical imaging. Yet, there is a lot to be
done, including creation of next-generation biosensing systems
i, 2, 4-11].

Surface-enhanced Raman scattering (or spectroscopy,
SERS) holds an important place among actively evolving
noninvasive diagnostic techniques. It is an optical analytical
modality with record-breaking sensitivity that can be applied
to the study of nature objects; it is also a unique approach
to rapid detection assays [12-15]. Because of its underlying
physical principles, SERS urges development of novel silver-
and gold-derived nanomaterials with programmable properties.
Noble metal nanoparticles are highly inert, both chemically
and biologically, and allow effective control over surface
plasmon resonance and distribution of externally induced local
electromagnetic fields (Fig. 2). Among prioritized applications of
SERS are nondestructive analysis of biological objects, cells or
cell fragments [16-22], including red blood cells [16, 17, 23-25],
bacteria [26-28], viruses [29, 30], stem cells [31, 32], human
tissue cells in general [33], and cancer cells in particular[34-37];
quality control in the pharmaceutical and food industries [38,
39]; detection and quantification of proteins, peptides, and DNA

molecules [9, 15, 19-21], low molecular weight biomarkers of
pathological conditions, and toxic agents [9-11, 36, 40-42].
Most research works on SERS conducted recently sought the
way to introduce SERS into routine practice, proving that SERS
has a big future in biological and medical diagnostics.

SERS has been around since 1974 [43]. However, it was
not until 2010-2012 that it gradually came to be extensively
used for noninvasive analysis of living cells and cell organelles,
which was dictated by the need for novel nanomaterials
and instrumental approaches [9, 13, 16-20]. SERS can
be successfully combined with in vivo biocimaging [44] or
microfluidic systems [45] that significantly expand the scope
of its application. SERS has remarkable sensitivity crucial for
the detection and quantification of trace amounts of analytes,
down to the level of single molecules. Much anticipated is the
adoption of SERS for multiplex detection of analytes in complex
matrices. Indeed, SERS has the necessary potential because
Raman spectra are determined by the molecular composition of
an analyte. It means that SERS is capable of identifying analytes
in complex mixtures based on their molecular fingerprints and
determining molecular conformations.

Although SERS demonstrates exceptional sensitivity in
detecting the presence of ultralow concentrations (from nM
to fM) of analytes in complex matrices, it may not be that
successful at analyte quantitation. SERS is a spatially localized
analytical technique: signal enhancement occurs at distances
less than 10-15 nm from a nanostructured surface and largely
depends on its texture, condition, size, anisotropy, specifics of
analyte sorption by nanoparticles, their mutual orientation and
tendency to aggregate [9]. Therefore, the functional properties

C0:14

Fig. 1. Contrasting agents in medical imaging (photos are provided by the authors of this article). A, B. A contrast-enhanced ultrasound scan of the liver with a
metastatic lesion: A — the arterial phase (14 seconds after the injection of SonoVue), 1 — peripheral enhancement; 2 — no enhancement in the central region; B — the
gray-scale B-mode. C. A contrast-enhanced MR image of a rat’s spleen (enhancement with iron oxide PEG-shell nanoparticles)
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of a synthetic nanomaterial are determined by its morphology,
microstructure and a wide range of physical and chemical
properties.

SERS modifications tailored to suit specific needs can be
further refined to improve the reproducibility, sensitivity and
selectivity of the method and solve the problem of quantitative
analysis. Here, an important contribution has been made by the
study of hot spots — areas of a very strong electromagnetic
field in the crevices between nanoparticles [9]. Hot spots play
a significant role in the SERS effect because107-108-fold signal
enhancement is registered in these particular regions.

Currently existing approaches to chemical synthesis
are capable of producing high yields of silver nanoparticles
(AgNP) different in their size and shape (spheres, tetrahedra,
decahedra, triangular and hexagonal plates, discs, rods,
threads, more complex shapes) [9, 46-51]. Physical methods of
AgNP synthesis include laser ablation, thermal evaporation, arc
discharge, electron-beam deposition, ion-beam sputtering, ion
implantation, and different types of radiation. Interestingly, AGNP
can be synthesized using naturally occurring compounds [52—
55]. Planar structures are traditionally obtained using lithography,
electrochemical approaches, vapor phase synthesis, chemical
precipitation, Langmuir-Blodgett films, copolymer micelles,
inoculation of microsphere surface functionalized with amino
or thiol groups with preformed nanoparticles, and spraying of
nanoparticles onto scaffolds, such as cellulose carriers, replica
surfaces, etc. [9, 11, 13, 16, 17, 25]. The listed trends in SERS
research aimed at designing reliable SERS-active surfaces,
sensors and analytical techniques are paving the way for SERS
applications in biomedical diagnostics.

Noninvasive diagnostic modalities for biological objects

Among the most interesting SERS applications that are being
explored at the moment is early detection of trace amounts
of bioactive molecules in physiological solutions (blood,
saliva and cerebrospinal fluid). One of the recent advances
in this field is a method that utilizes a combination of SERS
and immunoassays exploiting the principle of specific antigen
binding by a complementary antibody [56]. The use of SERS
labels in combination with composite materials based on
microbeads and metal nanoparticles facilitates development
of targeted immunoassays for highly sensitive detection
of biomolecules [56-58]. Another important field of SERS
application is biosensors for analyte quantitation that rely on
plasmon particles with chemically modified surfaces. As a rule,
such modifications are achieved by coating the surface with
a monolayer of functional thiol groups and are necessary for
the subsequent sorption of analytes and preconcentration [59].
This approach enables real-time measurement of glucose levels
(> 25 Mm, which is close to typical glucose concentrations
occurring in some physiological fluids) in the presence of
model plasma proteins (bovine serum albumin) or following
a long (up to 3 days) contact of a sensor with electrolytes
taken at physiological concentrations. When subcutaneously
implanted in experimental animals, SERS-based sensors stably
demonstrate high accuracy and reproducibility of the results
over the course of at least 2 weeks; this suggests that such
sensors have a good potential to be used for in situ monitoring
of biological processes in living organisms [59]. The use of
nanostructured surfaces for the study of biological objects may
have an advantage over other methods because nanomaterials
ensure the reproducibility of signal enhancment and allow
integration of SERS-active substrates into a lab-on-a-chip or
a microfluidic device. No matter what nanostructures are used
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to study biological objects, there are a few requirements they
must satisfy, including zero toxicity against cells, chemical and
morpholoigcal stability in biological fluids and solutions, an
ability to reliably enhance the SERS signal as much as possible,
zero interference with biological processes inside the cell and
confirmations of molecules a sensor has a direct contact with.

Surface-enhanced Raman spectroscopy is also employed
in cancer research [60, 61]. SERS-based sensors are capable
of measuring intracellular redox potential. One of them was
designed to study oxidative stress in cells; the sensor is
composed of gold nanobeads enriched in quinones that act
as redox-sensitive molecules and operates in a range between
-400 and +100 mV exceeding the capacity of fluorescent
probes [62]. Another example of a SERS-based sensor is a
highly selective hybrid nanosensor made of silver nanoparticles
coated with cytochrome c¢. It was designed to measure
concentrations of a superoxide anion radical inside the cell and
has a detection threshold of 10 nM [63]. Its underlying principle
is as follows: when an electron is transferred from a superoxide
anion radical to cytochrome ¢, the band representing oxidized
cytochrome ¢ in SERS spectra undergoes a shift to the position
typical of reduced cytochrome c.

Of interest is the approach based on the use of
nanostructures functionalized with molecules that do not
produce an intense SERS spectrum but can specifically bind to
a biological object whose SERS spectrum is recorded instead.
This approach can be exemplified by a highly sensitive sensor
that detects the presence of bacteria in blood [64]. The authors
of the invention coated gold and silver-gold nanostructured
composites with vancomycin that can specifically bind to
gram-positive bacteria. Vancomycin causes deformation of
the bacterial cell wall promoting aggregation of nanoparticles
and thereby enhancing the SERS signal. Such nanostructured
substrates can be used in multifunctional biochips: vancomycin
can be replaced with other glycopeptides, which will expand
the range of microorganisms and viruses the system can
detect. Another team of researchers conducted a number of
experiments involving the use of glass microcapillaries coated
with gold nanoparticles that was introduced into the cell [65].
Depending on where the capillary was located inside the cell,
signal enhancement occurred in the nucleus or cytoplasm; the
emitted spectra reflected the functional state of the cell. Another
novel method is based on the use of surfaces coated with gold
nanoparticles and serves to detect a secondary messenger —
an intracellular molecule released in response to stimulation
of cell receptors and activation of primary effector proteins in
Ca?*-signaling of NADP [66]. A new approach based on the
use of gold nanomaterials has been devised to perform highly
sensitive detection of conformational changes in nucleic acids
and proteins, as well as cell visualization in vivo [9, 19, 20].
Another team of researchers suggest that functionalized gold
nanoparticles can be used to discriminate between different
types of lymphocytes and detect leukemic cells [67].

One of the most important areas of SERS research
covers the possibility of highly selective enhancement of
the SERS signal from those intracellular molecules whose
conformation and properties are indicators of their functional
state and the state of the entire cell in general and individual
organelles in particular. Among the biomolecules that can be
conveniently used in basic and applied research are heme
proteins: hemoglobin (Hb) and cytochromes. It is known that
heme porphyrins and heme proteins produce a strong and
highly specific SERS effect [68] determined by the redox
state of the iron atom, heme conformation and conformation
of its protein microenvironment. This fact makes it possible



MHEHVE | HAHOMEOVLVMHA

|1000 E

532 nm

A sa_ 514 nm 1565
800 1200 1600 1371 \/
750 1406
1127\1/168 131\7\/
JW \/\/ S
o
©

131

v WVW

sl

800 1000

=133

£

1200 1400
Raman shift

1600

Fig. 2. The Ag nanostructured surface for SERS-based analysis. A. An optical microphotograph of silver rings. B. Living red blood cells on the nanostructured surface.
C. Nanostructured elements of the surface (Ag nanoparticles in the substrate channels, TEM). D. “Sesame seeds” on the nanostructured substrate (SEM). E. SERS
spectra of red blood cells (1) and mitochondria (2 and 3) on the Ag@SiO, nanocomposite at laser excitation wavelength of 5632 nm (1 and 3) and 514 nm (2). For
convenience, the spectra were normalized to their total intensity. Figures above the spectra indicate the position of peak maxima. The inset plot shows unnormalized
SERS spectra of mitochondria on the Ag@SiO, nanocomposite at laser excitation wavelength of 514 and 532 nm

to study mitochondrial cytochromes in cells or organs [9] and
hemoglobin in whole blood, isolated red blood cells or vascular
erythrocytes in vivo. There are, however, a few limitations to the
use of traditional spectroscopy in the study of heme porphyrins.
For example, oxidized cytochromes produce weak and
therefore undetectable scattering effects. When studying red
blood cells, one should bear in mind that SERS spectra can be
obtained only from cytoplasmic Hb (Hb, w), which constitutes the
largest proportion of total Hb, but not from membrane-bound
Hob (Hb_,) whose conformation can change in patients with
blood diseases, hereditary or endocrine disorders (thalassemia,
hemoglobinopathy, etc.) [69], intoxication, or under extreme
conditions [70]. In those cases, signal enhancement is caused
by Hb_, located in close proximity to silver nanostructures.
Thus, the use of SERS-active nanostructures is indispensable
in the study of heme proteins and can serve as a basis for rapid
noninvasive medical testing and screening.

The authors of the present article have proposed a novel
methodological approach, developed and synthesized
nanostructured materials with planar architecture and
Ag,SiO, nanocomposites, which allowed them to attain highly
reproducible and selective enhancement of the SERS signal
from cytochrome ¢ of a respiratory chain (electron transport
chain, ETC) of intact, normally functioning mitochondria (Fig. 2 D).
Using the original method, the authors were able to study
conformational changes and redox properties of cytochrome
c in intact, normally functioning mitochondria under the
conditions of modulated ETC activity [9, 18]. The study also
demonstrated changes in the redox state and conformation
of cytochrome ¢ heme molecules induced by the inhibition
of ATP synthase and introduction of protonophore FCCP,
which causes the uncoupling of electron transport and ATP
synthesis. The SERS-based analyis involving the use of planar
silver plasmon structures allowed the authors to estimate the
changes in the relative concentrations of reduced cytochrome ¢
in mitochondria and the conformational mobility of cytochrome ¢
heme both inside mitochondria and in its isolated state (Fig. 2 D).
Using intact mitochondria, the authors demonstrated that the
FCCP protonophore capable of uncoupling electron transport
and ATP synthesis and oligomycin, which inhibits the ATP
synthase, produce opposite effects on relative cytochrome ¢

concentrations and the mobility of methine bridges in heme
molecules [18], whereas mutant cytochrome ¢ whose heme
molecules exhibit increased rigidity enjoys lower conformational
mobility and functional activity of heme. It is hypothesized that
conformational changes that cytochrome ¢ undergoes might
be employed by mitochondria to vary the rate of electron
acceptance from ETC complex lll and electron transfer to
complex V. The proposed methodological approach is a
promising tool for further study of ETC in intact mitochondria.
Application of SERS-active nanostructures to biomedicine
necessitates discovery of novel analytical methods for
integrating nanostructures into a lab-on-a-chip.

Rapid diagnosis of neurotransmission disorders

Neurotransmission is a cornerstone of neural mediation in
both peripheral and central nervous systems [71]. Among the
key neurotransmitters are 3 catecholamines (CA): dopamine,
adrenaline (epinephrine) and noradrenaline (norepinephrine),
and their metabolites, including vanillylmandelic, homovanillic
and  5-hydroxyindoleacet acids, metanephrine and
normetanephrine. CA metabolism is a crucial regulator of
mental and physical activities: through dopaminergic and
adrenergic receptors, CA control stress response, psychomotor
activity, emotions, learning, sleep, and memory [72]. Because
CA are involved in the pathogenesis of many diseases, they
are extensively used in pharmacology [73]. Neurotransmission
disorders are divided into two major groups: neurodegenerative
diseases accompanied by the progressive loss of neural cells
and the decline in CA levels (and, naturally, the levels of their
metabolites) and neuroendocrine diseases characterized by
increased CA synthesis induced by organic pathology or genetic
defects of the hypothalamus. Among the most important
neurodegenerative disorders are Alzheimer’s and Parkinson’s
diseases. The most common neuroendocrine catecholamine-
producing tumors are pheochromocytoma, paraganglioma,
and neuroblastoma.

Neuroendocrine tumors pose a serious diagnostic
challenge: the malignancy is often diagnosed retrospectively,
in its advanced metastatic stages or during a relapse episode.
In Russia, over 90% of neurodegenerative disorders are

BECTHVK PIrMY | 6, 2018 | VESTNIKRGMU.RU



misdiagnosed because their symptoms are confused with the
signs of aging. Many neurodegenerative disorders are alike
in their clinical manifestations, which also complicates the
diagnosis [74]. The most dangerous neuroendocrine diseases
accompanied by increased CA levels are pheochromocytoma
and paraganglioma — benign and malignant catecholamine-
producing tumors, respectively. They arise from chromaffin cells
of the sympathoadrenal system and in 90% of cases occur
in the adrenal medulla [75]. Carcinoid tumors constitute less
than 1% of all malignancies and are formed by the cells of the
diffuse neuroendocrine system; these cells are derived from
the neural crest during fetal development and later migrate to
other organs [76]. Another malignant tumor, neuroblastoma,
produces multiple metastases. The majority of these tumors
occur in the retroperitoneal space, most commonly in the
suprarenal glands, mediastinum or neck [77].

Dopamine, noradrenaline and their metabolites can be used
as molecular markers to facilitate the diagnosis of Alzheimer’s and
Parkinson’s diseases: the onset of the disease can be inferred
from the decline in their concentrations in biological fluids. It has
been shown that as the symptoms of Parkinson’s progress, the
ratio of dopamine to dioxy phenylacetic acid (DOPAA) in urine
decreases and production of dopamine and dioxyphenylalanine
(DOPA) declines. The patient develops pronounced deficit of
catecholamine neurotransmitters (dopamine, noradrenaline
and serotonin) in the early stages of the disease, accompanied
by dopamine catabolism which results from increased
oxidative deamination of this neurotransmitter. However,
early manifestations of Parkinson’s occur in the backdrop of
increased dopamine turnover compensating for neural loss. As
cell degeneration progresses, DOPA levels dwindle, as does the
dopamine/DOPAA ratio, indicating neurotransmission pathology
and the lack of monoamine oxidase activity, which suggests
depletion of resources for CA synthesis. Thus, decreasing
concentrations of CA in Parkinson’s and their relatively simple
molecular structure make CA promising biological markers of
this disease.

In healthy individuals CA levels are very low (about 1 nM),
shrinking further in pathology (Alzheimer’s and Parkinson’s). In
blood, CA are quickly oxidized by platelet monoamine oxidases.
Therefore, CA tests should take no longer than 15 to 30 minutes.
This poses a certain difficulty and necessitates development of
rapid specific and sensitive assays for determining CA and their
metabolites in biological fluids.

At present, early diagnosis of neurodegenerative
disorders is facilitated by a variety of neuroimaging modalities,
including MRI, CT, PET (positron emission tomography),
SPECT (single-photon emission computed tomography),
"H-MRS (proton magnetic resonance spectroscopy), EEG
(electroencephalography), etc. [10, 11]. In recent years, PET
and SPECT have been adopted to clinical practice to aid the
diagnosis of Alzheimer’s and Parkinson’s diseases. However,
the availability of these radionuclide-based imaging techniques
is largely determined by an arsenal of available labeled
compounds referred to as radiopharmaceuticals (RP) that are
administered to the patient before the scan. As a rule, RP used
in PET are based on bioactive short- ('®F) and ultrashort-lived
("G, ™N, '®0) positron-emitting radionuclides [10]. SPECT,
another imaging modality, is instrumental in assessing the
functional state of brain regions. SPECT can help to differentiate
between neurodegenerative diseases that have similar clinical
manifestations but affect different parts of the brain. But
although neuroimaging is an accurate diagnostic tool for early
diagnosis of neurodegenerative and neuroendocrine conditions,
it has no prognostic value in patients with neurotransmission
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disorders. Besides, neuroimaging equipment and consumables
are expensive, and a patient may not have clear indications for
the procedure. In spite of high prevalence of neurotransmission
disorders, neuroimaging is often available only to the residents
of big cities. Therefore, novel approaches are needed to create
a rapid, cheap, simple and sensitive system for multiplex
detection of biomarkers associated with neurological pathology.
Traditional immunoassays are a simple and available
diagnostic tool for suspected Alzheimer's or Parkinson’s.
Neurotransmission biomarkers determined by such assays
comprise a number of high molecular weight compounds,
such as B-amyloid, the tau protein, and the phosphorylated
tau protein, in the first place. Patients with Parkinson’s disease
accumulate synuclein, whereas patients with Alzheimer’s
develop senile plagues (protein deposits of B-amyloid). A lot
of effort has been channeled into the development of novel
techniques for B-amyloid determination in recent vyears.
Distribution of B-amyloid in the body can be studied by
radioisotope-based instrumental modalities, as well as by
immunoassays of cerebrospinal fluid [10, 11]. The procedure
of sample preparation for such assays, however, is too
complicated and time-consuming. On the whole, even though
immunoassays for measuring concentrations of biomarkers
associated with neurodegenerative disorders hold certain
promise, they have limitations related to the object of analysis
itself and the structure of diagnostic molecules. Besides,
concentrations of protein biomarkers can vary depending on
the age and sex of a patient [10] causing the assay to yield
false results. Neuroendocrine diseases have their own protein
biomarkers. For example, chromogranin A (CgA) present in
chromaffin granules of neuroendocrine cells is a biomarker
of pheochromocytoma, paraganglioma, neuroblastoma, and
carcinoid tumors [10, 11]. However, this method cannot reliably
discriminate between the listed pathologies. Therefore, patients
with suspected neuroblastoma are tested not only for the
traditional biochemical markers, but also for neuron-specific
enolase, ferritin, lactate dehydrogenase, and y-glutamyl
transferase [10, 11]. High on the agenda are the search for
and the study of nonprotein biomarkers, such as CA and their
metabolites, as well as development of simple selective and
highly sensitive methods for measuring their concentrations that
will ensure accurate and reliable diagnosis early in pathology.
The process of neurotransmission involves inactivation
of CA and their metabolism. CA are methoxylated in the
presence of catechol-o-methyl transferase; the reaction
produces metanephrine and normetanephrine. Besides, CA
undergo oxidative deamination in the presence of monoamine
oxidase; the end products of this reaction are vanillyimandelic
and homovanillic acids [10, 11]. Because the levels of CA
and their metabolites are different in health and pathology,
these catecholamines can be used as diagnostic markers
in basic research and clinical tests. Among the methods
aiding neuroendocrine or neurodegenerative diagnosis
based on blood or urine levels of CA or their metabolites,
chromatography combined with electrochemical detection or
mass spectrometry (MS) is the most popular [11]. In spite of
high selectivity, sensitivity and availability of electrochemical
detectors, its results are poorly reproducible, it is sensitive to
fluctuations of the mobile phase flow rate, is not free of electrode
contamination, and imposes strict requirements on the origin
of the mobile phase. High-performance liquid chromatography
with electrochemical detection (HPLC-ED) suffers high levels of
background noise (in comparison with a useful signal), does
not always have sufficient sensitivity and demonstrates low
separation efficacy. HPLC-MS is significantly more sensitive
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to CA and their metabolites but at the same time insufficiently
rapid and has a few limitations related to the elution of certain
compounds in dead time, high levels of background noise
and difficulties with peak resolution [11]. In spite of the vast
body of accumulated knowledge and the extensive arsenal of
methods for measuring CA in blood plasma and urine, poor
reproducibility and resolution coupled with time required for the
procedure produce a whole lot of diagnostic errors leading to
ineffective treatment. The solution to this problem may lie in the
development of electrochemical sensors [78]. In the majority
of such sensors, indicator electrodes are functionalized with
pre-synthesized compounds with a certain structure ensuring
selective detection of CA. These compounds comprise DNA
fingerprints, polymers, synthetic receptors, nanotubes and
nanocores modified with organic molecules (polyethyleneimine,
cyclodextrin, metal complexes) [79-81]. Electrochemical
methods for CA/CA metabolite determination have average
sensitivity in the range between 0.01 and 1 pM. Unfortunately,
the majority of electrochemical analytical methods cannot be
multiplexed, which limits their application in clinical practice.

An alternative to the methods described above is
spectroscopy, its primary advantages being the rate of analysis,
simplicity, low costs, and in some cases higher sensitivity, as
compared to its electrochemical or chromatography-based
counterparts. Fluorescence-based modalities capable of
detecting CA or their metabolites also hold some promise
as diagnostic techniques. In the presence of enzymes, such
as peroxidase [82], CA is oxidized by hydrogen peroxide;
the end product of their oxidation is a compound capable of
quenching fluorescence of water-soluble synthetic poly(2,5-
bis(3-sulfonatopropoxy)-1,4-phenylene, disodium salt-alt-
1,4-phenylene). The method exhibits low sensitivity towards
individual CA types (about 0.1 pM), but can be multiplexed to
selectively detect catecholamines over other molecules [83].
There are detection methods that utilize nanoparticles, including
F.30,-based ones. These nanoparticles are used instead of
horse radish peroxidase. The principle underlying this approach
exploits the inhibition of Amplex UltraRed reagent (peroxidase
substrate) oxidation by CA in the presence of hydrogen peroxide
and Fe,O, nanoparticles. The oxidized Amplex UltraRed emits
an intense fluorescence signal with 587 nm wavelength at 567
nm excitation. CA covalently binds to the surface of iron oxide
(I nanoparticles and quenches fluorescence of the oxidized
Amplex UltraRed. Although the sensitivity of the method is high
(detection threshold of 3 nM), it can only selectively distinguish
between catecholamines and other molecules but cannot be
multiplexed [84]. Unfortunately, the sensitivity of the majority of
similar methods is insufficient to allow quantitation of nanomolar
concentrations of catecholamine, which limits the application of
such biosensing systems to the analysis of biological objects
10, 11].

SERS-based methods are more or less free of the major
drawbacks associated with other analytical modalities
employed for the detection of CA and their metabolites, such
as low sensitivity and low rate of analysis. Unoptimized SERS-
based methods can detect neurotransmitters at concentrations
ranging from 0.1 to 0.5 M [85], which obviously does not satisfy
the requirements set for the analysis of biological fluids. A
solution can be offered by highly sensitive and selective optical

biosensing SERS-based systems, in which enhancement of
the SERS signal is achieved through the effect of plasmon
resonance occurring on a nanostructured surface of a noble
metal, as described above. In such systems, specificity is
ensured by capturing SERS signals with 1,500-650 cm’
wavelength that provide valuable information about individual
components of complex matrices. SERS is very sensitive
even to minor changes in the structure and orientation of
molecules. Considering its characteristics listed above and a
weak SERS signal of water, SERS seems to be a promising
analytical method with very little sample preparation that
can be applied to complex matrices. Importantly, Raman
spectroscopy ensures signal enhancement at a broad range
of excitation frequencies, which allows selecting an excitation
source that has minimal background autofluorescence and
causes no damage to the sample. Nevertheless, today SERS is
only making its first steps into clinical practice as a tool for the
detection of neurotransmitters [9-11, 86]. Recently, SERS has
been shown to be a feasible method for dopamine detection at
concentrations between 1 and 10 mM [87, 88]. Some authors
have attained better sensitivity of 0.01-0.1 fM. SERS-based
methods have demonstrated selectivity towards dopamine in
the presence of ascorbic acid, glucose, L-cysteine, tyrosine,
catechol, phenylethylamine, and serum albumin [89]. SERS
can be easily combined with other modalities and improve their
results. For example, selectivity exhibited by electrochemical
methods for the detection of neurotransmitters in biological
fluids is limited in the presence of ascorbic acid whose redox
potential aimost coincides with dopamine potential [90]. Using
colloidal silver solutions, researchers were able to achieve a
lower detection threshold of 5 nM [91]. Other authors report
formation of complexes accompanied by charge transfer
that can help to attain a stable and intense SERS signal [92,
93]. There is no doubt that the approaches discussed in this
article can be optimized further to reach pico- and femtomolar
detection thresholds, promoting the use of SERS in biomedical
diagnostics.

CONCLUSIONS

SERS has a very good potential as a biomedical analytical modality
that can be applied to complex multicomponent matrices. It
combines high sensitivity and high selectivity and requires little
sample preparation. It also breaks ground for novel noninvasive
multiplex detection of analytes in biological matrices. Further
evolution of SERS depends on a number of factors. Those
include research into SERS-active nanostructures focusing
on their application in the clinical setting and comprehensive
investigation of properties exhibited by such nanostructures
in biological fluids and in contact with cells. Development of
analytical methods with little sample preparation for simple,
sensitive and selective multiplex detection of neurotransmitters,
their metabolites or other biological markers in living cells or
cell organelles holds promise for early diagnosis of various
pathologies. The authors believe that optical systems for
multiplex detection of pathology-associated biomarkers in
biological fluids and cells constitute one of the most promising
areas of research in clinical diagnostics and can significantly
improve diagnostic accuracy.
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TOWARDS A COMPUTATIONAL PREDICTION FOR THE TUMOR
SELECTIVE ACCUMULATION OF PARAMAGNETIC
NANOPARTICLES IN RETINOBLASTOMA CELLS
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Retinoblastoma is a malignant growth affecting retina. An original combination of modified Non-Markov and Gompertzian
computational approaches is proven of being a reliable tool for prediction of tumor selective accumulation of the bivalent metal
isotopes (**Mg, ¥*Ca, %°Co, ¢Zn, ...) — releasing nanoparticles in human retinoblastoma cells. This mathematical model operates
with a starting point of the discriminative drug uptake caused by a gap-like distinction between the neighboring malignant and
normal cell proliferation rates. This takes into account both pharmacokinetic and pharmacodynamic peculiarities of PMC16,
fullerene-C,, based nanoparticles, known for their unique capabilities for a cancer-targeted delivery of paramagnetic metal
isotopes followed by an essential chemotherapeutic effect. Being dependent on a tumor growth rate but not on the neoplasm
steady state mass, a randomized level of drug accumulation in retinoblastoma cells has been formalized as a predictive
paradigm suitable to optimize an ongoing PMC16 preclinical research.

Keywords: retinoblastoma, paramagnetic cytostatics, nanocationites, tumor selective nanoparticles uptake, drug accumulation
mathematical model

Acknowledgments: this work was performed due to an exceptional technical assistance kindly provided by Erasmus-Plus DK06811/2020 Program associates
affiliated with the Southern Denmark University at Odense, Denmark, and, most specifically, by Ms. Patricia Wladycziewski, SDU Erasmus chief supervising officer.

><] Correspondence should be addressed: Dmitry A. Kuznetsov
Ostrovityanova 1, Moscow, 117997; kuznano@mail.ru
Received: 27.06.2018 Accepted: 18.08.2018

DOI: 10.24075/brsmu.2018.078

MATEMATUHECKOE NMPOrHO3NPOBAHWNE NMAPAMETPOB
OonyXxoJib-CEJIEKTUBHOIO HAKOIJIEHNA MAPAMATIHATHbIX
HAHOYACTUL, KNETKAMU PETUHOBJIACTOMDI

P. k. MoxaHcen'2, A. A. ByxsocTog?, K. B. Epmakor?, [1. A. KyaHeLos2 4
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PetnHobnactoma — 310Ka4eCcTBEHHOE HOBOOOPA30BaHVe, nopaxxatoLee cetHaTky rmasa. Llenbto paboTsl 6bi1o0 padpaboTarb
BbIMNCAVTENBHBIN MOAXOA K MPOrHO3MPOBAHWIO OMyXOJb-CreyudnyecKoro HakonaeHss HaHO4aCcTuUL, BbICBOOOXAAIOLLIVX
KaT/OHbI M30TOMOB ABYXBaNlEHTHbIX MeTa/noB (**Mg, “*Ca, °Co, Zn, ...) B kKNneTkax peTnHobnactoMbl YenoBeka. [peanoxeHa
mMatemaTu4eckasl MOA€eNb, OCHOBaHHAs Ha MPUMEHEHWM ypaBHeHWst ToMnepua 1M OpUrMHaibHOM BEPCUN HEMAPKOBCKOW
nonynsumonHo  auHaMnky, OHa OocHoBaHa Ha (hakTe $PKO  BbIPAXKEHHOrO  ANCKPUMMWHALIMOHHOMO — pacnpeneneHus
npenapara Mexmdy 3/10Ka4eCTBEHHbIMI 1 «COCEACTBYIOLLMMA» C HUMN HOPMaJTbHBIML KNETKaMK 1 pa3nnymsix B napamMeTpax
MNX KNETOYHBIX LMKIOB. YUTeHbl Kak (hapMakoKMHETUYeCKME, Tak U (hapMakoaMHaMnyecke OCOOEHHOCTU HaHOYaCTUL
PMC16 — nopdvprH-npoussoaHbix dynnepera C, ), 3BECTHbIX Onarogapsa Ux YHVKasibHbIM BO3MOXHOCTAM B OTHOLLIEHUM
HanpaBfeHHOM OOCTaBKM NapamMarHUTHbIX M30TOMNOB METAIOB B PaKOBbIE KNETKM, COMPOBOXOAIOLLENCHA CYLLECTBEHHbIM
XVMNOTEPANEBTUYECKUM 3P EKTOM. [JEMOHCTPMPYSA 3aBUCUMMOCTb OT CKOPOCTM POCTa OMyxOmnu, HO He OT ee MacChbl B
cTaUmoHapHoON dase, paHaOMU3MPOBaHHbIN YPOBEHb HAKOMIEHWUST MpenapaTa B KNeTKax peTMHO6acTOMbl (hopMann3oBaH
KaK LIEHHbIN B MPOrHOCTNYECKOM OTHOLLUEHUN PACHETHbIA METOA, MPUIOAHBIM NS ONTUMM3ALMX MPOBOAMMbIX B HACTOSLLIEE
BPEMS AOKTMHNYECKIX UCCNEA0BaHNA KAaTMOHOOOMEHHbIX HaHoYacTu, PMC16.
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Human retinoblastoma (RB) is found to be very sensitive to
some metal paramagnetic isotopes due their ability to promote
a so called magnetic isotope effects which, in turn, promotes
a sharp inhibition of DNA repair in malignant cells along with a
formation of shorted, and hence DNA repair inconsistent, DNA
sequences [1-4]. This might be taken as a “hopeful pullout”
for coming up with a new element in RB chemotherapy based
on administration of #Mg?, “Ca?, ®Co?*, ¢Zn* carrying/
releasing nanoparticles (NPs) once the RB cell does indeed
overexpresses the DNA Polymerase Beta, a target enzyme for
the nuclear spin selective DNA repair [1, 5, 6].

These complexes of paramagnetic isotopes with PMC16
(Fig. 1), a peculiar type of amphiphilic low-toxic NPs, were
in fact deliberately developed to face a requirement for ion
transporter applicable in both tumor cell targeting and a
subsequent intracellular controlled drug release [1, 5]. As a
sign of such paramagnetic impacts, a significant decrease of
proliferation rates has been observed in Y79 and WERI-RB-1
retinoblastoma cell strains [2-4].

According to PubMed statistics, the amount of publications
on nanoparticles (NPs) for a passive targeted drug delivery has
been increased in the past 15 years from about 40 (year 2000)
up to nearly 1,800 (2015) taking the solid tumors research
only [7]. As per the PMC16 passive targeting which would
presumably take place in RB engaging preclinical studies,
a tumor selectivity of anticipated NPs uptake looks rather
obscure and unpredictable owing to a number of the RB-
marking epigenetic factors [8-10].

A reliable prediction on the rate and extent of NP (PMC16) —
RB selective accumulation would be no doubt a sort of
beneficial supplement to anti-RB chemotherapeutic strategies
proposed for a preclinical trial program. This work is an attempt
to solve this task by employing a certain arsenal of mathematical
modeling tools.

Noteworthy, an autonomous trend of computational
approach has already made an essential contribution to
preclinical and clinical trial scenaria in oncology and related
areas [11-17].

METHODS

To proceed the simulation data, the most common drug
(NP) — cell distribution and the RB/RT cell proliferation
patterns (Table) [8, 9, 15, 18] were treated using a Sigma
QXL600 software algorithm in HP9107 (Hewlett-Packard,
Inc; USA) and Olivetti Riccetta SL110 (Ing. C. Olivetti & Co.;
VTanns) analytical units adopting a slightly modified Penman-—
Dalbreaux probabilistic approximation technique [14, 16] to
harmonize the output with the population dynamics platforms
based on both non-Markov [12, 14] and Gompertz [11]
equation systems.

RESULTS

Drug toxicity to normal tissues and the emergence of drug-
resistance along with a tumor selectivity in drug (NP) targeting/
accumulation processes are no doubt the major limiting barriers
on a path to chemotherapy of cancer [5, 6, 8]. A computational
modeling of cell population dynamics in harshly varying object-
surrounding environment could be applied to chemotherapeutic
paradigm [7, 14, 17, 18]. In several cases, this approach might
make a difference for improving responsiveness to the phase-
specific drugs (NPs) taking into account their non-discriminative,
vector-free (“passive”), distribution within a cell pool consisting
of neighboring slow and fast proliferating populations.
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Non-Markov population dynamics

The dynamics under various drug regimens of populations that
differ in life-cycle parameters is simulated using a computer
model whose simplest form is given in:

x(t) =Ax (t-1)[1-D(®)],

where x(f) is population density at time ¢, A is the cell birth rate,
T is generation time, and D(f) denotes the environmental process,
so that D(f) > O corresponds to the occurrence of effective
concentration of the drug in the system. Using this model the
elimination time of malignant population (7 ) and that of the
limiting host population (7,) were estimated, and the elimination
coefficient, Z, measuring the treatment efficacy, was calculated
according to:

Z=1-T/T,.

The treatment efficacy is a nonmonotonic function of the
relation between the cell generation time and the period of drug
administration, with maximal occurring when the limiting host
cell cycle length is a multiple of the chemotherapeutic period.
Analytical results further show that in fully periodic systems
elimination time, T, is given for t > § > 1/2:

T =10/|t— (8 +w)|.

Here, 6 is the duration of the period in which the drug effective,
and w is the period in which the drug dosage is below efficiency.
The point, T = 8§ + w, is a singular point with T being infinite.

This makes possible to assume that a classical non-
Markovian model of population dynamics [12, 14] is indeed
an appropriate tool to simulate the NP (PMC16) distribution
between malignant (fast expanding compartment) and the
hostile normal cell (slow expanding compartment) pools.
The above mentioned amphiphilic pharmacophore (PMC16,
cyclohexyl(C, )porphyne-based bivalent metal isotopes
nanocarrier; Fig. 1) is a suitable probe for our non-Markovian
simulation since this type of NPs was found capable to manifest
a clear and sharp cytostatic mode in acute myeloblast leukemia
and RB cell cultures [1, 5, 6].

A two-compartment model we proposed is fitted to the
following non-Markovian compatible pharmacokinetics data
with both inter-specimen and randomized effects on CL, V,
Q, and V2 corrected to an error best described the pattern
of residual error [12, 13, 16]. So this our model works out for
both PMC16 tumor uptake selectivity (fast proliferation caused

Fig. 1. Structure of PMC16 (cyclohexyl(C60)porphyrin), Me?* — carrying and
releasing nanoparticles with the marked membranotropic/amphiphilic properties [1]
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Table 1. Population turnover in Y79 and WERI-RB-1 cell lines

Parameter Meaning T, hr Ref
TG, Duration of G, phase 8.0 [9, 15]
Ty Duration of S phase 7.5 [8, 15]
Tem Duration of G,M phase 2.0 [8, 18]
Te, Duration of G, phase 3.0 [9, 15]
7;pu ptosis Duration of the apoptotic phase 4.0 [8, 9]

phenomenon) and a routine pharmacokinetic key points
prediction.

Inter-specimen covariant models

A. Pharmacokinetic model

(a—k,) (k,—P)
- exp—(ae t)+( -

B. Non-vectoral covariative model
CL=[0,OCCI +0,(WT - 75)] «exp (r]aj)

C= D/V-[ -exp—(ﬁ-t)]

ch: [6,—(GFR - 80) +0,] « exp (r]v/)
Ky = 0 ~exp ()
C. Population dynamics model

k21_ \% 'exp_( V/ t)
- v C)
CL
C = D, B- cexp (g)
7 0,+0CC, +0,«(WT~75)«exp (r]vj) _
+ 2]:/ e exp = (kf)
v, " p
D. Population parameters
6,=19.5
6,=0.198

Gompertzian model

The Gompertz equation based models were already used to
describe cancer growth dynamics [7, 11, 14], these formalisms
have been also applied to optimize some therapeutic strategies
dealing with antiangiogenic [11, 12] and radiation treatment
11, 13].

The model is fully deterministic. Cell cycle phases durations
T, have been discretized in several elementary age intervals
ae{l,..., N¢} where N is an integer such as t, =dt « N_. Here
dt is the time step of the cell cycle model. The cell density Moo
at age ain phase ¢ is governed by:

anw

SFTEM Ve, =P .
In this equation, ¢ € {G,, S, G, M, G, Apoptosis and a € {1,..
P, is the cell density prollferatron term in phase at age retrleved
from the cell cycle model. In these simulations, the intracellular
and extracellular conditions were identified for cells at the end
of G, phase.

Furthermore noting that Z Neo is constant, so we can

sum to obtain an expression for the pressure field of the form:

~Ve(kvp)=X P, .
xP

The computer program starts from an initial distribution
of neighboring RB and RT cells in each state {a, ¢}. The
compupations are performed using a splitting technique. We
run the cell cycle model for one time-step dt, then retrieve new
values for n, , and compute P, .. This drives to a system:

n
—2+Vewn )=0
ot veon,,)

on
““’+v-Vn (ZP,‘)H
oo a\g a9

ot

Applied to the cell division cycle key patterns (Table) represented
as a non-Markov population dynamics model organized in a
merry-go-round of subpopulations biologically identified as
phase (G,, S, G, and M), this might be re-formalized as:

ont, x) . on(t, x)
ot ot
n_(t0)=

T+l x~>x+1

d(t xn (¢ x) + K,

i—i+1

(& x)n,(t, x) =0
(t, x)n (t, x)dx

n(t o)_zf K, (& xn (& x)dx
along with the initial conditions (n,=0),_,_.

Cell death rates in phases are noted d, and transition rates
between phases, assumed to be time-periodic. K, ,. Phase i
(1 < i < /) may be one of the classical four G,, S G, and M,
but also an aggregated phase such as S-G,, or even a single
proliferating phase G,-S-G,-M, or, on the contrary, a subdivision
inside a phase, e.g., pre- or post-restriction point in G,; the
equation describes the evolution of the densities n, (t, x) of cells
having age x at time ¢t in phase i.

The above stated two systems that represent two
neighboring, fast and slow growing, cell populations are
physically apart from each other. Hence, in this system of
equations, function g, which represents anti-tumor drug
efficacy, is assumed, as is function # for cytotoxicity:

_ (t - ¢,) (D"%)
g(D, 1) = {1 + cos(2m = 7)) BT

whereas A\, v, €., a, B__, H, @,, Y, D, are positive constants,
identified on tumor growth curves or from literature data

[8, 15, 18], or else estimated.

1.0+ RB RT +1.0
o
Q
T05 5
KoK (NP
Fig. 2. The NP uptake selectivity prediction in a complete accessibility of
intracellular ligands. P — [NP] uptaken, units per cell; P, — intracellular initial

concentration of NP-ligands; K, — Gompertz equation vectoral K; K, — an NP
uptake steady state constant; K, — an efficient constant of saturation of a cellular
ligand pool at [NP] — 0.5 P

BULLETIN OF RSMU | 6, 2018 | VESTNIKRGMU.RU



The difference of behaviors between these two populations
of cells (RB-RT pair) with respect to drug response is coded as
¢®,— @, =13 hours.

Turning back to the roots, a damped harmonic
approximation stands for healthy (RT) cell population dynamics:

dP _ yp, i)
dt N }\P+ ‘/dist(b(t)
é—?z—pC+SCP
ar _
7—{—a—f(C,t)}Z—[3A+Y
t
dA_7_gz
dt ~ eq

>

where

cy4
ciA+Cv
andA p, g, 0B, Y, Z  F 9,Y, Cy are positive constants,
which, again, were identified on tumor growth curves or from
literature data [7, 10, 15], or else estimated.

These equations represent drug diffusion and elimination by
first order pharmacokinetics for concentrations in the plasmatic
and target cell compartments (P and C), from infusion in the
general circulation according to the instantaneous drug delivery
flow i (t) (@ representing a “tap on-tap off” function), and health
tissue homeostasis by a linear system showing a stable focus at
Z o Ag= B(Y - CXZeq), perturbed by the drug cytotoxicity function
which comes to strengthen the natural self-regulation coefficient a.

So our model, as derived from a Gompertz equations row,
is completely adequate to the tumor cell population dynamics:

—9, ) ’

t
f(Ct)= F(l + cos(2m 7

dP _ _\p + 0 g(p)

W_ dist
‘2—?: -vD + ¢ P
9B — a1 (2~ gD, 0B).

max

0.88

0.09

-0.69

-1.47
36.0
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Clearly, this is nothing but the way to represent exchanges
with quiescent population in a still linear model which normally
means to exclude feedback from quiescence to proliferation,
considering quiescence only as a sideway expansion cell tank:

%p(t, x) + % p(t, x) + {u+ K(x)}p(t, x) =0

pltx=0)=201-9) [ K@ p(te)de
p(t, x=0) =p, (x)
% QH=2f f _K(®) p(t, ©) de = vQ(1)
Q) =Q,

To emphasize a perspective proclaimed, this our model is to
reveal the action of a cytostatic drug enhancing the way out
of proliferating cells with density p(t, x) to quiescent cells with
density Q (f), the drug target here is # rate of escape at mitosis
towards the siding phase Q, £to be enhanced by a cytostatic
drug.

DISCUSSION
Tumor selective NP uptake. Probability and prediction

As seen from above, a probabilistic prognosis for the RB-
selective NP uptake relates predominantly on a ratio between
malignant and normal cell proliferation rates while the mass of
a cancer tissue per se (amount of RB cells) might be practically
neglected (Fig. 2). This derives from a predictive cell response
to a rapidly in situ diffusing probe (PMC16) once these Me?*-
nanocarriers arrive to the RB/RT frontier area. In this stochastic
scenario, however, a cellular lattice is nothing but a peculiarity
reflecting the target cell specific energy landscape [16, 19]
which makes the drug trapping probability dependent on the
EL motion and, therefore, on expanding dynamics of a most
rapidly growing compartment within a given RB/RT pair (Fig. 3).

12.0
7.0

Fig. 3. Probabilistic model for NPs distribution between RB and the neighboring RT cells as a function of the discriminative cell cycle turnover. Z-elimination
coefficient for malignant and the RB-surrounding normal cells (RT) estimated for the drug efficiency duration time (o) and the drug-free cell functioning time interval
(w). o is normally distributed within a variation range of o = 6/10, where remain constant while the inner rate of the “newborn” cell appearance is A = 2, for a starting

population size x(0) = 5
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A symbolic blue-red shift in Figures 2 and 3 marks a trend to
predominant accumulation of NPs in the most faster expanding
cell tank, RT.

So turning back to a background proceeding probabilistic
approach [12, 14], a tumor selective accumulation of the
PMC16-specific probe become predictable due to enormous
difference between RB and RT growth rates [8-10, 12]. This
allows a rate—discriminative RT-PMC16 uptake described by
our model (Fig. 2) working in accordance with:

A, =Kd[tga,/(tga,,— tga, )],

where K, is an Arnauld-Pitot disclaimer approximation constant
[16,19].

Paul Ehrlich’s “magic bullet”: dream or nightmare?

Meaning the end of a long lasting post-Virchowian era, a truly
prophetic outlook stated by Paul Ehrlich back in 1908-1913,
now well-known as a hope for an infamous magic bullet
in cellular pathology and pharmacology [8, 17], has been
eventually adopted within a contemporary drug targeted
delivery concept [5, 7, 19]. The latter requires a broad variety
of nanodevices, all sorts of the magic bullets, designed to
conduct both the towards-a-target navigated drug transfer and
a consequent in situ controlled drug release (1, 5, 17].
However, a new unclear horizon appears straight in
front of a marksman equipped with the magic bullet loaded
“cartridge”. Suppose a reasonable amount of the active drug
molecules or ions have reached the tumor location border
due to a perfect delivery performed by some nanocarrier.
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NANOSTRUCTURED PHOTOSENSITIZER BASED ON A TETRACATIONIC
DERIVATIVE OF BACTERIOCHLORIN FOR ANTIBACTERIAL
PHOTODYNAMIC THERAPY
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Making antibacterial PDT more effective is a task that calls for the development of photosensitizers (PS) based on polycationic
synthetic bacteriochlorins and subsequent analysis of properties of such photosensitizers. This study aimed to explore
photophysical and antibacterial properties of the nanostructured PS based on 3-Py,BSHp,Br,, tetracationic amphiphilic
derivative of synthetic bacteriochlorin. The PS was solubilized in a 4% Kolliphor ELP to obtain its nanostructured dispersion.
We researched the absorption and fluorescence spectra intensity and profiles, studying concentrations from 0.001 to
0.2 mM, and found that the aggregation level of the PS in question is low throughout the range investigated while the
S. aureus (gram-positive) and P, aeruginosa and K. pneumoniae (gram-negative) PD inactivation effectiveness is high.

Keywords: photosensitizer, cationic bacteriochlorin, aggregation, nanostructured dispersion, fluorescence, antibacterial
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HAHOCTPYKTYPUPOBAHHbIN ®OTOCEHCUBUTNSATOP HA OCHOBE
TETPAKATUOHHOI'O NPON3BOAHOIO BAKTEPUOXJTIOPNHA
ONA AHTUBAKTEPUAJIbHON ®OTOONHAMUYECKOWN TEPAMUN

I A. MeepoBuy'2 & E, B. AxntocTtuHa?, . . TuraHosa®, E. A. Makaposa?, H. . ®dununosa?, V1. . PoMaHULLKUHT,
H. B. Anekceesa®, E. A. lykbsHel?, HO. M. PomaHoBa®, B. b. JloLeHos'?

" VIHCTUTYT 06LLen dmnsukmn nmeHn A. M. Mpoxoposa PAH, Mockea

2 IHxeHEePHO-(U3NHECKIIA MHCTUTYT BUOMEANLIMHBI, HauyoHabHbI CCnenoBaTenbCKUin aepHbln yHnBepcuteT «MUDK», Mocksa
3 HauyoHanbHbI MccnenoBaTenbCKUin LEHTP SNAEMMONoriv 1 Mukpobuonorim nmenn H. ®. famanen, Mockea

4 Hay4Ho-uccnepoBaTensCkuin MHCTUTYT OpraHnYeckmx NoMynpoayKTOB 1 Kpacutenel, Mockea

3agada noBblWeHNa 3dPEKTUBHOCTM aHTUbakTepuanbHo OLT penaet akTyanbHbIMU CO34aHWe U UCCeaoBaHne
hoTtoceHcnonmmsaTopoB (PC) Ha OCHOBE MONMMKATUOHHBLIX CUHTETUHECKX GaKTEPUOXSTOPVHOB. Llenbto paboTsl 6bI0 M3yynTb
B LUMPOKOM [uana3oHe KOHUeHTpaumi GoTopunsnHeckne 1 aHtnbakTepmaibHble CBOMCTBA HaHOCTPYKTYPUPOBAHHOMO
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Antibacterial photodynamic therapy (APDT) is a promising
mode of treatment of localized infection sites: surgical and burn
wounds, trophic and diabetic ulcers, etc [1, 2]. Unlike antibiotic
therapy, APDT destroys cells of bacteria without promoting their
resistance to the treatment [3-6]. Most pathogens, including
antibiotic-resistant strains of bacteria, are susceptible to
APDT [7].

Localized infection sites, infected wounds in particular,
most often contain Staphylococcus aureus (S. aureus) Gram-

positive bacteria, Pseudomonas aeruginosa (P aeruginosa)
and Kilebsiella pneumoniae (K. pneumoniae) Gram-negative
bacteria, the strains of which may be resistant to many types
of antibiotics, cause chronic infections and various dangerous
consequences for the patients [8].

Gram-positive and Gram-negative bacteria are fundamentally
different in their structure and sensitivity to drug exposure.
The cell wall of Gram-positive bacteria is just a minor obstacle
for most photosensitizers (PS). In Gram-negative bacteria, it
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has an additional structural element, a 10-15 nm thick outer
membrane, which is heterogeneous and consists of porin
proteins, lipopolysaccharide trimers and lipoproteins that
build an external pseudo-surface of densely packed negative
charges [9-11]. Such a system prevents the humoral protective
factors from penetrating and enables resistance to many drugs:
only relatively hydrophilic compounds with a molecular weight
below 700 Da diffuse through the porin channels, and as the
size and weight of the molecules grow, the probability of their
diffusion into Gram-negative bacteria decreases. Only cationic
PSs effectively interact with Gram-negative bacteria [10, 11].
Cationic PS have another advantage: their highly concentrated
aqueous compositions (solutions or nanodispersions) can be
used for sensitization, since the Coulomb repulsion of molecules
of cationic bacteriochlorins negatively affects their aggregation
[12] and thus improves the efficacy of the photodynamic
processes.

While selecting PS for APDT, it is necessary to take in
account that some bacteria, e.g., P aeruginosa, can infect
the tissue up to the depth of 12-15 mm [13], which renders
conventional antibacterial agents (solutions, ointments, gels)
and PSs phototoxic only when excited with visible range light
ineffective. Therefore, proper photodynamic treatment of such
infected sites requires PSs excited by the light in near infrared
spectral range, at the wavelengths of 720-850 nm, which
cover the “biological tissue transparency window”. In this
connection, derivatives of cationic bacteriochlorins are being
actively investigated for their potential to be PS in APDT. A
number of studies are dedicated to researching the properties
of polycationic derivatives of synthetic bacteriochlorins with
a molecular weight of 1500-1800 Da; according to their
results, such PSs are capable of inactivating both Gram-
positive S. aureus bacteria and Gram-negative P. aeruginosa
bacteria, but the minimum bactericidal concentrations of such
photosensitizers are quite high (> 6 uM for S. aureus and about
25 uM for P, aeruginosa) [14].

Increasing the efficacy of APDT is a problem that requires
development of PSs based on polycationic synthetic
bacteriochlorins having smaller molecular size and mass. This
study is aimed at exploring photophysical and antibacterial
properties of the nanostructured PSs based on 3-Py,BCHp,Br,,
tetracationic amphiphilic derivative of synthetic bacteriochlorin
meso-tetra-(1 heptyl-3-pyridyl)-bacteriochlorin tetrabromide.

METHODS

Compared to a derivative described in an earlier study [14],
tetracathionic amphiphilic derivative of synthetic bacteriochlorin
meso-tetra-(1-heptyl-3-pyridyl)-bacteriochlorin tetrabromide
3-Py,BCHp,Br,, is less lipophilic and has the molecule of
a smaller radius. The derivative was synthesized by meso-
tetra-(3-pyridyl)-bacteriochlorin alkylation with heptyl bromide
in nitromethane in an inert atmosphere. The nanostructured
dispersion of 3-Py,BCHp,Br, was obtained through its solubilization
in 4% Kolliphor ELP (BASF; Germany). Measurements taken
with Zetasizer Nano Series ZS 3600 (Malvern Panalitical; UK)
put the hydrodynamic size of nanoparticles within 12-14 nm.
We used Hitachi U-3410 dual-beam spectrophotometer
(Hitachi; Japan) to study PS absorption in the concentration
range of 0.001-0.1 mM and LESA-01-Biospec spectrum
analyzer (BIOSPEC; Russia) to study the spectral-fluorescent
properties. 532 nm laser was used to excite the fluorescence;
this wavelength belongs to the bacteriochlorin derivative's
Q2 band. To study the features of the spectral band shape
we investigated spectral-fluorescent properties of the PS in
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cuvettes of various lengths (1 mm and 10 mm) and normalized
its fluorescence spectral intensity to the fluorescence band
maximum (reduced spectral maximum to 1). Thus, when
analyzing the spectra, we could separate changes associated
with reabsorption from those resulting from aggregation.

To measure the luminescence lifetime of aqueous
compositions of the studied PSs, we used a time-resolved
spectrometer. The spectrometer consisted of Picosecond
Light Pulser PLP-10 (Hamamatsu; Japan), a fiber output pulse
laser emitting 65 ps pulses at 637 nm; Jarrell-Ash fiber input
polychromator (Division of Fisher Co; USA); Semrock LDO1-
785/10-12.5 optical filter (Semrock Inc; USA) at the input,
which filtered out light outside of the bacteriochlorin derivatives
luminescence band and minimized background noise. The
resulting signal was approximated by the sum of several
exponentials.

We used S. aureus 15, P. aeruginosa 32, K. pneumoniae
1556 clinical isolates to study the process of photoinactivation
of planktonic bacteria. The bacteria were grown in LB nutrient
broth or on 1% LB agar (Difco; USA). To determine the minimal
bactericidal concentration (MBC) of PS applicable to plankton
cultures, we incubated them with PS for 30 minutes and irradiated
at the light energy density of 20 J/cm? (standard conditions).
The initial titer of bacteria was 1 « 108 CFU/ml (Colony Forming
Units per ml). The PS dilution pattern was double, starting at
1 mM. After incubation, the bacterial suspension was centrifuged
for 5 min at 7000 rpm in the Eppendorf laboratory centrifuge
(Eppendorf; Germany), PS removed, bacteria resuspended in
saline; then the suspensions of each concentration, as well as
the PS-free control samples, were poured into wells of the two
96-well flat-bottomed plates, 100 pl in each well. One plate
was used for the irradiation experiment, the other served as a
dark control.

SFD-M-760 LED source (ANO MIKEL; Russia) emitting at
760 nm (wavelength at maximum) and 35 nm FWHM was used
for irradiation purposes. The power density was 22-25 mW/cm?;
irradiation lasted for 20 minutes. To control the power density,
we used Coherent labmax (Coherent; USA) diaphragm laser
power meter.

After irradiation, 50 pl of suspension from each well were
added to LB agar Petri dishes, then incubated in the dark
at 37 °C for 20 h. Examining the dishes, we looked for the
samples that gave no growth, registered the corresponding PS
concentrations and took the smallest of them as MBC.

RESULTS

By studying the dependence of 3-Py,BCHp,Br, absorption
on its concentration in the nanodispersion, we aimed to
evaluate the severity of the aggregation process. The operating
absorption band of 3-Py,BCHp,Br, has a narrow spectral
contour; its FWHM is about 22 nm, maximum at approximately
760 nm. According to the research, in contrast to polycationic
phthalocyanines, there are no expressed signs of aggregation
in the absorption spectra of the 3-Py,BCHp,Br, dispersion
[15]: the shape of the absorption spectrum does not change
as the concentration grows; the dependence of optical
density on molar concentration is linear (Bouguer law satisfied)
and consistent with the extinction values determined at low
concentrations (Fig. 1).

To confirm the assumption that the studied PS shows low
aggregation capabilities, we studied the spectral-fluorescent
properties of its nanodispersion, focusing on the shape and
intensity of fluorescence spectra, as well as radiative lifetime
of the excited 3-Py,BCHp,Br, at high and low concentrations.
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The analysis of the PS fluorescence spectra shows that
increasing the cuvette length from 1 to 10 mm at low (0.005 miV))
concentrations does not affect the shape of the spectral
contour (Fig. 2, spectra 1, 2) and leads only to an insignificant
(0.3 nm) shift of the spectrum maximum due to reabsorption.
The fluorescence band remains narrow (27 nm).

At high (0.05 mM) concentrations that approximately
correspond to the PS concentrations in blood plasma 1 hour
after intravenous administration, reabsorption causes a long
wavelength shift of the fluorescence band spectrum maximum

2

that depends on the length of the cuvette: 1.5 nm in the cuvette
1 mm long, 3.4 nm — in a cuvette 10 mm long. The half-width of
the fluorescence band also grows (by 1.1 nmina 1 mm cuvette,
by 4.3 nm in a 10 mm cuvette), but the shape of the spectral
contour does not change, no additional bathochromically and
hypsochromically shifted peaks appear there.

Studying the radiative lifetime with the help of the approach
described earlier [16], we discovered two components. In
water-based experiments, the dominant component has the
average lifetime of 2.8 ns; its share is approximately 86%. In
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experiments with blood plasma, where aggregation is reduced,
the dominant component has the average lifetime of about
2.9 ns, and its share is aimost 100%.

The dependence of dispersion's integral fluorescence
intensity on PS concentration is close to being linear up to
0.08 mM (Fig. 3); at higher concentrations, it becomes sublinear.
The dependence pattern is the same for the 3-Py,BCHp,Br,
composition in blood plasma. Furthermore, the shape of the
curves remains almost unchanged, although the fluorescence
intensity in blood plasma is 1.3-1.4 times higher than that in
water.

Table below contains the discovered MBCs of 3-Py,BCHp,Br,
at standard conditions.

DISCUSSION

Investigating absorption of the studied PS, we found that
its aggregation values are low in the considered range of
concentrations [15], shape and half-width of the absorption
band spectrum therein do not change, and the absorption itself
linearly depends on the concentration.

Analysis of the fluorescence band shape changes
associated with increased concentrations and cuvette
lengths allows an assumption that the main reason behind
the phenomenon observed at higher concentrations of the
researched PS is reabsorption, and contribution of aggregation,
which also occurs, is insignificant. This is also backed by the
investigation of radiative lifetime of the excited PS based on
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3-Py,BCHp,Br, and dependence of the fluorescence intensity
on concentration of 3-Py,BCHp,Br, in dispersion, especially in
blood plasma [17-21].

These data lead to a conclusion that the efficacy of
photodynamic processes at high concentrations of 3-Py,BCHp,Br,
will not deteriorate, which allows using 3-Py,BCHp Br,
nanodispersions of such concentrations as sensitizers in APDT.

Compared to the previously described PSs based on
cationic bacteriochlorins [14], 3-Py, BCHp,Br, offers significantly
lower MBC values for Gram-positive S. aureus bacteria and
Gram-negative P aeruginosa bacteria in plankton state.
The MBC for Gram-negative K. pneumoniae bacteria are
also low.

CONCLUSIONS

The results of the research show that tetracationic PS based
on the synthetic amphiphilic derivative of 3-Py,BCHp,Br,
bacteriochlorin, the molecular size and weight of which are
smaller, can photodynamically inactivate Gram-positive S. aureus,
Gram-negative P aeruginosa and K. pneumoniae bacteria.
Investigation of photophysical properties of the PS in a
wide range of concentrations revealed its low aggregation
capability in water and blood plasma. The studies conducted
allow a conclusion that the PS based on a nanostructured
3-Py,BCHp,Br, is promising as a component of protocols
of photodynamic treatment of localized infections by Gram-
positive and Gram-negative bacteria.

Table. 3-Py,BCHp,Br, MBC values, standard conditions (incubation time 0.5 h, exposure dose 20 J/cm?)

Bacteria S. aureus

P, aeruginosa K. pneumoniae

MBC, uM 0.2

6.2 3.1
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GOLD NANOPARTICLES IN THE DIAGNOSIS AND TREATMENT OF CANCER
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Due to chemical stability, low toxicity, and relative simplicity of synthesis/modification techniques, gold nanoparticles (NP) enjoy
a wide range of biomedical applications, including in vitro diagnostics, targeted drug delivery, contrast-enhanced radiation
therapy, and photothermal therapy. The high ratio of the gold NP surface area to their volume facilitates design of complex
nanoplatforms for various therapeutic and diagnostic purposes. Unique electrical and optical properties of gold NP known as
surface plasmon resonance assist medical diagnosis. In this work we look at the basic methods for gold NP synthesis and
modification, including the so-called green chemistry, talk about the pharmacological aspects of their application and highlight
their potential as diagnostic agents. We believe that due to their unique properties, gold-based nanoplatforms for targeted drug
delivery and theranostics have indisputable advantages over other nanoparticles.
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HAHOYACTWLbl 3OJ1IOTA AJ1A ANATHOCTUKU N TEPAMNUN
OHKOJIOM'MYECKUNX 3ABEOJIEBAHUIA

M. B. Kypanos'®, E. KO. baxTeHko?

T Poccuiickunii HaUmMoHaNbHbIA MCCReaoBaTeNbCKU MeAULMHCKIIA YHUBepcUTeT uMenn H. V1. Muporosa, Mockea
2 Bonorofckuin rocyaapcTBeHHbI yHuBepcuTeT, Bonoraa

Xuumndeckas CTabunbHOCTb, HN3Kasd TOKCUHYHOCTb, OTHOCUTENbHASA MPOCTOTA METOAOB CHMHTE3A U MOANMDMKALM HAHOHACTULL
(HY) sonoTta cnocobCTBYHOT VX MCMONB30BaHMIO B PasdnHbIX 061acTsx OMOMeaVLVHDBI, TaKUX Kak anMarHOCTVIKa in Vitro, agpecHas
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The use of gold nanoparticles (NP) in biomedicine was
pioneered in the study investigating the possibility of direct
microscopic visualization of Salmonella surface antigens using
antibodies conjugated to colloidal gold [1]. That study gave rise
to an independent field of scientific knowledge focusing on the
applications of gold NP in biomedical research, diagnostics,
biosensors, photothermal and photodynamic therapy, as
well as targeted delivery of pharmaceutical drugs or genetic
material [2].

The interest in gold NP has been growing ever since,
yielding an increasing number of publications every year (Fig. 1).

Gold NP can be categorized into two major groups based
on their structure and application. The first group comprises
NP conjugated to molecules that have various functions and
properties. Such platforms are employed in the targeted
delivery and controlled release of tumoricidal agents [3], locally
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induced hyperthermia against cancer [4], medical imaging,
and sensor design [5]. It is important that methods for gold NP
synthesis should be robust and reliable and the surface of the
synthesized particles could be effortlessly modified. Today, gold
NP from this group can be functionalized with oligonucleotides,
peptides and polyethylene glycol.

The second group consists of hollow NP with a dielectric or
magnetic core and a gold shell. These are used to encapsulate
therapeutic agents. The size of gold NP varies from 20 to
500 nm, which facilitates their biodistribution following passive
targeted delivery. Advantageously, these multilayer particles are
polyfunctional: their functions are distributed between the core
and the shell.

Gold NP are characterized by increased absorption and
scattering cross-sections; their absorption spectra depend on
their shape and size. Au® nanospheres of 10-25 nm in diameter
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absorb light at 520 nm, whereas gold nanorods absorb in the
near infrared region of the spectrum. This can assist in vivo
diagnosis and further treatment.

Modified gold NP are lowly immunogenic and highly
biocompatible. Particles sized 10-22 nm can serve as carriers
for vaccine delivery [6]. It has been demonstrated that Au® NP
enhance the immune response in vivo, especially against viral
infections, such as tick-borne encephalitis, HIV and hepatitis B.

Unique electrical and optical properties of gold NP and their
ability to form stable complexes with biomolecules are actively
exploited in biosensor design. For example, Au® nanoparticles
encapsulated in graphene oxide were used to design a DNA
biosensor for the detection of biomarkers, including proteins
found on the surface of breast cancer cells.

It is known that inflammation causes elevated blood
plasma levels of C-reactive protein of humans. In clinical
practice, this protein serves as a marker of many pathologies,
including cardiovascular disorders [7, 8]. A novel sensor for the
electrochemical detection of troponin | (a specific biomarker
of myocardial tissue injury) in the blood plasma is based on
capturing the signal emitted by Au® NP localized on the
electrode surface [9].

Methods for gold NP synthesis

Gold NP can be synthesized using two major techniques:
dispersion and condensation. Dispersion occurs as a result
of applying a high-voltage electrical current or a similar
destructive physical force to the metal. Condensed gold NP
are synthesized from ions of gold salts by chemical reduction
or following mild physical stress (radiolysis, sonication, etc.) [2].
Dispersion yields heterogeneously sized particles. Because
of this major drawback, condensation remains the preferred
method for gold NP synthesis.

Au® NP obtained through condensation are colloidal particles
of 5 to 20 nm in diameter derived from gold halides, such as
hydrogen tetrachloroaurate produced as gold is dissolved in
aqua regia. Among the chemical reducing agents used for
condensation are sodium citrate and borohydride, ascorbic
and ethylenediaminetetraacetic acids, and alkaline solutions
of hydrogen peroxide. Ultra-dispersed sols of 2-3 nm in
diameter are synthesized from sodium or potassium
thiocyanates.

The rate of NP synthesis depends on the concentration
of the reagents and the chemical composition of the reducing
agent. A low rate of nucleation and a high rate of particle
condensation yield relatively small quantities of big particles. At
a low rate of condensation, small particles are likely to form in
large quantities.

Gold 8-120 nm-sized NP for medical applications are
usually synthesized by reducing hydrogen tetrachloroaurate
in the presence of sodium citrate; the method was originally
proposed to fabricate NP of 20 + 1.5 nm in diameter [10]. Large
gold NP of > 80 nm in size can be synthesized by condensation
using isoascorbic acid as a reducing agent and gum arabic as
a protective colloid.

Monodisperse gold NP sols are sometimes synthesized
using two-phase techniques. In the first step, metal-containing
reagents are transferred from an aqueous to an organic phase
(hexane, toluene); in the second step, solutions of surfactants
and a reducing agent (butanol) are added to the reaction mixture.
The surface of nanoclusters is capped with hexadecylamine.
Its amino groups interact with the metal surface in such a
way that nonpolar hydrocarbon tails remain outside the
surface [11].

The size and shape of gold nanoparticles are affected,
among other things, by the type of a reducing agent used for
their synthesis. For example, sodium citrate and hydrogen
peroxide will yield spheres, whereas hydroxylamine will produce
cubic crystals with well-shaped facets [12].

NP are stabilized with thiols and disulfides. High affinity of
sulfur to gold promotes formation of a gold thiolate monolayer
on the surface of the particles. Gold halides can be reduced
using both chemical and physical methods; the latter include
exposure to ultrasound, ultraviolet and infrared ionizing
radiation, laser photolysis and electrochemistry. The NP yielded
by these methods do not have any trace amounts of chemical
reagents of their surface.

The use of microorganisms, cells of plants, animal or
humans has given rise to a unique, advanced biotechnological
approach to the synthesis of gold NP relying on the principles
of “green chemistry” [13, 14]. Interestingly, green chemistry
techniques are hardly ever used for the synthesis of other
NP types.

A recently published review takes a close look at the
application of plant extracts in the synthesis of metal NP [15].
Plants contain bioactive compounds, such as flavonoids,
phenols, citric and ascorbic acids, polyphenols, terpenes,
alkaloids, and reductases, that can act as reducing agents [16].
Biotechnological production of NP has certain advantages over
chemical methods due to the ability of plant extracts to play
the role of both reducing and stabilizing/isolating agents (see
the Table).

Plants produce NP intra- and extracellularly [23]. To
stimulate intracellular biosynthesis of NP, plants should be
grown in organic media or on metal-enriched soils (cell/tissue
engineering, hydroponics) [24]. Extracellular methods of NP
synthesis rely on leaf extracts [25]. Biotechnologically produced
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Fig. 1. The number of research articles on the use of gold NP in biomedicine published between 2002 and 2017 (figures provided by PubMed.com)
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gold NP have various sizes and shapes: spheres, rods, cubes,
and triangles.

A simple, cost-effective and reproducible technique for the
synthesis of aimost monodisperse gold nanocubes of 20 nm in
diameter is based on the use of extracts derived from fresh or
dried mango (Mangifera indica) leaves. It takes only 2 minutes
to fabricate such NP by adding the leaf extract to the solution
of HAuUCI,»3H,0; importantly, the colloid remains stable for over
5 months. Smaller and uniformly distributed particles can be
obtained from a dried leaf extract of the same plant [26].

The size of NP synthesized by green chemistry techniques
depends on what extract is employed as a reducing and
stabilizing agent. The olive leaf extract yields Au® NP of 50—
100 nm in size; the geranium extract, about 12 nm; white
willow seeds, 50-80 nm [26]. Production of gold NP can be
assisted by pollen, seed, flower, bark, and root extracts [27].
Another method of NP synthesis relies on chitosan that acts as
a reducing and stabilizing agent. Positively charged chitosan-
containing particles help to mitigate the adverse effects of the
chemotherapy drug 5-fluorouracil [28].

AU’ nanospheres are a product of HAuUCI, reduction
in colloidal solutions. At the first stage of synthesis, the
rapid reduction of hydrogen tetrachloroaurate results in a
supersaturated gold solution. Then reduction slows abruptly
and the new phase condensates producing very small NP
nuclei of less than 2 nm in diameter. The rate of nucleation
in the new phase is determined by the degree of saturation
of the solution and the concentrations and chemical structure
of the reducing agent. At a low rate of nucleation and a high
rate of condensation, a small amount of relatively large particles
is produced. Higher rates of nucleation and smaller rates of
condensation are more likely to yield large quantities of small NP.

Nonspherical colloidal gold NP are synthesized on hard
silica or aluminum oxide matrices under artificially created
anisotropic conditions by electrochemical methods [29].
Nanorods are synthesized on soft matrices (micellar solutions
of surface-active agents) through chemical reduction.

The last few years have witnessed a rapid evolution of
nanomedicine involving the use of ultra-small NP with a
diameter of less than 6 nm. Gold nanorods with a diameter
of < 6 nm have the same electrical and optical properties as
their large counterparts, but are devoid of their flaws which is
important for biomedical applications [30]. Gold nanothreads
are thermally derived from gold NP adsorbed on the surface of
nanotubes. Tubular gold nanothreads with an external diameter
of 10 nm can be obtained by thermally removing residual
nanotubes. DNA molecules can also be used as a matrix for
nanothread synthesis.

Spherical gold nanoshells consist of a dielectric nucleus
of 100 nm in diameter coated with a thin layer of gold. The

Table. Plant extracts for the synthesis of gold NP
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optical properties of such particles can be tuned by varying
the diameter of the nucleus and the thickness of the shell.
Gold nanoshells hold great promise for biomedical research,
diagnosis and therapy. One of the methods for nanoshell
fabrication consists of 4 major steps: first, spherical silica cores
are synthesized and then their surface is functionalized with
amino groups onto which gold particles are absorbed [31].

The physical and chemical properties of synthesized
NP and their average diameter and shape are traditionally
controlled and measured by electron microscopy and
spectrophotometry. The NP size can also be assessed by laser
correlation spectroscopy (dynamic light scattering). Differential
centrifugation, scanning/atomic force microscopy, small/wide
X-ray scattering, X-ray diffraction analysis, mass spectroscopy,
and other methods are less common.

Methods for gold NP surface modification

Adsorption and hemadsorption are two major methods for
Au® NP surface modification. Adsorption of biomolecules onto
the NP surface facilitated by hydrophobic and electrostatic
interactions stabilizes nanoparticles. A strong negative charge
of the gold NP surface ensures stable adsorption of a wide
range of high molecular weight compounds.

Biocompatibility of Au® NP can be improved by
functionalizing their surface with coatings, layers, and linkers.
The same strategy is employed for creating diagnostic
or therapeutic platforms. At the molecular level, surface
modifications are required to confer specificity, sensitivity and
biological compatibility to the nanoparticles.

Gold NP are capable of interacting with immunoglobulins,
lectins, enzymes, hormones, lipoproteins, etc. As carriers,
they have numerous advantages over other platforms. Gold
NP improve the solubility of therapeutic agents and protect
them from deterioration on the way to the target. Gold NP
can actively or passively accumulate in the target organ and
enable controlled release of the carried drug. Their magnetic
and photothermal properties expand the arsenal of therapeutic
techniques that can be applied to a patient and reduce the
toxicity of a carried drug ensuring the desired therapeutic effect
at lower drug doses.

Methods for Au® NP surface modifications can be covalent
and noncovalent. Advantageously, noncovalent methods
do not require a therapeutic agent to be modified, too,
and ensure easy release of the drug from a carrier, which is
a prerequisite for successful therapy. Charged or hydrophilic
groups accumulated on the surface of nanostructures increase
their solubility and facilitate interactions with biomolecules.
Amphiphilic polymer coatings also improve the solubility of
the complex, promote nonspecific interactions with biological

Common name Latin name Part of plant useq Gold NP diameter, nm References
of plant of plant for extract preparation
Rose geranium Pelargonium graveolens Leaves 45 [17]
Lemon verbena Lippia citriodora Leaves 36 [17]
Garden sage Salvia officinalis Leaves 29 [17]
Pomegranate Punica granatum Fruit 32 [17]
Dragonhead Dracocephalum kotschyi Leaves 11 [18]
Cinnamon Cinnamomum zeylanicum Leaves 25 [19]
Pomelo Citrus maxima Fruit 15-35 [20]
Black cherry Prunus serotina Flowers 10-20 [21]
Date palm Phoenix dactylifera Pollen 20-50 [22]
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macromolecules, increase compatibility of the nanostructures
with proteins and their affinity to cell membranes. Polyethylene
glycol coatings enhance the efficacy of NP uptake by body
cells, prevent NP aggregation in the medium characterized
by high ionic strength and increase their circulation time in the
blood stream.

Surface-modified Au® NP demonstrate an improved
ability to penetrate blood vessel walls and cell membranes.
Nanoparticles interact with therapeutic agents and reduce their
cytotoxicity. The most common method for gold NP surface
modification is thiolation by bifunctional thiols, whose additional
functional group allows them to conjugate to biomolecules. The
surface of gold NP can be stabilized with modified dextran. The
appeal of such structures is grounded in their ability to reversibly
change their properties depending on the temperature or pH of
the environment.

Modification of gold nanostructures by self-assembled
monolayers or complex molecular aggregates is described in
detail in a number of works [32]. Also, there is a plethora of
functional molecular linkers, including aryl diazonium salts, that
can be used to modify the surface of gold NP [33, 34].

Gold nanoparticles in diagnostics and therapy

Aurotherapy of arthritis was first attempted in 1929. Its underlying
mechanism is based on the ability of gold compounds to
inhibit macrophages in vivo and suppress pathological immune
response.

Gold nanorods actively absorb in the near infrared spectrum
for which the human body is relatively transparent. Therefore,
they are ideal for photothermal therapy (selective destruction
of pathogens by heating). For example, gold NP complexes
with antibodies can Kill intracellular Toxoplasma gondii that
causes toxoplasmosis. Antibodies allow NP to selectively bind
the target. Exposed to laser radiation, NP get heated inducing
death of up to 83% of toxoplasma cells.

Until recently, gold NP were not used in cancer research. An
increased interest in these particles is evoked by their unique
optical and electronic properties (surface plasmon resonance)
that can revolutionize the approaches to the diagnostics
and treatment of cancer. Theranostic platforms combining
diagnostic and therapeutic functions enable control over
patients’ response to treatment [35].

The epidermal growth factor receptor (EFGR) expressed
on the surface of many cancer cells can be exploited as a
diagnostic marker in the treatment of malignancies. The
selective effect of gold NP on tumor tissue may be explained
by the specifics of tumor architecture and growth. Cancer
cells grow rapidly forming gaps between each other and
fenestrations on their surfaces. This phenomenon is referred
to as enhanced permeability and retention, EPR. It allows NP
to easily penetrate a cancer cell. Increased acidity inside the
cancer cell is also a beneficial factor aiding targeted and timely
release of therapeutic agents into the lesion.

Once gold NP have bound to their target, the affected
organ is irradiated with low-energy infrared laser beams. This
energy is absorbed by the nanoparticles, which emit ultrasound
and thermal waves in response. The emitted ultrasound waves
lay the basis for the photoacoustic imaging of malignancies
whereas the produced heat kills cancer cells (photothermal
therapy). Locally induced hyperthermia stimulates targeted
release of drugs entrapped in a gold capsule [36].

Photoacoustic imaging can be performed with gold
nanorods. But the best therapeutic effect is achieved by
using star-shaped gold NP sized 25 nm with 5-10 sharp-

tipped branches. Owing to the large surface area of such NP,
increased amounts of a therapeutic agent can be loaded onto
the “star” whose shape stimulates light absorption and ensures
targeted drug delivery.

Biocompatible gold NP functionalized with molecules that
can selectively interact with cancer cells are an ideal tool for
hyperthermia-based therapy against cancer [37].

Inhibition of metastases with gold nanoparticles
by increasing the rigidity of nuclear membranes
of cancer cells

As the tumor grows, its cells migrate to neighboring tissues and
organs forming metastases. Therefore, curbing their metastatic
spread is a critical clinical task. Au® HP modified with ligands
consisting of L-arginine, glycine and L-aspartic acid (RGD
peptide) and nuclear localization signal (NLS) peptides were
used to design a drug that increased the rigidity of nuclear cancer
cell membranes. It stimulated overexpression of A/C lamin
proteins and reduced the ability of cancer cells to metastasize.
Free RGD peptide is often employed in cell biology research
and biotechnology as it is capable of inhibiting intercellular
interactions [38]. Inhibiting the spread of metastases leaves a
doctor and a patient more time to fight cancer [39].

Gold NP as platforms for molecular diagnostics
and therapy of cancer

In clinical practice, diagnosis and treatment do not take place
simultaneously. Theranostics is a combination of the two
comprising an entire range of medical services from early
diagnosis to therapy to follow-up observation. Theranostics
involves the use of targeted therapy and diagnostic tests based
on the so-called nanoplatforms and has an important role in
oncology.

Au® NP-based platforms have certain advantages over
other carriers due to their unique optical characteristics, high
efficiency of photothermal conversion and a high value of X-ray
absorption coefficient. The energy absorbed by the particle is
partly emitted as scattered light and partly turns to heat. Thus,
gold NP find their application in both diagnostics and treatment
based on optical hyperthermia. By tuning the shape of NP, one
can vary their analytical and therapeutic parameters.

Some authors have demonstrated that gold NP sized about
13 nm are ideal for theranostics. They are potent contrasting
agents for CT and X-ray modalities and can be successfully
used to create theranostic platforms [40-42].

Photothermal therapy

Conventional chemotherapy is a systemic treatment that
affects every organ. Chemotherapy drugs have serious adverse
effects. Au® NP are a suitable material for biocompatible
and highly effective photothermal platforms that can absorb
and convert near infrared light to heat causing a local rise in
temperature, which destroys cancer cells. This phenomenon is
known as optical hyperthermia [43].

Chinese researchers have designed unique theranostic
nanoplatforms capable of simultaneous detection and killing of
cancer cells. The hollow gold NP components of the platforms
contain iron oxide that has paramagnetic properties; the surface
of these NP is functionalized with antibodies against some
cancer cells. The NP are administered to a patient by injection.
Their migration to organs and tissues can be monitored by
CT thanks to the properties of iron oxide. Heated by infrared
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light, the NP localized in the tumor destroy cancer cells (the
phenomenon of optical hyperthermia, see above) [44].

Another type of nanoplatforms was created based on
the traditional anticancer drug doxorubicin and gold NP
encapsulated in heat-sensitive liposomes. This nanoplatform
combines a thermal tumoricidal effect with the effect produced
by doxorubicin that is released directly into cancer cells
following their irradiation with infrared light. The concentration
of the drug in the tumor increases as the liposome membrane
degrades [45].

So far, two gold-based intravenous drugs (Aurlmmune™
and AuroLase™) have been approved for clinical use [46, 47].

The therapeutic effect of Au® NP is based on the narrowing
of blood vessels that supply nutrients to the tumor and inhibiting
angiogenesis in the affected organs and tissues. Normally,
angiogenesis is moderately intensive. It is stimulated when
tissue needs regenerating, in thrombosis and inflammation,
scarring and other regenerative processes; it is also vital for
the growth and development of an individual. In cancer tissues
angiogenesis is very vigorous; therefore, cancer cells are
continuously supplied with sufficient amounts of blood and
nutrients boosting their growth.

The majority of existing angiogenesis inhibitors are
represented by antibodies against VEGF. (vascular endothelial
growth factor) and cause serious adverse reactions. Unlike
most of them, gold NP suppress VEGF function without
producing a toxic effect on the cells [48].

Radioactive gold and its application in cancer research

Colloidal solutions of radioactive gold are used as tumoricidal
agents. Au® has found its medical application in oncology in
the form of a radioactive isotope '®Au obtained through the
irradiation of the naturally occurring Au® with neutrons. The half-
life of '°*®Au does not exceed 3 days. It emits B- and y-rays that
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help to locate the isotope inside the body. Radioactive gold
colloids selectively accumulate in the cells of the mononuclear
phagocyte system and connective tissue and therefore can be
used for diagnostic and therapeutic purposes. Radionuclide-
based diagnostic procedures utilize colloidal solutions with
Au® NP concentrations of 3-6 mg/ml and a particle size of
10-30 nm.

Mono- and polydisperse colloidal Au® NP solutions
produce a therapeutic effect on cancer patients. Radioactive
concentration of the drug must not exceed 4 mCi/ml; it is
achieved by diluting the initial drug with 0.256—0.5% solutions
of novocain or sodium chloride.

CONCLUSIONS

Rapid evolution of technologies for the synthesis of gold NP
has yielded an abundance of diversely shaped, sized and
structured nanoparticles with various optical properties.
Modification of NP surfaces with specific molecules is critical
for the biomedical application of NP, as it improves their stability
in vivo and specificity to a biological target. At present, thiolated
derivatives of polyethylene glycol and some other molecules
are considered to be the best NP stabilizers. Particles modified
with polyethylene glycol circulate in the blood stream longer and
are better protected against immune cells. Gold NP conjugates
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hepatitis, TB, diabetes mellitus, and other disorders. Plasmonic
photothermal laser therapy is now being tested in the clinical
setting. The success of this technology is determined by how
fast researchers will be able to develop reliable methods for
in vivo targeted drug delivery and to improve control over
photothermolysis in situ. We believed that diagnostic and
therapeutic targeted drug delivery platforms based on gold NP
and synthesized by green chemistry techniques hold the best
promise for nanobiomedicine.
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HYDROXYAPATITE AND PORPHYRIN-FULLERENE NANOPARTICLES FOR
DIAGNOSTIC AND THERAPEUTIC DELIVERY OF PARAMAGNETIC IONS
AND RADIONUCLIDES
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Nanoparticles for drug delivery are the subject of extensive research. Importantly, they can transform in size during synthesis
or actual use, thereby changing their cytotoxic properties. The aim of the present work was to study the tendency of [7Zn]
porphyrin-fullerene nanoparticles (BFNP) to aggregate over time and to compare the properties of hydroxyapatite (HAP)
nanoparticles obtained through 3 different techniques. We found that aggregation of BFNP nanoparticles does not affect
their function but attenuates their cytotoxicity against leukemia cells. We were also able to obtain HAP nanoparticles with
programmable properties (such as size, shape or the capacity to adsorb metal ions, ligands and chemical complexes) through
enzymatic synthesis by varying its conditions. The synthesized HAP nanoparticles contain short-lived isotopes of zinc and
copper (in the form of ions and complexes with pyrimidine or thiazine derivatives). These tumoricidal components (a radionuclide
and a ligand or a complex) determine the diagnostic and therapeutic potential of the obtained radiopharmaceutical agents.
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HAHOYACTWLIbl HA OCHOBE M1 aPOKCUAMNATUTA

N NOPOUPUNHBYJJIEPEHA ONA OUATHOCTUYHECKOIO

N TEPANMEBTUYECKOI'O MPUMEHEHUA NAPAMATIHUTHBLIX NOHOB
n PAONOHYKINOOB

M. A. Opnosa'?= A. J1. Hukonaes', T. IN. Tpodumosa'®, A. . Opnos!, A. B. CesepuH!, C. H. Kanmbikos!

T XuMndeckuin dhakynsteT, MOCKOBCKWMI rocyAapCTBEHHbIN YHMBEPCUTET MeHn M. B. JTomoHocoBa, Mockea

2 OThen Groxmmum 1 hapmakonorim,
HaupyoHanbHbIN MeaUUMHCKUA NCCNEA0BATENBCKUIA LIEHTP AETCKON remMaTofiorv, OHKOMOr M 1 MMMyHonorvm nMenn . Poradesa, Mocksa

8 VIHCTUTYT huaronorndeckun akTvsHbIx BellilecTs PAH, YepHoronoska

ICNoNb30BaHMe HaHOYaCTUL, Kak HOCUTENEN NEKapPCTBEHHbIX CPEACTB LUMPOKO 13dydaeTcd. OOHUM 13 BaKHbIX BOMPOCOB
OCTaETCH U3MEHEHVE PA3MEPOB U LIMTOTOKCUMHECKMX CBOWICTB HaCTWL, B MPOLIECCE VX MOMYYEHUS U MpUMeHeHus. Llenbio
paboTbl 6bINO UCCNenoBaTb BO3MOXHYIO arperauuio [fZn]nopdunpuHdynnepeH-HaHodacTtul, (BFNP) B 3aBucumocTy ot
BPEMEHN 1 MPOBECTN CPABHUTESNBHBIM aHaIM3 CBOWCTB HaHo4acTuy, rmgpokcnanatuta (HAP), nonyydeHHbIX pasimyHbIMU
cnocobamn. Okasanocb, 4to arperaunsa BFNP ka4ecTBEHHO He BAMSIET Ha YHKLUMIO HaHOYaCTWL, HO KOMNYECTBEHHO
YMEHBLLAET UX BO3AEVCTBME Ha NEKEMUYECKME KNETKN. BapbupoBaHne cnocoboB nonyyeHns 1 06paboTkm HaHOHaCTHUL,
HAP nosBonsieT MeHsITb X hOpMy, pasMepbl M COPOLIMOHHYIO CMOCOBHOCTb MO OTHOLLIEHMIO K MOHAaM METaNNOB, a Takxe
nMrangam 1 Komnnekcam. Vicnonbadys dhepMeHTaTUBHbIN MeToa, Mbl nonyymnn HAP ¢ 3apaHee 3agaHHbIMY CBOCTBaMU MY TEM
BapbMPOBaHKS YCIoBUM cuHTe3a. [ony4veHHble HaHoYacTuLpl HAP npeactaBnsaioT cobon pagmonpenapatbl, copepxalle
KOPOTKOXMBYLLIME M30TOMbI LIMHKA 1 Meay (B BUAE VWOHOB W COEOVMHEHWU — MPOU3BOAHBIX TMa3nHa 1 MUPUMUOMHA). OTK
HaHOKOHCTPYKLIM COAeP»KaT ABa aHTLOMYXOEBbIX KOMMOHEHTA (DaaVOHYKINA U IUraHL, UK KOMIMEKC), YTO OMPEAensaeT nx
hapMaKoIOrMHECKNA NOTEHLMAN ANS AMArHOCTUKI 1 TyHeBOM Tepaniin.

Knto4yeBble croBa: rugpokcuanatiT, nopdrpuHYNnepeH, nporsBoaHble ThasnHa 1 nupummnamHa, HL-60, K-562, MOLT-4,
PaAMOHYKNNABI LMHKA 1 Meau
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The evolution of contemporary medicine prompts researchers  Attention is increasingly paid to monoclonal antibodies [1],
to seek new approaches to drug design and administration,  biological transporters [2], nanostructures and nanoplatforms.
especially when it comes to highly toxic tumoricidal agents  Especially worth mentioning are such carriers as fullerenes [3],
whose delivery to a biological target must be strictly precise.  nanodiamonds [4], inorganic nanoparticles of different nature
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[5, 6], liposomes [7], nanoporous silicon [8], and hydroxyapatites
(HAP) [9]. There are a few important goals that novel drug delivery
systems are intended to achieve. First, they are expected to
reduce the toxic effect of a carried drug on healthy organs and
tissues. A good example here is doxil, the liposomal formulation
of doxorubicin [10], Second, they can enhance the tumoricidal
effect through the synergy of the drug/carrier complex [11]. For
example, synthetic Buckminsterfullerene (C,)-2-(butadiene-
1-yl)-tetra(o-y-aminobutyryl-o-phthalyl)  porphyrin  (BFNP)
nanoparticles can be used to deliver magnetic isotopes Mg
and ¢Zn, which have a biological activity of their own. Such
complexes can alleviate metabolic acidosis induced by post-
chemotherapy hypoxia [12]. Third, drug delivery systems aim
to increase the bioavailability of the drug (which can be done
by using, say, albumin as a carrier), ensure its sustained release
(nanofullerenes, HAP) and enhance the tumoricidal effect by
binding to the target specifically (monoclonal antibodies).
Fourth, a carrier and a drug constituting a delivery system
can have different tumoricidal effects. For example, fullerene
derivatives capable of kiling cancer cells are used as carriers
of magnetic isotopes or radionuclides [13]. This principle is
employed in designing radiopharmaceuticals for anticancer
radiation therapy.

HAP nanoparticles are attractive drug and radionuclide
carriers due to their biodegradability, biocompatibility and
bioresorbability. These qualities are determined by their calcium-
phosphate origin, which mimics the chemical composition of
the human bone mineral fraction [14, 15].

The aim of this work was to study the properties of HAP
obtained through different methods of synthesis (and therefore
exhibiting different properties) and BFNP in relation to their use
as bioactive metal ion carriers, including radionuclides, and
ligands with tumoricidal activity.

METHODS
Zinc complexes
The N(5,6-dihydro-4H-1,3-thiazine-2-yl)benzamide (L") ligand

in the form of L'HBr was synthesized following a previously
described technigue [16]. To obtain the L'ZnCl, (C') complex,

Y
HN (L)
(0]
S. =N Cl
Y Zn:
N Cl
0 _

€

Fig. 1. The structural formula of the compounds used in the present study
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L'HBr in the aqueous solution was converted to its basic form
in the presence of NaOH (Fig. 1). A solution of zinc chloride in
diethyl ether at a ratio of 1 : 1 was gradually added to the L' base
in diethyl ether. The solution was stirred for 0.5 h. The white
crystalline precipitate was separated and washed with ether.
The reaction yield was 64%. Ligand L? was 2-aminopyrimidine
(Sigma; USA), ligand L® was 2-aminopyrimidine salicylate.
Their complexes with zinc Zn(L?),Cl, (C?) and Zn(L?), (C°) were
obtained as described in [17]. The composition of all complexes
was characterized by element analysis and 'H-NMR (Bruker
CXP-200 spectrometer; Germany).

Spectrophotometry

Spectrophotometry was performed using the UV-1280
spectrophotometer (Shimadzu; Japan). Calibration curves were
constructed for the ligands and the complexes in the aqueous,
physiological saline and alcohol solutions.

Protonation and stability constants

The constants were determined by potentiometry using the
automatic titrator Metrohm 848 Titrino plus (Metrohm AG;
Switzerland). The stability constant was measured using the
glass electrode. Computations were done in Hyperquad 2013.

HAP synthesis

Coprecipitation. There are different methods of HAP synthesis
[18-20] producing end products with different parameters.
We synthesized HAP, at room temperature using the
stoichiometric Ca/P molar ratio of 1.67 [21]. All reagents were
taken in the amount sufficient to produce a 5% (solid mass
content) suspension [22]. Trace amounts of calcium and zinc
in the residual liquid were determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) on Optima
100 DV (Perkin EImer; USA). To obtain HAP,, the suspension
was continuously heated to 90 °C without boiling for 4 h.
Enzymatic hydrolysis. HAP_ was synthesized through
the enzymatic hydrolysis of calcium glycerophosphate in the
presence of alkaline phosphatase (Merck; Germany). Reaction

Y
NYN * ZHCIZ
(&) NH.
L 12
HO
— —~ 0
7Y
et
NH
R PRNG'
HO (CY
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conditions were varied, including the enzyme concertation, the
medium (water, glycerol buffer, tris buffer), pH (7 to 10), calcium
concentration and the reaction time. The glycerophosphate
hydrolysis reaction was triggered by adding the enzyme solution
1o the calcium glycerophosphate solution taken at a concentration
of 0.02 mol/l. Working concentrations of the enzyme ranged from
0.02 to 0.4 ug/ml. Depending on the conditions, the reaction time
was varied between a few hours and a few days.

Introduction of zinc and copper ions during HAP synthesis.
Weighted amounts of zinc or copper oxides (chemically pure,
C. P) corresponding to the anticipated Zn(Cu)/Ca molar ratio of
5 (15 mol%) were dissolved in H,PO,. The obtained solution
was introduced dropwise to the suspension of Ca(OH), under
continuous stirring. The samples of HAP,, ., HAP, , and HAP_
were obtained. Some of those samples were dried, annealed
in a muffle furnace in air at 900 °C for 3 h and subsequently
studied with XPA (see below).

Electron microscopy of HAP samples

Some of the samples were sonicated in a sonic bath for 30 s
at 22 kHz frequency and 50 W power. The samples were
prepared for microscopy using a standard technique and then
inspected under the JSM-6380LA microscope (JEOL; Japan)
at the accelerating voltage of 20 kV.

Metal nuclides
emzn (T,, = 13.7 h; Ey = 438.7 keV) was produced by the

photonuclear reaction "'Ga(y, np)®®™Zn as described in [21]. To
obtain a labeled compound, a reaction of isotope exchange

was carried out between the C' complex in physiological saline
and ethanol solutions (1 : 1) and a concentrated solution of
carrier-free %mZn eluted from a chromatography column. To
obtain labeled C? and C® complexes, the ligands in the basic
form were treated with ®"ZnCl, solution under continuous
stirring and heating.

64%7Cu (T,, = 12.7 h and 61.8 h, respectively; Ev(64CU) =
1345.8 keV, Ey(‘”Cu) = 184.5 keV) was produced by the reaction
natZn(y,np)*Cu; "Zn(n,B)®’Cu. Copper was separated from zinc
by extraction in the 0.001% dithizone solution in CCl, followed
by re-execration in 6M HCI and ion-exchange chromatography
in the column with Cu-Resin (Triskem; France). Radioactivity
of the reaction products was measured using a gamma-ray
spectrometer with the GC 3020 HPGE detector (Canberra;
USA). ¥Zn and ?®Mg (Isotope; Russia) are stable isotopes with
s of —-5/2 and +5/2, respectively (enrichment in ¢Zn is 94.5%,
isotope Mg frequency is 99.9%).

Size of nanoparticles
Nanoparticle sizes were measured by dynamic light scattering.
Thin-layer chromatography (TLC)

For TLC we used Silufol plates with different eluents. The plates
were developed with iodine vapors.

Autoradiography (ARG)

After TLC, the plates with the obtained radioactive compounds
were analyzed using Cyclone Plus, the storage phosphor system

Table 1. Lethal concentrations (LC, ) of Zn-BFNP and ¢Zn-BFNP complexes for leukemic cell lines and healthy lymphocytes depending on the nanoparticle size

Complex LC,y /M
B-ALL AML HD*
Zn- BFNP 60 +8 64 +3 81+9
57Zn- BFNP 16+3 63 +8 79+9
Average size of nanoparticles and LC
Zn- BFNP 25 nm 55 nm
57Zn- BFNP 37 £ 3 pg/ml 78 £ 6, ug/ml
Average size of nanoparticles and LC,,
Zn- BFNP 50 nm 80 nm
57Zn- BFNP 10 + 2 pg/ml 23 + 3 pg/ml
Note: *HD — lymphocytes obtained from healthy donors.
Table 2. Survival (LC,) of different cells in the presence of the studied zinc salts, chelators and HAPs
Compounds LC5°' umol/mi
HD cells K-562 MOLT-4 MOLT-4 (res) HL-60 B-ALL*
ZnCl, ™ 1.6+0.3 0.52 + 0.05
ZnSal,(H,0), ** 0.68 + 0.06 0.41 £ 0.05
c? 1.0+0.2 0.25 + 0.04
L 10.6 £ 0.5 1.0+0.3
(o} 45+0.4 1.1+£0.2
c? 0.24 + 0.04 0.12 + 0.02 0.062 + 0.008 0.040 + 0.009 0.039 + 0.009 0.061 + 0.007
HAP, >>5+10% mol/l 3.5+ 10° mol/l >5+10° mol/l
HAP, >>5+10% mol/l 4 +10° mol/l >5+10° mol/l
HAP, | >>5+10° mol/l >>5¢10° mol/l >5+10° mol/l
HAP, , >>5+10° mol/l >>5+10° mol/l 6,5« 10 mol/l
HAP,, >>5+10° mol/l >>5+10° mol/l 5 +10° mol/l

Note: * — B-ALL designates BM cells of patients with B-cell acute lymphoblastic leukemia; ** — according to [17].

BULLETIN OF RSMU |6, 2018 | VESTNIKRGMU.RU




for digital ARG (Perkin Elmer; USA), and storage phosphor
screens coated with BaFBr:Eu by the same manufacturer.

X-ray diffraction phase analysis (XPA)

The analysis was performed on the automated X-Ray
diffractometer DRON-3 (Innoscope; Russia) with a Cu-K,
anode using the software supplied by the manufacturer. The
size D of crystallites was determined by the Sherrer equation:

A
BcosO

D =

HKL

Measurements of adsorption

Measurements were done using the ASAP 2000 analyzer
(Micromeritics; USA). The specific surface area was calculated
in the Micromeritics software supplied by the manufacturer.

MTT-assay

The protocol of the assay is described in [13]. The cell lines
used in the present study included HL-60, K-562, MOLT-4,
and MOLT-4 (res) (res. means the cells were resistant to
asparaginase, one of the main drugs used in children with
acute leukemia). The cells were cultured following the standard
protocol. Statistical analysis included the Mann Whitney U test.
Each series of measurements consisted of at least 5 tests
carried out in 3 replicates.

Isolation of mononuclear cells from bone marrow
and peripheral blood

Bone marrow (BM) cells collected from patients with B-cell
acute lymphoblastic leukemia (B-ALL), acute myeloid leukemia
(AML) and T-cell acute lymphoblastic leukemia (TALL) were
kindly provided by D.Rogachev National Research Center of
Pediatric Hematology, Oncology and Immunology. Blood tests
demonstrated that the proportion of blast cells in the peripheral
blood mononuclear fraction was at least 80%.

Cell morphology was inspected under the fluorescence
microscope LEICA DMB000B (Leica Microsystems; Germany)
or the confocal laser scanning microscope LSM 710 (Carl
Zeiss; Germany). The images were captured and saved by a
digital camera.

RESULTS

Relationship between the size of porphyrin-fullerene
nanoparticles and their cytotoxicity

Some findings suggest that increased aggregation of
nanoparticles (in particular, fullerene-based) promotes survival
leading to arise in LC, , i.e. attenuates the cytotoxic effect of a
drug [23-26]. However, there is counterevidence to that, mainly
for nanoC,,. So, we decided to study the effect of aggregation
in BFNP.

Table 1 presents data on the survival of leukemia cell lines
and BM cells of untreated patients with acute leukemias in
the presence of BFNP loaded with a naturally occurring zinc
isotope or enriched in magnetic ¢Zn. The table demonstrates
the relationship between LC,, and the nanoparticle size. In
all cases, cell survival improved with increased nanoparticle
aggregation, but the specificity of the studied complexes did
not change.
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Sonication caused the average nanoparticle size to shrink
to 15-20 nm. However, a week after the average nanoparticle
size reached 20-30 nm; 2 weeks after, 30-40 nm; one month
after it was as big as 50-60 nm.

Morphological examination revealed that not only
nanoparticles but also cells treated with %Zn-loaded BFNP
tended to aggregate increasingly (these data are not provided
in the table).

Effect of ligands and HAP-ligand compositions on the cells

Both ligands and their complexes with metal ions, such as
zinc or copper (which can be substituted with radionuclides to
produce a radiopharmaceutical), can be regarded as potential
tumoricidal chelating agents and used for HAP doping. Ligands

A

Fig. 2. MOLT-4 cells treated with L® (A) and C® (B) under the confocal laser
scanning microscope

A

Abs

Abs

T T T T 1
200 250 300 350 400
A (nm)
Fig. 3. Absorption spectra of 10-2 mg/ml L' solution that was in contact with
HAP, (A) and HAP, (B) for 0 min (1), 5 min (2), 10 min (3), 15 min (4), 30 min (5),
and 60 min (6)
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and metal ions can be loaded to HAP together as complexes
or separately. In both cases, the complex and its components
will produce either synergistic or independent effects.

Table 2 compares the survival of K-562 cells and
lymphocytes of healthy donors (HD) in the presence of L' and
complexes. Both healthy lymphocytes and MOLT-4 1 MOLT-4
(res) cells demonstrated very high survival rates when treated
with different HAP samples, including those that contained zinc
and copper ions.

The studied chelators and complexes displayed a tendency
to increased (decreased) toxicity against healthy lymphocytes
and cancer cells. The lymphocytes of healthy donors
demonstrated the following pattern of survival rate decline:
L' > C' > ZnCl, > C* > ZnSal(H,0), > C?. With chronic
myeloid leukemia cells (K-562), the pattern changed: C' > L' >
ZnCl, > ZnSal,(H,0), > C° > C?. The therapeutic window (or the
therapeutic index Tl = LC,, (HD)/LC,, (leukemia cells)) declined
in the following fashion: L' > C* ~ C" > ZnCl, > C* > ZnSal,(H,0),.
This leads us to conclude that all 3 studied complexes have a
potential to be considered as tumoricidal agents.

When comparing the toxic effects of C? on leukemia cell
lines and BM cells obtained from patients with B-ALL, we
observed the following pattern: HD cells > K-562 > HL-60 ~
MOLT-4 > MOLT-4(res) ~ BM (B-ALL). Importantly, C? exhibited
higher toxicity towards MOLT-4 (res) than to MOLT-4 cells,
meaning it has specificity to the cells with the most resistance
to chemotherapy. The complexes tended to exhibit higher
cytotoxicity than the ligands, perhaps due to the development
of necrosis in addition to apoptosis (Fig. 2).

Stability of ligands and their complexes in aqueous/
physiological saline solutions is their important property.
Unfortunately, much more common are bioactive chelating
ligands and complexes that are poorly soluble. They need a
special shell or a carrier to be delivered to a target. HAP meets
this requirement only partly.

Spectrophotometric measurements of stability of the
studied complexes in water, ethanol and physiological saline
solutions revealed that C' was the least stable complex: it
tended to hydrolyze over time producing thiazine that, however,
has mild tumoricidal and strong radioprotective properties.

Other complexes were quite stable when dissolved, which
makes them more suitable for clinical purposes.

As determined by the potentiometric titration of the ligand
L' performed in aqueous and physiological saline solutions
with varying pH (at C (L") = 1 « 10 mol/l, | = 0.15 NaCl
(0.1 mol/l KNQ,)), the values of protonation constants (log K) were
5.1 + 0.1 (aqueous solutions) and 5.3 = 0.2 (physiological
solutions). Attempts to potentiometrically determine the stability
constant of C' failed. This might have been due to the
production of zinc hydroxide that interfered with titration. For
C? the stability constant logK (C?) was 10.4 + 0.5.

Behavior of nanoHAP doped with ligands, metal ions
and/or complexes

Fig. 3 (A, B) shows sorption of the ligand L' by HAP, and HAP,,.
Changes occur when sorption starts and are probably due to
the interaction with calcium released as nanoHAP dissolves. It
means that the ligand L' does not bind to hydroxyapatite. The
same behavior was observed for L? and L.

The morphology of nanocrystals can be visualized using
electron microscopy, while the composition of the solid phase
(biohydroxyapatite) can be inferred from the results of X-ray
diffraction phase analysis. For HAP,, results of these analytical
modalities are presented in Fig. 4. When subjected to heating,
both zinc-loaded and “pure” nanoparticles shrank in size.
This transformation was considerable for “pure” samples and
almost insignificant for those doped with zinc (Table 3).

The major phase of HAP_ (Fig. 5A) was hydroxyapatite
(Fig. 5B); HAP_ nanoparticles tended to have a spherical shape
and formed aggregates. The specific surface area of the studied
sample determined by nitrogen absorption was 300 m?/g. Pore
sizes varied considerably (2-300 nm). The size of crystallites
in the samples with crystal structure was calculated using
the Sherrer equation (12—14 nm). Crystallites and aggregates
significantly varied in size; their average dimensions are shown
in Fig. 6.

We synthesized 6 different types of HAP: 3 without metal
ions (HAP,, HAP,, HAP,) and 3 with metal ions (HAP

znt1’

HAP, ., HAP, ). HAP_ were big-sized hollow spheres that
B
Ca5 (P 04)3 (OH) - hydroxylapatite JCPDS 9-432 rexc H.y. (HKL)+0
\I T
20 25 30

Fig. 4. Electron microscopy (A) and X-ray diffraction phase analysis (B) of HAP, synthesized from the suspension of calcium oxide and phosphorus acid

Table 3. Average sizes of HAP nanoparticles obtained through precipitation and HAP nanoparticles doped with zinc

Parameter HAP, HAP, HAP, , HAP,
Length, nm 120+ 5 110+ 5 98 + 4 56 + 2
Width, nm 36+3 23 +2 26 +2 19 +1
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Fig. 5. Laser scanning electron microscopy (A) and X-ray diffraction phase analysis (B) of HAP_ synthesized from the aqueous solution of calcium glycerophosphate

(0.2 mol/l) at the alkaline phosphatase concertation of 0.1 pg/ml
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Fig. 6. Differential function of nanoparticle diameter distribution in the sample synthesized in the tris buffer (pH = 9.2) in the presence of alkaline phosphatase taken at
a concentration of: 1) 0.02 pg/ml (the average nanoparticle size was 1.57 pm); 2) 0.1 pg/ml (the average nanoparticle size was 2.22 ym)

exhibited increased sorption capacity. Averages sizes of other
nanoparticles were as follows: HAP, > HAP, > HAP,  ~
HAP_, > HAP,.

We measured specific adsorption of zinc/copper ions by
HAP, and HAP_ and calculated adsorption isotherm constants
using Langmuir and Freundlich methods. Adsorption of copper
ions corresponded to the Langmuir model, while adsorption of
zinc ions (with equal correlation coefficients) could be described
by both Langmuir and Freundlich models.

The sorption capacity of HAP towards copper ions was
significantly higher than towards zinc ions. Introduction of zinc
into the reaction during HAP synthesis did not seriously affect
the size of nanoparticles. However, average sizes of a thermally
processed HAP, were smaller than those of HAP,. HAP,
particles acquired a more regular isometric shape growing in
thickness, as compared to HAP,, and therefore had a smaller
specific surface area. As a result, the maximum sorption
capacity of HAP, decreased.

1

Complexes with zinc and copper radionuclides

Complexes *"ZnC, (I), *"ZnC, (Il) and [(L?),%+*"CuCl,] (lll) were
obtained through isotope exchange and analyzed by TLC,
ARG and y-spectroscopy. The time of isotope exchange
was selected experimentally to be sure that the R, values
of radioactive complexes and those that did not contain a
radionuclide were the same and also to prevent formation of
side products. The obtained compounds were sorbed onto
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HAP and physical and chemical measurements were then
repeated. The ready pharmaceuticals had similar properties,
but the copper complex disintegrated during HAP, doping.
HAP, absorbed only copper ions. Perhaps, this problem can
be solved by loading HAP with the copper complex during HAP
synthesis.

DISCUSSION

Previously, it was demonstrated that the magnetic isotope
Mg (amounting to 11% in the natural isotope mixture) hyper-
activates magnesium-dependent regulation of ATP synthesis,
which makes the delivery of this isotope to hypoxic tissues/
cells an ambitious pharmacological task [12]. Here, BFNP
nanoparticles capable of sustained release of Mg?* and Zn?
ions can be used as carriers. However, the major constraint for
the clinical application of fullerene derivatives is their possible
uncontrolled aggregation accompanied by changes in their
initial cytotoxicity and physiological properties. Our study
demonstrates that size transformations do not lead to critical
changes in the properties of nanoparticles but attenuate their
cytotoxic effect. The fundamental finding of this study is that
survival of BM cells of untreated patients with B-ALL decreases
6-7-fold in the presence of Zn-BFNP, as compared to "Zn-
BFNP. Aggregation of nanoparticles can be slowed down by
sonication.

HAP nanoparticles have good prospects as drug delivery
systems. There are a lot of methods for their synthesis that
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produce particles of different sizes, shapes and sorption
capacity. HAP nanoparticles are also lowly toxic. Introduction of
ligands and complexes into the reaction during HAP synthesis
is a clever trick that helps the components of the complex
to retain their properties. Enzymatic synthesis seems to be
especially promising as it allows varying reaction conditions and,
therefore, the parameters of the end product. This significantly
expands the area of the potential application of nanoparticles.

Zinc and copper are essential micronutrients [27, 28]. They
are cofactors for the majority of regulatory and antioxidant
enzymes; they also are involved in DNA repair and the work of
transcription factors. Complexes of short-lived zinc and copper
radionuclides can be used to solve a number of diagnostic
and therapeutic tasks, either simultaneously or consecutively.
HAP can serve as a scaffold for a drug ensuring a synergistic
sustained effect. To achieve it, a vector is needed, monoclonal
antibodies being the most optimal. Importantly, HAP itself has
an ability to integrate into bone tissue and become a vector.
This matters in the therapy of bone and blood cancers aimed
at eliminating malignant stem cells.
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ZAIS-BASED COLLOIDAL QDS AS FLUORESCENT LABELS FOR
THERANOSTICS: PHYSICAL PROPERTIES, BIODISTRIBUTION AND
BIOCOMPATIBILITY

Istomina MS'2 & Pechnikova NA"34, Korolev DV', Pochkayeva EI', Mazing DS?, Galagudza MM'5, Moshnikov VA?, Shlyakhto EV'

" Institute of Experimental Medicine, Almazov National Medical Research Centre, St. Petersburg

2 Department of Micro- and Nanoelectronics, St. Petersburg State Electrotechnical University “LETI”, St. Petersburg
8 Center of Experimental Pharmacology, St. Petersburg State Chemical Pharmaceutical Academy, St. Petersburg

4 Laboratory of Parasitic Arthropods, Zoological Institute of Russian Academy of Sciences, St. Petersburg

5 Department of Pathophysiology, Pavlov First St. Petersburg State Medical University, St. Petersburg

In recent years there has been an increase in interest in the use of colloidal quantum dots (QDs) in biology and medicine. In
particular, QDs can be a perspective nanoscale object for theranostics, in which due to the specific accumulation of drug-
loaded QDs in the pathological focus, its simultaneous visualization and targeted therapeutic influence occur. One of the serious
limitations of the use of QDs in medicine is their potential toxicity, especially when the nanocrystal material contains elements
such as cadmium or plumbum. Therefore, it is promising to develop labels based on QDs of relatively less toxic semiconductors
of group I-lll-VI, such as CulnS, and AgInS,. In this study, biodistribution and biocompatibility of QDs based on the AgInS,
compound with a ZnS shell (ZAIS) are considered. In the study of biodistribution, the accumulation of QDs in organs such as
liver, lungs, heart and kidneys was revealed. It was shown that QDs in the dose range from 2 « 107 to 4 « 10° M/L at intravenous
administration in rats does not have a significant effect on body mass dynamics and basic hematological parameters for 30
days. Thus, ZAIS QDs can be used to visualize tissues and organs in various pathological processes, and immobilization of the
drugs on their surface will allow to approach their application for theranostics.

Keywords: colloidal quantum dots, QDs, ZnS-AgInS,, ZAIS, theranostics, biodistribution, biocompatibility
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NCCNEAOBAHUE KOJUJTONOHbLIX KBAHTOBbLIX TOHEK AGINS,/ZNS B
KAYECTBE ®JIYOPECLIEHTHbIX METOK AJ11 TEPAHOCTUKWU: PUSNHECKUE
CBOWNCTBA, BUOPACNPELEJNIEHUE N BUOCOBMECTUMOCTb

M. C. UctommHa'?B= H. A. Meunrkosa'®4, [. B. Kopones', E. V1. Moukaesa', [. C. MasuHr?, M. M. Tanaryaza'®, B. A. MoLHUKOB?,
E. B. LLnaxTo’

" VIHCTUTYT aKkcnepumMeHTaneHon MeanumHel ®rEY «HMILL umenn B. A. Anmasoa», CaHkT-NeTepbypr

2 CaHkT-TeTepbyprekuii rocyAapCTBEHHBIN SNEKTPOTEXHUHECKUA yHUBEPCUTET «JIOTV» nmern B. V1. YnbsaHosa (FleHuHa), CaHkT-MeTepbypr

8 LleHTp akcnepumMeHTanbHon hapmakonorm, CaHKT-INeTepbyprekuin rocyaapCTBEHHbIR XUMUKO-(hapMaLeBTUHECKNIA yHBEpPCUTET, CaHKT-eTepbypr

4 Boonorundeckuin MHCTUTYT PAH, CaHkT-TNeTepbypr

5 MNep.bii CaHKT-MNeTepbypreknii rocyaapCTBEHHbIN MeaVLMHCKUA yHuBepeuTeT UMmeHn V. M. Masnosa, CaHkT-MNeTepbypr

B nocnefHve rofibl 0TMeYaeTCs MOBbILLEHVE NHTEPECA K LCMOMb30BaHMIO KOMMOWAHBIX KBaHTOBbIX Todek (KT) B Gronorum
1N MegnumHe. B yacTtHocTy, KT MoryT npefctaensTb coboi MepcrnekTuBHble HaHOpPa3MepHble 06BbEKTbI ANt TEPaHOCTVIKK,
NPV KOTOPOW 3a CYET CNeUnMUHECKOrO HAKOMIEHNS Harpy>XXeHHbIX TeKapCTBEHHbIM coeavHeHnemM KT B MaTonorn4eckom
o4are NPOVICXOAAT OAHOBPEMEHHO ero B1U3yannsauyvs 1 TapreTHoe TepaneBTieckoe BosaencTane. OQHMM 13 OrpaHnyeHmin
ncnonb3oBannsa KT B MeauUmHe SBASETCS UX MOTEeHLMabHas TOKCUYHOCTb, OCODEHHO ecnv maTepuasn HaHoKpucTaia
COOEPXUT Takmne 3NeMeHTbI, Kak KaoMuin U CBUHEL,. B CBA3M C 3TUM MepCrneKkTVBHOM MPeAcTaBnsieTcsa paspadoTka MeToK
Ha ocHoBe KT OTHOCUTENIBHO MEHEe TOKCWYHBIX MOMynpoBoaHNKOB rpynnbl I-l-VI, Takux kak CulnS, n AgInS,. Llenbto
paboThl ObINO VccnepoBaHne GropacnpeneneHys 1 6ruocoBMmecTMocT KT Ha ocHoBe coemunHeHuns AgInS, B obosodke
ZnS. Ona storo npoBoauv cuHTe3 KT MHXEKUMOHHbIM METOAOM, K3ydanu pas3mepbl nofydaemblix KT, uvx crnekTpel
normoLleHnst 1 PoToMtOMUHMCLIEHLMN. MeTogoM thyopecLEeHTHOMO MMUIDKMHIA 1ccnefoBanu in vivo 6uopacnpeneneHie
KT. B1OCOBMECTMMOCTb 00pasLIoB ONpemensv in vivo No AVHaMVKe U3MEHEHMS MacChl Tena >XMBOTHbBIX Y MPX MOMOLLM
reMaTosnorM4eckmx nccnefosaHn. Mpu n3ydeHnn bropacnpeneneHnst 6bi10 BbisiBNeHO HakorieHve KT B Takvx opraHax,
Kak ne4veHb, nerkue, cepaue 1 nodku. MNokasaHo, 4to KT B granasoHe 103 oT 2 « 107 0o 4 « 107° Monb/n npu BHYTPUBEHHOM
BBEOEHUN KPbICaM He OKa3bIBatOT 3HAYMMOr0 BAMSHUS Ha AUHAMIKY MacChl Tefa 1 OCHOBHbIE reMaTosiorM4ecKme nokasaTen
Ha npoTsxxeHun 30 aHe. Takvum obpasoM, KT Ha ocHoBe coeavHeHvs AgInS, B 0605104Kke ZnS MOryT ObiTb MCTO/B30BaHDI
015 BUSyanm3aLmm TKaHel 1 opraHoB NMpy pasivyHbIX NaTonorMy4eckmnx npoLeccax, a BO3MOXXHOCTb MMMOOUIN3aUMN Ha X
NMOBEPXHOCTY JIEKAPCTBEHHBIX CPEACTB MO3BO/IMT PEKOMEHA0BATL VX K MPUMEHEHNIO 4151 TEPAHOCTUKN.
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Recently, a new approach to the development of pharmaceutical
compositions has been actively developed, consisting in
the simultaneous resolution of therapeutic and diagnostic
problems [1]. For this purpose, various fluorophores can be
used as diagnostic markers [2]. However, in world practice
only two fluorophore are allowed for clinical use, indocyanine
green and various combinations of fluorescein [3]. Besides,
fluorescent dyes have a significant disadvantage, the ability
to fade with time. A material in which there is no fading out
are colloidal quantum dots (QDs) [4]. Besides, many QDs have
toxic properties [5]. The main disadvantage of these systems
is the toxicity of the crystal core of the material when used in
biomedicine. Since in core-shell-like structures, the core is
often a compound containing a heavy metal, the shell does
not always cover the core or can be destroyed, which leads
to the release of heavy metal ions into the body. Also, it was
suggested that the toxicity of QDs can be correlated with the
physicochemical properties of the shell, the nature of surface
“ligands” (providing colloidal stability), the presence of other
surface modifications and interactions with various molecules
(e.g., proteins) present in biological environments [6-11].
Therefore, an important practical task is the development of
non-toxic QDs and the study of their biocompatibility. The
results of studies carried out in recent years decisively showed
that modifying the surface of QDs or using QDs of a certain
composition is accompanied by a significant increase in the
biocompatibility of these objects. For example, ZnS-CdSe QDs
conjugated with tripeptide arginine-glycine-aspartic acid (RGD)
in systemic administration in mice showed no toxic properties
in the histological study, and analysis of the tissue samples by
mass spectrometry did not reveal Cd?* ions [12]. In [13], a shell
of biocompatible copolymers based on 2-(2-methoxyethoxy)
ethyl methacrylate and oligo(ethylene glycol) methacrylate was
grown on the surface of ZnO QDs by surface-initiated radical
polymerization. Analysis of cytotoxicity to human colon cancer
cells HT29 has revealed that QDs with polymer coating showed
virtually no toxicity at concentrations up to 12.5 yg/mL, whereas
when loaded with doxorubicin, high cytotoxicity and decreased
viability of HT29 cells occur. In [14], nanocomposites based
on silver selenide QDs with an average size of 11.4-12.7 nm,
luminescing in the transparency region of biological tissues
(705 nm), were obtained and characterized in detail. The
absence of toxic properties of materials is achieved using
the stabilizing potential of the galactomannan, a natural
polysaccharide, as well as a simple, environmentally friendly
way of generating highly reactive selenide anions acting as a
selenium-containing agent. Carbon QDs and their combinations
with various nanoparticles (e.g., based on iron [15]) also are
non-toxic.

QDs that do not contain potentially toxic elements in their
composition are of specific interest. Such QDs include, in
particular, QDs based on the AgInS2 compound in the ZnS
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shell (ZAIS). In the present work, the physical properties,
biodistribution and biocompatibility of ZAIS QDs were studied.

METHODS
Synthesis of colloidal quantum dots

The study objective in this research were ZAIS colloidal
guantum dots. Chemical synthesis of QDs was carried out by
injection method in an aqueous medium. To achieve a balance
of the reactivity of indium and silver cations in the synthesis,
ligands such as L-glutathione and sodium citrate were used.
Precursors of silver nitrate, AgNO,, (0.005 mM) and indium
nitrate, IN(NO,),+4.5H,0, (0.02 mM) were placed and dissolved
in 5 mL of distilled water in a 10 mL flask. Subsequently,
0.01 mM of L-glutathione and 0.08 mM of sodium citrate (200 pL
of an aqueous solution) were added to this solution. The anion
precursor solution contains of 0.04 mM Na,S+9H,0 in 500 pL
of distilled water. The precursor solution of sulfur was injected
into the initial solution at room temperature, then it was heated
to 95 °C for 40 min by the flask heater. To create a shell consisting
of zinc sulfide, 0.02 mM of zinc nitrate (Zn(NO,),+6H,0) and
0.02 mM of sodium sulfide (Na,S-9H,0) were dissolved in
200 pL of distilled water. After cooling of the initial solution of the
nanocrystal cores to room temperature, a precursor solution of
zinc nitrate and sodium sulfide was simultaneously added into
it (drop by drop), then it was heated to 95 °C for 40 min. To
isolate the particles from the initial solution, isopropyl alcohol
was added followed by centrifugation.

Characterization of colloidal quantum dots

The size of the colloidal quantum dots was estimated by the
method of dynamic light scattering, which can also be used
to determine the profile of small particle size distribution
in suspensions, emulsions, micelles, polymers, proteins,
nanoparticles or colloids, by laser particle size analyzer SZ-100
(Horiba Jobin Yvon, Kyoto; Japan) with a range of nanoparticle
diameters measuring from 0.3 nm to 8 pm.

The optical absorption spectra of the samples were
measured by a spectrophotometer PE-5400UV (ECROSKHIM
Co., Ltd.; Russia), and the photoluminescence spectra were
obtained by a specially developed spectrofluorometer based
on the monochromator MDR-206 (Lomo Fotonika; Russia).

Estimation of QDs biodistribution

Fluorescent imaging of biological samples was carried
out on optical imaging system VIS Lumina LT Series llI
(PerkinElmer; U.S.A.). After preliminary studies of the absorption
and photoluminescence spectra, the filters were optimally
matched for ZAIS QDs. The excitation wavelength for these

Table 1. Groups of animals and concentrations of injectants for the study of QDs biocompatibility

Group designation Injectant Cpr)centration Dose of the active Time of the experiment, Number of animals
of injectant, M/L substance, ml days in the group

QDs-L(15) QDs 4.10° 1 15 5
QDs-M(15) QDs 2.+10° 1 15 5
QDs-S(15) QDs 2.107 1 15 5

Control NaCl - 1 30 5
QDs-L(30) QDs 4.10° 1 30 5
QDs-M(30) QDs 2.10° 1 30 5
QDs-S(30) QDs 2.107 1 30 5
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QDs was 535 nm + 20 nm, the emission wavelength was
655 nm + 20 nm.

Study of QDs biocompatibility

Biocompatibility assessment was carried out on SPF Wistar
male rats (Nursery of laboratory animals “Pushchino”). The
body weight of the animals was 235 + 10%. The tested QDs
were injected into the lateral tail vein for 3 min. The formation of
groups of animals and their brief characteristics are presented
in Table 1. To identify the QDs and their concentrations, the
following notations were introduced: the QDs concentration of
3.7 « 10° M/kg — L (large), 1.85 « 10° M/kg — M (medium),
1.85 « 107 M/kg — S (small). At 15 and 30 days after
intravenous administration of QDs, hematological parameters,
body mass dynamics were recorded in animals, and animal
death was also taken into account.

Hematologic studies

Hematologic studies were performed using the hematology
analyzer URIT-3000 Vet Plus (URIT Medical Electronic; China).
To assess the influence of QDs on the body, the following
hematologic parameters were studied: red blood cells
(RBC), mean corpuscular volume (MCV), white blood cells
(WBC), hemoglobin (HGB), mean corpuscular hemoglobin
concentration (MCHC), mean corpuscular hemoglobin
(MCH), mean platelet volume (MPV), hematocrit (HCT),
platelets (PLT).

30 —
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10 H

Number of particles (%)

4

Statistical analysis

Testing the hypothesis on the equality of average sample sizes
in several dependent samples was carried out by the methods
of the variance analysis for repeated measurements; the
values in the groups was analyzed by nonparametric statistical
methods using median (50" percentile) and interquartile range
(IQR; 25" to 75™ percentile). Testing the hypothesis on the
equality of average sample sizes in independent samples
was carried out using the Mann-Whitney test. Differences at
a significance level of p < 0.05 were considered statistically
significant. The calculations were performed using the software
GraphPad Prism 7.04 (GraphPad Software Inc.; U.S.A.).

RESULTS
Characteristics of the ZAIS QDs

Study of QDs by the dynamic light scattering method is shown
in Fig. 1. According to the study, the largest proportion of QDs
had an average radius of 3 to 4.5 nm.

Extinction and photoluminescence spectra of aqueous
dispersion of the ZAIS QDs are shown on Fig. 2. The QDs
dispersion showed an emission peak at 627 nm.

The photoluminescence spectrum is distinguished by a
noticeable asymmetry and a rather large half-width at half-
height. Together with a large Stokes shift, this indicates the
mechanism of photoluminescence due to defects, internal
and, possibly, surface [16-19]. In this case, the half-width of the

.I
5 6

Particle diameter (nm)

Fig. 1. Histogram of the diameter distribution of the ZAIS QDs obtained in the dynamic light scattering study
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Fig. 2. Absorption and photoluminescence spectra of ZAIS nanocrystals in distilled water
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spectrum can depend not only on the particle size distribution,
but also on the distribution and nature of the defects in
nanocrystals [20]. The absorption spectrum does not contain
pronounced inflection points or maxima, which is typical for
nanocrystals of triple metal chalcogenides [16, 21].

QDs biodistribution

Preliminary assessment of QDs biodistribution in ex vivo organs
was performed at 1 and 24 hours after intravenous QDs
administration at a dose of 4.10° M/L by an optical imaging
system VIS Lumina LT Series lll (PerkinElmer; U.S.A.) (Fig. 3).

In the study of biodistribution of ZAIS QDs, an accumulation
of nanoparticles in time was noted in such organs as liver,
kidneys, lungs and heart. The liver fluorescence intensity
at 24 hours after the QDs administration was significantly
higher than at 1 hour after administration, which indicates
the QDs accumulation in the liver during the first 24 hours
after administration, whereas significant differences in
fluorescence levels in other organs at 1 hour and 24 hours
was not noted.

Body weight of animals

The dynamics of body weight in animals of all experimental
groups is shown in Fig. 4.

Statistical analysis of the data showed no significant
differences in the body weight of animals in the experimental
groups compared with the control throughout the entire
experiment (p > 0.05).

Hematological parameters

Main hematological parameters, measured on days 15 and 30
after the QDs introduction, are shown in Fig. 5.
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Changes in hematological parameters of experimental
groups did not show a significant difference in comparison with
the control group (p > 0.05).

DISCUSSION

QDs are an excellent alternative to traditional organic fluorophores
because their size, surface chemistry, spectral properties
and stability can be easily adjusted to optimize in vivo/in vitro
imaging. The colloidal QDs, synthesized by the injection method
in an aqueous medium, were used for ex vivo imaging. At the
moment, QDs are being developed and used in biomedicine for
various purposes, such as drug delivery, diagnostic procedures,
tumor visualization [21-30]. It should be noted that the problems
of QDs biodistribution are currently being studied extensively, in
particular, according to the publications of foreign authors, their
use shows a positive result as cell markers for imaging tumors
of different tissues [31-36]. In this case, the main target organs,
in which QDs accumulate, are liver, kidneys and spleen [37-39],
as well as lungs [40], skin, gastrointestinal tract and bladder
[41], besides these QDs were found in lymph nodes [42]. Our
data suggest that ZAIS QDs have a significant tropism to the
liver, as evidenced by fluorescence intensity increase within 1
to 24 hours after intravenous administration. In addition, QDs
in the dose range from 2 « 107 to 4 « 10° M/L did not have
systemic toxicity, which is confirmed by the absence of significant
changes in body mass dynamics and significant differences in
hematological parameters, absence of animal death within 30
days after administration. Taking into account the fact that in
most cases the experimental samples of ZnS-Cd/Se QDs [43]
have pronounced systemic toxicity, which affects, in particular,
hematological parameters [44], it can be assumed that ZAIS QDs
after additional testing on animals can be used as fluorophores
in medical practice, and immobilization of the drugs on their
surface will allow to approach their application for theranostics.
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Fig. 3. Visualization of the intensity of fluorescent radiation in the rat organs at 1 hour (A) and 24 hours (B) after the ZAIS QDs administration
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Fig. 4. Animal body weight in the animals 15 days after QDs administration (A) and 30 days after QDs administration (B)
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Fig. 5. Results of the research of hematological parameters in the control and at 15 and 30 days after QDs intravenous administration at various doses
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CONCLUSIONS

Bioluminescence research of colloidal quantum dots obtained
by the injection method in the aqueous medium, demonstrated
them as stable agents that can be used in long-term studies.
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NANOPRTICLES OF METALS AND THEIR INORGANIC COMPOUNDS
OBTAINED THROUGH INTERPHASE AND REDOX-TRANSMETALATION
INTERACTION: APPLICATION IN MEDICINE AND PHARMACOLOGY

Vorobyova SA'™ Rzheussky SE?
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Synthesis of nanoparticles of metals and their compounds with given morphology and dispersity for use in medicine, pharmacology,
microelectronics, as well as subsequent research of their properties, is one of the current problems in the field of preparative
inorganic chemistry. Interphase synthesis and redox-transmetalation interaction are as promising as the traditional precipitation from
aqueous solutions, but not as researched. This study presents the results of a physicochemical analysis of nanoparticles of metals
and their compounds obtained through chemical precipitation from aqueous solutions, interphase and redox-transmetalation
interactions. Data describing the influence of phase composition and dispersity of copper and copper oxide (Il) nanoparticles on
their antimicrobial properties, as well as the results of researching the possibility to use magnetite magnetic fluids for mesenchymal
stem cells marking, illustrate the application options synthesized nanoparticles find in pharmacology and medicine.

Keywords: nanomedicine, pharmacology, nanometals, oxides, sulfides, magnetic fluids, stem cells, antimicrobial agents

Funding: experimental stages of the study were supported by the Belarusian Republican Foundation for Fundamental Research (grants X96-157, X04-073, X09-
025, X11MS-034).

Acknowledgments: the authors would like to thank N. P. Drazhina and E. A. Petrova for researching the marked mesenchymal stem cells, and fellows of the
Laboratory of Condensed Matter Chemistry at the Research Institute for Chemical Physical Problems of the Belarusian State University who participated in the
synthesis and research of nanoparticles of metals and their compounds.

<] Correspondence should be addressed: Svetlana A. Vorobyova
Leningradskaya 14, Minsk, Belarus, 220030; vorobyova@bsu.by

Received: 27.06.2018 Accepted: 28.07.2018
DOI: 10.24075/brsmu.2018.076

NMPUMEHEHNE B HAHOMEOULUWHE N ®APMAKOJ1IOI'MN HAHOYACTUL,
METAJIJTOB N UX HEOPTAHUYECKUX COEOUHEHUWA, MONTYYEHHbIX
ME>K®A3HbIM 1 KOHTAKTHbIM B3AUMOAENCTBUEM

C. A. Bopobbesa'™, C. 3. Pxxeycckuin?

" Hay4Ho-1ccnenoBatenbCKuin MHCTUTYT (USNKO-XMUHECKIMX Npobnem Benopycckoro rocyaapcTBeHHOro yHneepcuTeTa, MHek, Benapyce
2 Butebekmin rocydapcTBEHHbIN opaeHa [py»xObl HAPOA0B MeOVLIMHCKNIA YHBEepCUTET, Butebek, Benapych

OnHoM 13 aKTyasbHbIX NMPobeM COBPEMEHHOV MPenapaTvBHON HEOPraHNHECKOM XMW SBRSIKOTCS MOJyYeHVEe N UCCNefoBaH/e
HaHO4acTUL, METAIOB N NX COEOVHEHUN C 3adaHHbIMN MOPONOren 1 ANCNEPCHOCTLIO OIS NCMONB30BaHA B MEAULIMHE,
hapmakonornm, MMKPO3NEKTPOHVKe. Hapsaay ¢ TpaanUMOHHBIM OCaXKAEHVEM 13 BOOHbIX PACTBOPOB NEPCNEKTVIBHbI, HO MeHee
N3y4eHbl MexkdasHbIli CUHTE3 U KOHTAKTHOE BOCCTaHOBNeHWe. B paboTe npeacTaBneHsl pesynsraThbl (DUsNKO-XMMUHECKOrO
NCCNefoBaHNg HaHOYaCTUL, METAIIOB 1 X COEOMHEHWNIA, MOMYYEHHbIX XUMUHECKM OCKOEHNEM 13 BOOHbIX PaCcTBOPOB,
MeX(dasHbIM 1 KOHTaKTHbIM B3anmopencteremM. [ng vnnocTpaumm 1UCMONb30BaHMA CUHTE3MPOBAHHBIX HaHOYacTuL, B
hapmakonorum 1 MeguumMHe nprBeneHbl JaHHble MO BANSHWUIO (Pa30BOrO COCTaBa M OMCMEPCHOCTU HAaHOYacTuL, Meaun 1
okenpa Meau (Il) Ha 1x NPOTVMBOMUKPODBHbIE CBOWCTBA W Pe3ynTaTbl UCCIEA0BaHNS BO3MOXHOCTY MPUMEHEHWSI MarHETUTOBbIX
MarHUTHbIX XXUOKOCTEN AN MapKMPOBaHMA MESEHXNMATbHBIX CTBOSIOBbIX KIETOK.

KntoueBble cnosa: HaHOMeauLMHa, hapMakonorng, HaHOMETasbl, OKCUAbI, CyNbMUObl, MarHUTHbIE XNOKOCTW, CTBOMOBbIE
KIEeTKW, aHTI/lMVIKpOGHbIe cpencrtea

¢I/IHaHCMpOBaHI/Ie: BKCneprMeHTaslbHble UCCNeaoBaHnA NMpoOBOANNNCE MPY NOAAEPIXKE EEJ'IODVCCKOI'O peCﬂy6ﬂMKaHCKOI'O CbOH,D,a beH,D,aMeHTaJ'IbeIX l/lCCJ'Ie,D,OBaHVllZ
(rpaHTB X96-157, X04-073, X09-025, X11MC-034).

BnarogapHocTu: asTopbl Gnarofapat dpaxuHy H. I v Metposy E. A. 3a npoBefeHvie NccneaoBaHnii MapKUpOBaHHbIX ME3EHXMaIIbHbIX CTBOSIOBbIX KNETOK,
a TakxKe COTPYAHMKOB NabopaTopuy XuMUKM KOHAEHCUMPOoBaHHbIX cpen, HAW dursnko-xummdeckrx npobnem benrocyHuBepcuTeTa, NpUHUMAaBLLMX ydacTue B
CUHTE3€E 1 UCCNEeLOBaHWN HAHOPA3MEPHBIX METASIIOB U UX COEAVHEHWI.

><] Ons koppecnoHaeHuun: CeeTnaHa AnekcaHapoBHa Bopobbesa
yn. JleHnHrpagckas, 4. 14, r. MuHck, benapyce, 220030; vorobyova@bsu.by

Crartbsi nonyyeHa: 27.06.2018 CtaTtbsa npuHATa K neyartu: 28.07.2018

DOI: 10.24075/vrgmu.2018.076

The problem of synthesizing nanoparticles of metals and
their inorganic compounds with defined morphology and
dispersity, which largely determine properties and quality of the
developed advanced materials, is interesting from the scientific
point of view and important from the standpoint of practicality.
Therefore, the search for the new and improvement of the

already known methods for obtaining nanoparticles of metals
and their compounds with required properties is a standing
scientific and technological challenge.

To obtain nanoscale metals and their inorganic compounds,
chemists often select the traditional and thoroughly researched
precipitation technique. However, interphase synthesis
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and redox-transmetalation interaction are as promising as
precipitation from aqueous solutions, but not as researched. We
applied the latter techniques to obtain hydro- and organosols
of some metals, oxides and salts.

Data describing the influence of phase composition and
dispersity of copper and copper oxide (Il) nanoparticles on their
antimicrobial properties, as well as the results of researching the
possibility to use magnetite magnetic fluids for mesenchymal
stem cells labeling, illustrate the application options synthesized
nanoparticles find in pharmacology and medicine. These data
and results are given below.

Interphase synthesis of nanoscale metals and their
inorganic compounds

Interphase synthesis allows obtaining nanoscale metals and
their compounds through interaction of reagents dissolved in
different phases of aqueous-organic media; as opposed to
reactions in microemulsions, the phases are not allowed to
mix. These reactions can take place in one of the phases or at
the interface between them; the conditions in each phase differ
from each other significantly, which allows obtaining inorganic
substances with properties different from those received when
such substances precipitate in homogeneous media, aqueous
solutions in particular [1-8].

The table below and reports [2-8] present the
physicochemical properties of the organo- and hydrosols of
metals and their compounds we obtained in the context of
our study.

Having analyzed the routine and the results of the interphase
synthesis, we found that state (sediment, fim, colloidal solution)
and localization (organic or aqueous phase, their interface) of
the reaction products depend on many factors (composition,
concentration and ratio of reagents, reaction temperature,
volumes of phases, interface area); therefore, it is currently
impossible to formulate the patterns of interphase synthesis
common to compounds of different classes.

At the same time, the data obtained highlight some
features of interphase synthesis. Firstly, it eliminates the
need for additional surfactants and stabilizing additives in the

MHEHWE | HAHOMEOVLINHA

composition of colloidal solutions obtained. In the context
of interphase synthesis, particles of the dispersed phase of
colloidal solutions appear simultaneously with surfactants (oleic
acid or sodium oleate) and stabilizing additives (quaternary
ammonium compounds); from this viewpoint, the process of
obtaining a colloidal solution through interphase interaction can
be called self-organizing, with the surfactant's concentration
sufficient to synthesize a colloidal solution achieved during the
synthesis process and not determined empirically, as is the
case for ferromagnetic fluids synthesis.

Secondly, interphase synthesis allows obtaining inorganic
substances under conditions that are significantly milder than
those seen in chemical precipitation of the same substances
from their aqueous solutions. As a result, a change in the
composition of a two-phase system — replacing aqueous
phase with alcohol phase, for example, and keeping all the other
parameters unaltered, — allows synthesizing nanoparticles
with different morphology and dispersity, a phenomenon we have
demonstrated using zinc oxide as the subject substance [5].

In addition, introduction of a polymeric substance into
one of the phases effects a virtually single-stage synthesis of
nanocomposites containing nanoscale particles formed directly
in the polymer matrix, which prevents their aggregation and,
consequently, allows having the obtained nanoparticles highly
dispersed.

Interphase synthesis also offers the opportunity to
synthesize Fe,0,/Au and Fe,0,/CdS bifunctional magnetic
nanoparticles that feature properties of both a magnetic core
(Fe,0,) and optically active shells (Au, CdS) [6-8]. Thus, we
managed to obtain the Fe,O,/Au "core-shell" nanocomposite
systems through reduction of the chloroauric acid in a two-
phase system with one phase being formed of a magnetite
colloidal solution [8].

Synthesis of bi- and trimetallic nanoparticles by redox-
transmetalation

We have also applied the redox-transmetalation process to
obtain bi- and trimetallic nanoparticles (including those with
"core-shell" structure); this method implies reduction of metal

Table. Results of investigation of nanoparticles of metals and their compounds obtained by interphase synthesis in a two-phase system (non-polar solvent / water)

Colloidal dispersity Reaction products localization phase Average particle size, nm UV-vis adioptlgnmmaxmum Reference
Organic, water or interface
Au (determined by synthesis conditions) 26 514 2
Ag Organic 10.0 440 3
Pd Organic 14 440 -
Ag/Pd Organic 2.1 430 -
Organic, water or interface _
Ag/Au (determined by synthesis conditions) 42 470
Cu Organic or wgter (det'elrmlned by 100 575 _
synthesis conditions)

CuO Organic 3.2 - 4
7n0 Organic or water (determined by Particle size and shape depend on _ 5

synthesis conditions) the conditions of the synthesis
Cds Organic 2.0 311 7
. Particle size and shape depend on _ _

cus Organic the conditions of the synthesis
. Particle size and shape depend on _ _

Zns Organic the conditions of the synthesis
Fe,0,/Au Organic 12.8 590 6

Fe,0,/CdS Organic 10.3 311
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salts with metal nanoparticles that form the core [9]. Compared
to the "core-shell" composite synthesis methods that involve
linkers, redox-transmetalation is relatively simple to apply in
the context of experiments and does not require the use of
expensive reagents for surface functionalization.

Making use of the redox-transmetalation method, we
have obtained and thoroughly researched bi- and trimetallic
nanoparticles with metallic copper and magnetic Fe and FeCo
nanoparticles as core (reducing agent). According to our
findings contact reduction of gold and silver compounds with
FeCo nanoparticles produces FeCoAu and FeCoAg magnetic
nanoparticles with a "core-shell" structure [10]. The precious
metal shells that form on the surface of the easily oxidized
magnetic nuclei prevent or reduce the degree of their oxidation;
in addition, it makes the resulting nanocomposites more
diverse in terms of directed functionalization, thus extending
their applicability to cover biomedicine, among other fields.

Effect of dispersity and phase composition on antimicrobial
properties of cupriferous antimicrobial agents

In the field of the new antimicrobial drugs, a promising trend is
enriching them with low-toxic metal nanoparticles that cause
no resistance response and offer pronounced bactericidal,
antiviral, fungicidal and immunomodulatory potency.

As a rule, when using nanometals as a pharmaceutical
substance, the designers seek to have the particles as
disperse as possible and neglect the costs of development and
technological adaptation of the superfine particles synthesis
methods, which can be considerably greater than the effect form
application of those particles. In this connection, we investigated
the effect phase composition has on the antimicrobial potency,
morphology and dispersity of metallic copper and copper (I)
oxide nanoparticles obtained through chemical precipitation
from aqueous solutions with polyethylene glycol [11].

The sample preparation technique and the results of the
study of antimicrobial potency and range of the nanoparticles
obtained were described in detail earlier [12]. Gram-negative
(Escherichia coli), gram-positive (Pseudomonas aeruginosa,
Staphylococcus aureus), spore-forming (Bacillus subtilis)
bacteria and microscopic fungi (Candida albicans) were used as
test cultures. The control treatments were ointments containing
chloramphenicol, chlorhexidine and the combination of choline
salicylate and cetalconium chloride.

The study revealed that copper nanoparticles can suppress
a wide range of gram-positive and gram-negative bacteria, but
their antimicrobial effect is less pronounced than that of ointment
containing chloramphenicol. At the same time, the antifungal
properties of copper nanoparticles are only marginally inferior
to those of drugs containing chlorhexidine, choline salicylate
and cetalconium chloride.

Having analyzed the dependence of antimicrobial
effect on size we learned that the antimicrobial potency of
copper nanoparticles, which vary in size from 14 to 37 nm,
grows linearly as the size decreases to 14 nm. The findings
describe copper-containing suspension the concentration of
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APPLICATION OF NANOSCALE POLYMER COLLOID CARRIERS FOR
TARGETED DELIVERY OF THE BRAIN-DERIVED NEUROTROPHIC FACTOR
THROUGH THE BLOOD-BRAIN BARRIER IN EXPERIMENTAL PARKINSONISM

Kapitonova MYu', Alyautdin RN?=, Wan-Syazli RWAL?, Nor-Ashikin MNK?, Ahmad A3, Norita S®, Dydykin SS*
" Faculty of Medicine and Health Sciences, University Malaysia Sarawak (UNIMAS), Kota Samarahan, Sarawak, Malaysia
2 Department for Expertise of Medicinal Products safety, Scientific Centre for Expert Evaluation of Medicinal Products, Moscow

8 Faculty of Medicine, University Teknologi MARA, Sungai Buloh, Selangor, Malaysia
4 Department of Operative Surgery and Topographic Anatomy, Sechenov First Moscow State Medical University, Moscow

Parkinson disease is one of the common age-related motor neurodegenerative diseases, in which dopamine neurons
degeneration is considered to be pathognomic for the development of motor disfunction. Brain-derived neurotrophic factor
(BDNF) is a member of the neurotrophin family, which is considered to be a key regulator of neuronal plasticity. BDNF, being
a large molecule, does not pass through the blood-brain barrier (BBB). Synthetic polymer nanoparticles (NP), covered by
surfactant, provide the phenomenon of “Trojan hoarse” and enable BDNF to penetrate into the brain tissue. For modelling of
parkinsonism we used an intraperitoneal (i.p.) injection of neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) which
was injected to the C57BL/6 mice with subsequest treatment with normal saline (group 1), BDNF (group 2), nanoparticulate BDNF
(group 3) and surfactant-coated nanoparticulate BDNF (group 4). After 90 min, 24 hours, 72 hours and 7 days manifestations of
parkinsonism were evaluated using behavioural tests of open field, rota-rod, assessment of the tremor, length of the body and
pace. At the end of experiment the brain was sampled for histological evaluation of changes in the striatum and midbrain and
concentration of BDNF in the brain tissues. The results of the experiments demonstrated that nanoparticulate BDNF covered
with surfactant significanltly reduced rigidity of the skeletal muscles, oligokinesia and tremor, and also significantly increased
BDNF concentration in the brain tissues.

Keywords: brain-derived neurotrophic factor, parkinsonism, nanoparticles, blood-brain barrier, ELISA
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MPUMEHEHME NONIMMEPHbIX KONTNOUAHbLIX HOCUTENEN OJ1 TAPFTETHOW
AJOCTABKUN MO3IroBOIroc TPOPNHECKOIO ®AKTOPA HYEPE3 'EMATO-
SHUEDAJIMYECKNN BAPLEP NMPU 3KCMEPUMEHTAJIbHOM NAPKUHCOHU3ME

M. HO. KarnmntoHoga', P. H. AnsytaovH?™, P. B. A. J1. Ban LLasnn®, M. H. K. Hop-Awwukur®, A. Axvan?, C. Hoputa®, C. C. ObloplkuH*

T DakynbTeT MeAMLUMHDBI 1 3apaBooxpaHeHust, YHuBepcuteT Manainsum Capasak (FOHMAC), Kota-CamapaxaH, CapaBak, Manaiauvs

2 YHpaBner-ime OKCMNepTn3bI 6e3onacHocT JIleKapCTBEHHbIX CPeacTB, HaqubuZ LIEHTP 3KCNepTn3bl CPeAcTB MeavLMHCKOro NprMeHeH s, Mockea

3 MepmumHekuia hakyniteT, YHuBepcuteT TexHonorum MAPA, CyHrain byno, CenaHrop, Manaiauvst

4 Kabenpa onepatviBHOM XMpypriv 1 Tonorpaduyeckon aHatommmn, CedeHoBcKuiA [NepBbili MOCKOBCKMIA rOCYAapCTBEHHbI MEAMLIMHCKIMIA yHMBEpcuTeT, Mockea
BonesHb MapknHCOHa — OAHO 13 PacnpPOCTPaHEHHbIX BO3PACTHbIX MOTOPHbIX HEMpPOAEereHepaTnBHbIX 3abonesaHniA, npu
KOTOPOM [ereHepaumsa OMhaMUHEPTNHECKMX HENPOHOB CHUTAETCH MaTOrHOMOHUYHOM AN Pa3BUTUS MOTOPHOW OVCHYHKUMN.
Mosrosow Tpodhrnyeckumin haktop (BAH®D) cumnTaeTcs KntoHeBbIM PENYNSTOPOM HENPOHHOW MNaCTUHHOCTU W, SBASISICH KPYMHOWN
MOJSIEKYSION, HE MPOXOOUT Yepes reMaTo-3aHLedanmyeckmin 6apbep (MB). CUHTETUYECKNE NOMMEPHbIE HaHoYacTULb! (HY),
MOKPbITblE CypdakTaHTOM, 06eCneHnBarOT (PEHOMEH «TPOSIHCKOIO KOHS» 1 MO3BONAOT AOCTaeNATe BAH® B TKaHn ronoBHOro
Mogra. Llenbto paboTbl ObINo OUEHUTL HEMPONPOTEKTUBHOE AencTere BAH®, copbupoBaHHOro Ha nonunakTnaHbix HY, B
OBLLENPUHATON MOZENM MaPKNHCOHM3MA, BbI3BaHHOMO npumMeHeHem MOTTT. [Ons mogenmpoBaHns cuHapoMa MapKMHCOHM3Ma
MNCMONb30BaM HENPOTOKCUH 1-mMeTun-4-thennn-1,2,3,6-TetparmgponmpuanH (MPTI), KOTopbI BHYTRWUOPIOLLIMHHO BBOAMN
Mblwam nvHnm C57BL/6 ¢ nocnedyrolmmM BHYTPUBEHHBIM BBEAEHMEM (hmspacTBopa (1-a rpynna Mbiwen), pactsopa bAHD
(2-a rpynna), BOH®, copbupoBaHHoro Ha nonunaktTuaHeix HY (3-a rpynna), n 6AH®, copbrpoBaHHOMO Ha MOANAAKTUAHBLIX
HY, nokpbITbiX cypdakTaHToM (4-a rpynna). Yepead 90 MuH, 24 4, 72 4 1 7 CYyTOK OLEHMBaN NPOSIBEHNUST MapKMHCOHM3Ma
B MOBEOEHYECKNX TecTax OTKPbLITOrO MoJid, Ha poTa-pofe, Mo MHTEHCMBHOCTU TPEMOPa, U3MEHEHWNIO OJIMHbI Tena U Lwara
XKVBOTHbIX. [10 OKOHYaHWN 3KCMEPUMEHTa TONIOBHOW MO3I U3BMEKaIN 019 MMCTONOMMHYECKOW OLEHKN UBMEHEHWN B CTpUa-
nanuaapHoOM CUCTEME U CPEAHEM MO3re, a Takke O/1a onpefenieHns KoHueHTpaumm BOH® B TkaHax ronoBHOro Moara.
Peaynbtatbl nokasanu, 4to BOH®, copbupoBaHHbIM Ha nonMnakTuaHbIX HY, MOKpbITbIX CypdakTaHoM, CyLEeCTBEHHO
YMEHbLUAST PUMMOHOCTb CKENETHBIX MbILLLL, ONIMTOKNHESNIO U TPEMOP, a TakXKe LOCTOBEPHO MOBbILLIAN KOHLeHTpaumo BOHD
B TKaHSX rOJIOBHOrO MO3ra.
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The main trend of modern pharmacology is to increase
efficacy of the medications with decrease of their toxicity and
side effects. Analysis of modern literature revealed two main
ways to solve this problem: firstly, to increase selective action
of the drugs, and secondly, to provide higher concentration
of the medications at the targeted structures, particularly in
the central nervous system (CNS) at the expense of directed
transport of the drugs using specific carriers [1, 2]. Trying to
implement the first direction, we are facing certain limitations,
such as presence of the targets with equal sensitivity in different
structures of the body which makes the desired selectivity
not feasible; persuing the second direction, we come across
another limitation, such as toxicity of the carriers for the
distant delivery of the drugs, while high selectivity becomes a
considerable advantage in this case. Besides, certain potentially
important medications were recently identified, such as tumor
necrosis factor, which requires both distant and selective
delivery to the target organs. Presence of the BBB is an
essential obstacle for penetration of many medications into the
brain. Tight junctions between the endothelial cells of the brain
capillaries interfere with penetration of many high molecular
weight and hydrophilic substances into the brain tissues, while
presence of the P-glycoprotein hampers penetration of certain
lipophilic molecules into the brain [3, 4]. Thus, presence of the
BBB is a major limitation for the medicinal correction of the
neurodegenerative diseases, tumors and other pathologies of
the CNS.

Many peptides and proteins are known as regulators
of different functions of the CNS neurons and therefore
may potentially be used for treatment of different conditions
accompanied by neurodegeneration [5, 6]. Important limitation
for clinical application of the peptide medications is their low
capacity in penetration through the BBB and their liability to
enzymatic inactivation. Polymer colloid systems are capable of
providing transport of the medications, including proteins and
peptides, into the brain [7].

For modelling of parkinsonism MPTP is a common
compound which penetrates through the BBB and forms a
metabolite in the brain which blocks thyrosine-hydroxylase,
which finally results in deficiency of dopamine in substantia
nigra [8]. In our research for the purpose of assessment of
BDNF delivery and achievement of the neuroprotective effect in
modelled parkinsonism we applied biodegradable surfactant-
coated polylactate NP.

The objective of this study is to evaluate neuroprotective
effect of nanoparticulate BDNF sorbed on to the polylactic NP
in the established model of parkinsonism caused by MPTP.

METHODS

Experiments were conducted using the C57BL/6 male mice
weighing 20-25 g (Animal house “LACU”, Institute of the
Medical Molecular Biotechnology (IMMB), Universiti Teknologi
MARA, Selangor; Malaysia). All animals were given one week
to adjust to the laboratory conditions before the experiment
started. Each mouse was used only once in the experiment.
The animals were having free access to food and water,
kept in the temperature of 20-22 °C and humidity 50-60%,
with a 12/12 dark/light cycle in the standard steel cages
with 4 mice per cage. To minimise circadian fluctuations and
avoid chronopharmacological effects, all experiments were
conducted starting from 9 o’clock in the morning. Each
experimental group contained 6-8 animals.

Parkinsonism was modelled using neurotoxin MPTP injected
i. p. [9]. Evaluation of the major extrapyramidal changes were

conducted starting from the of MPTP injection continuously
for 45 min as described below; thereafter the animals were
divided into 4 groups and got an injection into the lateral tail
vein of 0.2 ml of one of the medications: 1%t group — normal saline,
2 group — BDNF, 3 group — nanoparticulate BDNF, 4"
group — surfactant-coated (poloxamer 188) nanoparticulate
BDNF. All behavioural tests and observations were conducted
90 min, 24 hours, 72 hours and 7 days after injection of neurotoxin.

After the last test was completed on the 8" day of
experiment, all the animals were euthanized by decapitation.
Brain was sampled, with the right hemisphere fixed in the
10% formalin for subsequent histological examination, while
the left hemisphere was frozen by liquid nitrogen in —70°
with subsequent determination of level of BDNF in the brain
using ELISA.

Chemicals

For parkinsonism modelling we used officinal normal saline
(0.9% sodium chloride) (Sigma Aldrich; USA); 1-Methyl-4-
phenyl-1,2,3,6-tetra hydropyridine hydrochloride powder
(Sigma-Aldrich; USA).

For treatment of parkinsonism the following chemicals were
used: officinal normal saline (0.9% sodium chloride) (Sigma-
Aldrich; USA); 10% solution of poloxamer 188 (Sigma-Aldrich;
USA), recombinant human BDNF (Raybiotech; USA); polylactic
NP of medium diameter 200 nm (Degradex TM PLGA (MW
45-75 KD) nanospheres) (Phosphorex, Inc.; USA).

For ELISA we used a set of chemicals for ELISA of BDNF in
mice and rats (Total BDNF Immunoassay; Quantikine®ELISA,
Catalog Number DBNTO00) (R&D Systems, Inc; USA),
phosphate buffer (Sigma-Aldrich; USA) and lysis buffer 17
(catalog #895943; R&D system, Abingdon; UK,).

Modelling of parkinsonism

Solution of MPTP was injected i.p. to all animals in a dose of
30 mg/kg.

Preparation of nanoparticulate BDNF

Lyophilized powder of BDNF (50 mkg) was dissolved in 1 ml of
normal saline. Solution of BDNF was added to the suspension
of NP (40 mg in 1 ml of normal saline) and incubated at low
temperature (0-4 °C) for 3 hours with subsequent sonification
in the ultrasound disintegrator for 15 min at the power 60 w and
stirred by magnetic stirrer at the speed of 300 RPM for 3 hours.

Preparation of the suspension of NP

Lyophilised powder (40 mg) of NP, containing 23.53 mg
of polymer, was dispersed in 1 ml of the normal saline until
a homogeneous suspension of the lacteous white color
is obtained. Sonification was conducted in the ultrasound
disintegrator for 15 min with power of 60 w with subsequent
stirring by magnetic stirrer at the speed of 300 RPM for 3 hours.

Preparation of the suspension of NP with BDNF
and surfactant

Suspension of nanoparticulate BDNF was added to 0.2 ml
of 10% poloxamer 188 with subsequest stirring by magnetic
stirrer. The final 2 ml of preparation contained 1.18% suspension
of NP covered by poloxamer and 50 mcg of BDNF (5 mcg of
BDNF per 0.2 ml of the preparation). In this case we used only
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0.9 ml of normal saline to dissolve NP and BDNF to maintain
total volume of 2 ml of the preparation.

Total of 0.2 ml of normal saline or pure BDNF or
nanoparticulate BDNF or nanoparticulate BDNF with poloxamer
were injected intravenously (i.v.) to the animals of the 1¢, 2nd, 3d
and 4" groups respectively into the lateral tail vein 45 min after
the injection of the MPTP.

Efficacy of the preparations was evaluated by its capacity
to attenuate the main manifestations of parkinsonism caused
by MPTP (oligokinesia, rigidity and tremor). We also considered
presence and intensity of such symptoms as salivation,
piloerection, retropulsion and respiratory failure.

Methods for evaluation of rigidity

For quantitative evaluation of rigidity we used a symptom of
humpback, the extent of which depends on muscular rigidity
and may be measured by the shortening of the distance from
the tail to the base of the tail. Body length was measured from
interauricular line to the base of the tail using videoimages in
the open field test. Paws of the animal were marked with a
special dye using two different colors for front and rear limbs.
Pace was measured between the footprints left by the moving
animals on the tape. Rota-rod test was conducted in the Rota-
Rod ENV-576 (Med Associates; USA) in accelerated mode N5
(2—20 RPM).

Evaluation of tremor

Tremor was assessed by its intensity in grades and by
the number of animals with tremor per group. Based on
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localization and range, tremor was evaluated as grade 0 —no
tremor, grade 1 — low range local tremor of the head, front
paws and tail, grade 2 — local middle range tremor, grade 3 —
generalized low or middle range tremor of the whole body [10].

Open field test

Parkinsonism induced by neurotoxin causes changes not
only of quantity of locomotor activity, but of its quality as well.
The term “oligokinesia” refers to reduction of the volume of
movements and change of their qualitative features. Open field
is a white tetragonal arena with white borders 50 cm high. Its
space is divided into 64 equal quadrates 10 x 10 cm each.
After each testing the bottom of the arena was wiped with a
humid sponge.

For testing in the open field, the animal was placed into
the center of arena for 3 minutes immediately after MPTP
injection and then 90 min, 24 hours, 72 hours and 7 days after
neurotoxin injection. For assessment of the horizontal activity,
one crossed quadrate was taken as a unit of distance. Vertical
activity included rearing of the animal with the front paws
hanging or leaning against the borders of the arena. Both types
of locomotor activity were considered as rearing.

ELISA

The following equipment was used for ELISA: microplate
reader Victor™ X to measure absorbance at 450 nm (Perkin
Elmer; USA), tissue homogenizer Omni-Ruptor 4000 (OMNI
International Inc.; US), horizontal orbital shaker with speed of
500+/-50 rpm (VISION Scientific Co. Ltd; Korea).

&t

&t

72 h 7 days

Fig. 1. Open field test results in experimental and control mice with modelled parkinsonism (m + SEM). * — p < 0.05 compared to the 1<t group, ** — p < 0.01 compared
to the 1t group, & — p < 0.05 compared to the 2" group, && — p < 0.01 compared to the 2™ group, # — p < 0.05 compared to the 39 group, ## — p < 0.01 compared

to the 3 group
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Left hemisphere of the brain was rinsed with phosphate  then removed by centrifugation at 10,000 g, 4 °C, aliquoted and
buffer and homogenized with a tissue homogenizer in 500 pl  stored at —80 °C before analysis. BDNF level was assesses using
of PBS. An equal volume of lysis buffer 17 (R&D Systems,  ELISA kit (Total BDNF Immunoassay; Quantikine®ELISA) (R&D
Abingdon, UK) was added and tissues were lysed at room  Systems, Inc.; USA) according to the manufacturer protocol
temperature for 30 minutes with gentle agitation. Debris was ~ using microplate reader Victor™ X (Perkin Elmer; USA) with

80

&t 8t

90 min 24 h 72 h 7 days

I — ¢ group (body length)
I — ¢ group (pace)
[ — 2 group (body length)
I — 2 group (pace)
[ —3group (body length)
[N — 3 group (pace)
— 4" group (body length)
[ — 4" group (pace)
Fig. 2. Body length and pace in the experimental and control mice with modelled parkinsonism, mm (m + SEM). * — p < 0.05 compared to the 1% group, ** — p < 0.01

compared to the 1%t group, & — p < 0.05 compared to the 2" group, && — p < 0.01 compared to the 2" group, # — p < 0.05 compared to the 3 group, ## — p < 0.01
compared to the 3 group
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I — 1< group (tremor)
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I — 3" group (rota-rod)
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Fig. 3. Tremor and duration of rotation in rota-rod (sec) in experimental and control mice with modelled parkinsonism (m + SEM). * — p < 0.05 compared to the 1=t
group, " —p < 0.01 compared to the 1%t group, & — p < 0.05 compared to the 2™ group, && — p < 0.01 compared to the 2" group, # — p < 0.05 compared to the 3
group, ## —p < 0.01 compared to the 3 group

110 | BECTHIK PIMY |6, 2018 | VESTNIKRGMU.RU



ORIGINAL RESEARCH | NANOMEDICINE

Table 1. Concentration of BDNF in the brain tissue of mice with modelled parkinsonism after treatment with normal saline and BDNF preparations, pg/mg (m+/-SE)

1%t group 2" group

3 group 4™ group

163.91 £ 10.17 184.03 +2.28

194.51 = 1.14%## 204.46 + 3.71"##&

Note: * — p < 0.05 compared to normal saline; ™ — p < 0.01 compared to normal saline; ## — p < 0.01 compared to BDNF; & — p < 0.05 compared to

nanoparticulate BDNF.

450 nm wavelength. The optical density reading of sample
at 450 nm wavelength was subtracted with 570 nm wavelength
to avoid imperfection plate. The results of the ELISA as
expressed as pg/mg of total protein.

Statistics

The data obtained were processed statistically using Excel
software with calculation of the mean, standard deviation, mean
error, Student’s t-test. Difference were considered significant if
p < 0.05.

RESULTS

As early as 2 minutes past i.p. injection of MPTP the animals
of all four groups developed symptoms of parkinsonism: at first
generalized tremor, low or middle range, then within the next
3-5 min — retropulsion and piloerection. Piloerection was so
prominent, that in many mice white skin was visible between
the hair of the black coat, which was especially pronounced
at the back of the neck. During next 15 min the symptoms
of skeletal muscles rigidity are dominating, namely staggering
gait, shortened pace, rotational movements, shortening
of the body with appearance of a typical humpback in the
thoraco-lumbar region of the vertebral column. After 1.5 hours
(45 minutes past injection of BDNF or saline) in mice of the 1¢
group tremor persisted, rearings were absent, while in groups
2 and 3 tremor was slightly reduced and single rearings might
be observed, and in the 4" group tremor aimost disappeared and
rearings became much more frequent. Animals of the 4" group
showed ability to restore the pace and rota-rod rotation, as well
as to increase the distance walked in the open field. In animals
of the 15-3" groups rota-rod test results and the pace almost
did not change, while distance walked and body length did not
change only in the 15t and 2™ groups, but demonstrated a trend
to increase in the 3™ group of mice. Statistical analysis showed
that only mice of the 4™ group revealed positive dynamics for
all the listed parameters compared to all other groups, while
in groups 1, 2 and 3 they did not differ significantly (Fig. 1-3).

After 24 and 72 hours since the start of the experiment the
trends observed after 90 minutes for distance walked, pace,
body length, rota-rod rotation and tremor, persist, though
with different level of significance (p < 0.05 — p < 0.01). After
7 days mice of the 3 and 4™ groups did not show any tremor,
while in the 15t and 2™ groups single twitching took place in
some animals, but there was no significant difference for this
parameter due to considerable variations between the species.
Body length continues to restore in all the groups, but the
difference between the groups is also not significant. Pace,
rota-rod performance, distance walked and rearing remained
significantly different in the 4" group compared to all other
groups.

As follows from the table 1, injection of BDNF insignificantly
(by 11%) increased concentration of BDNF in brain compared
to the normal saline (p > 0.05), while nanoparticulate BDNF
increased it significantly (o < 0.05) and surfactant-coated
nanoparticulate increased with higher significance (p < 0.01)
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compared to normal saline group. Concentration of BDNF
in the brain tissues in animals treated with nanoparticulate
BDNF and surfactant-coated nanopaticulate BDNF was
significantly higher (o < 0.01) than with pure BDNF. Animals
treated with nanoparticulate BDNF and nanoparticulate BDNF
with surfactant also showed significant difference in BDNF
concentration in the brain tissues (p < 0.05).

DISCUSSION

Our experiments demonstrated that i.v. injection of poloxamer-
coated nanoparticulate BDNF loaded onto PLGA NP
significantly increases concentration of neurotrophin in the
brain. As a result, BDNF delivered to the brain tissues provides
considerable alleviation of the symptoms of MPTP-induced
parkinsonism. . v. injection of pure BDNF did not show any
significant antiparkinsonic effect. Significant reduction of rigidity
and normalization of locomotor activity was detected only in
the group of mice with parkinsonism treated by nanoparticulate
BDNF with poloxamer. This effect was observed starting from
the 45 minutes after BDNF injection continuously for 7 days.
Similar effect on MPTP-related tremor was demonstrated in the
group of mice after application of nanoparticulate BDNF with
poloxamer. Observed trend of increased BDNF concentration
after i. v. injection of pure neurotrophin allows to assume the
presence of a transporting system in cells forming BBB. The
data obtained correlate with the results regarding directed
transport using colloid NP. Experiments with polybutirate NP
covered by polysorbate 80 demonstrated that nerve growth
factor (NGF) may be delivered into the brain. NGF was shown
to be able to reduce intensity of symptoms caused by MPTP
in mice [9, 10].

Currently activating effect of BDNF on regeneration of the
nerve tissue is under thorough investigation. Thus, Limongi
et al. demonstrated that incubation of the nerve tissue in
the medium containing BDNF will increase density of the
synaptic contacts and neuronal survival rate [11]. Besides,
BDNF increases release of acetylcholine and glutamate by
the synaptic structures of the central and peripheral nervous
system [12, 13]. These mediators form the key mechanisms
in functioning of the extrapyramidal system and development
of parkinsonism. As it was shown by Bhurtel et al.,, BDNF
stimulates dopaminergic neurons [14]. At the same time
direct injection of the BDNF into brain reduced the intensity of
symptoms of parkinsonism caused by injection of MPTP [15].

Thus we presume that BDNF delivered to the brain with the
aid of NP may decrease intensity of symptoms of parkinsonism
caused by MPTP due to direct stimulation of discharge of the
mediators and/or stimulation of the regeneratory capacity of
the dopaminergic neurons.

CONCLUSIONS

The results obtained demonstrated that poloxamer 188-coated
polylactic NP are capable of transporting of the BDNF through
the BBB, thus creating its concentration in the brain which is
able to cause significant neurotropic effect in the brain.
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EXPERIMENTAL STUDY OF DENDRIMER-BASED NANOPARTICLES WITH
RGD-PEPTIDE FOR ANTICANCER RADIONUCLIDE THERAPY

Stukalov YuV', Grigorieva EYu'™, Smirnova AV'3, Lipengolts AA'?, Kubasova IYu', Pozdniakova NV', Lukashina MI*

" Blokhin National Medical Research Center of Oncology, Moscow

2 Burnazyan Federal Medical Biophysical Center, Moscow

3 Loginov Moscow Clinical Scientific Center, Moscow

4 Dmitry Rogachev National Research Center of Pediatric Hematology, Oncology and Immunology, Moscow

Radionuclide therapy (RNT) is an effective modality for treating multiple metastases in patients with cancer. The list of malignancies
that can be managed with RNT expands with the arrival of novel tumoritropic radiopharmaceuticals (RP). A versatile delivery
platform capable of carrying various therapeutic and diagnostic radionuclides, as well as vector molecules needed to achieve
sufficient specificity to tumor cells and ensure therapeutic efficacy may hold great promise for radiation therapy. The aim of
this work was to assess the performance of a delivery system based on the original dendrimer. The dendrimer demonstrated
low toxicity in mice (LD, was 779 + 111 mg/kg). To study the specificity of the dendrimer to tumor cells and its therapeutic
efficacy, we used a nanoplatform (NP) composed of the dendrimer itself, the RGD peptide and ®¢Re ('*Re-NP). Lewis lung
carcinoma LLC1 was used as a tumor model. The biodistribution analysis revealed that the compound effectively accumulated
in the tumor demonstrating a tumor-to-normal ratio >1 (relative to healthy organs and tissues) and retention time of at least
6 hours. Injections of 185 MBqg/kg '®Re-NP caused a statistically significant inhibition of tumor growth (o < 0.05) by day 7
following the injection (T/C = 5%), which remained stable for 6 days. Our findings suggest that the proposed dendrimer is a
promising platform for RP delivery.

Keywords: dendrimer, RGD peptide, '®Re, radionuclide therapy, biodistribution, research in animals, transplanted tumor model
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PagnonyknnaHas Tepanus (PHT) aBnsetcs apdexTnBHbIM METOAOM NEHEHNA MHOXXECTBEHHBIX METACTA30B 3/10Ka4ECTBEHHbBIX
onyxonen. Paclumperre HOMEHKNaTypbl 3M10Ka4eCTBEHHbIX HOBOOOPA30BaHWM, A1 KOTOPbIX BOSMOXKHO MpuMeHeHne PHT,
MPOVNCXOAUT 3a CHYET CO3OaHVSA HOBbIX TyMOPOTPOMHbIX pafamodapmMaleBTnHeckunx npenapatos (POM). MepcnexkTnBHO
cospaHvie POl Ha OCHOBE YHMBEPCATBHOM TPAHCMOPTHOM MaTdOpMbl, KOTOpas MOXET ObITb MOANMDULIMPOBaHA PasHHbIMA
TEPANEBTVHECKMA 1 ONArHOCTUHECKMI PAAVOHYKIAAMM, & TakKe BEKTOPHbIMM MOMEKyIamMu 019 OCTVDKEHVA Tpebyemon
CneundUyHOCT K OMyXONsM U TepaneBTUHECKON ahdekTBHOCTU. Llenbto paboTbl ObINO OUEHUTH B Ka4eCTBE TakoW
TPaHCMOPTHOM MNaTOpPMbl KOHCTPYKLMIO Ha OCHOBE OPUIMMHANIBHOMO AeHapvMepa. VccnenosaHve Ha Mbllax MoKasano ero
HUBKYIO TOKCU4HOCTB (1., mocTurano 779 + 111 Mr/kr). TyMoOpOTPOMHOCTb U TEPaneBTUHECKYO 3(hEKTUBHOCTb AeHAPUMEpa
nccnenoBann Ha npumepe HaHokoHcTpykuun (HK) ns geHopumepa, RGD-nenTtuaa v pagnoHyknnga '%8Re ('®Re-HK). B
Ka4eCTBe OMyXONeBOM MOAENN UCMONb30BaN MbILLUMHYIO KapumuHomy ferkoro Jlstonca LLC1. daHHble GropacnpeneneHns
npepnoxeHHon HK nokasanm ee athhekTBHOE HaKOMIEHMEe B OMyXOnv C KO3PMULIMEHTOM AndhHEPEHUMATTBHOMO HAKOMIEHWS
6onee 1 MO OTHOLLEHMIO K OCHOBHBIM OpraHam M TKaHAM 1 BPEMEHEM YOEpXKaHWS B OMyxOnv He MeHee 6 4. BeepeHwve
88Re-HK B no3e 185 MBK/KI MbilLiaM C MOAKOXHO TPaHCMIaHTUPOBAHHOM OMyXOJbIO CTaTUCTUYECKN AOCTOBEPHO (0 < 0,05)
CMoCco6CTBOBAIO TOPMOXKEHNIO POCTa OMyX0/n K 7-M cyTkam nocne BeefeHns 0o T/C = 5%, coxpaHaiolemMycs B TeHeHne
6 cytok. [NpoBedeHHble MCCnenoBaHVa Mokasany MepCneKTUBHOCTb UCCAEAOBAHHOMO AEHAPUMEPa Kak TPaHCMOPTHOW
nnatopmbl ang PHT.

KntoueBble cnosa: feHopumep, RGD-nentua, '®Re, pagnoHyknnoHas Tepanus, buopacnpeneneHie, ccnegoBaHie Ha
YKUBOTHbIX, MEPEBWUBHbBIE OMYXONEBbIE MOOENN
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The use of drugs that can effectively and selectively accumulate
in malignant tissue is a key to the success of radionuclide,
neutron capture and photon activation therapies [1]. Recently,
there has been a burgeoning interest in dendrimers [2-6], the
spherical molecules sized 2-10 nm that have a large number
of functional groups in their outer shell and, therefore, can be
conjugated to a wide range of different molecules. This facilitates
creation of targeted drug delivery platforms by attaching a
tumor-specific agent and a tumoricidal or a diagnostic agent
to the dendrimer. Previously, we demonstrated the feasibility
and promise of this approach for the therapy and diagnosis of
cancer [7-8]. Such platforms can exploit the affinity of cancer
cell receptors to a number of low molecular weight compounds.
For example, dendrimers functionalized with -estradiol have
been shown to effectively accumulate in transplanted breast
adenocarcinoma cells (Ca755) [9]. In the study below, the role
of a target-specific component of a tested dendrimer-based
platform was played by the RGD-peptide capable of biding to
the integrins present on the surface of cancer cells [10-17].

This work aimed to investigate the feasibility of using the
original dendrimer-based nanoplatform in radiation therapy and
cancer diagnostics in a series of in vivo experiments.

METHODS

The original nanoplatform (NP) consisted of a first-generation
dendrimer covalently conjugated to safranin, which binds
sodium perrhenate, and a tumor-specific RGD peptide. The
dendrimer itself was previously described in [7]. Fig. 1 shows
the NP; its structure was confirmed by nuclear magnetic
resonance spectroscopy.

The radionuclide '®®Re with a half-life of 17 hours was
used as a therapeutic agent. Its decay is accompanied by the
emission of B-radiation with energies of 2.12 MeV producing
the tumoricidal effect and y-radiation with energies of 1565 keV
(15.2%) detectable by a y-camera that records distribution
of a radiopharmaceutical agent in a patient’s body 18-23].
The GREN-1 ™\W/'8Re generator (Leipunsky Institute of
Physics and Power Engineering, Russia) used in this study
was generating '®®Re over the course of 4-6 months [24];
therefore, the studied compounds could be labeled with ®8Re
immediately before use.

Radiolabeling was performed by combining the studied NP
and '"®Re sodium perrhenate eluted from the generator. The
amount of 'RE-NP in the working solution was calculated
based on the molarity of the introduced '®Re (1 MBq '®®Re —
0.00015 nM). To make sure every ¥Re was bound, NP were
taken at 100-fold excess. The isotope was added to the studied
compounds ex tempore. Nuclear magnetic resonance spectra
were recorded by the WH-360 spectrometer (Bruker; Germany)
operating at 360 MHz. Thin-layer chromatography was
performed using Si 60-coated plates (particle size of 5-17 pm)
(Fluka; USA). Chromatograms were developed in iodine vapor.

Due to the high costs of the RGD peptide, acute toxicity
of RE-NP was inferred from the toxicity of the unmodified
dendrimer measured in healthy male Balb/c mice weighing 19-21 g.
(Stolbovaya nursery of the Research Center for Biomedical
Technologies, Russia). The experiments were conducted in
full compliance with ethical principles and guidelines for animal
research [25].

The animals were kept in the conventional vivarium under
natural light conditions. For the experiment, the mice were
distributed into 10 groups of 6. Each group consisted of
animals of the same age. The dendrimer was dissolved in 0.9%
NaCl solution containing 10% of DMSO. The animals received

a single intraperitoneal injection of 0.2 ml of the dendrimer
solution. In total, ten different dendrimer doses were tested
for toxicity: 62.5 mg/kg; 125 mg/kg; 187.5 mg/kg; 250 mg/kg;
375 mg/kg; 500 mg/kg; 750 mg/kg; 1,000 mg/kg; 1,250 mg/kg;
and 1,500 mg/kg. The general health of mice and their
behavior were monitored for 30 days following the injection. All
changes were recorded on a daily basis. The animals who did
not survive the experiment were necropsied and their internal
organs were examined. Thirty days after the injection, the rest
of the mice were euthanized by cervical dislocation. Acute
toxicity of the studied compound was assessed based on the
number of animals who died during the experiment, the day of
their death, clinical manifestations of the intoxication, changes
in behavior, and macroscopic examination of the organs and
tissues conducted post-mortem [26-28]. Toxic doses were
calculated in BioStat Pro 2008 5.0.1 (AnalystSoft; USA).
Biodistribution of the synthesized '®RE-NP was compared to
that of '®Re sodium perrhenate in animals with subcutaneously
transplanted LLC1 cells from the collection of cancer cell lines of
Blokhin National Medical Research Center of Oncology, Russia.
The choice of the cell line was dictated by the fact that the av33
receptor, which is an RGD-binding integrin, has been reported
to homogenously distribute in the LLC1 tumor [29]. Male
C57BI/6 mice weighing 19-21 g were divided into groups of 6.
The suspension of cancer cells (4, 000, 000 cells per animal)
was transplanted subcutaneously in the right thigh of each
mouse. On day 10 following the inoculation, the mice received
0.2 ml of ®RE-NP (1.85 MBq per mouse, or 92.5 MBag/kg)
injected intravenously. The mice were decapitated 1, 3, 6, 9,
13, and 24 h after the "®8RE-NP injection. Tissue and arterial
blood samples were collected during autopsy. Radioactivity of
the injected doses was determined using the dose calibrator
ISOMED 2010 (MED Nuklear-Medizintechnik Dresden GmbH;
Germany). Distribution of RE-NP in the biological tissue of
mice was studied by direct radiometric measurements. The
emitted radiation was measured by WIZARD 2480 scintillation

H,C \ N
H
HO NH o 0
H H H o
HN N N
Y \/\/\’( Nl
NH o
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Fig. 1. The nanoplatform based on the dendrimer conjugated to the RGD peptide
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gamma-counter (Perkin Elmer; USA). "RE-NP accumulation
was evaluated based on the amount of '®Re in 1 g of the
tissue/organ relative to its injected amount.

The therapeutic efficacy of '®RE-NP was tested in male
C57BI/6 mice weighing 20-22 g. The mice were distributed into
groups of 8. Two days after the subcutaneous transplantation of
the LLC1 cells, the mice received single 0.2 ml doses of '®®Re
sodium perrhenate and "®8RE-NP in 0.9% NaCl solution. The
following '®Re doses were studied for their therapeutic effect:
15 MBg/kg, 92.5 MBa/kg, and 185 MBg/kg (0.3 MBg, 1.85 MBq,
and 3.7 MBq per animal, respectively). The control group
received 0.2 ml of 0.9% NaCl solution. The size and volume
of tumors were measured on a daily basis throughout the
experiment. The T/C value (a standard indicator of a tumoricidal
effect) was calculated for the control and experimental groups
using the equation [30]:

T/C = 100 ° Vexpe/ Vcomr’

ORIGINAL RESEARCH | NANOMEDICINE

where Vexper is an average tumor volume in the experimental
group and V__ is an average tumor volume in the control
group.

The data were analyzed in OriginPro 8.0 (OriginLab; USA)
and Excel 2003 (Microsoft; USA). Statistical significance of the
obtained results was tested using the nonparametric Mann-
Whitney U test; differences were considered significant at
p < 0.05.

RESULTS

The acute toxicity of the studied compound was assessed
based on the number of animals who did not survive the
experiment and the day of their death following the dendrimer
injection. We found that the lowest lethal dose of the dendrimer
was 500 mg/kg; it killed 2 of 6 animals. Four of six mice died
at a dose of 1,000 mg/kg. A dose of 1,500 mg/kg was lethal

Table 1. Dynamics of '"®Re-NP and '®Re accumulation in the organs and tissues of mice with subcutaneously transplanted LLC1 cells (expressed as % from the

injected amount per 1 g of the organ/tissue)

Time (h)

15

20

Time elapsed from the injection
Tissue/organ Compound T ah oh on o oan
%Re-NP 14.90 + 0.20 10.40 + 0.51 7.76 +0.25 442 +0.24 2.31+0.20 1.32 £0.12
Blood R 15.04 £ 0.12 9.40 + 0.80 7.36 +0.20 5.00 +0.34 2.64 +0.48 0.94 +0.24
e
p>0.2 p>0.2 p>0.1 p>0.1 p>0.2 p>0.1
%Re-NP 5.22 +0.36 4.09+0.13 3.69 +0.23 3.06 + 0.25 1.02 £ 0.07 0.07 + 0.01
Liver - 5.44 +0.29 4.66 + 0.42 3.53+0.18 1.98 + 0.51 1.36 + 0.24 0.15 + 0.05
e
p>0.2 p>0.2 p>0.2 p>0.1 p>0.1 p>0.1
®Re-NP 7.27 £ 0.42 5.04 +0.21 4.47 +0.29 3.32+0.35 1.84 +£0.19 0.35 +0.07
Kidneys - 7.34 £ 0.46 5.35 + 0.56 3.67 +0.35 2.08 + 0.41 1.44 £ 0.25 0.35 +0.07
e
p>0.8 p>0.5 p>0.1 p>0.1 p>0.1 p>0.6
%5Re-NP 10.01 + 0.50 7.46 + 0.31 5.68 +0.16 4.61+0.32 2.75+0.23 0.34 + 0.06
Lungs - 10.09 + 0.50 7.79 £ 0.52 5.52 + 0.26 3.31 £ 0.38 1.99 + 0.33 0.30 + 0.05
e
p>0.5 p>0.2 p>0.3 p>0.1 p>0.1 p>0.2
8Re-NP 9.77 £1.17 7.66 + 0.43 4.74 £ 0.35 4.15+0.30 2.16 + 0.06 0.29 + 0.05
Spleen . 9.52 + 0.40 6.90 + 0.37 4.72 £ 0.47 3.01 +0.20 1.95 + 0.33 0.31 £ 0.11
e
p>0.8 p>0.1 p>0.8 p>0.1 p>0.2 p>0.8
%Re-NP 5.61 +5.61 3.77 +3.77 3.14+3.14 2.13+2.13 1.45 £1.45 0.44 +0.44
Femoral bone 188 5.02 + 0.29 3.98 + 0.38 2.77 £ 0.21 1.58 + 0.06 1.11 £ 0.09 0.44 + 0.05
e
p>0.1 p>0.5 p>0.1 p>0.1 p>0.1 p>0.8
8Re-NP 8.16 + 0.26 8.20 £ 0.14 8.24 + 0.06 6.54 + 0.35 3.15+0.35 1.17 £ 0.07
Tumor . 6.06 + 0.17 3.82 +0.26 2.32 £ 0.42 1.90 £+ 0.16 1.14 £ 0.09 0.66 + 0.07
e
p<0.03 p<0.01 p<0.01 p<0.01 p<0.05 p<0.05
o 15 4
g —&— '®Re-NS
-8 PN 1BBRe
o}
a
.
c
=]
o
IS
©
°
L
9]
@
g
)
ES
Y—
o
c\o 1

Fig. 2. Dynamics of '®Re-NP and '®Re accumulation (% of the injected amount per 1 g of tissue) in the subcutaneously transplanted LLC1male in male C57BI/6 mice
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for the entire group. Lethal dendrimer doses caused transient
motor excitation for the first 30 min that subsequently turned
into sopor. The mice died within 144 hours after the injection
depending on the dose of the dendrimer. A transient loss of
weight (5-8%) and increased motor activity were observed in
the surviving mice during the first 5 days following the injection.
Necropsy revealed no visible signs of pathology in the heart,
kidneys, spleen, and lungs of the animals; no visible pathology
or hyperthermia were observed in the peritoneum; the liver was
enlarged and its edges were blunt. The sublethal doses of the
dendrimer did not induce any visible changes in the behavior or
general health of mice: no ataxia or local paresis were observed.
The mice were gaining weight at the rate of the control group.
Their skin condition was normal. No macroscopic changes
were noticed in the internal organs during autopsy. Based on
the number of dead animals in each of 10 experimental groups,
toxic dendrimer doses were calculated for mice: LD, = 270 =+
92 mg/kg; LD, = 382 + 94 mg/kg; LD, = 779 = 111 mg/kg;
LD,, = 1177 = 196 mg/kg; LD, = 1289 + 260 mg/kg; LD, =
1376 + 367 mg/kg.

Table 1 compares the dynamics of RE-NP and "®Re-sodium
perrhenate accumulation over time in mice with subcutaneously
transplanted LLC1 carcinoma. The only significant difference
was revealed for drug accumulation in the tumor, in contrast
to healthy tissue. The dynamics of 'Re-NP and '®®Re-sodium
perrhenate accumulation in LLC1 are presented in Fig. 2

Because "®Re-NP is intended for anticancer radiation therapy,
its tumor-to-normal uptake is an important pharmacokinetic
characteristic. Calculated tumor-to-normal ratio (T/N) values for
the most important organs are shown in Table 2. In the case
of '®Re-NP, the T/N value was > 1 for almost all organs and
tissues 3 h after the injection. This indicates more vigorous
clearance of the substance from healthy organs than from
the tumor. The rate of '®Re clearance from the tumor was
comparable to that measured for the liver and the femoral bone.

The therapeutic efficacy of '®Re-NP was being studied
for 30 days following tumor transplantation. A single injection

of the compound produced a marked tumoricidal effect
(o < 0.05) throughout the entire observation period only at
doses of 185 MBg/kg (Table 3, Fig. 3). Single doses of ®¢Re-
sodium perrhenate taken at 185 MBag/kg had no therapeutic
effect at all (Fig. 4). The T/C values for the studied '®®Re doses
are presented in Table 3.

The observed tumoricidal effect was dose-dependent. It
was significant at a '®Re-NP dose of 185 MBag/kg, weak at
92.5 MBag/kg, and insignificant at 15 MBg/kg. The minimal
effective therapeutic concentration of '#Re-NP was determined
based on the curves demonstrating the dynamics of tumor
growth.

DISCUSSION

This study shows that the toxicity of the proposed dendrimer
is comparable to the toxicity of its analogs from the same class
of compounds [31].

Our findings suggest that '®Re-NP taken up by the tumor
is retained there for up to 6 hours following the injection. During
this time period, the amount of ®Re-NP in the tumor remains
high, making 8.2% of the injected amount. This may indicate
the stability of the bonds between ®Re-NP and the tumor
tissue. The dynamics of '®Re sodium perrhenate accumulation
does not follow the same pattern. The maximum ratio of ®Re-NP
to '®Re sodium perrhenate uptake by the tumor was 3.55 + 0.660
6 hours after the injection.

The '®Re-NP dose of 185 MBg/kg at which the most
significant tumoricidal effect was observed in mice was
converted to a human dose equivalent of 15.42 MBag/kg. This
is lower than the standard doses of radiopharmaceutical agents
used in radiation therapy (44-47 MBa/kg) [32]. Consequently,
the effective radiation dose can be reduced if '®Re-NP is used
as a radiopharmaceutical agent. Another advantage of the
proposed platform is its low toxicity. The studied substance
was taken at 100-fold excess to ensure the complete
binding of '®Re; the concentration of NP at 185 MBg/kg was

Table 2. Comparison of tumor-to-normal uptake ratio of 'Re-NP and '®Re by the organs and tissues of experimental mice

Time elapsed from the injection
Tissue/organ Compound
1h 3h 6h 9h 12h 24 h
%5Re-NP 0.55 + 0.02 0.79 + 0.04 1.06 + 0.04 1.48 + 0.04 1.36 + 0.06 0.89 +0.11
Tumor/blood oRe 0.40 + 0.01 0.41 +0.06 0.32 + 0.07 0.38 + 0.05 0.45 +0.11 0.72+0.18
p>0.1 p<0.05 p < 0.004 p < 0.004 p < 0.004 p>0.1
18Re-NP 1.57 £ 0.14 2.01 +0.09 2.24+0.13 2.15+0.24 3.09 + 0.29 16.55 +2.7
Tumor/liver Re 1.11 £ 0.04 0.82 + 0.02 0.66 + 0.14 1.02 + 0.37 0.86 + 0.19 4.65+1.25
p<0.05 p < 0.004 p < 0.001 p < 0.004 p < 0.001 p < 0.001
85Re-NP 1.12 £ 0.07 1.63 + 0.04 1.85 +0.11 1.99 + 0.22 1.73 £ 0.30 3.42 +0.85
Tumor/kidneys oRe 0.83 +0.07 0.72 +0.08 0.63 + 0.09 0.95 +0.27 0.81 +0.19 1.91+0.15
p < 0.004 p < 0.004 p < 0.004 p < 0.004 p<0.05 p<0.05
185Re-NP 0.82 + 0.06 1.10 + 0.06 1.45 £ 0.05 1.43 £0.17 3.86 + 0.80 13.92 + 2.56
Tumor/lungs Re 0.60 + 0.04 0.49 + 0.05 0.42 + 0.09 0.58 + 0.10 0.59 +0.14 2.18 +0.17
p<0.05 p<0.004 p < 0.004 p < 0.004 p<0.02 p < 0.002
88Re-NP 0.84 £ 0.11 1.07 + 0.04 1.75+0.12 1.58 + 0.05 1.46 £ 0.12 4.09 +0.80
Tumor/spleen oRe 0.64 + 0.04 0.55 + 0.02 0.49 + 0.04 0.63 + 0.08 0.60 +0.14 2.26 + 0.64
p<0.05 p < 0.004 p < 0.004 p < 0.004 p < 0.004 p < 0.004
18Re-NP 1.46 £ 0.10 2.17 £ 0.01 2.64 +0.23 3.08 + 0.22 2.18 +0.32 2.67 +0.15
Tumor/femoral bone i 1.21 £0.10 0.97 £ 0.13 0.85 + 0.21 1.20+0.14 1.04 +0.14 1.51 £ 0.31
p<0.05 p < 0.004 p < 0.004 p < 0.004 p < 0.05 p < 0.004
Tumor "®®Re-NP/Tumor '®®Re 1.35 + 0.05 2.15+0.19 3.55 + 0.66 3.45 +0.32 2.76 + 0.51 1.79 £ 0.24
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Table 3. The therapeutic effect of the '®*Re-NP against the LLC1 carcinoma
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Time elapsed from the injection, days 7 days 14 days 18 days
The dose of '®Re, MBa/kg 15 92.5 185 15 92.5 185 15 92.5 185
T/C, % 100 4 5 74 55 13 87 75 20

Note: The table shows the results of therapeutic efficacy assessment on days 7, 14 and 18 after drug administration.

A
15 000 —a— Control
—e— ™Re-NP (15 MBa/kg)
—a— "®Re-NP (92.5 MBg/kg)
= —v— "®Re-NP (185 MBg/kg)
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04 v T T T T T T 1
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Time elapsed from the '®Re-NP injection (days)
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15000 A —a— Control
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‘€ 10000
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0 5 10 15 20 25 30

Time elapsed from the '®8Re-NP injection (days)

Fig. 3. The growth dynamics of the subcutaneously transplanted LLC1 tumor in C57BI/6 mice following a single injection of '®Re-NP taken at different '®Re doses (A)
and a single injection of "®Re sodium perrhenate and '®¢Re -NP ('**Re dose = 185 MBag/kg) (B)

4.05 « 10° mg/kg (or 2.16 « 10 mg/kg of the dendrimer),
which is lower than LD, by 5 orders of magnitude. Our findings
suggest that the proposed NP may hold promise as a potent
radiopharmaceutical.

CONCLUSIONS

This study demonstrates the feasibility of the proposed
dendrimer-based platform for targeted drug delivery of
tumoricidal agents. We have established the minimally
effective therapeutic dose of '®Re in the studied compound
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POLY(3-HYDROXYALKANOATE)-BASED DRUG FORMULATIONS:
THE MICRO- AND NANOSTRUCTURE
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Biodegradable and biocompatible polymers referred to as polyhydroxyalkanoates (PHASs) are extensively used in the production
of pharmaceutical drugs to ensure sustained release, targeted delivery, reduced toxicity, and increased stability of the drug
substance. Although the pharmaceutical industry ordinarily exploits chemically synthesized PHAs, bioengineered polymers are
also starting to enjoy growing interest. This article focuses on the research and development of drug formulations based on
natural PHAs that act as auxiliary substances for antibacterial, anti-inflammatory, anticancer, and hormonal medications, as
well as pain killers, and discusses the association between their properties and the micro/nano structure of the synthetic drug.
The problems associated with the poor performance of active components in traditional dosage forms can be overcome in
PHAs-based formulations.
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JNNEKAPCTBEHHbIE CUCTEMbI HA OCHOBE MOJ1N-3-OKCNAJIKAHOATOB:
MNKPO- N HAHOCTPYKTYPA
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Buopaznaraembie 1 6MOCOBMECTVIMbIE MOMMMEPbI, NonMokcnankaHoatsl (IMOA), akTVBHO MCMONL3YHOT AN U3rOTOBMEHS!
LLMPOKOIO CreKTpa NeKapCTBEeHHbIX (DOPM, MPUAAIOLLMX NIeKapCTBEHHbIM CPEACTBaM Takie CBOVICTBA, Kak MPOSIOHMPOBaHHOe
[eNCTBIE, HanpaBneHHast JOCTaBKa, CHUPKEHHasi TOKCUYHOCTb, YBEeNMYeHHast CTabuibHOCTb. B OCHOBHOM B MeOULIMHCKOW
MPOMBILLNEHHOCT McnonbaytoT MOA, NONyYeHHbIE XUMUHECKUM CUHTE30M, HO PacTeT WMHTePEeC K MCMOMb30BaHUO B
hapmaLeBTke npupoaHbix MOA, MonyyYeHHbIX GUOTEXHONOrMHYeckM MyTeM. B cTaTbe obcyxmatoTcst paspabotka U
1ccnefoBaHve PasHooBpasHbIX NTeKapCTBEHHbIX (DOPM, MOJyHeHHbIX Ha ocHoBe MpupomdHbiX MOA Kak BCroMoraTenbHbIX
BELLECTB ON1s aHTUbaKTepuasibHbIX, MPOTMBOBOCNANMTENbHBIX, MPOTUBOOMYXONEBbIX, 066360MBAIOLLMX, FOPMOHaTBHbBIX U
LPYrMX CPEACTB, U CBsi3b VX CBOMCTB C MUKPO- M HAHOCTPYKTYPON M3aenuii. JlekapCTBeHHble cUCTeMbl Ha ocHose MOA
MO3BOMSAT YCTPAHUTb HELOCTATKIN aKTUBHBIX AEVCTBYIOLLMX BELLECTB, CBA3AHHbLIX C OCOBEHHOCTAMMN X (DUBUKO-XUMUHECKIIX
XapaKTepUCTUK B TPAOAULIMOHHBIX NEKapCTBEHHBIX hopMaXx.
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The use of poly(3-hydroxyalkanoates) in the design of
pharmaceutical drugs

The use of micro- and nanoparticles (NP) derived from the
biodegradable polymers known as poly(hydroxyalkanoates)
(PHAs) holds great promise for the design of injectable
systems for sustained drug release. Immobilization of drug
substances (DS) in polymer matrices composed of micro-
or nanoparticles facilitates extended release of a drug and
helps to maintain its optimal concentrations in a target organ
or tissue for up to several months, ensuring the desired
pharmacological response. Maintaining constant therapeutic

yet nontoxic DS concentrations over a long period is one of
the ways to overcome the adverse effects typically associated
with conventional drugs, including increased toxicity, poor
stability, unsteady rates of release, and the inefficient use
of active ingredients in the manufacturing process. Polymer
drug delivery platforms enable drug release at a target site at
a predetermined rate, which is essential in treating chronic
diseases. At present, the following PHAs polymers are used both
in clinical practice and scientific research: a group of synthetic
polymers including poly(2-hydroxypropanoic) acid (polylactic
acid, PLA, or polylactide), poly(2-hydroxyacetic) acid also
known as polyglycolic acid (PGA) or polyglycolide, and poly(6-
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hydroxycaprolactone) (PCL); and a group of naturally occurring
polymers consisting of poly(3-hydroxybutyric) acid referred to
as poly(3-hydroxybutyrate) (PHB), poly(4-hydroxybutyric) acid
(P4HB), poly(3-hydroxyvaleric) acid (poly(3-hydroxyvalerate)),
poly(3-hydroxyhexanoate), poly(3-hydroxyoctanoate), their
copolymers, and polymers with a similar structure, such as
poly(p-dioxanone) (PDO). The diversity of currently available
PHA-based drugs is enormous; more are underway. PHAs
ensure targeted delivery, extended release, reduced toxicity,
and increased stability of a drug substance. Since 1981, PHA-
based medications have been permeating the pharmaceutical
market. Among them are poly(lactic-co-glycolic acid)-based
prolonged-release dosage forms of peptide hormones for the
treatment of prostate cancer (Zoladex, Lupron Depot, Trelstar,
Eligard), acromegaly (Sandostatin LAR, Somatuline), and
dwarfism (Nutropin depot); prolonged-release dosage forms of
antibiotics encapsulated in microparticles (Atridox, Arestin); a
prolonged-release antitumor medication against glioblastoma
multiforme produced in the form of an implantable membrane
(Gliadel); prolonged-release anti-inflasmatory agents encapsulated
in microparticles used for treating macular edema (Ozurdex);
prolonged-release DS to fight alcoholism and drug abuse (Vivitrol);
prolonged-release atypic antipsychotic DS encapsulated
in microparticles for patients with schizophrenia (Risperdal
Consta), and many others [1].

All PHAs possess a unique combination of properties
paving the way for their application in clinical practice. PHA
polymers are biodegradable: they decompose safely in the
human body without producing any toxic agents. PHAs are
biocompatible with human organs and tissues. They are also
characterized by good thermoplasticity and have specific
diffusion properties. The process of PHA production is

MHEHVE | HAHOMEOVLIMHA

advantageously efficient. Nevertheless, not every PHA enjoys
wide use in the pharmaceutical industry. The greatest share
of the pharmaceutical market belongs to synthetic PHAs,
including polylactic and polyglycolic acids and their copolymers
(poly(lactic-co-glycolic) acids). These copolymers are synthetic
analogs of naturally occurring poly(3-hydroxyalkanoates),
polyesters of 3-hydroxyalkane acids; accordingly, PHB is a
linear polyester of 3-hydroxybutyric acid. Depending on the
side radical, a few different P3HA types are distinguished: PHB,
poly(3-hydroxyvalerate), poly(3-hydroxyhexanoate), poly(3-
hydroxyoctanoate), etc. They all differ considerably in their
physicochemical properties, specifically in crystallinity, melting
and glass transition temperatures, hydrophobicity, plasticity,
elastic modulus, etc. [2].

Naturally occurring PHAs hold promise as polymer
platforms for controlled-release drugs. PHB and its copolymers
can be loaded with a wide range of drug substances: model
DS (2,7- dichlorofluorescein, FITC-dextran, methyl red,
7-hydroxyethyltheophylline, calcein, Sudan Red 5B (Oil Red O),
rhodamine B isothiocyanate, thymoquinone), antibiotics
and antibacterial DS (rifampicin, tetracycline, cefoperazone,
gentamycin, sulperazone, duocid, sulbactam, cefoperazone,
fusidic acid, nitrofural, norfloxacin, azithromycin, ceftiofur),
anticancer drugs (5-fluorouracil, 2',3'-diacyl-5-fluoro-2'-
deoxyuridine, paclitaxel, docetaxel, rubidomycin, tacrolimus,
chlorambucil, etoposide, doxorubicin), anti-inflammatory drugs
(indocid, flurbiprofen, ibuprofen, triamcinolone acetate), pain
relievers (morphine, hydroxymorphine, codeine, bupivacaine,
tramadol), antiplatelet agents (dipyridamole, nitric oxide
donors, nimodipine, felodipine), antihypertensive drugs
(manidipine hydrochloride), immunosuppressants (fingolimod),
birth control (levonorgestrel), model and therapeutic proteins

Fig. 1. PHB-derived microparticles with encapsulated DS: microparticles loaded with paclitaxel (A); microparticles loaded with doxorubicin (B); coumarin crystals on the
surface of a microparticle loaded with this substance (C); microparticles loaded with methotrexate (D)
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and peptides (bovine serum albumin, hepatocyte growth
factor, mycobacterial proteins for vaccine production, bone
morphogenetic protein, nafarelin, and insulin) [1].

PHA-based micro- and nanoparticles for DS loading can
be obtained using a variety of different methods: precipitation,
one-, two-, or multiple-step emulsification, spray-drying, layer-
by-layer self-assembly in a solution, dialysis, precipitation in the
presence of supercritical carbon dioxide, and electrospraying.
There have been successful attempts to use PHB homopolymers,
copolymers and composites as components of medicinal
products loaded with active pharmaceutical ingredients; the list
of such products comprises experimental films, prototypes of
medical devices, micro- and nanoparticles, and pharmaceutical
formulations [1].

A number of such PHA-based medicinal products have
been tested both in vitro and in vivo for their pharmacological
activity, specifically their antibacterial and antitumor effects
and cytotoxicity in mammalian cancer cells; their safety and
therapeutic efficacy has been studied in laboratory rats and
mice [1].

Micro- and nanostructure of PHA-based drug systems

The inner structure and surface morphology of biopolymer
microparticles are determined by a number of factors, including
the method of their synthesis and the physiochemical properties
of the encapsulated DS and the polymer itself. Biopolymer
microparticles will be homogenous and nonporous only if the
encapsulated drug substance is well soluble in a solvent used
to dissolve the polymer. Fig. 1A shows homogenous PHB-
based microspheres, which were synthesized during one of our
experiments, loaded with paclitaxel. Unlike the spheres doped
with doxorubicin (Fig. 1B), paclitaxel-loaded microparticles
have a smooth surface.

If aloaded DS is not well soluble in the solvent, it can organize
into crystals inside the polymer matrix of a microparticle, as well
as on its surface (Fig. 1C) [3].

Poor solubility of a loaded DS in the solvent may stimulate
formation of defective microparticles with lamellar structure,
undesired porosity and irregular shape regardless of the
synthesis technique applied (Fig. 1D).

0 05 10 1.5 20 25 30 35 40 45um

0 05 1.0 15 20 25 3.0 35 40 45 um

Doping PHA-derived microparticles with high molecular
weight bioactive agents (therapeutic proteins) vyields a
composite consisting of polymers with very different physical
and chemical properties. In fact, doping leads to the formation
of complex supramolecular structures characterized by
unintended porosity, roughness, and irregular shape.

Synthesis of NP from PHA is another important area of
nanotechnology [4]. Nanoparticles are particles with a diameter
of less than 1 pm. The small size of polymer NP determines
their biological and physiochemical properties, such as the
ability to overcome physical barriers, to be taken up by the
mucosa of the bronchi, nasal pharynx, oral cavity, and stomach,
and to permeate the cell membrane via endocytosis. The
lack of interaction with immune cells, such as macrophages
and lymphocytes, ensures increased bioavailability of DS
encapsulated in polymer NP [5, 6]. As a rule, amphiphilic PHA
copolymers are used for NP synthesis so as to extend the time
of NP circulation in the blood stream; they also allow covalent
conjugation of NP to the ligands capable of producing a target
effect [7, 8].

The kinetics of DS release from microparticles derived
from PHB or its copolymers is largely affected by a partially
crystalline structure of the polymer. As a rule, PHB can organize
into lamellar crystals of 0.3-2 ym and 5-10 pm in dimensions
for the short and long axis, respectively (Fig. 2A).

The thickness of PHB crystals varies from 4 to 10 nm
depending on the molecular weight, the solvent used, and
crystallization temperature [9]. Fig. 2B shows a stack of parallel
lamellae of 11-40 nm in width. According to some reports,
the lamellar thickness of similar films measured by small-angle
X-ray scattering is 6.4 nm [10]. Such difference in the lamellar
thickness can be explained by the fact that lamellar planes can
be spatially positioned at different angles to the fim surface
(Fig. 2B).

The diversity of crystalline structures that PHB can
assemble into has been demonstrated using PHB-based
ultrathin films and encompasses crystals resembling seaweeds
in morphology and two-dimensional spherulites (Fig. 2C). On
average, these structures rise 4.5 nm above the substrate and
take different growth directions from the crystal core. Unlike
“seaweeds”, 2D spherulites are uniform in their growth direction.

140 45 nm

5 JII15 20 25 30 [
S— .

0 05 10 15 20 25 3.0 35 4.0 45um

il . _a it il o
0 05 10 15 2.0 25 3.0 35 4.0 45 um

o
0 10 20 3.0

4.0 pm

Fig. 2. A. A schematic representation of chain packing in single PHB crystals (lwata T. et al. [9]). B. The rough (a) and smooth (b) surfaces of a macroscopic PHB film
and the cross-section of a lamellar stack (marked with a green arrow) (c). C. A topographic image of an ultrathin PHB film; the crystalline structure of the polymer can

be clearly seen [19]

BULLETIN OF RSMU |6, 2018 | VESTNIKRGMU.RU



The observed partially crystalline PHB structures are analogous
to the structures occurring in ultrathin fims of other polymers,
such as polyethylene oxide, polylactide, and polystyrene [11].
Controlled release of DS from a polymer matrix derived
from PHB or its copolymers indirectly depends on the natural
properties of this biopolymer. In nature, PHB is synthesized in
PHA granules or carbonosomes of a bacterial cell where it exists
in a mobile amorphous state [12]. It is hypothesized that water
that constitutes a small part (5-10%) of native PHB granules
plays the role of a plasticizer that allows the biopolymer to
maintain its amorphous state [12, 13]. Once water is removed
from native granules, the polymer chains organize into a
lamellar-crystalline structure. An assumption was made that
water molecules promote formation of cross-linking hydrogen
bonds between the carbonyl groups of polyether chains. Such
molecular structure can explain the mobile amorphous state
that PHB has in vivo [14]. The nanostructure of PHB samples
precipitated from a solution promotes diffusion of water deep
into the polymer matrix once the polymer is again submerged
into an aqueous medium; this stimulates plasticization (to
a very small degree, though) similar to that occurring in the
PHA granules of bacteria. At the same time, even if PHB is
in its mobile amorphous state, its specific structure protects
it against hydrolytic destruction by water that plasticizes it in
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THE USE OF IRON OXIDE MAGNETIC NANOSPHERES AND NANOCUBES
FOR TARGETED DOXORUBICIN DELIVERY INTO 4T1 MOUSE BREAST
CARCINOMA CELLS

Nizamov TR'™ Garanina AS'?, Uvarova VI'?, Naumenko VA', Schetinin IV, Savchenko AG’
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Magnetic nanoparticles (MNP) are attracting increasing attention as promising materials for the treatment and diagnosis of cancer.
The aim of this work was to explore the effect of the magnetic core shape of iron oxide nanoparticles (NP) on the efficiency of
doxorubicin delivery into 4T1 cells. Nanospheres (NS) and nanocubes (NC) were synthesized by thermal decomposition of iron
(I oleate. This method of synthesis enables control over the NP shape and size. The NP were hydrophilized using Pluronic
F-127. The obtained particles were doped with doxorubicin in a sodium phosphate buffer. The weight fractions of doxorubicin in
the NS and NC were 15.22% and 15.44%, respectively. The IC50 of free doxorubicin was 1 pM. The IC of doxorubicin-loaded
NS and NC were 6.4 uM and 5.5 uM, respectively. Unloaded NP did not exhibit any toxicity towards the cells at a studied range
of concentrations between 1.77 mg/l and 227.2 mg/I. Free doxorubicin demonstrated more vigorous accumulation dynamics in
471 cells with a tendency to localize in the cell nucleus, whereas doxorubicin loaded onto iron oxide NP was mainly accumulated in
the vesicles surrounding the nucleus and was able to enter it only after being incubated with the cells for 2 h. We conclude that
doxorubicin loaded onto cubic-shaped NP is delivered into the cell nucleus a little bit more efficiently at early incubation stages
in comparison with nanospheres, but the difference is insignificant.
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NCrNoJibBOBAHNE MATHUTHbIX HAHOYACTUL, OKCUAA XXEJIE3A
CPEPUNYECKON N KYBUYECKOW ®OPM 151 AOCTABKU
NOKCOPYBMLUNHA B KNETKU TIMHNN KAPLUIMHOMBbI

MOJIOYHOW XXEJIE3bl MbILLW 4T1

T. P. Huzamos'™ A. C. lapanvHa'2, B. M. YBaposa'?, B. A. Haymerko', V. B. LLleTnHmHS, A. I CaByeHko'

" JlabopaTtopus G1oMeanLMHCKUX HaHOMaTepuanos, HaunoHanbHbIN UCCnenoBaTenbCKMin TexHoNnorndeckmin yHmsepcuteT «MCKC», Mockea
2 Jlabopatopus TkaHecneumhuHeckyx nnraHaos, MOCKOBCKWUIA FrOCYAaPCTBEHHBIN yHMBEpCHTET UMeHn M. B. JlomoHocosa, Mocksa
8 Kacbenpa hmsndeckoro MatepuranoBeaeHnsi, HaumoHanbHbil MccnefoBaTenbCKmii TexHonornieckuii yHmsepceutet «MICnC», Mocksa

4 POCCUICKNIN XUMUKO-TEXHOMONYECKNi yHBepcuTeT nvenn . . MeHpeneesa, Mocksa

MarHuTHble HaHoYacTULb! (MHY) Bce Bonblue NPUBREKAIOT BHUMaHME B Ka4eCTBE MNEPCreKTVBHOMO Matepuana ans paspaboTku
3O PEKTUBHBIX CUCTEM MPOTMBOOMYXONEBOW TEpanun 1 AUarHoCTUKN. Liensto paboTsl Bbi10 nccnenoBaHme BANSHUSA (hopMbl
MarHWTHOro sapa HaHodacTul, (HY) okcuaa »kenesa Ha aheKTVBHOCTb AOCTaBKM OOKCOPYOULIMHA B KNETKM NnHAM 4T1.
HaHouvacTuubl cdhepudeckon (CHY) n kybudeckon (KHY) copm cuHTesnpoBann METOAOM TEPMUYECKOrO Pas3noXKeHNst
onearta »eneaa (lll), 4To No3BONMNO 3PIEKTNBHO KOHTPONMPOBaTL NX hopMy K pasmep. 3ateMm HY rnaopodunnmnanposani
MocCpPEeACTBOM MCMonb3oBaHus Pluronic F-127. B nonyyeHHble cpeacTsa AOCTaBKW 3arpy»kaiv AOKCOPYOULIMH B cpede HaTpuii-
thocparHoro Bydrepa. 3arpyska coctasuna 15,22% ana CHY n 15,44% ana KHY. IC,, ans Hesarpy»XeHHoro JoKcopyouLmHa
okazanack pasHo 1 MkM, B TO Bpems kak anst CHY n KHY ¢ npenapatom — 6,4 MkM 1 5,5 MkKM cooTBeTCcTBEHHO. B
MPOTECTUPOBAHHOM AMana3oHe KOHLUEHTpauWii ot 1,77 Mr/n oo 227,2 MIr/n UUTOTOKCUYHOCTL Y HY 6e3 npenapata He BbisiBneHa.
CornacHo faHHbIM OMHaMUKL HaKOMeHWst JOKCOPYOuLMHa, B kneTkax 4T1 akTvBHee BCEro MOET HakomnieHne CBOOOAHOMO
npenapara — OH JTOKaNM3yeTcs B KIIETOYHOM siape. B TO »xe Bpemst JOKCOPYOULMH, 3arpy>eHHbin B HY, HakannmBaeTcs
MeHee VHTEHCVBHO M MepBOHaYaslbHO TOKanM3yeTcs B BE3VKY/ax BOKPYr fapa, 0OHapy»KvBasicb B CaMOM sape Nlb nocne
2 Y4 COBMECTHOWM MHKyGaLmK. [poTBOOMNYXONEBbI npenapar, 3arpy»keHHbln B KHY, Heckonbko 6onee akTBHO [0CTaBNsaeTCcs
Ha paHHKX CpoKax MHKybaummn ¢ KneTkamm no cpasHeHmio co CHY, oaHako AaHHas pasHuLa He CyLLecTBeHHa.

KntoyeBble cnoBa: HaHO4YaCTULbl OKCKaa »xenesa, hopmMa HaHO4aCTUL, LMTOTOKCUHHOCTb, afpecHasi 4OCTaBKa, JJ,OKCOpyGI/ILI,VIH
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Magnetic nanoparticles (MNP) including those derived from iron
oxide are increasingly seen as holding promise for the design
of efficient diagnostic platforms and therapeutic anticancer
agents. State-of-the-art technologies provide tools for the
synthesis of MNP with programmed properties and chemical
modification of their surface for targeted drug delivery and
MR imaging [1-5]. Because MNP have remarkable contrast-
enhancing properties, MNP-based drug delivery platforms can
be employed to study the distribution of therapeutic agents in
the target in real time and to assess the efficacy of treatment
[6]. Other carriers, such as polymer NP, liposomes, micelles,
etc., do not meet the requirements for contrast enhancement
and, therefore, cannot be used to monitor drug distribution
in vivo. That said, MNP have a number of drawbacks: they
are toxic, tend to aggregate, and typically lack the ability to
form stable covalent bonds with surface modifiers. These
drawbacks can be overcome, though, by coating the NP
surface with biocompatible polymers, thereby reducing NP
toxicity and minimizing the risk of their aggregation. This
approach is instrumental in achieving good contrast-enhancing
properties, improved resistance to aggregation, and low
toxicity; it also prepares the surface for further functionalization
with ligands, therapeutic agents, vectors, etc. One approach
to the design of MNP-based targeted drug delivery platforms
stands out as innovative and promising. It consists of two
steps. First, iron oxide nanoparticles are fabricated from iron (Ill)
oleate by thermal decomposition in the presence of a stabilizing
agent (oleic acid). Then, the obtained NP are transferred to
an aqueous phase using Pluronic F-127, the poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
copolymer with surfactant properties. The hydrophobic sites
in the polymeric coating covering the NP facilitate delivery of
hydrophobic drugs to the target [7-9].

There are a few factors driving the interactions between a
drug delivery platform and biological molecules, including the
chemical composition of an NP core and surface, as well as
their geometry. The data describing how the shape of NP affects
their cytotoxicity and cellular uptake is conflicting, suggesting
that it is difficult to predict the behavior of nanoparticles in a
living organism based on their geometry. For example, one
of the studies demonstrated that carbon nanotubes induced
more DNA damage in primary mouse embryo fibroblasts
than less toxic carbon black nanocubes [10]. The authors
of the study hypothesized that the effect was caused by the
elongated shape of nanotubes with an aspect (length to width)
ratio of 625. Another research work reported that zinc oxide
nanorods with an aspect ratio of 3 were less toxic against MG-
63 human osteosarcoma cells than nanospheres derived from
the same material [11]. A group of researchers revealed that
an increase in the aspect ratio of silica NP resulted in a slightly
more pronounced cytotoxicity and better uptake by A375
human melanoma cells [12]. Another group investigated the
impact of Ag NP geometry on the growth of S. cerevisiae and
the intensity of cellular uptake [13]. Ag nanoplates proved to be
less toxic than nanospheres, nanocubes and nanorods. The
authors linked the described phenomenon to the chemically
active {111} facets dominating the surface of nanoplates that
enhanced NP cytotoxicity against yeast. In a study carried out
by different authors, Au nanospheres were more vigorously
accumulated in MDCK |l epithelial cells than Au nanorods and
exhibited higher cytotoxicity [14]. At the same time, no data is
available on the role of an MNP shape in targeted drug delivery
and cytotoxicity.

Doxorubicin is a well-known and widely used chemotherapy
drug with antiproliferative activity. It was introduced in clinical

practice 40 years ago. However, poor selectivity and high
toxicity against healthy cells impose certain limitations on its
use. The most dangerous side effects of doxorubicin include
cardiomyopathy and cardiac failure [15]. They dictate a need for
innovative targeted drug delivery systems that can overcome
the drawbacks of doxorubicin therapy. The solution is offered
by Pluronic F-127-based carriers [9]. Doxorubicin is capable
of binding to the hydrophobic sites of surfactants that stabilize
the NP surface. The release of the drug is induced either by
Brownian relaxation after applying an external magnetic field or
by the acid environment of lysosomes once the particle is taken
up by the cell [16].

The aim of the present study was to investigate the effect
of spherical and cubic shapes of iron oxide NP modified with
Pluronic F-127 and doped with doxorubicin on the cytotoxicity
of the particles against 4TI mouse mammary carcinoma
cells, the efficacy of their targeted delivery into the cells and
distribution of the drug inside the cells.

METHODS

The following reagents were used: Pluronic F-127 (Sigma
Aldrich; USA); deionized water; chemically pure toluene
(Komponent-reaktiv, Russia); iron (Ill) chloride, 97% (Sigma
Aldrich; USA); oleic acid, =99% (Roth; Germany); sodium
oleate, 95% (Roth; Germany); chemically pure hydrochloric
acid (SigmaTek; Russia); ferrozine, = 97% (Sigma Aldrich;
USA); ammonium acetate, = 98% (Sigma Aldrich; USA);
ascorbic acid, =99% (Sigma Aldrich; USA); doxorubicin
hydrochloride, = 98% (Glentham; UK); sodium phosphate
buffer tablets, biotechnology grade (Amresco; USA); chemically
pure isopropanol (SigmaTek; Russia); 1-octadecene, = 95%
(Sigma Aldrich; USA); ethanol, = 95% (Sigma Aldrich; USA);
chemically pure hexane (SigmaTek; Russia); MTS (Promega;
USA); dimethyl sulfoxide, = 99% (Sigma Aldrich; USA); iron
standard for ICP (Sigma Aldrich; USA).

Synthesis of carriers
and doxorubicin loading

Synthesis of nanospheres and nanocubes

Nanospheres were synthesized by thermal decomposition of
iron oleate following the original yet slightly modified technique
described in [17, 18]. Briefly, sodium oleate (100 mmol) and
anhydrous iron (lll) chloride (33 mmol) were dissolved in a
mixture of ethanol (66.7 ml), water (50 ml) and hexane (116 ml)
under vigorous stirring. The resulting solution was heated to
70 °C and stirred at that temperature for 4 hours. Then, the
organic phase was separated and the solvent was gradually
evaporated using a rotovap until a brown waxy complex of iron
(I oleate was formed. After that, 2.2 mmol of the obtained
iron oleate and 12 mmol of oleic acid were dissolved in 10 ml
of 1-octadecene. The mixture was heated to 320 °C at a rate
of 3.3 °C/min under vigorous stirring under argon flow and
then incubated at 320 °C for 60 min. Following incubation, the
mixture was cooled down to room temperature and diluted
fivefold with isopropanol. Nanoparticles were collected using
a neodymium magnet and washed in isopropanol 3 times. The
precipitate was re-dispersed by sonication in toluene.
Nanocubes were synthesized by thermal decomposition of
iron (lll) oleate [19]. The original protocol was slightly modified.
Briefly, 33 ml of a solution containing the iron oleate complex
(4 mmol), sodium oleate (1.3 mmol) and oleic acid (1.3. mmol)
were poured into a three-necked flask equipped with a 100 ml
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reflux condenser. The mixture was heated to 140°C and kept
at that temperature for 60 min to remove residual water. Then,
the mixture was brought to the boiling point at a rate of 4 °C/ min
and was allowed to boil for 30 min. All manipulations were
performed under argon flow. The obtained solution was cooled
down to room temperature. The obtained NP were isolated by
adding 320 ml of isopropanol solution followed by magnetic
decantation. The final product was washed in isopropanol
3 times and re-dispersed in toluene.

Ferrozine assay

Ammonium acetate (385.4 mg), ferrozine (3.2 mg) and
ascorbic acid (352.2 mg) were weighed and dissolved in 1 ml
of deionized water. The obtained solution was later used to
spectrophotometrically measure iron concentrations.

Phase transfer of nanoparticles assisted by Pluronic F-127

Phase transfer of the synthesized NP to an aqueous phase
was aided by the nonionic surfactant Pluronic F-127 using the
technique described in [20, 21], which we slightly modified.
Briefly, 15 ml of the NP solution in toluene with an iron oxide
concentration of 1 mg/ml were combined with the same volume
of Pluronic F-127 solution in water (Pluronic concentration
C = 25 mg/ml). The mixture was incubated overnight under
vigorous stirring. The emulsion was separated by centrifugation
at 1,000 g and the aqueous phase was collected. Then, the
aqueous phase was again centrifuged at 12,000 g to stimulate
precipitation of magnetite NP. Finally, the precipitate was re-
dispersed under sonication in deionized water. The solution
was diluted to achieve an iron oxide concentration of 0.32 mg/ml.

Loading of doxorubicin onto iron oxide nanoparticles coated
with Pluronic F-127

The aqueous solution of 5 mg/ml doxorubicin (0.2 ml) and the
phosphate buffered saline (0.2 ml) concentrated fivefold relative
to the isotonic solution (pH = 7.4) were added to 10 ml of the
obtained aqueous solution of NP and stirred on the magnetic
stirrer at room temperature for 24 h. The total doxorubicin
concentration in the NP solution C_(dox) was 96.0 mg/ml.
Then the solution was centrifuged to precipitate all NP. The
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collected NP were re-dispersed in the sodium phosphate buffer
under vigorous stirring using a shaker.

Characteristics of synthesized magnetic nanoparticles
Transmission electron microscopy (TEM)

The morphology and size of the nanoparticles were examined
under the 200 kV FE transmission electron microscope JEOL
JEM-2100F (JEOL,; Japan) operated at a beam current of 0.8 A.
The samples for TEM were prepared by applying 1-2 pl of the
NP solution onto a formvar-coated copper mesh (d = 3.05 mm)
and allowing them to air-dry.

Dynamic light scattering

The hydrodynamic size of the nanoparticles and their zeta-
potential were measured in the volumes ranging from 1 to 2 ml
using the Zetasizer Nano ZS analyzer (Malvern; Germany).

Vibrating-sample magnetometry

Magnetic properties of the particles were evaluated using
the Quantum Design Physical Property Measurement
System (PPMS; Germany) equipped with a vibrating sample
magnetometer (oscillation amplitude of 2 mm, frequency of
40 Hz, sensitivity of 10 emu).

X-ray diffraction analysis (XRD)

The crystalline structure of the synthesized MNP was
characterized using the DRON-4 diffractometer (Burevestnik;
Russia) with the following parameters: cobalt X-ray source with
A =0.179 nm, voltage of 40 kV, current of 30 mA. The samples
were scanned through a range of diffraction angles 26 from 20°
to 120° by increments of 0.1°. Exposure time was 3 seconds
per frame.

Spectrophotometry

1. Doxorubicin concentration measurement and loading
efficiency. 600 mu of doxorubicin solutions were introduced
into two wells of a 96-well plate (300 mp per well). Absorption
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Fig. 1. Microimages of iron oxide NS (1) and NC (2), histograms of size distribution and average hydrodynamic size of the particles
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was measured at A 495 nm by the Multiskan GO
spectrophotometer (Thermo Scientific; USA). The concentration
of doxorubicin was calculated based on a 6-point calibration
curve (1,0; 2,5; 5,0; 10,0; 25,0; and 50 pkg/ml). The amount
of loaded doxorubicin (C,, (dox)) was calculated by measuring
the residual concentration of the drug in the supernatant
(C,..(dox)) yielded by centrifugation, which was subtracted from
the initial concentration of the drug C,(dox) in the solution.
Encapsulation efficiency was calculated by the formula:
w =100% « C_, (dox)/(C,,,(dox) + C(NP)), where C,__ (dox) is a
concentration of the loaded doxorubicin expressed as mg/l and
C(NP) is a concentration of NP = 308 mg/I.

2. Iron concentration. A series of iron ICP standard solutions
were prepared with concentrations of 0.1, 0.25, 0.5, 0.75, 1,
1.5, and 2 mg/ml. Briefly, 100 mp of a sample with known iron
concentrations were incubated with 400 my of concentrated
hydrochloric acid for 2 h. Then, the solution was diluted 100-
fold with deionized water, and 400 mp of the obtained mixture
were combined with 200 mp of deionized water and 40 mp
of the ferrozine assay prepared in advance. Five minutes later,
the resulting product was transferred to two wells of a 96-well
plate (300 mu per well), and its absorption was measured at
A = 560 nm by Multiskan GO in the photometry mode. Iron
concentration was inferred from the absorption data.

Cell culture

4T1 mouse mammary carcinoma cells (ATCC® CRL-2539™,
USA) were cultured in the RPMI-1640 medium (Gibco)
supplemented with 2 mM L-glutamine (Gibco) and 10% fetal
bovine serum (Gibco) at 37 °C and 5% CO,,.

MTS cytotoxicity assay

The cells were seeded in a 96-well plate (12,000-15,000
cells per well) and left there for 24 h before introducing the
particles. Free doxorubicin, doxorubicin-loaded nanoparticles
and nanoparticles without the drug were dissolved in the
sodium phosphate buffer and added to the cells at various
concentrations. Cell cultures supplemented with the buffer
were used as a negative control. Cell cultures supplemented
with dimethyl sulfoxide (20 mp of the reagent per 100 mu of
the medium) were used as a positive control. The cells were
incubated with the NP and the controls in the incubator at 37 °C

and 5% CO, for 48 h. Upon incubation, the number of viable
cells in each well was determined by the MTS assay. Briefly, the
culture medium was replaced with an MTS solution in the fresh
medium (20 mp of MTS per 100 mpy medium) and incubated
for 4 h in the dark at 37 °C and 5% CO,. Then, the plates
were mounted on a permanent magnet and left to sit there for
5 min to separate the nanoparticles. After that, samples were
carefully collected from each well and transferred to another
plate to avoid contamination with NP. The optical density of the
samples was measured spectrophotometrically at A = 490 nm.
Histograms of cell survival were constructed and standard
deviation was calculated in Microsoft Office Excel 2007.

Accumulation dynamics of free
and NP-loaded doxorubicin

The cells were seeded onto Petri dishes at 120,000-150,000
cells per dish. Free doxorubicin and doxorubicin loaded onto
NC and NS (drug concentrations of 50 pkg/ml) were introduced
into culture samples 24 hours later. The cells incubated with
the drug- or NP-free medium were used as a control. The
cultures were incubated with the studied samples for 15, 30,
45 min and 1h, 2h, 4h, 6h, 24 h. Upon incubation, the cells
were fixed in 3.7% formalin solution in the sodium phosphate
buffer (pH 7.2-7.4; Gibco) for 15 min. The obtained samples
were examined under the fluorescence microscope EVOS
equipped with the LplanFL PH2 x60 lens (Life technologies;
USA). The images were processed and fluorescence intensity
was measured in Imaged 1.52a (Wayne Rasband (NIH); USA).
A single factor ANOVA test was applied to carry out statistical
analysis. Differences were considered significant at p < 0.05.

RESULTS

Iron oxide NP synthesized by thermal decomposition were
studied using TEM (Fig. 1). The histogram of size distribution
shows that the technique for the synthesis of nanospheres
yielded magnetite particles with an average size of 15 nm
(Fig. 1-1A). As we expected, the fabricated NP had a spherical
shape. The average hydrodynamic size of the nanospheres in
toluene was about 18 nm (Fig. 1-1B).

The samples synthesized according to the protocol for
the fabrication of nanocubes were also characterized using
TEM (Fig. 1-2). As we expected, the resulting NP with an
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Fig. 2. Data yielded by the XRD analysis for NS (1) and NC (2)
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average size of 16 nm had a cubic shape (Fig. 1-2A). The
average hydrodynamic size of nanocubes was about 21 nm
(Fig. 1-2B).

The X-ray diffraction analysis of the nanospheres revealed
that the position of the diffraction peaks and their intensity were
indicative of the inverse spinel structure typical of magnetite
(Fig. 2—1). Nanocubes had a similar structure (Fig. 2-2). More
information is available in the Table below.

Measurements of magnetic properties revealed that the
magnetic saturation Ms of the nanospheres was 50.5 emu/g,
and coercivity Hc was 20.5 Oe (Fig. 3—1). Magnetic properties
of the nanocubes were comparable: magnetic saturation was
60.5 emu/g and coercivity was 20.0 Oe (Fig. 3-2).

The average hydrodynamic size of NP after the phase
transfer from toluene to water and stabilization with Pluronic
F-127 increased to 43 nm for NS (Fig. 4-1) and to 50 nm for
NC (Fig. 4-2), whereas their zeta-potentials were =10 mV and
-15.1 mV, respectively. After the particles were loaded with
doxorubicin, the average size of NS reached 68 nm (Fig. 4-3),
whereas their zeta-potential became positive (+21.1 mV). A
similar tendency was observed for NC: their hydrodynamic
size increased to 78 nm (Fig. 4-4), and their zeta-potential was
now +22.0 mV. The amount of doxorubicin loaded onto the
NS was calculated as follows: the concentration of the drug in
the supernatant C_ (dox) was 40.7 mg/l; therefore, C,__(dox) =
C,(dox) = C_ (dox) = 96.0 — 40.7 = 55.3 mg/ml. The mass
percentage of the drug in the NS w(NS) = 100% - C,__ (dox)/
(C,_.(dox) + C(NP)) = 100% « 55.3/(55.3 + 308) = 15.22%. The

\oad(
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amount of doxorubicin loaded onto the NC was calculated as
follows: C,_, (dox) = 39.2 mg/l; then C__ (dox) = C__(dox) —
C,(dox) = 96.0 — 39.2 = 66.2 mg/l. In the case of the NC,
w(NC) = 100% - C,_,(dox)/(C,,(dox) + C(NP)) = 100% « 56.2/
(56.2 + 308) = 15.44%.

It was established that all studied concentrations of NC
and NS were not toxic against 4T1 cells (Fig. 5A). However,
after the cells were incubated with the same concentrations
of doxorubicin-loaded NS and NC, the number of viable cells
in the cultures decreased. IC,; (the half maximal inhibitory
concentration) of the NC doped with doxorubicin (NC-Dox)
was 21 mg/l iron oxide and 5.5 pM doxorubicin. For the NS
doped with doxorubicin (NS-Dox), IC,, was 25 mg/l and 6.4 uM
for iron oxide and the drug, respectively. IC,, of free doxorubicin
was about 1 uM (Fig. 5B). It means that NC-Dox had a slightly
more pronounced tumoricidal effect than NS-Dox. However,
this difference was insignificant. Free doxorubicin was the most
effective of all drug variations in killing the cells.

The analysis of the accumulation dynamics of free and NP-
bound doxorubicin in the cells demonstrated than after 15 min
of incubation with the cells, a weak fluorescence signal was
recorded coming from doxorubicin. After 30 min of incubation,
the intensity of the signal emitted from free doxorubicin was
comparable to that of doxorubicin delivered to the cells by NC.
However, free doxorubicin tended to accumulate mostly in the
nuclei, whereas doxorubicin loaded onto NC was visualized in
the vesicles near the nucleus (Fig. 6A, D, L). The fluorescence
signal emitted from NS-Dox was significantly less intense than
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Fig. 4. The hydrodynamic size of NP after transfer to an aqueous phase: NS before (1) and after (3) doxorubicin loading; NC before (2) and after (4) doxorubicin loading.
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that of NC-Dox and free doxorubicin (Fig. 6G). This tendency
was also observed after 45 min-long incubation of the cells with
the free and NP-loaded drug. In later periods, the fluorescence
intensity of the drug did not differ significantly between the
types of its carriers. However, accumulation of free doxorubicin
was more pronounced than that of the loaded drug. It should
be noted that the drug was visualized mainly in cell nuclei only
after the cells were incubated with NC-Dox and NS-Dox for 2 h.
Thus, the efficiency of drug delivery is higher for free doxorubicin
than for the drug carried by NP. It was also established that NC
penetrate cells more readily than NS, but this difference levels
out over time.

DISCUSSION

Thermal decomposition of iron (lll) oleate is a method for
fabricating stable sols of monodisperse iron oxide NP with
programmed sizes and shapes: spherical [17, 18], cubic
[19], and some other. [22]. The initial iron (lll) oleate complex
decomposes at high temperatures and can be partially reduced
to Fe () by the components of the reaction mixture producing
magnetite (Fe,O,) or maghemite (y-Fe,O,) nanoparticles. Both
oxides have ferrimagnetic properties. The final size and shape
of NP are determined by the presence of stabilizing agents in

the reaction mixture, such as oleic acid and sodium oleate. They
are capable to selectively adsorb to the {111} facets of growing
NP and shape their geometry. By adsorbing to the surface
of NP, stabilizing agents confer hydrophobicity critical for the
design of platforms for the targeted delivery of hydrophobic
drugs, including doxorubicin.

During the experiment, we fabricated nanocubes and
nanospheres and stabilized them with Pluronic F-127 (Fig. 1).
The analysis of their structure (Fig. 2) and magnetic properties
(Fig. 3) revealed that the synthesized particles were iron oxide
compositions with the inverse spinel structure. Because the
NP size identified by TEM did not coincide with the size of the
coherent scattering region, we concluded that the samples
were polycrystalline (Table). The coercivity of both samples
was >0, meaning the latter were ferrimagnetic.

The samples were stable both in hydrophobic media
(Fig. 1-1B, Fig. 1-2B) and in an agueous phase containing
Pluronic F-127 (Fig. 4-1, Fig. 4-2). This polymer has a
hydrophobic site of polypropylene glycol allowing it to adsorb
onto the NP surface and two hydrophilic terminal regions of
polyethylene glycol pointing towards the outside. Transferred
to an aqueous phase, NP acquire hydrophobic sites, which
can bind hydrophobic drugs, and a hydrophilic shell, which
considerably improves the solubility of NP in aqueous media.
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The increase in the hydrodynamic size of NP in the aqueous
solution is also associated with the adsorption of a stabilizing agent.

Doxorubicin is poorly soluble in water; therefore, in clinical
practice its hydrochloride derivative is used instead. The
polymer shell of nanoparticles is loaded with the drug in a
sodium phosphate buffer where doxorubicin hydrochloride
molecules are deprotonated and crystals start to form from
its poorly soluble base. If the medium contains NP with
hydrophobic sites, deprotonated doxorubicin can adsorb onto
them. This also leads to an increase in the hydrodynamic size
of NP doped with the drug and surface recharge (Fig. 4-3, Fig.
4-4). The entrapped drug can be protonated in a more acidic
environment of cellular lysosomes (pH 4.5-5) and released
from the polymer shell of the particles [16].

Recently a number of publications have demonstrated the
advantages of nonspheric NP for hyperthermia therapy and
MR imaging. There are reports that nanocubes [23, 24] and
octopods [25] have higher SAR in comparison with nanospheres
and therefore are suitable for magnetic hyperthermia. Besides,
magnetic nanocubes have higher T2 relaxation values than
their spherical counterparts [26]. Considering the above said,
we decided to conduct the comparative analysis of the impact

BULLETIN OF RSMU | 6, 2018 | VESTNIKRGMU.RU

Table. Results of the XRD analysis of NS and NC

Phase DTEM, nm CnSnlj, Lattice constant, nm
NS Fe,0, (100%) 11-17 6+1 0.8373 + 0.0004
NC Fe,0, (100%) 13-20 6+1 0.8378 + 0.0004

of NS and NC on mouse mammary carcinoma cells and on the
efficiency of drug delivery to the cells.

We established that at concentrations of up to 227 mg/I
both shapes do not exhibit cytotoxicity. NC loaded with
doxorubicin induced a slightly more significant cell death than
NS. A possible explanation here is that NC penetrate the cell
faster than NS. But this difference was insignificant in our
experiment. Free doxorubicin has a significantly more powerful
tumoricidal effect and more readily accumulates in cell nuclei,
perhaps due to the fact that free doxorubicin enters the cell
by diffusion, whereas the drug carried by NP is endocytosed,
which takes longer. Importantly, the particles loaded with
doxorubicin are first visualized in intracellular vesicles (probably,
lysosomes) where it is later protonated. Only after that the drug
can be released from its carrier and transported into the nucleus
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[27]. Summing up, doxorubicin carried to the cell by NP has a
weaker tumoricidal effect but the platform can be modified by
attaching specific ligands to the NP surface in order to achieve
improved cytotoxicity [28].

CONCLUSIONS

Our study revealed that the efficiency of free doxorubicin
delivery to 4T1 mouse mammary carcinoma cells is higher than
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ENABLING TECHNOLOGIES FOR THE PREPARATION OF
MULTIFUNCTIONAL “BULLETS” FOR NANOMEDICINE
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Recent advances in nanotechnology, including modern enabling techniques that can improve synthetic preparation and drug
formulations, have opened up new frontiers in nanomedicine with the development of nanoscale carriers and assemblies.
The use of delivery platforms has attracted attention over the past decade as researchers shift their focus away from the
development of new drug candidates, and toward new means with which to deliver therapeutic and/or diagnostic agents.
This work will explore a transdisciplinary approach for the production of a number of nanomaterials, nanocomplexes and
nanobubbles and their application in a variety of potential biological and theranostic protocols. Particular attention will be paid
to nanobubbles, stimuli responsive nanoparticles and cyclodextrin grafted nanosystems produced under non-conventional
conditions, such as microwave and ultrasound irradiation. Besides nanoparticles preparation, ultrasound can also act as an
enabling technology when activating sensitive nanobubbles and nanoparticles.
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NCMNOJIb3SOBAHUE NMEPEAOBbLIX TEXHOJIOMMIN Nt HAHOMEOULMHbI:
NONYHYEHUE MHOIMO®YHKUMNOHAJIbHbIX «BOJILLUEBHbIX MYyJb»

K. MapTtuHa, J1. Cepne, P. Kasannu, [. KpaBoTtTo >

Kachepnpa thapmaLeBTHeCKyX TEXHONOT I,

LIeHTp HaHOCTPYKTYPUPOBaHHbIX MHTEPMENCOB 1 MOBEPXHOCTEN, TYPUHCKWA YHMBEPCUTET, TypuH, VTanms

He,anHme OOCTV>KEHVA B obnactu HaHOTEXHOMOIK, B TOM 4YUC/ie COBPEMEHHbIe METObI, MO3BOSIAIOLLME YCOBEPLLUEHCTBOBATH
crnocoobsbl NPUroToBJIEHNA NIeKapPCTBEHHbIX CPeACTB, OTKPbLITM HOBblE NTOPU30HTLI B HAHOMeOMLMHE, CBA3aHHbIE C pa3pa60TK0|7|
HaHOpPasMepHbIX CPEACTB AOCTaBKM IEKAPCTBEHHBIX MPENapaToB U LiefbIX KOMMEKCOB. NocnegHee aecatunetie 6onsLoe
BH/MaHWE YOENsSeTcst UCMONb30BaHNIO HAHOMEPEHOCHNKOB — YCUNS UCCNEA0BATENEN HarnpaBieHbl He CTOMBKO Ha pa3paboTky
HOBbIX MpenaparoB, CKOJIbKO Ha MOnCK cnocobos LLeJ'IeBOI7I OOCTaBKM TeparneBTUHeCKMX n/vinn ONarHOCTNHECKMX areHToB.
B pa60Te [PaCcCMOTPEHbI TpaHC,EI,I/ICLlI/II'IJ'II/IHaprIIZ noaxon K nosly4eHno HaHoMaTepuanoB, HAHOKOMIJIEKCOB, HAHOBE3UKYI
1 NepCneKTnBbl X NMPUMeHeHNA B Guonornm n TepaHOCTUKe. Ocoboe BHUMaHWE yaoeneHo nosly4eHno HaHOMy3blPbKOB,
CTUMYN4YYBCTBUTESIbHbBIX HaHO4YaCTULL (Hl‘|) N HaHOCUCTEM C MPVBUTLIM LIMKNOOEKCTPVHOM MpW HEeCTaHAAPTHbLIX YCNOBUAX,
TaKMX Kak OencTBme ynstpassyka (Y3) 1 MUKPOBOMHOBOIO 13nydeHnst. [oM1MO ncnons30BaHnst B MPOLECCE MPUrOTOBNEHNS
H4Y, Y3 MOXHO Tak e aheKTVBHO NMPUMEHATb ANA akTUBaLMN HyBCTBUTENBHbIX HAHOBESNKYN 1 HYY.

KntoueBble cnoBa: HaHO4YaCTULbl, HAHOMY3bIPbKM, CTUMYNYYBCTBUTENBHbBIN, YIBTPA3BYK, MUKDOBOTHOBOE N3/y4eHe
®DrHaHCUpoOBaHue: aBToPbI MPU3HATENbHbI AAMUHUCTPALWN TYPUHCKOrO YHBEPCHUTETA 3a X (PHAHCOBYIO Noaaep» Ky (Ricerca Locale 2017).
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Engineered nanomaterials can be made from nearly any
substance; carbon based nanomaterials, natural and synthetic
polymers, silica, metal and metal oxides can all be used, just as
lipophilic colloidal nanoparticles (NP) can be made from solid
lipids and phosphoalipids. In the field of bionanotechnologies,
nanomaterials are used for biomedical applications, including
as drug carriers, contrast agents and biosensors. Many of
the properties that make nanomaterials useful may also be
responsible for toxicity to cells and organisms. Their high
surface area, in fact, allows them to be more readily reactive
and easily transported through environmental barriers, cellular
membranes and throughout the body. Attention must be
paid to safety issues and a rational, science-based approach

to nanotoxicology must be undertaken if the full potential of
nanotechnologies is to be realised.

A number of different approaches to NP preparation have
been attempted over the years, with both conventional and
non-conventional methodologies being used in the solid and
liquid phases [1]. Producing NPs that are homogeneous in
their size and shape distributions is paramount and a number
of techniques have been tested for their ability to accomplish
this task; mechanochemistry has been used in solvent-free,
solid-phase protocols, while microwave (MW) and ultrasound
(US) irradiation have mostly seen use in aqueous solution
syntheses. MW radiation can produce high quality NPs in short
time periods because it is an efficient heating source. Moreover,
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sonochemical irradiation produces high mixing uniformity
and a reduction in crystal growth, which can also lead to an
acceleration in chemical dynamics effects and reaction rates. It
can therefore be considered one of the most powerful tools in
nanostructured material synthesis [2, 3].

Experience in sonochemistry and MW-assisted syntheses
has been beneficial to the derivatization of carbon-based
nanomaterials as well as to the production of nanostructured
cyclodextrin (CD) oligomers and CD-grafted nanomaterials for
biomedical applications. CD derivatives have been shown to
host drugs and contrast agents and can thus act as versatile
and efficient carriers and contrast agent for MRI. Furthermore,
the grafting of CDs onto NPs increases their water solubility,
surface accessibility and hosting capability. Nanobubbles (NBs)
are spherical core/shell structures and innovative nanoplatforms
upon which to develop multifunctional nanocarriers for targeted
imaging and therapeutic applications. In the field of cancer
medicine, nanosystems with stimuli-responsive features have
attracted a great deal of attention because of their enhanced
cancer drug targeting.

Interestingly, these nanodelivery strategies can all have a
key role to play in the success of a therapy as they can provide
“on demand release” and “personalized treatment”. These
ideas can be exploited even further by applying the concept
of “the right drug for the right person in the right moment”.
This review highlights the current state and future prospects of
smart drug delivery systems that benefit from their responses
to specific internal (e.g., variation in redox gradient) and external
(e.g., light, US and magnetic field) triggers.

Cyclodextrin-based or grafted nanomaterials

The use of nanotechnology for drug delivery applications
provides new opportunities and may change the landscape of
the pharmaceutical and biotechnology industries as the goal of
targeted drug delivery, the delivery of drugs to intracellular targets
and the monitoring of drug delivery sites (theranostics), comes
ever closer. CDs can play a crucial role in the achievement of
such challenging goals as they are biocompatible and are well-
known to improve the physicochemical properties of drugs
(stability, solubility and bioavailability) [4]. Non-conventional
US and MW irradiation have seen widespread use, besides a
variety of other synthetic methods, in the production of novel
and known CD-based structures and have done so with high
efficiency and in short reaction times.

A water-soluble oligo CD heterononamer has been
synthesized under US irradiation for use as a dendrimeric

Silica
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multicarrier with high hosting ability. Its applicability as an MRI
contrast agent was demonstrated via the relaxometric titration
of Gd complexes placed within the dendrimeric platforms, as
well as by cell viability and binding affinity experiments, which
all gave excellent results [5].

CD can be efficiently grafted onto silica under conventional
and non-conventional conditions [6, 7] (Fig. 1), while this
hybrid system's ability to absorb organic molecules has been
extensively studied and applied. An interesting example of
dual-pore silica NPs has been investigated by J.-H. Lee et
al. as efficient therapy for gene-chemo cancer. The positively
charged larger pore was loaded with negatively charged siRNA
and the smaller pore was loaded with doxorubicin, capped by
1-adamantanthiol and a CD complex [8].

A one-shot approach to the derivatization of carbon
nanotubes (SWCNT) with CDs and contrast agents has been
successfully performed under MW irradiation [9]. The efficiency
of MW has also been exploited for the preparation of porphine
grafted graphene oxide [10].

The capacity of CDs to include/release drugs in the field
of magnetic NPs has been studied. Iron oxide NPs and Au
nanoroots were modified with CD-conjugated ethylenediamine-
functionalized poly(glycidyl methacrylate) with the aim of
obtaining a multifunctional theranostic nanoplatform [11].
Magnetic NPs were efficiently coated with 3-CD under US
irradiation to provide an increase in magnetization, which was
likely due to the high crystallinity of the system produced [12].

Nanobubbles: a versatile tool for biomedical applications

NBs are another valuable platform, one of the nanotechnology-
based “bullets”, that is sensitive to physical external triggers
and that has been proposed for imaging and therapeutic
applications.

NBs derive from microbubbles, which are currently used
in clinical practice as US contrast agents, but have nanoscale
sizes. This feature offers some advantages, such as their
extravasation from blood vessels into surrounding tissues,
which improves imaging and delivery efficiency. In particular, this
capability allows tumour tissues to be passively targeted via the
Enhanced Permeability and Retention (EPR) effect that favours
their local accumulation over long time periods. In addition, they
can be triggered by US to enhance their acoustic and targeting
properties. Indeed, NBs can be used as therapeutic cavitation
nuclei for US-induced sonoporation, leading to the formation of
transient pores in plasma membranes and the modification of
cell permeability [13].

Fig. 1. Schematic representation of cyclodextrin grafted silica prepared under unconventional conditions [6]. Reprinted (adapted) with permission from (Martina K,
Baricco F, Berlier G, Caporaso M, Cravotto G. ACS Sustainable Chem. Eng. 2014;2(11):2595-603). Copyright (2018) American Chemical Society)
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They can be described as spherical core/shell structures
that are filled with gases or vaporizable compounds, such as
perfluorocarbons, sulfur hexafluoride, air or carbon dioxide
[14]. The core is a single inner chamber that makes up the
largest part of a particle’s volume. The use of suitable core
components is crucial since composition can affect both
structural and functional behaviour. The use of gases that
are insoluble in water for the core (e.g. perfluorocarbons)
reduces the dissolution rate of the gas from the core into the
external environment, enhancing the shelf life of the systems.
The compressibility characteristics of the gas core can have
a significant effect on system volumetric oscillations due to
the compression and rarefaction cycles of US. The bubble
volumetric oscillation can facilitate backscatter echoes and
drug release, which can be useful for diagnostic imaging and
therapeutic applications, respectively.

The composition of the shell determines the stiffness of
the bubbles, their resistance to rupture in the US pressure
field, recognition by the reticuloendothelial system and
their biodistribution [15]. The shell generally consists of
lipids (phospholipids, cholesterol), polymers (Pluronic,
polysaccharides, PLGA) or proteins (aloumin).

A great deal of research has been focused on a number of
NB architectures and related compositions, among these we can
find polysaccharide-shelled perfluorocarbon-cored NB that have
provided some interesting results [16]. They are polymer/lipid
hybrid systems that have been purposely tuned to overcome
NB stability issues and to improve drug-loading capability.
Moreover, the presence of the polysaccharide shell means that
functionalization with specific target ligands is possible.

These hybrid systems contain a phospholipid monolayer
at the NB interface that can interact with polyelectrolytes.
The formulation design of the hybrid lipid/polymer system
was based on the knowledge that phospholipid monolayers
can adsorb charged polymers, such as polysaccharides, via
various types of attraction, including both electrostatic and
hydrophobic interactions.

A number of manufacturing approaches have attempted
to reduce bubble size. Most of these involve post-formulation
microbubble manipulation, such as gradient separation by
gravitational forces, physical filtration or floatation. Another
approach to achieving this aim, however, is the ab initio
formulation of nanoscaled systems. In this approach, NBs are
mainly prepared by sonication, high shear emulsification, thin-
layer evaporation and mechanical agitation; procedures that
have also been used in microbubble preparation [13].

NB technology is a versatile tool for the development
of externally-triggered nanocarriers that provide controlled
payload release with imaging properties.

Interestingly, NBs show good drug-encapsulation efficiency
and prolonged-drug release kinetics. Table 1 reports a list of

Table 1. Examples of bioactive molecules loaded into NB formulations

bioactive molecules that have been loaded into polysaccharide-
shelled, perfluorocarbon-cored NB formulations using various
loading methods.

Stimuli-responsive nanosystems

The efficiency of pharmacological treatment is strongly
dependent on the success rate with which the active compound
reaches the target site. Indeed, there are numerous challenges
that a drug has to tackle before achieving its objective; enzyme
attack, difficulty in accessing the target area and target-cell
selectivity in competition with other sites. NP-based drug
delivery systems (DDS) are therefore a promising strategy with
which to face these issues, as nanotechnology has shown
great improvements in target-specific drug delivery thanks
to advances in passive and active targeted-drug delivery.
Moreover, new additional properties that can be included within
the NP-based DDS and that can enhance drug bioavailability at
the disease site are very promising.

Conventional NP-based DDS ensures that the drug will
not freely extravasate during blood circulation, but only be
released at the target where the NPs accumulate, via either
a passive or active targeting strategy. The passive strategy
relies on the enhanced permeability and retention (EPR) effect
that is observed in some pathological tissues. For instance,
the accumulation of NPs in tumour tissue is much faster than
in other tissues and is characterized by uneven distributions
and particle-size dependency. On the other hand, active drug
targeting takes advantages of specific target area features by
decorating a NP-based DDS with monoclonal antibodies or
bioconjugates [17].

However, these conventional NP-based DDSs are often
accompanied by systemic side effects that are related to their
non-specific biodistribution and uncontrollable drug release
characteristics. There are already several NP-formulations of
anticancer drugs on the market, including Doxil® and Abraxane®,
which have shown improved safety profiles as compared to
free-drug formulations. However, drug bioavailability at the
tumour is still quite low which leads to insufficient improvements
in therapeutic activity [18].

Advanced controlled NP-based DDSs are being developed
to achieve drug release at target sites in a spatio-temporally
controlled manner, and thus overcome these limitations. The
fusion of engineered nanomaterials and pharmaceutical research
is paving the way for the development of innovative nanoplatforms,
especially for cancer treatment, where nanomaterials can
add further functionality to the loaded drug and play a crucial
therapeutic role. Well-defined nanosystems can increase drug-
targeting efficacy and reduce side effects by taking advantage of
responses to specific internal or external triggers, giving rise to so-
called “smart” or stimuli-responsive nanosystems [19].

Administration Routes

Therapeutic Applications

Loaded Drugs

Anticancer Doxorubicin, paclitaxel, docetaxel, cisplatin Parenteral
Antibacterial Vancomycin, erithromycin Topical
Antifungal ltraconazole Topical

Antiviral Acyclovir, valacyclovir Topical
Anti-Inflammatory Prednisolone Parenteral

Gene Therapy DNA, si RNA Parenteral
Hypoxia-Associated Pathology Oxygen Parenteral/Topical

Theranostic System

Gd Complexes

Parenteral

Others

Curcumin, melatonin

Parenteral/Topical
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There are a number of stimuli-responsive nanosystems
that we can primarily distinguish; i) those that recognize
changes in the biological milieu and thus modulate the
drug-release rate as closed-loop systems related to disease
features (internal triggers, such as variations in pH, redox
gradient, temperature and substance concentrations), and ii)
those that switch drug release on as a function of specific
external triggers and thus operate as open-loop systems that
can provide pulsed drug release when externally activated
(external triggers such as light, US, temperature, magnetic
field and high energy radiation).

Sensitiveness to internal or external stimuli can be achieved
using nanomaterials (mostly polymers) that bear functional
groups that are able to modify their properties as a function
of the intensity of the signal, which results in changes in
DDS features, such as the ability to release the drug. These
changes can have different levels of complexity, but only when
these structural changes are reversible and proportional to
the stimulus intensity can the NP-based DDS be considered
“smart”. When the target cells are those of a tumour, these
requirements can be summarised in the 2R2S features, i.e.
drug retention in blood circulations versus release in tumour
(2R) and stealthy in blood versus sticky in tumour (2S) [18].

1. Nanosystems that are responsive to internal stimuli
1.1. pH responsive NPs

One typical example of internal-stimuli responsive nanosystems
can be found in pH-responsive nanocarriers for solid tumour
targeting. The low pH that exists in the tumour extracellular
matrix, caused by a high rate of glycolysis, can be used as
a specific stimulus. Surface charge switchable polymeric
nanosystems have been designed to enhance tumour drug
delivery, as surface charge is pivotal for cell uptake. Indeed,
positively charged NPs display significant cellular uptake
thanks to electrostatic interactions with cell membranes.
Moreover, positively charged NPs are capable of acting as
“proton sponges” that disrupt lysosomes, enhance cytoplasmic
delivery and induce cancer-cell death [20].

A new tetraglucose-based biomaterial, made up of cyclic
nigerosyl-1-6-nigerose (CNN), has been produced by Caldera
et al. A cross-linking reaction with pyromellitic dianhydride formed
solid NPs, called nanosponges (NS). This new nanomaterial is
biocompatible and able to swell in response to the pH value.
Doxorubicin was incorporated to a good extent and released
with very slow and constant kinetics. Interestingly, local pH
plays a role in controlling the release profile of the drug. The
pH-dependent and prolonged-release kinetics of doxorubicin
fromm CNN-NS and their enhanced anticancer activity mean that
doxorubicin-loaded CNN-NS acted as a nanomedicine tool for
local tumour treatment and did so with a favourable toxicology
profile [21].

Interestingly, fluorescent CD derivatives have been used as
acid-sensitive gatekeepers to block silica mesopores and have
undergone successful doxorubicin release studies. This system
presents the significant advantage of operators being able to
trace the NP pathways using the green fluorescence and thus
monitor therapy process [22].

1.2. Redox responsive NPs
The design and fabrication of redox responsive NPs is another

promising means of targeting specific tumour intracellular sites.
Glutathione (GSH) reduction is a well-known redox system that
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operates within cancer cells, which has led to GSH-responsive
nanocarriers being proposed for targeted intracellular anticancer
drug release. Indeed, GSH levels within cancer cells are 100
to 500 times higher than normal ranges [23]. It is well known
that intracellular GSH can trigger thiol-disulfide bond exchange.
Polymers with disulfide bonds can make use of this property to
facilitate rapid release from carriers when stimulated by GSH.
In general, there are two ways that disulfide bonds can be used
in polymer systems; a) via modification of the disulfide bond on
the backbone, and b) via the use of disulfide bonds as cross-
linkers within the polymeric network.

Daga et al. have tuned nanosponge-based drug delivery
systems to be bioresponsive to GSH for rapid nanosystem
destabilization inside cells. The disulfide bridge remains stable
in extracellular fluids for long periods before being reduced
upon internalization within the cytosol. This improves drug
bioavailability and the efficiency of the reduction-sensitive
nanosystem as depleting endogenous antioxidants, such as
GSH, makes cancer cells more chemosensitive. A new class
of GSH-responsive CD nanosponges (GSH-NS) was then
designed to preferentially release doxorubicin in cells with
high GSH content. Doxorubicin-loaded GSH-NS inhibited
clonogenic growth, cell viability, topoisomerase I activity and
induced DNA damage with higher effectiveness than the free
drug in various cancer cell lines. It is worth noting that GSH-
NS were able to reduce human prostatic tumour development
more than the free drug, without evidence of significant organ
toxicity in a xenograft model [24]. Doxorubicin-GSH-NS can
affect cell proliferation at doses lower than the free-form drug,
which allows effective drug doses and, therefore, systemic
adverse effects to be reduced.

2. Nanosystems that are responsive to external stimuli
2.1. Light responsive NPs

Light-responsive nanosystems are a way to trigger drug
release at a desired target using external light at appropriate
wavelengths. However, the poor penetration depth of light into
tissues currently limits its applications. Light-triggered release
can be achieved by conjugating drugs to the nanosystems
via photo-cleavable bonds or by developing photosensitive
carriers that are able to provide on/off drug release via changes
in their nanostructure under light exposure. For example, NIR-
triggered release has been observed in poly(lactic-co-glycolic
acid) matrix particles containing doxorubicin and covered
with a gold over-layer [25]. Gold-containing DDSs have
attracted a great deal of attention in recent years due to their
enhanced and tunable optical properties, easy production and
functionalization as well as good biocompatibility. Moreover,
gold NPs set themselves apart from other nanoplatforms
thanks to their unique localized surface plasmon resonance
(SPR), which can be used in the multimodal treatment of
cancer, an example of which is photothermal therapy [26].
Under NIR irradiation, the SPR of the gold NPs causes the
local temperature to increase above body temperature by
several degrees. For example, this feature is being used
in AuroShells, which are gold nanoshells that are already
in clinical trials for the treatment of solid tumours. After
intravenous injection, these nanosystems are irradiated with
a fibre-optic laser to provide high temperatures to the tumour
area for the photothermal therapy of cancer [27]. Moreover,
the surface of gold NPs is suitable for the conjugation of drugs,
oligonucleotides and peptides making gold NPs appropriate
platforms for DDS that can be activated by external stimuli.
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2.2, Temperature —responsive and US responsive NPs and NBs

Temperature is one of the most convenient and effective factors
that can be used to control drug release. In pathophysiological
conditions, such as tumours, tissue temperatures are higher
than those in healthy tissues. This temperature difference allows
functionalized nanosystems to be triggered and enhances drug
release in tumours. Thermo-sensitive nanocarriers are usually
designed to retain the drug at physiological temperature (37 °C),
and rapidly release it when the temperature is higher than
40-45 °C. This is commonly the reason for NB release, but
a number of different nanosystems have been designed with
the aim of maintaining safety without losing sensitivity to slight
temperature differences.

Tumour-specific drug accumulation can be achieved by
combining hyperthermia and temperature-sensitive liposomes.
ThermoDox, which is a temperature-sensitive doxorubicin
liposome formulation, is probably the closest to clinical use at
the moment. This nanosystem was designed to simultaneously
achieve the passive targeting of doxorubicin towards tumour
tissues and enhanced drug delivery in tumour microvasculature
by applying an external source of heating, such as US.
Dipalmitoyl phosphatidylcholine's lipid-crystallization melting
temperature of 41.5 °C means that doxorubicin is released from
the nanosystem at this temperature. Moreover, radiofrequency
ablation was also used to trigger drug release from ThermoDox.
Liver-cancer targeted ThermoDox displayed an improved
safety profile compared to free doxorubicin in a Phase | clinical
trial. Although the life span after ThermoDox treatment failed to
reach the 33% threshold in Phase lll clinical trials, the treatment
strategy has a promising future as a stimuli-responsive DDS [19].

2.3. US responsive NPs and NBs

US has been extensively used in clinics for diagnosis and
therapy because of its intrinsic tissue penetration and high
safety; low-frequency US can penetrate several centimetres
into the body with very low scattering [18].

US can affect tissues via a variety of mechanisms, thermal
and non-thermal, and by tuning frequency, power intensity
and exposure time. The heat generation produced by US is a
well-known mechanism and is used in so-called high intensity
focused ultrasound (HIFU) for the treatment of prostatic cancer
[28], whereas the therapeutic uses of non-thermal US have
been investigated less thoroughly. Besides the direct thermal
effect, the effects of US on tissues include: a) alterations in
biobarrier permeability (namely sonoporation), b) drug delivery
and ¢) sonodynamic activity. The last of these effects has
opened up new perspectives for cancer treatment, including
sonodynamic therapy (SDT), in which a nontoxic molecule
or system (chemical actuator, sonosensitizer) is activated
by US (physical activator) and yields oxidative damage and
consequent cancer cell death. SDT is thus achieved by an
external physical stimulus that activates molecules or colloidal
systems providing, in turn, a biological effect only when the two
are combined together. Briefly, acoustic cavitation is defined as
the formation or activity of gas- or vapour-filled cavities (bubbles)
in a medium exposed to an US field. Specifically, bubbles in a
stable cavitation state oscillate, which causes the surrounding
liquid to stream, resulting in the mixing of the surrounding media,
whereas gas bubbles in an inertial cavitation state grow to near-
resonance size and expand to a maximum before collapsing
violently. In this latter case, the extreme temperatures, up to
10,000 K, and pressures, up to 81 MPa, that are produced
in the surrounding microenvironment by the energy released

during implosion are viewed as constituting a “sonochemical
reactor” [29]. In anticancer sonodynamic activity, NPs may not
only act as a sonosensitiser vehicle capable of improved and
spatio-temporal controlled anticancer activity upon external US
stimulus, but also as a sonosensitiser per se if appropriately
designed [30].

In the field of US-responsive drug delivery systems, the
use of NB in combination with US is also attractive for the
targeted delivery of nucleic acids [31]. This could be achieved
using various loading methods, such as the direct physical
incorporation of DNA into the shell during fabrication, the
use of cationic lipids or polymers in the shell to bind DNA by
electrostatic interaction, and the covalent linking of DNA-NPs.

The authors of the present manuscript have exploited
the capabilities of various nanosystems and used them as
delivery systems for US-responsive chemical compounds
(sonosensitisers), and as US-responsive systems themselves
for the sonodynamic treatment of cancer. We demonstrated
the significant anticancer activity of poly-methyl methacrylate
core-shell NPs loaded with meso-tetrakis (4-sulfonatophenyl)
porphyrin (TPPS-PMMANP) under US exposure at the target
site in an in vitro neuroblastoma model [32]. These porphyrin-
loaded core-shell NPs were then engineered for use as in
vivo sonosensitizing systems, radiotracers and magnetic
resonance (MR) imaging agents, which may be suitable
for the selective treatment of solid tumours and imaging
analyses. Indeed, PMMANP were either loaded with TPPS
for sonodynamic anticancer treatment, with 8Cu-TPPS for
positron emission tomography biodistribution studies or with
Mn(lll)-TPPS for MR tumour accumulation evaluation. TPPS-
PMMANP demonstrated US responsiveness, as measured by
MR analyses of pre- and post-treatment tumour volumes, in a
syngeneic breast cancer model, proving that this multimodal
system can efficiently induce selective and externally guided
anticancer activity [33].

The properties of inorganic NPs, in this case gold
NPs, have been investigated to harness their unique SPR
phenomenon. Folate-PEG decorated gold NPs (FA-PEG-GNP)
were tested as sonosensitizers for the treatment of cancer.
Their US responsiveness in human cancer cell lines that
expressed varying amounts of folate receptors was tested, and
FA-PEG-GNP was found to selectively target folate-receptor
overexpressing cancer cells providing a significant reduction
in cell growth upon US exposure, along with impressive
reactive oxygen species generation and an increase in
necrotic cells [34]. The simultaneous exploitation of the gold
NP targeting capacity and the sensitizing effect afforded by
localized external stimuli make these nanosystems promising
candidates for the site-specific treatment of cancer. This in vitro
study can be considered proof of concept for gold NP use as
nanosonosensitizers in the US-based treatment of cancer.

Formulations that are referred to as “NBs”, prior to
the application of external stimuli such as US, should be
considered “nanodroplets” when the core is constituted of
perfluoropentane, which is a perfluorocarbon that is found
in the liquid state at room temperature (boiling point 29 °C).
Release can be activated in the presence of US via the Acoustic
Droplet Vaporization (ADV) mechanism [35].

The feasibility of combining NB with US as a topical
treatment for skin disease has been investigated in the design
of a therapeutic tool to topically treat hypoxia-associated dermal
pathologies and promote the wound-healing process [36].

Dextran- and chitosan-shelled NBs loaded with
decafluoropentane (called nanodroplets) or dodecafluoropentane
(called NBs) have been developed as oxygen delivery systems
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thanks to the ability of perfluorocarbons to solubilize and
store oxygen in the core and release it with prolonged kinetics
[36-39]. Decafluoropentane systems have shown marked
effectiveness, both in vitro and in vivo, in releasing oxygen to
hypoxic environments, as demonstrated by complementary
analysis that made use of oxymetry and photoacoustic
imaging. Chitosan-shelled and oxygen-loaded nanodroplets
were proposed [36, 40] as an innovative tool for the adjuvant
treatment of infected chronic wounds by exploiting chitosan’s
antimicrobial properties.

Oxygen-loaded nanodroplets have shown significant
cytostatic activity against methicillin-resistant Staphylococcus
aureus (MRSA) and Candida Albicans, and no toxicity in
human keratinocytes (HaCaT cells). Moreover, complementary
US treatment promoted oxygen transdermal delivery from the
nanodroplets to hypoxic tissues. Much research has been
devoted in recent years to the study of NB formulations to carry
oxygen as exogenous oxygen is difficult to deliver into tumours
that are distant from blood vessels. The high oxygen solubility
of bubbles is beneficial for hypoxic tissue oxygenation.

New vancomycin-loaded dextran sulfate-shelled NBs have
been designed [41] for local drug delivery for the treatment of
cutaneous infectious disease. The combination of vancomycin-
loaded NB and US enhanced the drug’s penetration through
the skin by sonophoresis and triggered local drug release at
the site of infection.

Diethylaminoethyl-dextran (DEAE)-shelled NBs have
been found to incorporate and protect DNA from the action
of proteases and transfect plasmid DNA across the cell
membrane without any resulting cytotoxic effects [42]. Another
NB formulation, consisting of a chitosan-based shell, has also
been designed for DNA delivery. DNA-loaded chitosan NBs
with a mean diameter of less than 300 nm and a good DNA
payload were obtained [43]. In vitro transfection experiments
were performed by exposing adherent COS7 cells to US (2.5
MHz) in the presence of varying concentrations of plasmid
DNA-loaded NBs. NBs failed to trigger transfection in the
absence of US at all concentrations tested. By contrast, 30
seconds of US promoted a moderate degree of transfection.
Cell viability experiments demonstrated that neither US nor NB
affected cell viability under these experimental conditions.

Continuous efforts in the field of cancer immunotherapy in
recent years have led to the development of several vaccination
strategies that are based on tumour-associated-antigens, such
as the HER2 oncogene.

Cancer vaccination offers distinct advantages over standard
therapies. These advantages include higher specificity, lower
toxicity and reduced long-term effects, which are all due to
immunologic memory. Nanotechnology has great potential
to make immune therapy more efficient. Indeed, in order to
correctly expand the immune response against tumours, a
vaccine needs to effectively reach the dendritic cells, which
play a critical role in inducing a proper immune activation.

A novel immunotherapeutic tool, which is based on chitosan-
shelled NBs loaded with a DNA vaccine and functionalized
with anti-CD11c antibodies to target DCs, has recently been
developed for the treatment of HER2+ breast cancer [44].
The intradermal injection of pHER2-loaded CD11c-NBs led to
the migration of dermal DCs to draining lymph nodes and the
delayed growth of HER2+ tumours, thus promoted cellular and
humoral immune responses were observed in the mouse model.

Various NB formulations have been investigated as
theranostic platforms with the intention of exploiting their
echogenic properties. In fact, polymer-shelled NBs have been
widely proposed as multifunctional agents with the aim of
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providing cancer cell targeting, US imaging and US-triggered
cancer therapy.

The authors of the present review have tuned a chitosan-
based NB formulation to act as a theranostic system that
can provide the double imaging detection of NBs [45]. The
formulation was designed for the co-delivery of prednisolone
phosphate, located at the interface with the perfluoropentane
core, and a negatively charged GD-DOTP complex, which
was electrostatically bound to the cationic chitosan NB shell.
The NBs were echogenic, meaning that it may be possible to
visualize them by means of real-time echography imaging, while
the ability to generate positive MRI contrast was demonstrated.

Extracorporeal Shock Waves (ESWs) have also been
studied as another physical external stimulus with which to
trigger drug release from NBs, besides US. ESWs are short-
duration (<10 ps) focused acoustic waves that are widely
used in urology for lithotripsy and for the treatment of several
musculoskeletal diseases. The effectiveness of using drug-
loaded NBs together with Extracorporeal Shock Waves
(ESW) was thoroughly investigated. Interestingly, the effects
of combining chemotherapeutic drug-loaded NBs and ESWs
have recently been demonstrated in two different types of
aggressive cancers, anaplastic thyroid cancer (ATC) and
castration resistant prostate cancer (CRPC) [46-49]. Moreover,
Marano et al. have reported that combined treatment with
either paclitaxel- or docetaxel-loaded NBs and ESW enhanced
the cytotoxicity of both the drugs in two different cell lines (PC3
and DU145) of CRPC, resulting in a paclitaxel GI50 reduction
of about 55% and in a docetaxel GI50 reduction of about 45%
(Fig. 2) [48].

2.4. Magnetic responsive NPs

Magnetic stimuli may provide a non-invasive approach to
the temporal and spatial control of carrier targeting and drug
release under the programmable exposure of an external
magnetic field. The most commonly-used core/shell magnetic
NPs (MNP) exhibit a variety of unique magnetic properties.
The large surface-to-volume ratio of MNPs provides abundant
active sites for biomolecule conjugation and thus facilitates their
precise design and engineering, which should ensure that their
intended smart capabilities, such as long-lasting circulation
in the blood stream, target specificity to lesion tissues, and
therapeutic delivery, operate efficiently under the action of
a localized external magnetic field. Temperature increases
can be obtained using a variety of energy sources, with the
most commonly used being electromagnetic (EM) energy.
Hyperthermia (HT) is typically performed at high frequencies
(13 MHz to 430 MHz according to tumour depth) with phased-
array antennas being placed outside the body, while MWs
(915 MHz or 2.45 GHz) are applied in thermal ablation (MTA)
through interstitial antennas placed in the tumour centre. Both
HT and MTA have proven their safety and efficacy in several
clinical trials [50]. However, both techniques suffer from poor
reproducibility and difficulties in controlling the temperature
distribution inside the tumour over the various clinical
conditions. Research is thus currently being devoted to the
improvement of heating uniformity and target specificity, while
aiming to minimise invasiveness. A promising route to this aim
can be found in MNP-mediated thermotherapies, which are
used as sources of local heating after their injection into the
tissue and successive exposure to external magnetic fields. The
main limitation of magnetic thermotherapy is the poor heating
efficiency of most magnetic nanomaterials, so that therapeutic
effects are only observed when large amounts of MNP are
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Fig. 2. Nanobubble entrance. Cytofluorimetric analysis of PC3 (A) and DU145 (B) cells treated for 24 hours with 6-coumarin-labelled glycol chitosan NBs (15 ¢ 10* NBs/ml),
either in the absence and in the presence of ESWs, expressed as Mean Fluorescence Intensity (MFI). Significance vs untreated cells (Basal): p < 0.001 (***); significance
vs ESWs: p < 0.05 (°); p < 0.01 (°°). Photos by fluorescence microscope of PC3 (C) and DU145 (D) cells treated with 6-coumarin-labelled glycol chitosan NBs at
15 « 10* NBs/m, either in the absence and in the presence of ESWs. Pictures were taken at x200 final magnification (scale bar: 100 um). The images are representative
of three independent experiments; for each experiment, 10 fields were quantified. Image-based quantification of 6-coumarin-labelled glycol chitosan NBs in PC3 (E)

and DU145 (F) cells. Significance vs no ESWs: p < 0.05 (*); p < 0.01 (™). [ref 48]

injected into the tumour. Significant work is accordingly being
performed on the optimization of heating efficiency and
biocompatibility by tuning MNP size and physical properties, as
well as considering several different coating materials. Magnetic
nanodisks (MND) and nanorings have recently emerged
as a valid alternative to MNPs, as they are characterized
by negligible remnant magnetization and the consequent
advantageous reduction of the long-range magnetostatic
forces responsible for particle agglomeration. Preliminary
studies demonstrated the potential of these nanostructures
as effective nanomediators for cancer thermotherapy as they
show improved HT properties with respect to isotropic MNPs.
Magnetic Ni80Fe20 NPs with a disc shape have been obtained
by nanolithography and were directly coated with a gold layer
[561]. Functionalization of the gold surface of coated MNDs was
performed with a cysteine-fluorescein isothiocyanate (FITC)
derivative, by the authors of the present manuscript, in order
to induce random fluorescence for use as a means to evaluate
intracellular uptake. The magnetization process of all the MNDs
was characterized by the presence of a vortex which pointing
to a possible exploitation in drug delivery process and also
in magnetic hyperthermia. It is worth noting that cytotoxicity

tests confirmed that gold-coated MNDs displayed higher
biocompatibility than the bare nanodisks despite not being
completely coated. The intracellular uptake of the MNDs was
confirmed by cytofluorimetric analysis using the FITC conjugate
on the surface of the gold-coated MNDs [52].

CONCLUSIONS

Smart DDSs have proven themselves to be highly efficient in
biomedical applications. However, their potential druggability
still requires extensive evaluation before clinical use is feasible.
Indeed, there are a number of stimuli-responsive nanosystems
are currently undergoing clinical evaluation, but only a few
have been approved for clinical use, such as NanoTherms®,
and most of them are commercialized for research use only
[18]. Future work on smart DDSs should therefore be focused
on more feasible and homogeneous preparation methods and
on clinical translation to ensure that more stimulus-sensitive
nanomedicines can see use in clinics. Indeed, improving the
preclinical research of advanced DDSs to make them more
reproducible and then translate that to success into clinical
trials will be an enormous challenge for researchers.
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DETECTING REACTIVE OXYGEN SPECIES IN BIOLOGICAL FLUIDS BY
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Reactive oxygen species (ROS) are vital metabolites in numerous biological functions. Disorders of cellular mechanisms can
cause overproduction of ROS and, subsequently, oxidative damage to DNA, proteins, cells and tissues, which is associated
with the pathogenesis of a number of neurodegenerative and inflammatory diseases. Development of highly sensitive, relatively
simple and fast-to-implement innovative methods to detect oxidative stress requires understanding of how such disorders
relate to the level of ROS. This research aimed to apply the biological fluids' ROS detection method we have developed (using
the stable platinum nanoelectrode that allows assessing the level of hydrogen peroxide (H,0,) down to 1 uM) and determine
the level of H,0, in lacrimal and intraocular fluids of rabbits, as well as to investigate how the level of H,0, changes under
the influence of antioxidant therapy. The effect superoxide dismutase (SOD) nanoparticles produce on biological fluids' ROS
level was shown. The level of H,O, in lacrimal fluid increased 10 and 30 min after instillation of SOD nanoparticles. As for the
intraocular fluid, H,0, concentration starts to grow only 30 min after instillation of SOD nanoparticles, which suggests that the
they penetrate the internal structures of the eye gradually. The method seems to be of value in the context of eye diseases
diagnosing and treatment.
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OMPEAENNIEHUE AKTUBHbBIX ®OPM KNCJIOPOOA B BUONTOMYECKUX
KNAKOCTAX C MOMOLLBbHO NMIATUHOBOIO HAHOJ3JIEKTPOOA
AMIMEPOMETPUHECKUM METOOOM

A. H. Banees'™, A. B. Anosa’, A. C. Epodees'?, I'. B. Topenkun®, A. . AnekcawkuH', O. B. BeaHoc?, H. b. YecHokosa®,
O. A. Koct', A. T. Maxkyra'?, tO. E. Kop4es®’, H. J1. Knsayko'
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6 [lenapTameHT MeamUmMHbl, IMnepckumii konnemk JToHooHa, JToHaoH

" WictutyT HaHomHaycTpumn WPI (WPI-NanoLSl), YHrBepcuTeT KaHanzasa, KaHagzasa

AKTVBHbIE (hopMbl Kcnopopa (ADPK) ABRSKOTCA MUSHEHHO HEOOXOAVMbIMY METAO0NNTAMIN B MHOTOUMCTIEHHBIX BUONMOMNHECKIX
PyHKUMSAX. HapyLleHne KNeTOYHbIX MEXaH3MOB MOXET MPUBECTU K nepenpon3BofcTsy ADOK 1 BbI3BaTb OKMCIUTENBHOE
noBpexaeHne JHK, 6enkoB, KNeToK 1 TKaHel, KOTOPOE CBA3aHO C MaTOreHe30M psifa HenmpoaereHepaTVBHbIX 1 BOCHaNUTENbHBIX
3abonesaHuin. NoHMMaHne B3aMMOCBA3N Mexay ypoBHeM ADK 1 3TMK HapyLLEHNSMU BaXKHO Mpu pas3paboTke METOOOB
neveHnst ons 60pbbbl C OKUCANTENBHBIM CTPeCcCoM. Llenbto paboThl 6610 NCMOMB30BaHVE pPa3paboTaHHOro HaMy MeEToAa
onpepeneHns APK B BUONOMMHECKNX XXUOKOCTSX, & UMEHHO B CIe3e 1 BHYTPUMIA3HOM XKNOKOCTU, C MOMOLLbIO CTabUIbHOro
MIaTMHOBONO HAHOBMIEKTPOAA, MO3BONSIOLLIErO OLEHVBaTh YpoBeHb mepokcupa sopopoma (H,0,) Brnote mo 1 MkM, a
TaKKe UsydeHrie OVHaMVIKW U3MeHeHns ypoBHA H,O, Mpy aHTMOKCMaaHTHOW Tepanuy. [okasaHo BAWsiHVE HaHOYacTuL
cynepokcngamcmyTadel (COM) Ha ypoBeHb ADK B Bronornyeckrx »)mnaKocTsax. Nocne 3akanbiBaHus Hanodactuy, COL
npovcxoauno yeennderne yposrsa H,O, B cnese depes 10 1 30 MuH. B crniydae ¢ BHYTPUMMA3HON XKWOKOCTBIO POCT
KoHUeHTpaumn H,0, Ha4nHaeTcs Tonbko cryctd 30 MUH MOCne 3aKarbiBaHus, YTO CBUAETENbCTBYET O MOCTENeHHOM
MPOHMKHOBEHN HAHOYACTUL, BO BHYTPEHHNE CTPYKTYpbI Masa. llcnonb3oBaHne MeTofa NpeacTaBnaeTca d9hdeKTBHbIM
07151 AMAarHOCTUKW 1 KOHTPOMA 1IeYEHVs ra3HbiX 3a00NeBaHNA.

KntoyeBble cnoBa: aHTUOKCUAAHTHas aKTVBHOCTb, MaTVHOBbIN HAHOSMEKTPO, aKTVBHbIE (DOPMbI KCNOPOoAa, HAHOCEHCOP,
HaHOYaCTWLbI CYNepOKCUAANCMYTa3bl, OKUCINTENbHbIN CTPECC

duHaHcupoBaHue: paboTa BbiNofHeHa Npu nogaepke MyH1cTepcTea 06pa3oBaHus 1 Haykv Poccuiickoin Penepaumim B pavkax Cornatenmst Ne14.575.21.0147
(YHnkaneHbIn naeHTudmnkaTop npoekta RFMEFI57517X0147).

><] Ona koppecnonpeHumn: AnexkcaHgp Hukonaesny BaHees
JeHnHckue ropel, 4. 1, ctp. 116, . Mocksa, 119991; vaneev.aleksandr@gmail.com

Cratbsi nonyyeHa: 28.06.2018 CtaTtbsa npuHATa K neyartu: 25.07.2018

DOI: 10.24075/vrgmu.2018.045

-ﬂ] BULLETIN OF RSMU | 6, 2018 | VESTNIKRGMU.RU



Oxidative stress in tissues is accompanied by excessive
generation of reactive oxygen species (ROS) and depletion
of the endogenous antioxidants reserves [1]. Entering
endogenous metabolic reactions, aerobic cells produce ROS,
such as superoxide anion (-O,"), hydrogen peroxide (H,0,),
hydroxyl radical (+OH) [2]. Organs of vision are some of the most
vulnerable parts of the body [3]. Tissues of the eye are exposed
to light for a considerably long time to have radical processes
constantly photoinitiated and cells damaged, membrane
lipids peroxidized, protein modified through oxidization, DNA
damaged through the same process [4]. Many eye pathologies
are associated with oxidative stress: cataracts [5], uveitis [6],
retinopathy [7], corneal inflammation [8]. All ROS oxidize cellular
components, which mostly results in irreversible damage to
cells. In the body, antioxidant enzymes (superoxide dismutase
(SOD), catalase) and low-molecular antioxidants (vitamins A, C,
E, etc.) control concentration of ROS [9].

Thus, learning antioxidant profiles of lacrimal and intraocular
fluids is an important task. Modern methods of ROS levels
detection are flawed: their sensitivity is low, and, in most cases,
the measurements are indirect [10]. The volume of lacrimal fluid
a laboratory animal can provide is also limited, which makes the
majority of analytical methods inapplicable [11, 12].

Thus, detecting and describing the antioxidant component
of lacrimal and intraocular fluids requires special, highly effective
and sensitive methods that allow determining ROS level with
only a minor volume and concentration of fluids, which is
important for ophthalmic diseases diagnosing and prevention [13].

It is common to apply chemiluminescent and spectrophotometric
methods [14, 15] to determine the antioxidant activity of lacrimal
fluid. These methods imply modeling that allows generating
ROS and then assessing the level of antioxidants in the
sample based on the model reactions inhibition or stopping.
The drawbacks of such modeling systems are the medium's
pH, which is different from the physiological conditions, and
indirect nature of ROS level measurement process peculiar to
the majority of methods available, which imposes a number of
limitations and reduces reliability of the data obtained.

Activation of free radicals is one of the causes of vessel
neoplasms forming in the context of inflammatory processes.
Therefore, oxidative stress is an important constituent of
inflammation pathogenesis. Some of the major triggers of
inflammation are infections, systemic autoimmune diseases,
traumatic eye injuries, burns, hormonal imbalance and metabolic
disorders [16, 17]. For example, choroid inflammation, or
uveitis, often affects other structures of this organ and translates
into various vision disorders [18]. Such disorders result from
sensitization of the eye tissues with infection or other antigens
and neutrophils penetrating to the nidus. Neutrophils destroy
microorganisms and produce ROS by NADPH.H oxidase. Another
major source of ROS accompanying inflammation (regardless of
the disease etiology) is macrophages [19]. Therefore, antioxidants
are a feasible addition to anti-inflammatory drugs in the context
of an anti-inflammatory therapy. Complications associated with
the inflammatory processes in the eyes mainly result from the
activation of free radicals oxidation reactions and accumulation of
ROS [3].

In this case, nanoparticles as carries show promise, since
they can significantly increase the bioavailability of the drug
[20]. SOD nanoparticles of block-ionomer complexes, for
example, are non-toxic, non-immunogenic and biocompatible.
Due to the repeated reaction with the substrate, antioxidant
enzymes are more effective than low-molecular antioxidants.
The major advantage of SOD nanoparticles is their ability to
circulate in the eye's tissues longer than the native enzymes. In
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vivo experiments have shown that SOD nanoparticles are quite
effective in the context of immunogenic uveitis and chemical
eye burn therapies [21].

The goal of this research was to detect ROS in lacrimal and
intraocular fluids of rabbits by means of amperometry using
a platinum nanoelectrode, as well as to study the effect SOD
nanoparticles have on the dynamics of ROS concentration in
lacrimal and intraocular fluids of intact rabbits.

METHODS

We obtained SOD nanoparticles following the protocol described
in paper [22]. The method implies spontaneous layer-by-layer
self-assembly of oppositely charged polyions, which brings
stoichiometric complexes with 100% efficiency of loading.
To that effect, protamine (Sigma; USA), positively charged at
pH = 7.4, was added to a SOD solution in a 0.01 M phosphate
buffer PBS (pH = 7.4) (Fermentniye tekhnologii, Russia) mostly
negatively charged under physiological conditions; next, a
negatively charged block copolymer of polyethylene glycol and
poly-L-glutamic acid (Alamanda Polymers; USA) was added,
followed by cross-linking with glutaraldehyde (Sigma; USA).

The test subjects were samples of lacrimal and intraocular
fluids of rabbits provided by the Helmholtz Institute of
Ophthalmology. All in all, 25 chinchilla rabbits (weight 2.0-
2.5 kg each) donated the fluids. They were taken care of in
compliance with "Experimental Biological Clinics (Vivaria)
Sanitary Management Rules" approved by the Ministry of
Health of the USSR on 06.07.73, and order #755 of 12.08.77
issued by the same ministry. Routine care followed the
laboratory's SOP. Keeping conditions: indoors, rooms with a
12-hour lighting cycle, temperature range — 18-26 °C, relative
humidity of 30-70%, 100% ventilation without recirculation, air
exchange rate — 7-12 room volumes per hour, one animal per
cage equipped with drinking bowls and feeders. The rabbits
were fed «Universal Granulated Compound Feed for Rabbits»
(Provimi-Volosovo, Leningrad region).

The pre-tests adaptation period for the animals was 14
days. During that time, their health was monitored for any
deviations from the norm. The animals underwent thorough
examination before being split into groups. Each animal was
given an individual number. Experimental groups consisted of
rabbits exhibiting no visible deviations from the normal state of
health (randomized selection).

In this study, rabbits of the gray chinchilla line were used
as a test system. This line is a regular choice in the context of
pharmacological research studying the impact of medicines on
the eye tissues.

Gray chinchilla has big eyes, which simplifies evaluation
of clinical manifestations of the disease and allows collecting
sufficient volumes of fluids from the anterior chamber of the eye.

All operations and activities that involved experimental
animals complied with provisions of the order #755 of 12.08.77
issued by the Ministry of Health and the Helsinki declaration. All
procedures the animals were part of received approval of the
Helmholtz Institute of Ophthalmology ethics committee.

Al rabbits were simultaneously instilled 30 ul of the
nanoparticles solution (2 mg/ml) into one eye, while the other
eye served as control. Then, lacrimal and intraocular fluids were
taken 10, 30, 60, 120 min after the instillation.

We used a number of filter paper circle patches (diameter
5 mm) to obtain lacrimal fluid samples. The patches were put
into the posterior fornix of conjunctiva for 5 min, then taken
out and dipped into 300 pl PBS solution for 20 min. The
eluate was centrifuged for 10 min at 4000 rpm in a centrifuge
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(Labsystems; Finland) and the resulting supernatant was used
for measurement purposes.

To take the intraocular fluid, we punctured cornea near the
sulcus (paracentesis). Once all samples were taken, the animal
was euthanized by air embolism.

We applied the amperometric method to determine the
level of ROS. To this effect, we used platinum-coated carbon
nanoelectrodes in the fluids and a silver chloride reference electrode.

Patch-clamp amplifier Model 2400 (AM Systems; USA)
allowed registering the potential difference between platinum
microelectrode and reference electrode. USB-6211 ADC-
DAC converter (National instruments; USA) and WinWCP
software allowed data transfer and recording. PatchStar
micromanipulator (Scientifica; UK) helped position the
nanosensor. The desk for all manipulations was the table of an
inverted microscope (Nikon; Japan).

ROS concentration, namely that of H,0,, was evaluated at
the potential of +800 mV to the silver chloride electrode [23].
These are the conditions allowing 2H,0, < 2H,0 + O, reaction,
which is catalyzed by platinum; since superoxide radical rapidly
converts into hydrogen peroxide in the solution, the total
concentration of H,0, determines the general background of
the oxidative processes [24]. The level of oxygen was evaluated
at the potential of -800 mV.

Quartz capillaries (inner and outer diameters 0.9 mm and
1.2 mm, respectively; Fig. 1) were used to make platinum
electrodes. The capillaries were pulled by a laser puller (Sutter;
USA) to make two nanocapillaries that had a hole with the
diameter of 100-500 nm. Pyrolytic carbon was deposited on
the nanocapillaries through thermal decomposition of butane in
an oxygen-free environment.

Nanocapillary was filled with butane through a rubber tube
that fit tightly around the wide end of the quartz nanocapillary.
Then, sharp end of the nanocapillary was pushed into a similar
quartz capillary of the appropriate size. This capillary carried
the laminar flow of argon. Next, starting with the sharp end of
the nanocapillary we subjected it to thermal treatment with the
help of a butane-propane, distance — 1 c¢cm, duration — 15 s.

We applied the electrochemical cavitation method with
subsequent deposition of platinum [25-27]. The electrode
was etched in a solution containing 0.1 mM NaOH and 10 mM
KCI. Both the nanoelectrode and the reference electrode
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Fig. 1. Platinum electrodes production pattern

were immersed in the solution; reference electrode received a
symmetrical V-shaped alternating current with an amplitude of
1.5-2 V. Increasing amplitude signaled of the growing current
running through the nanoelectrode and, accordingly, of the
increasing area of carbon on the quartz tube's tip. When the
signal's amplitude was sufficient, the etching was stopped.
After etching in the 0.1 M KCI/10 mM NaOH solution,
the treated billets were put into the 2 mM hexachloroplatinic
acid (H,PtCl,) solution to electrochemically deposit platinum

A I (PA)

U (mv)

100

I (PA)

0,01 e
107 10° 10° 10*

C(H,0,), (M)

Fig. 2. A. Volt-ampere characteristics for a nanoelectrode against Ag / AgCl (1 V/s).
Cyclic volt-amper-grams measured in a 1 mM solution of ferrocene methanol.
Black shows the current-voltage characteristic for a carbon nanoelectrode, red —
after deposition of platinum. B. Photograph of the manufactured nanoelectrodes.
C. Calibration line of the platinum electrode used to determine the concentration
of H,0, in lacrimal and intraocular fluids
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onto the tip of the capillary, delivering a 0.8 V symmetrical
sawtooth-shaped potential to the reference electrode. The
differences in cyclic volt-ampere-grams of the nanoelectrode
in ferrocenemethanol in the region of negative potentials before
and after deposition of platinum indicated the success of the
operation, i.e. that we had platinum deposited on the electrode
(Fig. 2A)

OriginPro 8 software (OriginLab, 2018) was used to process
the obtained volt-ampere characteristics. We registered the
average current values at +800 mV (pro rata to the H,0,
concentration) relative to the current level at zero potential.

The platinum electrode and the reference electrode, dipped
into the samples, allowed measuring H,0, level in lacrimal and
intraocular fluids taken from the test animals. See fig. 2B for the
picture of nanoelectrodes.

RESULTS

Prior to measuring the levels in the samples, we calibrated
each platinum electrode using several standard H,O, solutions
and plotted a calibration curve that consequently allowed
determining the level of H,0, in the samples (Fig. 2C)
According to the calibration, the higher the current value,
the greater the concentration of H,O, in the sample. Left eye
of the test animals was instilled with SOD nanoparticles; right
eye, the control, received 0.01 M PBS buffer (pH = 7.4). The
data describes each rabbit at 5 different time points: before
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the instillation (control) and after 10, 30, 60 and 120 min after
that. Seemingly due to the individual characteristics of each
test animal, the results vary to a certain extent at each time
point. In all animals we have seen the H,0, level decreasing as
the time elapsed from instillation increased.

Because of the considerable variability of the results, we
have calculated the difference between H,O, levels in test
and control eyes of each animal (lacrimal fluid) with the aim to
visualize the dynamics of the process as it developed in time.
The data obtained were averaged out and presented for 5
rabbits as mean values with standard errors (Fig. 3). The values
indicate that, compared to the control eye (PBS instillation), the
H,O, level in the test eye (nanoparticles instillation) was growing
for 30 min after instillation. Then, the level of ROS in both eyes
became approximately equal.

Next, we measured the ion currents in the intraocular fluid
samples. Left eye of the test animals was instilled with SOD
nanoparticles; right eye, the control, received 0.01 M PBS buffer
(oH = 7.4). After instillation, the H,0, level in the intraocular fluid
of experimental animals was increasing. As time went by, the
values registered were growing increasingly varied at each time
point. The data obtained were averaged out and presented for
5 rabbits as mean values with standard errors (Fig. 4). Ten min
after the instillation was over, the values describing test and
control eyes showed no significant differences, but after 30 min
the level of H,O, in the test eye (nanoparticles instillation) began
to grow compared to the control.

-0.02

-0.04

-0.06

Fig. 3. Kinetics of the ROS changes in rabbit tear samples after instillation with SOD
ROS levels in test and control eyes of each animal (lacrimal fluid)
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nanoparticles. Averaged data for 5 rabbits with standard errors. Difference between
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Fig. 4. Kinetics of the ROS changes in rabbit intraocular fluid samples after instillation with SOD nanoparticles. Averaged data for 5 rabbits with standard errors.
Difference between ROS levels in test and control eyes of each animal (lacrimal fluid)
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DISCUSSION

SOD nanoparticles catalyze reaction 20, + 2H,0* <> O, + H,0,
+ 2H,0, which translates into the growing levels of H,0, in the
samples of lacrimal and intraocular fluids.

In the lacrimal fluid, the level of H,0O, increased 10 and 30
min after the beginning of instillation and returned to baseline
an hour after (dome-shaped graph). This is different from the
ROS level dynamics seen in the intraocular samples, where
the concentration of H,O, starts growing only 30 min after
instillation. It is difficult for SOD to penetrate to the intraocular
fluid, which explains the latent period of about 30 min.

When the SOD concentration in the lacrimal fluid grows,
that of superoxide radicals decreases significantly, while the
concentration of H,0, increases (Fig. 3). The H,0O, concentration
reaches the maximum level in 30 min, which indicates a shift
in the equilibrium of superoxide radical dismutation reaction
towards generation of H,0,. In 1 hour, the H,O, concentration
returns to baseline because of the two related processes seen
in lacrimal fluid: firstly, in 1 hour the concentration of SOD
nanoparticles decreases significantly due to leaching from the
eye surface, which means the rate of H,0, generation also
slows down; secondly, the antioxidant system found in lacrimal
fluid decomposes H,O, to water and oxygen.

[t should be noted once again that the lifetime of
superoxide radicals is only about 10° s because of their
reactivity. Being a nucleophilic compound, O, is capable of
oxidizing lipoproteins and phospholipids of the membranes,
which results in the destruction of cells [28]. In addition to
the dismutation reaction that results in H,O, generation,
superoxide radical is also part of the Haber-Weiss reaction
(O, +H,0, <> OH" + OH. + '0,). Therefore, it is impossible
to have superoxide radicals in the lacrimal fluid samples right
after they are taken, so all the measurements are based on
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THE USE OF MONOCLONAL ANTIBODIES IN AUTOIMMUNITY TREATMENT
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Recently, monoclonal antibodies (MA) have gained popularity as therapeutic agents for the treatment of autoimmune disorders.
These antibodies target proinflammatory cytokines, as well as T and B cells potentially involved in the pathogenesis of such
conditions. In the present work we attempt to give a systematic description of available therapeutic MA, highlight their key
mechanisms of action and pinpoint their adverse effects. We believe that MA that are capable of recognizing and eliminating
pathogenic T- and B-cell clones hold the most promise for medical application as biologics. Detection and identification of
autoreactive lymphocyte clones is one of the most serious challenges of contemporary medicine.
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NCroJIbBOBAHNE MOHOKIJTIOHAJIbHbIX AHTUTEN ONA TEPANUNU
AYTOMMMYHHbIX 3ABEOIEBAHUN

E. M. Mep3nsak'2 2, [1. C. Cbipko?, E. A. MycatkunHa?®, M. 13paenbcor’?
"HcTuTyT BroopraHndeckorn xvmun umeHn M. M. LemskuHa v tO. A. OBUMHHUKOBA Poccuiickoi akagemin Hayk, Mockea

2Hay4Ho-vcenenoBaTenbCKuii UHCTUTYT TPAHCNSLMOHHOW MEAMLIMHBI,
Poccuiickunin HaumoHanbHbI MCCnefoBaTensCKUi MEAULIMHCKIA YHUBepcuTeT nmenn H. V1. Muporosa, Mockea

B nocnegHee Bpems B Tepanuv ayTOUMMYHHbIX 3a60eBaHWN CTamM aKTUBHO MPUMEHSTb MOHOKIOHabHbIE aHTUTena (MA).
MULLIEHBIO 3TUIX aHTUTEN CAYXXaT NPOBOCHANNTENbHbBIE LITOKNHBI 1 COBCTBEHHO T- 1 B-KNeTKM, NOTEHUMaNIbHO yHacTByOLLME
B naTtoreHe3de 3aboneaHvd. B gaHHOW cTaTbe caefaHa MombiTka CUCTEMAaTU3MPOBATb WCMOb3yeMble Mnpenapatbl U
MPUBECTN OCHOBHbIE MEXaHV3Mbl, NeXXalllle B OCHOBE TakOro pofda Tepanuu, OnvcaHbl HexkenaTefbHble MOoBOoYHble
OencTens. MNoTeHuvanbHbIMU NyTAMU 1 NEPCMEKTBAMU Pa3BUTUS BUOMOTMKCOB B NIEYEHN ayTOUMMYHHbIX 3a60NeBaHWiN,
Mo HalemMy MHeHNo, SBnsatoTca MA, KOTOpble Y3HAKOT 1 SIMMUHMPYIOT KIOHbI T- 11 B-KneTok, obycnosavBaroLLe naToreHe3
ayTOUMMYHHOrO 3aboneBaHnst. [1OMCK ayTOpPeaKTMBHbIX KIOHOB — SIBASIETCS OOHOW N3 CMOXHbIX 1 aKkTyasbHbIX 3aaad
COBPEMEHHOW B1OMEaULINHDI.

KntoueBble cnoBa: ayToOMMMYyHHbIe 3a060MeBaHusl, BMONOrVKChI, TepanesBTU4ecKme aHTuTena ais neveHnst ayToUMMYHHbIX
3aboneBaHun, MexXaHn3mM OenCcTBUS MOHOKJITOHaSIbHbIX aHTUTEN

®uHaHcupoBaHue: paboTa BbinonHeHa Npy nogaepxke MuHobpHayku Poccun (noeHtudmkatop cornawenns RFMEFIG0716X0158).

><] Ans koppecnoHaeHumn: ExkatepnHa MapkosHa Mep3anak
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As we broaden our knowledge of the mechanisms underlying
the adaptive immunity, we learn to identify its malfunctioning

that directly or indirectly mitigate inflammation (see the Figure).
This article looks at therapies for autoimmune diseases that

elements posing a risk of autoimmune disorders. The latter
encompass an extensive array of pathologies affecting almost
all body tissues. The pathogenesis of these disorders is linked
to the production of autoimmune antibodies and proliferation
of effector T-cell clones that recognize self-antigens and
therefore provoke inflammation both locally and systemically.
In their anergic (self-tolerant) state, autoreactive T-cells have
also been found in the bloodstream of healthy donors [1] where
they are controlled by regulatory T cells (Tregs). The aberrant
concentrations and abnormal functional activity of Tregs are
among the possible causes of inflammation accompanying
autoimmune disorders.

Current approaches to treating autoimmunity are based on
the suppression of the immune system by therapeutic agents

involve the use of monoclonal antibodies (MA). Such MA, as
well as other genetically engineered pharmaceutical agents, are
referred to as biologics in the literature published in English.
Some MA have already been proved effective in managing
autoimmune conditions; some are currently undergoing
clinical trials.

Therapeutic MA considerably vary in terms of their
mechanism of action. They can bind a soluble ligand or a
receptor on the membrane of a target cell thereby blocking the
interaction between the receptor and the ligand, modulating
the signal from the receptor or triggering apoptosis (Fig).

The mechanisms underlying the depletion of a target cell
population by MA are diverse. Depletion mediated by the Fc
fragment can induce apoptosis of the target cell, lead to cell
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death via antibody- or complementary-dependent cellular
cytotoxicity (ADCC/CDC) pathways, and provoke antigen-
dependent phagocytosis. The mechanisms activated by the
blockade of surface costimulatory receptors are fundamentally
different. They suppress the signal produced in response to
antigen-induced stimulation or reprogram effector T cells
into Tregs.

Therapeutic antibodies causing a decline in the levels of
anti-inflammatory cytokines (IFNy, TNF, IL17, and others) or
blocking cytokine receptors can only bring temporary remission
depending on their clearance rate. We think that approaches
based on the depletion of lymphocyte subpopulations enriched
in autoreactive T cells are the most promising because they
allow us to eliminate the cause of an autoimmune disease.
Another interesting therapeutic strategy is based on the
functional activation of regulatory T cells in order to boost the
expression of inhibitory cytokines, such as IL10.

An overview of the structure of therapeutic
antibodies and their application

In the past few years, the list of therapeutic antibodies has
been expanded considerably to comprise drugs with selective
mechanisms of action used in disease modifying therapies
(DMT). The US Food and Drug Administration (FDA) has
approved about 40 MA for treating various diseases including
those of autoimmune nature.

As a rule, the primary products of MA synthesis require
further optimization. The optimization strategies include
modification of the Fc fragment aimed to extend the half-life of
the obtained antibody; humanization by altering the amino acid
sequence (this ensures the similarity of the synthetic structure
to human antibodies and therefore reduces the immunogenicity
of the drug); the use of special cell lines for antibody synthesis
deficient in glycosylation enzymes, which helps to enhance
the cytotoxicity of the end product. The cytotoxicity of
nonfucosylated therapeutic antibodies is 500-1,000 times
higher than that of the same antibodies with a high degree
of glycosylation [2]. Recently, there have been proposals to
introduce modifications to the Fc-fragment to avoid a wide
range of adverse effects caused by inflamsmatory cytokines that
are released in response to the massive death of effector cells

that accompanies the use of therapeutic antibodies against
surface markers found in many cell types.

Monoclonal antibodies against cytokines
and inflammatory factors

The first MA approved in 2002 by FDA for the treatment of
infammatory diseases (mostly autoimmune) were anti-
TNF (tumor necrosis factor) antibodies. Recently, the list
of therapeutic targets has been upgraded with a number of
cytokines, including IL1, IL6, IL12, IL15, IL17, IL18, and IL23,
associated with autoimmune pathology. The efficacy of the
MA designed to fight various autoimmune disorders has been
discussed in a few review articles [3, 4].

TNF is one of the primary inducers of inflammation in the
cytokine cascade; therefore, its inhibitors can cause nonspecific
inflammation in patients suffering from autoimmune disorders,
such as rheumatoid arthritis or RA, ankylosing spondylitis,
psoriasis, Crohn’s disease, etc. Today, 4 MA against TNF are
available clinically: infliximab, golimumab, certolizumab, and
adalimumab. They are different in their humanization degree
and the site they target. These drugs are widely used to
manage rheumatoid disorders of autoimmune nature, including
ankylosing spondylitis. TNF inhibitors slow down the progression
of this disease but cannot prevent it from happening. However,
not every patient responds to anti-TNF therapy. For example,
one-third of patients with RA do not show any improvement
when treated with TNF inhibitors. No therapeutic effect is also
observed in patients with multiple sclerosis.

Unfortunately, the use of anti-TNF MA contributes to the
risk of cancer and infection. In addition, TNF blockade does
not cause any decline in IL1 implicated in cartilage degradation
and joint erosion, which was demonstrated in mice with
experimental RA [5].

Proinflammatory IL1 is another therapeutic target. We still
think, though, that unlike anakinra (the antagonist of the IL1
receptor), MA against IL1 may not find wide application in clinical
practice. For example, an anti-IL1B drug gevokizumab has
proved ineffective against noninfectious uveitis (the symptom
of Behcet'’s disease). Another fully human anti-IL13 antibody
(lgG1, canakinumab) has recently completed a phase llI clinical
trial [6]. Although it was able to induce therapeutic response in
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less than half of patients with RA and juvenile idiopathic arthritis
(JIA) [7], it was still approved by FDA for the treatment of JIA and
the cryopyrin-associated periodic syndrome (CAPS). Sustained
remission was observed in 97% of patients with CAPS after a
single dose of the drug; the adverse reactions were very mild
[8, 9l

Another effective strategy for treating autoimmune
disorders relies on the blockade of cytokines involved in the
activation or differentiation of Th1- and Th17-cell populations
associated with the pathogenesis of many autoimmune
diseases. IL6 is an example of such proinflammatory factors
that together with IL23 and TGFB triggers differentiation of
naive CD4+-lymphocytes into Th17 cells [10]. Normally, Th17
cells participate in the immune response to bacterial and
fungal infections. Hyperactive Th17 excessively produce IL17,
GM-CSF, and IL21, promoting inflammation. The Th17/Tregs
imbalance is observed in systemic lupus erythematosus (SLE),
in the peripheral blood of patients with RA, at inflammation sites
in patients with JIA, type 1 diabetes and Crohn’s disease [11, 12].

One of the most effective drugs capable of inhibiting IL6
is tocilizumab (IgG1). It is a monoclonal antibody against the
B-chain of the IL6 receptor that competes for this receptor
preventing its binding to IL6. The drug has been proved safe
and highly effective for the treatment of RA and JIA. The same
level of efficacy has been demonstrated by olokizumab (a
humanized antibody against IL6) that successfully completed
a phase |l clinical trial in 2017.

IL6 blockade by tocilizumab leads to an increase in the
proportion of Tregs in the population of CD4+-cells both in mice
with experimental EAE and patients with RA. This correlates
with marked remission observed in such patients [13].
The therapeutic effect of these MA against IL6 relies on the
methylation of the Foxp3 promoter induced by IL6, which leads
to a decline in the functional activity of Tregs [14]. IL6 plays an
important role in the immune response to bacterial infection
in healthy individuals. It also exhibits protective properties in
patients with liver/neural tissue injuries. It should be born in
mind, though, that the prolonged intake of MA against IL6 can
increase sensitivity to bacterial and viral infections and poses a
risk of death in people with liver cirrhosis and strokes.

The blockade of interleukins or their receptors by MA can
have a better therapeutic effect than methotrexate-based
treatment or the use of other immunosuppressive drugs. Sadly,
it is associated with a number of adverse effects (infections,
pharyngitis, etc.). The drugs described above alleviate the
symptoms of autoimmune diseases and sometimes slow down
their progression, but cannot eliminate their cause ensuring
only temporary remission.

Blockade of cell response

At the cell level, autoimmunity can be suppressed by the MA
that specifically recognize unique receptors marking certain cell
populations (CD2, CD3, CD4, CD8, CD19, CD20, and CD22).
This treatment strategy, however, leads to the inhibition of the
entire subpopulation of lymphocytes, affects healthy cells and
causes Sserious immune suppression.

CD3

The MA against CD3 perform well in the mouse models of
autoimmune diseases, including autoimmune encephalitis,
TNP-KLH-induced colitis, and collagen-induced arthritis. The
therapeutic effect of these antibodies can be explained by a few
different yet noncontradictory mechanisms. Anti-CD3 MA bind

to the &-subunit of CD3, and the entire CD3-complex is then
internalized or blocked. As a result, the T cell temporarily stops
to respond to antigens presented to it. Anti-CD3 antibodies are
also reported to cause apoptosis of activated T cells [15].

Teplizumab and otelixizumab (ChAglyCD3) are another pair
of antibodies against CD3. They are capable of halting (not
permanently, though) the death of insulin-producing B-cells
in patients with type | diabetes [16]. Currently, teplizumab is
undergoing a phase lll clinical trial (TrialNet) that has recruited
over 500 patients with stage 2 of diabetes.

Nondepleting antibodies against CD4 and CD8

A few research works have been published recently on the
use of nondepleting monoclonal antibodies against the
coreceptors CD4 and CD8. The efficacy of the drugs has
been demonstrated in mice with experimentally induced type 1
diabetes [17]. The mechanism of their action is based on the
specific interaction with surface receptors of lymphocytes that
prevents activation of the immune response. Cell depletion
does not occur because the Fc-fragment of MA is unable to
bind the Fc-receptor of the recipient and, therefore, does not
cause cell death. The mice who received nondepleting MA
went into long-term remission (over 20 days) characterized by
the reduction in the hyperproduction of IL2 and IFNy.

Anti-CD20

An anti-CD20 MA known as rituximab (Mabthera) has turned
to be highly effective against some autoimmune diseases,
such as autoimmune vasculitis, antiphospholipid syndrome,
myasthenia gravis, RA, SLE, and multiple sclerosis. The
therapeutic effect of the drug is based on the depletion of B
cells and lasts for 6 months. In many patients, the response to
rituximab is delayed: it is often registered a few months after the
intravenous infusion of the drug. A few possible explanations
have been proposed: 1) the rate of B-cell clearance from
the body varies from patient to patient; 2) the half-life of a
plasma cell can affect the rate of response because the cell
does not carry CD20 on its surface and keeps secreting
antibodies; 3) in some patients even low concentrations
of autoimmune antibodies can trigger pathology, delaying
response to therapy until the antibodies are cleared from the
body. The efficacy of rituximab is comparable or higher than
that of immunosuppressants, such as cyclophosphamide,
azathioprine, etc. However, rituximab ensures long term
remission in as few as 20% of patients. Among the adverse
reactions accompanying the rituximab-based regimens
are sensitivity to infection, hypogammaglobulinemia and
neutropenia [18, 19]. In the studies mentioned above
rituximab was prescribed to patients with severe RA whose
conventional treatment with glucocorticoids and cytotoxic
agents had failed. It is likely that rituximab not only induces
depletion of B lymphocytes, but also leads to the elimination
of CD20+-Th17-effector cells whose proportion is quite high in
the blood of patients with RA, which explains the therapeutic
effect of the drug [20]. Another possible mechanism exploited
by the anti-CD20 therapy is associated with active production
of IL6 by B cells: IL6 stimulates the differentiation of T-cell
precursors into Th17 and inhibits their conversion into Tregs
[21, 22]. Another humanized anti-CD20 antibody known by
the name of ocrelizumab has successfully completed its
clinical trials and is now approved by FDA for the treatment of
multiple sclerosis; it reduces the number of lesions and slows
down the progression of the disease [23].
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Immune therapy: reprogramming T cells into Tregs

Tregs ensure immune tolerance in the peripheral organs by
attenuating the immune response and bringing autoimmune
reactions to a halt [24]. Tregs secrete anti-inflammatory
cytokines IL10, TGFB, and IL35, activate granzyme/perforin
pathways mediating the apoptosis of effector cells, and
inhibit dendritic cell functions. On the one hand, attempts
to intentionally elevate the blood levels of Tregs or stimulate
hyperproduction of suppressor cytokines can be regarded as
an approach to treating autoimmune diseases. On the other
hand, hyperactivity of Tregs leads to the suppression of the
immune response and promotes malignancy. A new drug
tregalizumab based on nondepleting MA was tested in 2016; it
binds the unique epitope on the CD4 molecule, causing CD4+-
lymphocytes to differentiate into Treg cells.

We believe that combination therapy should be a preferred
treatment modality in patients with autoimmune disorders. Such
therapy should include the targeted elimination of T- or B-cell
clones associated with autoimmunity. The treatment regimen
can be based on the consecutive administration of several
biologics that target different components of the immune
response. For example, cytokine inhibitors and depleting
MA can be used as a first-line therapy, as proposed recently.
The second-line therapy could include inhibitors of CD28 co-
stimulation mediators or of homeostatic cytokines [25]. Recent
studies have demonstrated that inhibition of homeostatic
cytokines such as IL15 or IL7 can be a promising approach to
the therapy of autoimmune diseases [26].
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CHIMERIC ANTIGEN RECEPTOR EXPRESSION IN NATURAL KILLER
CELL LINE NK-92 BY TRANSDUCTION WITH LENTIVIRAL PARTICLES
PSEUDOTYPED WITH THE SURFACE GLYCOPROTEINS OF THE MEASLES

VIRUS VACCINE STRAIN

Kravchenko YE, Gagarinskaya DI, Frolova El, Chumakov SP =
Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry of the Russian Academy of Sciences, Moscow

Cancer immunotherapy with T-cells that carry chimeric antigen receptors is currently on cutting edge of modern oncology.
Autotransplantation of T-lymphocytes with chimeric receptor specific for certain tumor antigen proves to be clinically effective,
but costly. Linear carriers of chimeric antigen receptors based on natural killer NK-92 cell culture may be an affordable alternative,
however, this culture is resistant to lentiviral transduction. Recently, lentiviral vectors, pseudotyped with surface glycoproteins
of the measles virus vaccine strain, have recently been successfully applied for transduction of primary immune cells. The
aim of the work was to assess the efficiency of transduction of NK-92 cells with lentivirus vectors, pseudotyped with measles
F and H surface glycoproteins, as well as to establish optimal conditions for selection of NK-92 transduced with the chimeric
receptor against CD20 and to evaluate the culture’s cytotoxic potential. The results showed that the maximum infectious titer is
achieved using the HA18 variant in combination with FAS0, and the use of the TBK1/IKKe inhibitor BX795 results in additional
3-fold increase in the infectious titer. CAR-expressing NK-92 were able to suppress the proliferation of CD20* cell line Raji in
lower effector-to-target ratios than unmodified NK-92.
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IAKCMNPECCUA XUMEPHOI'O AHTUT'EHHOIO PELIENTOPA B HATYPAJIbHbIX
KUNNEPAX JINHUN NK-92 NYTEM TPAHCAOYKUWN NNTEHTUBNUPYCHbIMIA
YACTUUAMWU, NCEBAOTUNNPOBAHHbIMU MOBEPXHOCTHbLIMI
MWKOMPOTEMHAMI BAKUMHHOIO LUTAMMA BUPYCA KOPU

tO. E. KpaByeHko, . V. TarapuHckas, E. . ®ponosa, C. 1. Yymaxkos =
VIHCTUTYT BroopraHmyeckoin xumum uvenn M. M. LLemskuHa n HO. A. O4nHHMKoBa PAH, Mockea

KnetoyHast MMyHOTEpanns C UCMOMbB30BaHNEM XUMEPHBIX aHTUMEHHbIX PeLenTopoB (XAP) SBAsSieTCa OoHVMM 13 NMEPCMEKTUBHbIX
HanpaBneHU PasBUTUS COBPEMEHHOM oHKoNorMK. CoBCTBEHHbIE T-NMMMOLITLI NaLmeHTa ¢ NpuaaHHOM cneumnuYHOCTLIO
B OTHOLLEHNM HEOAHTUIEHOB OMyXOsen 3a cHeT akcnpeccun XAP OEMOHCTPUPYIOT KIMHNYECKYIO 3(P(EKTNBHOCTL, OQHAKO
CTOVMMOCTb TakOW Tepanuy Ypes3BblHaiHo BbICOKa. B kavecTse 6onee [OCTYNHOW ansTepHaTVBbl MOMYT ObiTb MCMOB30BaHbI
yHUDULMPOBaHHble HocuTenn XAP Ha OCHOBE NNMHUN KNETOK HaTypanbHbiX KunnepoB NK-92. OTa KynbTypa oTinyaeTcs
YCTOMYMBOCTBIO K JIEHTUBMPYCHOW TPaHCAYKLWW; OQHAKO ANst TPaHCOYKUMM NMEPBUYHBIX MMMYHHbBIX KNETOK HegaBHO Hadanu
YCMeLHO MPUMEHSATL JIEHTUBUPYCHbIE BEKTOPbI, MCEBAOTUMMPOBAHHbIE MOBEPXHOCTHBIMU MIMKOMPOTENHAMN BaKLIMHHOIO
WwTamMma Bupyca kopu. Llenbto paboTbl 6bino onpeaeniTe ahdeKTUBHOCTb TpaHcaykumn kneTok NK-92 neHTvBMpycamu,
NCEeBAOTUMMPOBAaHHbIMU FnKonpoTenHamn F n H Bupyca kopu, a Takke ycnosus cenexkummn NK-92, TpaHcayLUmMpoBaHHbIX
XVMEPHbIM peLienTtopoM npoTue CD20, 1 OLeHUTb 1X LIMTOTOKCUYECKOe AeNCTBMe. PesynstaTbl MCcneqoBaHns nokasanu,
4YTO MaKCcUMasbHbI TPaHCMEKUMOHHBIA TUTP OOCTUraeTcs NMpu UCnob3oBaHUM BapuaHTta 6enka H (HA18) B coveTaHum ¢
BapuaHTom benka F (FA30), a npumereHme BX795 (Hrnbutopa TBK1/IKKe) nononHUTenbHO Mo3BonsieT A0OUTLCA TPEXKPATHOMO
YBENMHEHNST MHADEKLIMOHHOTO TuTpa. XAP-akcnpeccupytoLLe knetki NK-92 okasanmch criocobHbIMU NoaaBnsTs nponmdepauyto
CD20*-kneTok MMHUK Raji B MeHbLLEN 003, MO CpaBHEHNIO C HeMoandrumMpoBaHHbIMK KneTkamn NK-92.

KntouyeBble cnoBa: KIETOYHAA MMYHOTEPaNs, XUMEPHbIE aHTUreHHble peLenTopbl, XAP, NEHTUBMPYCHbIE BEKTOPDI,
HaTypaJibHble KNepbl, JIMHENHbIE KNETOYHbIE HOocuTenn, ncesaoTunmpoBaHne, MnKOonpOTEHbl KOPW
®durHaHcupoBaHue: paboTa BbIMOHeHa Npy hrHaHCOBOM Nopaemkke MnHMcTepcTea 06pa3oBaHns 1 Haykn PO, yHkansHbI kop npoekta RFMEFI60716X0156.

>< Ans koppecnonpgeHumn: CtenaH MNeTposn4 Hymaxos
yn. Muknyxo-Maknas, 16/10, r. Mocksa, 117997; hathkul@gmail.com

Cratbsl nony4eHa: 27.11.2018 Crtatbsa npuHaATa K nevatu: 20.12.2018
DOI: 10.24075/vrgmu.2018.091

BULLETIN OF RSMU |6, 2018 | VESTNIKRGMU.RU (1565




OPUTMHAJIbHOE UCCJIEJOBAHNE | OHKONOI A

Cellular immunotherapy is one of the key areas of development
of modern oncology. By introducing into the patient’s
bloodstream the immune cells that target tumor antigens it may
be possible to achieve high specificity of action and treatment
efficacy, with a low incidence of undesirable effects [1]. In
research and clinical trials, the most frequent vehicle is the
patient's own cytotoxic T-lymphocytes with induced specificity
for a particular tumor antigen or their combination. These
modifications are performed by expressing a chimeric antigen
receptor (CAR), consisting of several intracellular signaling
domains for T-lymphocyte activation and an extracellular
region that recognizes a tumor antigen [2]. For the introduction
of constructs expressing CAR, chemical transfection of cells
[3], electroporation [4], or transduction with viral vectors [5] is
used most frequently. After transduction, the cell population
can be expanded in culture to obtain the required number of
cells. Treatment regimens based on CAR-T cells demonstrate
good clinical efficacy, but the cost of therapy is often extremely
high, which is due to the requirement for production of a
personalized T-cell population for each patient. Another factor
which constrains the prospects for the massive adoption of
CAR-T cells in clinical practice is the limited availability of the
patient's own T-lymphocytes in patients with late stages of
cancer. It is possible to overcome these drawbacks, but this
will require a significant improvement in the field of cell culturing
and production.

Natural killer cell lines that carry chimeric antigen receptors
may be considered as a less expensive, universal and more
affordable alternative than CAR-T cell preparations. Out of
11 established and widely available natural killer lines that
were obtained from patients with various lymphoproliferative
diseases, only two — KHYG-1 [6] and NK-92 [7] — have a
pronounced ability to suppress the growth of tumor cells due
to intrinsic cytotoxic activity, in the absence of expression of
Fc receptors [8]. Both cell lines are able to proliferate in the
presence of IL2 in the culture medium, NK-92, in particular, was
shown to be able to selectively destroy K-562 lymphoma cells
cultured in a mixture with normal peripheral mononuclear cells.
NK-92 cells were also able to maintain cytotoxicity after gamma
irradiation with a dose of 10 Gray, without being proliferatively
active, which allows them to be used for the treatment of
cancer [9].

To enhance the cytotoxic properties of NK-92, genetically
modified variants have been created that express either their
own IL2, IL15 [10]; or additional receptors — CD16, for targeting
tumor cells with antibodies, or CAR, for direct recognition of
tumor antigens [11]. Functionally, CAR-expressing NK-92
are similar to CAR-T cells, while the cost of therapy may be
substantially reduced — the cell line can be expanded in bulk
quantities; and preliminary procedures for treating a patient
will consist only in defrosting the ready-to-use aliquot [12].
In addition to being used for therapy, NK-92 cells can serve
as a platform for testing and development of various types of
chimeric receptors in vitro and in vivo. The main obstacle while
manipulating with cells of this line is its sensitivity to cultivation
conditions, as well as high resistance to lentiviral transduction:
viral vectors pseudotyped with VSV G-protein do not efficiently
transduce NK-92 cells, and as the amount of viral particles in
the medium increases, the cells quickly lose viability [13]. For
lentiviral transduction of peripheral T-lymphocytes and immune
cells of myeloid lineage, lentiviral vector particles pseudotyped
with surface glycoproteins of the measles virus vaccine strain
have been recently developed [14]. Compared to conventional
lentiviral vectors pseudotyped with VSV G-protein, they have
shown to posess much higher ability to transduce immune

cells without either stimulating cell division, or changing their
phenotype or the profile of secreted cytokines [15]. The aim of
this work was to determine the efficicacy of transduction of NK-
92 cells with lentiviruses, pseudotyped F and H glycoproteins
of the measles virus, as well as to determine the conditions
for isolation and purification of NK-92 cells transduced with a
chimeric receptor directed against the CD20 antigen, and to
assess their cytotoxic potential.

METHODS
Plasmids and constructs

For packaging of lentiviral vectors, pseudotyped with VSV-G,
packaging plasmids psPAX2 (contains lentiviral structural
proteins) and pMD2-G (encodes VSV G-protein) were
used. Both plasmids were kindly provided by Didier Trono
(Addgene plasmid # 12260; http://n2t.net/addgene:12260;
RRID: Addgene_12260 and Addgene plasmid # 12259;
http://n2t.net/addgene: 12259; RRID: Addgene_12259). For
pseudotyping with measles glycoproteins, instead of pMD2-G,
the plasmid pMD2-FA30 was used, which encodes a fragment
of the F protein of the measles virus of the ESC vaccine strain
with a cytoplasmic domain truncated by 30 amino acids.
For preparation of measles virus cDNA and subsequent
amplification of target genome fragment by PCR, were used
primers Fdelta30 dir EcoRl (AGAGGAATTCACCACCATGTCC
ATCATGGGTCTCAAGGTGAACGTCTCTG) and Fdelta30 rev
EcoRlI  (AGAGAGAATTCTCAACGCCCCCTGCAGCAACATA
TTAAAGCG), cloning was performed to the vector pMD2-G
by EcoRlI sites. In combination with pMD2-FA30, the plasmid
pCG-HcA18 was used, provided by Jacob Reiser (Addgene
plasmid # 84817; http://n2t.net/addgene:84817; RRID:
Addgene_84817), as well as its variants, with truncation of 24
N-terminal amino acids of the H protein (pCG-HcA24), or with
addition of 4 alanine residues (pCG-4AHcA24). The plasmids
were produced by cloning the original H protein fragment
amplified with primers Hd24 BamH! dir (AGAGAGGGATCCAG
GGTGCAAGATCATCCACAATGAACCGGGAGCACCTGATG)
and H rev (CTGATGTCTATTTCACACTAGTACAAAC), or with
primers Hd24 4a BamHI dir (AGAGAGGGATCCAGGGTGCA
AGATCATCCACAATGGCCGCTGCAGCCAACCGGGAGCAC
CTGATG) and H rev, respectively, by restriction sites BamHI
and Spel. Lentiviral vectors pLCMV-tagRFP-puro (containing
sequence of red fluorescent protein tagRFP (Evrogen; Russia)
under the control of a cytomegalovirus promoter) and pLSF-@
CD20-229-tagRFP containing the sequence of 3-rd gen
chimeric receptor against the surface antigen CD20 (CD8 leader
peptide, ScFv from HB-9645 hybridoma clone, DYKDDDDK
epitope, 229 amino acid linker region, CD28 transmembrane
domain, and CD28, CD137, and CD3z signaling domains)
and tagRFP, with polycistronic expression using the T2A signal
sequence under the control of the SFFV promoter.

Cell cultures

For lentivirus packaging, the HEK-293T cell line was used,
cells were cultured in DMEM-F12 (PAA; Austrian) medium with
addition of fetal calf serum up to 10%, 2 mM alanyl-glutamine
(PanEco; Russia), 20 mM HEPES and 100 pg/ml penicillin and
streptomycin.

Cultivation of NK-92 was carried out in RPMI-1640 medium
(PAA; Austrian) with the addition of fetal calf serum and horse
serum up to 20% in equal proportions, 2 mM alanyl-glutamine
(PanEco; Russia), 20 mM HEPES, 0.2 mM inositol, 0.1 mM
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2-mercaptoethanol, 1 uM water-soluble hydrocortisone (Sigma;
USA), 20 uM folic acid and recombinant IL2 at a final concentration
of 100 pg/ml.

Raji cells (Burkitt's lymphoma) (ATCC; USA) expressing GFP
fluorescent protein were used as targets for CAR-expressing
NK-92 cells. The cells were cultivated in RPMI-1640 medium
(PanEco; Russia) with the addition of fetal calf serum up to 10%,
2 mM alanyl-glutamine (PanEco; Russia), 20 mM HEPES and
100 pg/ml penicillin and streptomycin. All cells were cultured in
5% CO, conditions at 37 °C.

Transfection and viral transduction

Transfection was carried out on 6-well plates in OptiMEM
medium (Invitrogen; USA) using polyethyleneimine 25kDA
(PEI-25, Polysciences; USA) on HEK-293T cells at 40-60%
confluence seeded the day before the procedure.

ORIGINAL RESEARCH | ONCOLOGY

For lentiviral vectors pseudotyped with VSV-G, a mixture
of the following plasmids was prepared: pLCMV-tagRFP-
puro containing marker protein (1.5 pg), psPAX2 (0.9 ug)
and pMD2-G (0.6 pg) in the ratio of 5 : 3 : 2, respectively. For
pseudotyping with measles glycoproteins, plasmids pLCMV-
tagRFP-puro or pLSF-@CD20-229-tagRFP (0.9 ug), psPAX2
(0.9 pg), pMD2-FA30 (0.79 pg), pCG-HcA18 (0.11 pg) or its
variations pCG-HcA24 (0.11 pg) and pCG-4AHcA24 (0.11
ug) were used in a ratio of 8 : 8 : 7 : 1. After a three-hour
incubation of the cells with the transfection mixture, the
medium was replaced with RPMI-1640 containing the serum
replacement (Serum Replacement Solution, PeproTech; USA),
2 mM alanyl-glutamine (PanEco; Russia), 20 mM HEPES and 4
mM caffeine, in which HEK-293T were incubated for 24 hours
for the production of viral particles. Viral transduction was
performed for 8—-12 hours on NK-92 cells in the concentration
of at least 5 « 10° per ml. Polybrene at a concentration of
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Plasmid ratios

Fig. 1. The share of fluorescent HEK-293 cells, measured 48 hours post transduction by H/F-pseudotyped or VSV-G-pseudotyped lentiviral vectors. Axis X — plasmid
ratios for vector:psPAX2:pMD2-FA30:pCG-H

-

-

Fig. 2. Syncytia formed by HEK-293T cells after transfection with plasmid mixture for production of H/F-pseudotyped lentivirus particles. A. pCG-HcA18 + pMD2-FA30.

B. pCG-HcA24 + pMD2-FA30. C. pCG-4A-HcA24 + pMD2-FA30. D. pMD2-G
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8 pg/ml and all required supplements for the cultivation of NK-
92 cells, as well as BX795 at a concentration of 3 pM, were
added to the medium containing the virus upon infection. After
transduction, the medium was replaced with complete NK-92
culture medium. The result of the transduction was assesed
after 48 hours. Infectious viral titers and transduction efficiency
were determined using a flow cytometer by evaluating the
tagRFP positive fraction.

Cytotoxicity assay

To assess cytotoxicity, NK-92 cells were mixed with Raji cells
expressing GFP in different ratios. After co-cultivation for 48
hours, the proportion and number of GFP positive cells were
assessed on a flow cytometer.

RESULTS

VSV G-protein or three different variants of measles virus H
protein in combination with F protein (H/F pseudotyped) were
used. Several authors reported controversial information on
the optimal ratio of packaging plasmids, required to obtain
highest viral titers [15-19]. The known ratios as well as the
ratios extrapolated from the VSV-G pseudotyped lentiviral
vectors used for packaging (5 : 3 : 2 for the vector : psPAX2:
pMD2-G) were used to repare lentiviral stocks and then
determine infectious titers (Fig. 1). Results showed that
plasmid ratiosof 8: 8:7:1and 15:9: 2 : 1 for the pLCMV-
tagRFP-puro : psPAX2 : pMD2-Fd30 : pCG-HA18 vectors
showed the most efficient packaging of lentiviral particles for
the H protein variant A18. For all further experiments, the ratio
8:8:7:1 was used.

Table. Infectious viral titers of viral stocks, produces with different variants of
H protein. All values were calculated per 10° packaging cells

HEK-293 NK-92
Determination of the optimal ratio HA18/FA30 ~6.15 ¢ 10* ~2.1+10*
of packaging plasmids HA24/FA30 <2102 <2102
. . 4A-HA24/FA30 ~4.3 ¢10* ~1.6 «10*
To assess the efficiency of transduction of NK-92 cells, - -
preparations of lentiviral vector particles pseudotyped with | YSV-G ~1.1-10 ~3.5+10
1 A
> 0.75 7
=
©
>
T
(&)
0.5 -+
0.25 T T T T T 1
0.375 0.75 15 3 6 12 24

BX795 concentration (um)

Fig. 3. Proliferative activity of NK-92 cells, measured 48 hours post addition of different amounts of BX795 to the cultivation media. All values were normalized relative
to control (untreated culture). Values below 0.5 are characteristic to the culture that wasn’t proliferating after addition of BX795
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Fig. 4. Suppression of proliferation of Raji cells upon co-culturing with NK-92 cells. Axis Y — % of Raji with normal phenotype (FSC/SSC) after 2 days of co-culturing,
compared to control sample (no NK-92 addition). Series: non-transduced NK-92; NK-92, transduced by tagRFP expressor (non-selected); NK-92, transduced by CAR

@CD20 after selection on magnetic microspheres
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Comparison of variants of protein H

A characteristic feature of pseudotyping with H/F proteins
is the formation of syncytia in the culture of packaging cells.
The length of the cytoplasmic tails of proteins H and F directly
affects the intensity of this process, and the lesser syncytia is
formed, the longer the packaging cells may be used to collect
lentiviral supernatants. Excessive truncation of the cytoplasmic
tails leads to a sharp drop in the infectious titers. The founding
work on this topic reports that the variant of the HA18 protein
in combination with the FA30 protein produces lentiviral vector
stocks with highest transfection titer, while shortening to HA24
almost completely suppresses the production of the infectious
virus, and the addition of four alanine residues at the N-terminus
of a HA24 mutant restores viral titers to maximum values [16].
In another work, researchers used the HA24 protein variant to
produce highly concentrated lentiviral stocks [15]. The results
of our comparison of three variants of protein H showed that
the size and rate of syncytium formation is maximum for the
variant of protein HA18, significantly lower for variant 4A-
HA24, and is minimal for HA24 (Fig. 2); the transfection titer
was also maximal for the HA18 variant; however, for the 4A-
HA24 variant, the resulting transfection titer was only slightly
inferior to the HA18 variant, and for the HA24 variant it was
at least 2 orders of magnitude lower than the HA18 variant. In
further experiments, lentiviral particles pseudotyped by HA18/
FAB0 proteins were used. When measured on HEK-293 cells,
the average viral titer of H/F pseudotyped lentiviral stocks was
15-20 times lower than for lentiviruses, pseudotyped with VSV
G-protein (Table).

Optimization of NK-92 cell
transduction conditions

The use of VSV-G-pseudotyped lentivirus vectors for
transduction of NK-92 cells showed that addition of over ~ 10°
i.u. per ml of medium for 8 hours leads to a significant drop in
the viability of the culture. In addition, NK-92 cells were much
less efficiently transduced by VSV-G-pseudotyped lentiviruses,
the difference in transfection titer compared to HEK-293 was
more than 3 orders of magnitude. To increase the efficiency of
natural Killer transduction, the use of the TBK1/IKKe inhibitor
BX795 at a concentration of 6-8 uM has been described [20].
Evaluation of the effect of BX795 on the viability of NK-92 cells
showed that they retain their viability at concentrations up to
3 uM (Fig. 3). BX795 allowed to reduce the difference in the
transduction efficiency of VSV-G-pseudotyped viral particles
up to 300-fold. Under the same transduction conditions, H/F
pseudotyped lentiviral vectors were able to transduce NK-92
cells with three times less efficacy than HEK-293 cells.

Evaluation of the cytotoxic effect of CAR-expressing
NK-92 cells

Since NK-92 cells require to be cultivated in high densities in
order to maintain proliferative activity, the tolerable cell:i.u. ratios
did not allow to obtain sufficiently high percentage of transduced
cells. Isolation of the tagRFP-expressing populations by FASC
made it possible to obtain small fractions of CAR-expressing
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cells, however, the stress incurred by the sorting procedure
led to significant loss of viability. To circumvent this problem,
we performed sorting of CAR-expressing cells on magnetic
particles coated with monoclonal antibodies to DYKDDDDK
epitope. This approach turned out to be more gentle and did
not lead to suppression of proliferation of NK-92 cells. CAR-
expressing cells obtained with this method were tested for their
ability to inhibit growth of CD20* GFP-expressing Raji cells
(Burkitt's lymphoma). Compared to unmodified cells, @CD20-
NK-92 were able to suppress proliferation of Raji cells in lower
dosages (Fig. 4).

DISCUSSION

When comparing different variants of H glycoproteins, we
found that shortening the cytoplasmic tail by more than 20
amino acids is impractical because of the strong decrease in
transfection titers. H/F pseudotyped lentiviral particles showed
significantly lower packing efficiency compared to lentiviral
particles pseudotyped with VSV G-protein, but this factor was
compensated by greater efficiency of transduction of NK-
92 cells. We noted that infection with H/F pseudotyped viral
vectors leads to less significant suppression of proliferation of
NK-92 cells, which allows to use of higher concentrations of
viral particles for transduction, leading to an additional increase
in efficiency. It is also noteworthy that with respect to NK-92
cells, BX795 was found to be active in lower concenrations
than during transduction of primary cultures. In general, the use
of a combination of H/F-pseudotyped lentiviral vectors, BX795
and subsequent sorting of transduced cells on magnetic
microspheres allowed us to consistently obtain populations
of CAR-expressing NK-92, that demonstrated high levels of
cytotoxicity against antigen-expressing target cells.

NK-92 cells are distinguished by their sensitivity for cultivation
conditions and, as the experiments have shown, they are more
resistant to transduction with lentiviral vectors. However, these
difficulties associated with the production of NK-92 CAR-
expressing cells can later be compensated by the greater
versatility of their applications for cellular immunotherapy, or as
components of complex therapeutic approaches, for example,
as carrier cells for the delivery of oncolytic viruses.

CONCLUSIONS

The results of the study showed that the optimal variant
of the H protein of the measles virus for producing of H/F-
pseudotyped lentivirus vectors is HA18 (in terms of transfection
titer) and 4A-HA24 (in terms of the duration of production of
viral particles), the largest transfection titers were achieved
using a plasmid ratio of 8 : 8 : 7 : 1. The resulting preparations
of H/F-pseudotyped lentiviral particles had 15-20 times lower
transfection titer, compared with VSV-G-pseudotyped, while in
the transduction of NK-92 cells the difference in titers was ~
5 : 1 towards for H/F-pseudotyped virus vectors. The optimal
concentration of the inhibitor TBK1/IKKe BX795 was 3 uM, the
use of BX795 allowed to increase the transduction efficiency
by ~ 3 times. Transduced CAR-NK-92 cells were successfully
isolated by magnetic separation and were highly capable of
inhibiting the proliferation of CD20-positive Raji cells.
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MODERN ANEURYSM SURGERY: A PRO-OPEN SURGERY VIEW
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Modern management of intracranial aneurysms is matter of great debate between supporters of “traditional” microsurgical
treatment and those of relatively new endovascular management. This paper briefly reports the experience of two experienced
microvascular “traditional” neurosurgeons who shares the same management philosophy favouring open microsurgery in
the modern era in which endovascular management is becoming fashionable. Difficult posterior circulation aneurysms are
nowadays as a rule managed endovascularly, whilst anterior circulation aneurysms can be treated with both techniques, and
MCA as well as distal ACA aneurysms are better treated microsurgically. Technical refinement and — hopefully- lower cost of
endovascular devices will favour a trend of prevailing use of endovascular method in the future. However the need for well-
prepared microvascular surgeon will always be there, and proper training of future generations of microvascular surgeons
in a setting of decreasing number of patients and open surgical casuistics represents a big challenge for the neurosurgical
community, to which an answer should be given.
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COBPEMEHHOE COCTOAHUNE XUPYPI'MN AHEBPU3M:
«MPOMUKPOXUPYPIMYECKUWN» B3rNAL
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3 NCL- Neuromed, VHCTUTYT Hetponorim, Pum, Utanus

CoBpeMeHHble crocobbl NEeYeHNst NaUVIeHTOB C BHYTPUYEPErHbIMY aHeBPU3Mamn SBNSIOTCS MPEOMETOM AVCKYCCUIA MeXy
CTOPOHHUKAMU TR2AVLIMOHHON MUKPOXMPYPIMHECKOM TEXHUKW 1 OTHOCWUTESbHO HOBOMO SHAOBACKY/NSPHOrO fedeHrs. B cTatbe
NpPenCcTaBeH OMbIT HEMPOXMPYProB — CTOPOHHNKOB OTKPLITON MUKPOXMPYPrin. CnoXHble aHeBpU3Mbl 3afHen LMPKYSLmmn
B HaCTosILLEe BPeMs, Kak NpaBusio, OreprpytoTcst OHAOBACKYSSIPHO, B TO BPeMsi Kak aHeBpUaMbl NepeaHero 6acceiHa MoryT
6bITb BblNg4eHbl 060MMM METOAaMKN, a [Ons aHeBpU3M CPEeAHei MO3rOBOM apTepun Y OUCTasbHbIX aHeBpU3M MnepenHel
MOSrOBOV apTepu NyHLLie NOAXOAUT MUKPOXMPYPIS. TeXHUHECKOe YCOBEPLLEHCTBOBAHIE 1, BEPOSITHO, CHKEHE CTOMMOCTM
SHA0BACKY/ISIPHbIX YCTPOWCTB ByayT CNOCOGCTBOBaTL TEHASHLMN K UCTONb30BaHMIO SHO0BAaCKynapHoro metoda. OmHako
MOTPEBHOCTb B XOPOLLO MNOArOTOBMEHHbIX MUKPOCOCYANCTBIX XMPYPrax, Ha Hall B3rs, OCTaHETCS!, U Haaexallasi noaroToBKa
OyayLLMX TMOKOMEHWNA TakvxX CNeuManCTOB B YCMIOBUSIX CHIDKEHWS! YMCna NaUMEeHTOB W CrlyqaeB OTKPbITbIX XUPYPIAHECcKUX
BMeLLaTeNbCTB MPeAcTaBnaeT coboli cepbesdHyto NpobneMy Aist HePOXMPYPrHeckoro CooBLLIECTBa, PEeLUeHVE KOTOPOW
NPeOCcToUT HalTu.
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Optimal management of intracranial aneurysm is still matter of ~ whether “classical” neurovascular surgeon or endovascular

debate. The introduction in the clinical practice of endovascular
techniques following the pioneer work of Serbinenko [1] and
his group [2-5] has stimulated both researchers and industry
to develop increasingly sophisticated technological items,
coils [6] and more recently flow diverters [7-9] with the aim of
excluding the aneurysm from the circulation and/or promoting
its thrombosis while potentially reducing the stress to the
patient and the invasiveness of the procedure.

However, debate is still going on and despite several large
clinical trials no definitive conclusion has been reached [6, 10—
18]. As a matter of fact the experience of the treating surgeon,

surgeon, seems to be the best discriminating factor for choosing
the management strategy in each individual case nowadays.

Actually personal “traditional, hands-on” experience with
difficult neurovascular surgery appears to be the prerequisite for
competing with the “rising endovascular stars”. This scenario
may change in the future if the number of openly operated
patients will decrease stepwise and consequently it would
become difficult to give adequate training to future “open”
neurovascular surgeons, and this will create a vicious circle
following which open aneurysms surgery will progressively
come to the end.
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However this would be not necessary so. The senior author
(AS) has been fellow of Cooperative Study on aneurysm surgery
in the 80’s [19] and continued to believe that open surgery
should keep a role in the management of aneurysm patients.
He met recently an extremely interesting and highly qualified
neurosurgical realty in Novosibirsk, Russia. In this setting he
could verify and analyse the results of a management protocol
which privileges open surgery for aneurysm patients, quite
similar to the one used in Rome.

This paper reports the results of this management philosophy
in a large series of aneurysms treated during a 3,5-year period.

Results of the philosophy of treatment
of a large series of aneurysms

In 3,5-year time span starting in January 2014, 925 patients
were managed by the authors. Due to the different referral
characteristics, the overwhelming majority of the studied patients
were treated in Novosibirsk. All surgeries were performed by
either the first (AD) or the senior (AS) authors. Table 1 presents
the main demographic data of patients.

The management protocol was quite similar in both
Institutions and privileged open surgery. Ruptured aneurysms
were operated on in the early stage whenever possible.
Endovascular treatment, either by balloon or stent assisted
coiling and, most recently, flow diverters was performed by
experienced endovascular specialists who has been routinely
involved in the management planning, on a-consultant ship
base (in Rome) or as a staff member (in Novosibirsk).

Endovascular treatment was basically reserved to almost
all posterior fossa aneurysms. As exception of this rule PICA
aneurysms were operated microsurgically, although occasionally
(6 cases) they were treated endovascularly. Anterior circulation
aneurysms were as a rule treated with craniotomy unless the
general clinical conditions of the patient contraindicated open
surgery. Fusiform and giant aneurysms were subjected to wise
case-by-case evaluation, and treated with flow diverters if
trapping preceded by selective blood flow augmentation via a
bypass, as well as direct clipping, were considered unfeasible.
In particular giant cavernous ICA aneurysms were treated with
carotid occlusion and ECIC bypass if there were signs of a
intracavernous nerves compression (in order to avoid the risk
of functional worsening due to aneurysm compaction and/or
enlargement) and by flow diverters if they were asymptomatic,
and CoA aneurysms were treated endovascularly only if close
anatomical relationships with optic nerves were not the case.
As far the bypasses, if the STA was of adequate size, a STA-
t0-M3 bypass in the deep of the sylvian fissure was performed.
Otherwise a high-flow bypass using a radial artery graft to
either the MCA (28 cases) or the PCA (1 case) was performed.
In four patients a A2 cross-link was performed, and in one
patient a PICA-to-PICA anastomosis was confectioned. As
a rule bypasses were performed prior to either main artery
occlusion, aneurysm trapping or for blood augmentation in
case of expected prolonged temporary clamping.

The use of flow diverters in the cases of difficult lesions of
the basilar artery was indicated after a thoughtful discussion of
all alternative management possibilities, due to the well-known
risk of perforators compromise with using this technique in
arteries which give off several, functionally very important,
perforating branches. Figure 1 summarizes the management
algorithm used in the present patient.

As a rule endovascular treatment was considered feasible
only if the dome-to-neck ratio was less than 2 : 1. Otherwise,
open treatment was considered mandatory. Obviously other
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hemodynamic and geometric factors were thoughtfully taken
into consideration when deciding which type of management
was the best for the patient.

Patient characteristics and final outcome

Among the patients there were 312 (33.7%) men and
613 (66.3%) women. Age ranged from 1 to 84 years and
averaged 58 years. 286 patients (30.9%) presented with
SAH 64 of which (6.9%) were operated in the acute stage.
184 patients (19.9%) had multiple aneurysms, thus a total of
1162 aneurysms were operated. 119 (12.8%) of them were
large and giant. Aneurysms were localized on the internal
carotid artery (ICA) in 480 cases (41.3%), on the anterior
cerebral-anterior communicating complex (ACA-ACoA)
in 231 cases (19.8%), on middle cerebral artery (MCA) in
290 cases (24.9%), on the posterior cerebral artery (PCA)
in 20 cases (1.7%), on the basilar artery (BA) in 95 cases
(8.1%), on the superior cerebellar artery (SCA) in 23 cases
(2%), on the anterior inferior cerebellar artery (AICA) in 4 cases
(0.5%), and on the posterior inferior cerebellar artery (PICA)
in 19 cases (1.7%). 417 aneurysms (36%) were operated
by the endovascular method, 740 (63.6%) microsurgically,
5 (0.4%) had a combined therapy (endovascular occlusion +
revascularization). Exclusion of the aneurysm in 99 (10.7%)
cases was supplemented by revascularization via 106 different
anastomoses: in 15 cases intracranial micro anastomoses
were performed, in 60 cases a STA-to-M3 by-passes, was
confectioned, 2 patients had a bypass between maxillary
artery and MCA with radial graft and 29 had a high-flow
bypass using an interposed arterial segment

The results of surgery were evaluated 1 year after the
operation. Among the 861 patients without SAH 842 (97.8%)
patients retained independent status, 17 (2%) patients had
severe disability, 2 (0.2%) patient died. Out of the 64 patients
operated in the acute period of SAH, a good outcome was
achieved in 51 (79.6%) cases, 9 patients (14%) were left
disabled and 4 (6.4%) patients died.

Main aneurysms characteristics, data of treatment modalities
and results are summarized in Table 2.

Disussion

The debate between endovascular and open surgery as which
would be the best method for treating intracranial aneurysms
has characterized the last decade of neurovascular surgery.
Refinement of technology together with increased experience
[7-9] has shifted significantly the opinion of the general
neurosurgical audience towards the idea that open aneurysms
surgery would be close to its end. This brings two obvious
consequences: increasing shortage of craniotomy-operated
cases; consequent reduced capacity for adequately training
the new generations in open neurovascular surgery. On the
other hand careful evaluation of the results of endovascular
surgery, even when using the most updated technology shows
that this is not the panacea, and that other alternative methods

Table 1. Summarizes the main demographic data of the treated series

Age (years) 58.1 (1-84 years)
Sex (male/female) 312 (33.7%) / 613 (66.3%)
History of SAH 286 (30.9%)

No history of SAH 640 (69.1%)

Acute SAH patients 64 (6.9%)

Note: SAH — subarachnoid hemorrhage.
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for treating aneurysms, in particular difficult aneurysms, are
possibly still to be considered.

The main authors of this paper (AD and AS) met by
chance and shared completely their personal opinion on
this controversial issue. Both are aware that endovascular
management can be in the future the management of choice
for this pathology but this will require further technological
advancement in the construction of the devices as well as, a
very critical issue, significant lowering of the costs.

On the other hand in the nowadays scenario, open surgery
still seems to play a significant, possibly a leading, role at
least for treating anterior circulation aneurysms [20-23] and
consequently adequate training of future generations, possibly
uniformation of training criteria between different countries
together with proper selection of the trainees who should
be enough gifted and versed to difficult microsurgery, is an
obligation for the present neurosurgical community.

It is out of the scope of the present paper to discuss in
detail the specific aspects of the management protocol used in
the present patients. Simply, we want to stress that it is based
on the available clinical incidence and guidelines, whilst giving
conceptual priority to microsurgery and all its available technical
resources — including different methods of revascularization —
however utilising properly endovascular technique when
considered more indicated on the basis of a thoughtful team-
based discussion.

Present results

The present results were quite comparable to the largest
series of intracranial aneurysm, reported in the recent
literature, in which both methods, either microsurgical or
endovascular approach, had been used, and match well with
the results of a large series of intracranial aneurysm treated
microsurgically, a significant number of which were also of large
to giant size [24], reported less than a decade ago, in which
surgical revascularization was considered a milestone in the

management of technically demanding aneurysms. A main point
is a sort of “cultural” integration between microsurgery experts
and endovascular fellows which recognizes the proper, main
role of direct surgery in the management of such a demanding
lesions. In our environments there was an agreement on the
fact that endovascular treatment was reserved to patients with
unfavourable geometry, in which the placement of a by-pass
could not guarantee from the later occurrence of ischemic
complications should a major artery had to be closed for
obliterating the aneurysm, and to technically formidable lesions
of the posterior circulation.

One may argue that the particular type of referral of patients
led to treating a relative minority of ruptured aneurysms,
particularly in the acute stage. However, if this group of patients
is analysed separately, the results are still very good. Again,
we cannot under-consider the major role of properly used
revascularisation techniques in the management of complex
aneurysm, a fact already stressed by Cantore et al. [24] and
reworked also very recently [25]. This in our view allowed us
concretely to obtain good results in some very demanding
cases. Again, the crucial importance of a proper hands-on
training of microsurgical specialists cannot be overemphasized.

In a recently published critical review of modern aneurysms
treatment, Rahal and Malek [26] suggested — wisely — that
“a balance (should) be maintained between technical virtuosity
and procedural safety of either (open or endovascular treatment
modalities)”. The problem remains has how to offer good quality
training with enough large case material in order to prepare
well a new generation of specialists if the significant stepwise
decrease of patients managed with microsurgery observed in
the last years will continue. The present experience suggests
that well-prepared neurovascular surgeons can achieve good
results, comparable to the published series of aneurysms
patients, even if privileging open "traditional” neurovascular
approach. In this respect an age-related limitation is maybe to
be considered in order to keep the required technical standard
for performing these demanding procedures.

Cerebral aneurysm

/

Anterior Posterior
circulation circulation
l { ! ! {
ACA- All the
PICA -
ACOA MCA ICA Petrosal remaining
cavernous, clinoidal,
I ophtalmic
AchA
PcoA
CN No CN
compression compression
. . Endovascular **
Microsurgery
N - . . (coiling, with either ¢
?| (clipping, trapping with balloon or stent- N
revascularization) . .
—_ assistance, stenting)

Fig. 1. Decision-making algorithm based on aneurysm location. * — except cases of general contraindications to open surgery, or patient individual choice; ** — except

cases of allergic reactions for contrast
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Table 2. Aneurysms and treatment characteristics. Results
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Total number of aneurysms 1162
Large and Giant 119 (12.8%)

Localization Total Endovascular Microsurgery Combined
ICA 480 (41.3%) 251 228 1
ACA-AcomA 231 (19.8%) 16 215
MCA 290 (24.9%) 23 264 3
PCA 20 (1.7%) 18 2
BA 95 (8.1%) 84 10 1
SCA 23 (2%) 15 8
AICA 4 (0.4%) 4
PICA 19 (1.7%) 6 13
Revascularization
Intracranial 15
STA-to-M3 60
Maxillary to MCA with graft 2
High-flow bypass 29
Results Total Unruptured (n = 861) Acute SAH (n = 64)
Independent 893 842 51
Dependent 26 17
Death 6 2 4

Future guidelines

Age-related changes affecting manual ability are physiological
but also individual ones, so technical ability with demanding
microsurgery can be maintained until different age in different
individuals. The senior author (AS,) born 1952, decided himself
to stop doing microsurgical by-passes a couple of years ago.
Maybe a sort of “self-controlling tremor evaluation” using
available sophisticated technology could be considered for
objectively checking the technical capacity of each individual
surgeon to perform safely delicate microvascular procedures,
but this suggestion would not achieve easily wide acceptance.
Also, as far as training in general, it should be noted that the
first author achieved an objectively high degree of technical skill
by long exercising with animal models and cadaver dissections
even without making a specific clinical neurovascular fellowship
in reputed institutions. In the selection of possible candidates
for this difficult job, the individual characteristics (firm hand,
camness, strong emotional control — of fundamental importance
in managing emergent situation during surgery) should be
considered very carefully before let him/her spending long time
in a difficult training program, and this concepts should have
possibly serious consideration by the Committees in charge for
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establishing trainings guidelines. Also, the possibility to introduce
a dual figure of both open and endovascular surgeon as the
neurovascular expert in the future must also be considered,
with its pros and contras. But again, sufficient case material
of open neurovascular surgery would still be necessary, also
because, apart from microvascular laboratory exercises with
animal models, no other model possibly simulating the real
clinical scenario of aneurysm surgery appears to be available
nowadays.

CONCLUSIONS

In conclusion, open *“traditional” neurovascular surgery, if
performed with wise indications and management strategy
by well-prepared neurovascular surgeons is still far from its
end. The training of future generation is a challenge. Whether
the future, in which significant technical improvement of
endovascular devices is to be expected, will still give space to
open neurovascular surgeons, or a dual figure of both open —
and endo—vascular expert will be the recommended solution,
is likely to be matter of debate to be addressed to high- ranked
training Committees. A strong recommendation to lower devices
costs should come from the neurosurgical community.
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IDENTIFICATION OF BRCA1/2 MUTATIONS IN BREAST CANCER
PATIENTS BY NEXT-GENERATION SEQUENCING
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Breast cancer is one of the most widespread forms of solid tumors. By analyzing the traits of breast cancer pathogenesis at
the molecular level using modern genetic analysis techniques and at different stages of the disease new data can be obtained
to be further utilized in clinical practice. Molecular profiling based on next-generation sequencing is being increasingly applied
as a clinical test to select target drugs for treating breast cancer patients with tumors highly resistant to therapy. In this study,
we performed targeted sequencing of BRCAT and BRCAZ2 oncogenes. In the total of 66 DNA samples from patients with
breast tumors, BRCA1/2 mutations were found in 39 patients. There were 78 unique genetic variants, including 30 mutations in
BRCAT and 48 mutations in BRCA2. We identified 33 mutations affecting the sites of post-translational modification in proteins
(PMT mutations).

Keywords: BRCAT, BRCA2, breast cancer, NGS, DNA-sequencing, mutation, personalized medicine
Funding: this work was supported by the Ministry of Education and Science of the Russian Federation (Project ID RFMEFI60716X0152).

><] Correspondence should be addressed: Alexey V. Churov
Pushkinskaya 11, Petrozavodsk,185910; achurou@yandex.ru

Received: 03.12.2018 Accepted: 14.12.2018
DOI: 10.24075/brsmu.2018.074

WOEHTUOUKALNA BRCA1/2-MYTALUUN MPU PAKE MOJIOYHOW XXEJIE3bI
C NPUMEHEHMEM TEXHOJ1OI N BbICOKOINMPOU3BOOUTENIbHOIO
CEKBEHNPOBAHUA
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Pak mono4dHon »xenesbl (PMXK) saBnsieTca ogHOM 13 Hambonee pacnpoCTpaHeHHbIX (DOPM COMMAHBLIX OMyxonen. AHamm3
ocobeHHocTen natoreHesa PM>K Ha MONEKYNAPHOM YPOBHE C MPYMEHEHVIEM COBPEMEHHbIX METOAOB MEHETUHECKOrO aHamM3a
1 Ha pasHbIX CTaausax 3aboneBaHns NO3BOAET NOMYyYUTb HOBbIE AaHHbIE ANS UX AASIbHENLLEro MPUMEHEHNS B KITMHNHYECKON
npakTvke. MonekyngpHoe MpouIMpoBaHNe C MPUMEHEHNEM TEXHOMOMMIA BbICOKOMPOV3BOANTENBHOMO CEKBEHMPOBaHVA
BCE Yalle MPUMEHSAIOT B Ka4eCTBE KIIMHMYECKOro TecTa npv nogbope TapreTHbIX MpenapaTtoB A9 NeYeHNst NauVeHToB C
BbICOKOPE3NCTEHTHBIMU K Tepanum onyxonamu npy PMXK. Liensto paboTsl 661110 MPOBECTN TAPreTHOE CEKBEHVPOBAaHME FEHOB
BRCA1 n BRCA2 B cocTaBe naHen OHKOreHOB. 13 66 o6pasuyoB JHK nauneHToB ¢ OnyxonsMmn MOMOYHOW »Kenesbl, MyTaumn
BRCA1/2 obHapy»eHb! y 39 naueHToB. HanaeHo 78 yHUKabHbIX FEHETUHECKVX BapuaHTOB, 13 Hx 30 MyTauumii B reHe BRCAT
n 48 mytaumin B reHe BRCAZ. VoeHTndvupmposaHo 33 MyTauum, OKasblBaroLLVe BAUSHNE Ha CaiTbl MOCTTPaHCIALMOHHON
mMoanmkaumm 6enkos (PMT-myTaupmn).
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Breast cancer (BC) is one of the most widespread forms of Suppressor genes BRCA71 and BRCA2 are important
malignant neoplasms, next only to lung cancer and colorectal  actors in regulating the signaling pathways associated with the
cancer. BC incidence has been growing in many parts of the  functioning of DNA repair systems. Mutations in these genes
world [1-4]. Early detection of the pathology and screening for  entail an elevated risk of developing BC and some other forms
BC is therefore a key task. of malignant tumors.
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A substantial proportion of the mutations in tumors are somatic
mutations, playing an important role both in the pathogenesis
of sporadic BC and in the development of de novo resistance
to anticancer drugs. Sporadic forms of cancer constitute, on
average, 70-80% of BC cases, whereas only 10% of all the patients
carry inherited mutations in the BRCAT and BRCA2 genes [5].

The actual task of oncogenetics today is the development and
improvement of approaches to the effective selection of anticancer
drugs, taking into account the molecular-genetic features of
tumor development.

The aim of this study was to identify the spectrum of
mutations in the BRCAT and BRCA2 genes in patients with BC
by lllumina next-generation sequencing.

METHODS

Material for the study. Clinical characteristics
of the patients

The collection of tumor samples for the study was taken from 66
patients with malignant breast neoplasms in hospital care at NN
Blokhin National Medical Research Centre of Oncology of the
Russian Health Ministry and Russian Scientific Center for X-ray
Radiology of the Ministry of Health of the Russian Federation,
(Moscow). The average age of the patients was 52.5 + 9.7 years.
The criteria for being included in the study were: age of 18 to
70, female, clinically verified BC diagnosis. Exclusion criteria:
history of other forms of neoplasms, pregnancy. BC was
staged according to TNM classification [6]. The study involved
patients with stages T1-8NO-3M0-1. The study adhered to
the principles of voluntariness and confidentiality. All patients
provided informed consent to the study. The principal clinical
characteristics of the patients are given in Table 1.

Table 1. Clinical characteristics of women with breast cancer (n = 66)

OPUTMHAJIbHOE NCCJIEOOBAHUME | TEHETUKA

DNA isolation and quality control. Oncogene
panel sequencing

Genomic DNA was isolated from tumor tissue samples by
using DNeasy Blood and Tissue Kit (Qiagen; USA) as instructed
by the manufacturer. The concentration of the extracted DNA
specimens was measured with a Qubit 3.0 fluorometer (Thermo
Fisher Scientific; USA). The quality of the DNA samples was
additionally tested by electorphoresis in 1% agarose gel with
ethidium bromide.

DNA fragment libraries were prepared using NEBNext Ultra
DNA Library Prep Kit for lllumina (New England Biolabs; USA).
The libraries were barcoded by PCR using two reagent Kits:
NEBNext Ultra DNA Library Prep Kit for lllumina and NEBNext
Multiplex Oligos for lllumina (Dual Index Primers Set 1, New
England Biolabs; USA). DNA library quality control was done
by measurements with Agilent Bioanalyzer 2100 (Agilent
Technologies; USA) using High Sensitivity Kit as instructed by
the manufacturer.

Coding regions of the tumor genome were enriched
using MYbaits Onconome KL v1.5 Panel (Mycroarray; USA).
The analysis was performed with a high-throughput genome
sequencing system HiSeq 2500 (lllumina; USA) using paired
100-nucleoctide reads. The samples were prepared and initiated
according to lllumina protocols.

Bioinformatic processing of NGS data

Bioinformatic processing of the resultant NGS data was carried
out using a previously developed algorithm [7, 8]. At first, the
quality of the reads from DNA sequencing was assessed by
Cutadapt software, and they were mapped to the reference
genome hg19 (GRCh37.p13) by using the BWA tool (Burrows-

Parameter Value, abs. no (%)
Age (years) 52.5+9.7
Principal diagnosis:
Left breast cancer 32 (48.5)
Right breast cancer 32 (48.5)
Bilateral cancer 2(3)
Tumor T-stage (TNM classification):
T 36 (54.5)
T2 29 (43.9)
T3 1(1.5)
Metastases in lymph nodes:
without metastases, MO 56 (84.8)
with metastases, M1 10 (15.2)
Expression of estrogen receptors (ER):
ER+ 53 (80.3)
ER- 13(19.7)
Expression of progesterone receptors (PR):
PR+ 50 (75.8)
PR- 16 (24.2)
Expression of HER2/neu (Cerb-B2):
Her2+ 38 (57.6)
Hero— 28 (42.4)

Note: the values are in M + SD or % form; T 1-8 — tumor stages according to TNM classification; ER — estrogen receptor expression; PR — progesterone receptor
expression; HER2/neu (Cerb-B2) — expression of the human epidermal growth factor receptor 2.
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Wheeler Aligner). Paired reads were removed by running
the specialized rmdup command in the SAMtools software
package. Mutations in the NGS dataset were detected by
MuTect, and DNA sequences covered by at least 12 readswere
considered the most significant.

The mutation abundance was defined as the proportion
(%) of mutation-supporing reads at a position. The functional
effect of the mutations was assessed relying on ActiveDriverDB
database [9]. The mutations affecting the coded protein were
visualized using the ProteinPaint application [10].

RESULTS

We analyzed DNA samples from breast tumors (n = 66) for the
presence of mutations in the BRCAT and BRCAZ2 genes by
[llumina next-generation sequencing. Bioinformatic processing
of the NGS data revealed mutations in the BRCAT and BRCA2

genes in 39 (59.1%) out of the 66 BC patients. Altogether 78
unique genetic variants were detected in the study, including
30 mutations in BRCAT and 48 mutations in BRCA2. Among
all these mutations, 70 of the detected variants were identified
as new mutations (89.7%). All the detected genetic variants are
listed in the Table 2.

The highest frequency in the analysis was demonstrated
by the mutations 17:41246746:T>C in BRCAT gene (52%)
and 13:32914688:G>T in BRCA2 gene (47%). The mutation
13:32910800:A>C in BRCA2 gene occurred the most
frequently among all samples, being identified in 10.7%
(n = 3/28) of tumors with BRCA2 mutations. Mutations in both
BRCA1 and BRCAZ2 were found in 11 patients with BC
(16.7%; n = 66).

Annotation against databases revealed 33 mutations
(42.3%) influencing the sequence of the coded protein,
including 16 in BRCAT gene and 17 in BRCA2 gene. The
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Fig. 1. The spectrum of mutations* affecting post-translational modification sites of proteins (PMT-mutations) in the genes BRCAT (A) and BRCAZ2 (B), in patients with
breast cancer (n = 39). * — based on mutation effect prediction according to ActiveDriverDB
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Table 2. BRCA1 and BRCA2 mutations identified in patients with BC

The proportion Coverage
Sample BC of cancer cells | Variant allele 9 PTM- Canonical
Gene . at the . Effect? Reference number? . :
ID Stage in the frequency, % ) mutation designation
Lo point
sample', %
1 A 20 52 235 No None Novel 17:41246746:T>C
2 A 9 30 117 No None rs1800744 17:41226488:C>A
4 106 No None Novel 17:41251858:T>G
3 A 20 3 115 Yes distal Novel 17:41223236:T>G
2 267 Yes proximal Novel 17:41243968:T>G
1 439 No None Novel 17:41245560:C>A
4 20 4 116 Yes proximal rs80357088 (dbSNP) | 17:41247872:C>A
1 685 Yes proximal rs80357192 (dbSNP) | 17:41245428:C>T
5 IIA 8 4 230 Yes | Metwork-rewiring - Novel 17:41244256:G>C
motif loss
6 | 90 2 169 Yes direct Novel 17:41244246:C>A
7 A 21 2 250 No None Novel 17:41244207:T>C
8 1A 8 2 306 No None Novel 17:41246576:A>C
9 1A 6 2 270 Yes distal Novel 17:41243724:A>C
2 142 Yes proximal Novel 17:41256210:T>G
10 1A 32 2 142 Yes distal Novel 17:41256225:T>G
BRCA1
1 333 Yes direct Novel 17:41246341:A>C
" B 95 2 166 Yes proximal BRCA (TCGA MC3) 17:41243518:C>G
1 467 No None Novel 17:41245516:C>A
12 1A 98 1 202 Yes distal Novel 17:41247883:C>A
13 IA 15 1 660 Yes | Metwork-rewiring - Novel 17:41244951:C>A
motif loss

14 1B 35 1 444 No None Novel 17:41245785:C>A
15 | 12 1 569 No None Novel 17:41245228:C>T
16 1B 12 1 351 No None Novel 17:41245832:T>G
17 A 57 1 413 No None Novel 17:41245859:C>A
18 1A 12 1 211 Yes proximal Novel 17:41226400:C>A
19 A 38 1 342 Yes distal rs786202665 (dbSNP) | 17:41244544:T>C
20 A 32 1 307 No None Novel 17:41246752:C>A
1 336 Yes distal Novel 17:41219637:C>A

21 1A 35
1 379 No None Novel 17:41246125:T>A
22 A 10 1 390 No None Novel 17:41245026:C>A
9 A 6 47 189 Yes distal Novel 13:32914688:G>T
2 210 Yes distal Novel 13:32905164:C>A
19 A 98 6 471 No None rs28897716 (dbSNP) | 13:32911295:G>A
1 434 Yes proximal Novel 13:32893381:A>C
23 1A 15 4 100 No None Novel 13:32906550:T>C
24 | 50 3 63 No None rs55924966 (dbSNP) | 13:32929408:G>A
3 152 No None Novel 13:32912843:G>T

19 A 38
2 276 No None Novel 13:32912258:C>A
25 1A 65 2 319 No None Novel 13:32910800:A>C
BRCAZT 44 B 35 2 316 Yes direct rs864622305 (dbSNP) | 13:32900697:C>T
7 A 21 2 251 No None Novel 13:32944694:.G>T
2 255 No None Novel 13:32911260:A>T

26 1A 10
1 537 No None Novel 13:32910800:A>C
2 87 Yes proximal Novel 13:32918761:C>A

27 A 11
2 238 No None Novel 13:32930703:C>A
2 130 No None Novel 13:32931930:G>T

28 A 70
1 307 Yes distal Novel 13:32914451:C>A
29 1 2 262 No None Novel 13:32910800:A>C
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End of Table 2

2 200 No None Novel 13:32911499:C>A
30 A 55 2 237 No None Novel 13:32913030:A>C
1 274 Yes distal Novel 13:32914261:C>A
2 99 Yes distal Novel 13:32893444:A>C
10 1A 32 2 179 No None Novel 13:32907009:T>G
2 188 Yes proximal Novel 13:32911946:T>G
2 807 No None Novel 13:32914484:C>A
1 323 No None Novel 13:32899216:G>A
4 30 1 747 No None Novel 13:32915036:A>T
1 279 No None Novel 13:32930596:T>A
1 285 No None Novel 13:32930604:A>G
2 332 No None Novel 13:32914234:C>A

21 1A 35
1 440 No None Novel 13:32907309:C>A
2 164 No None Novel 13:32912375:C>A
22 1A 10 1 298 No None Novel 13:32907051:A>T
1 358 Yes distal Novel 13:32914844:G>A
2 IIA 9 2 165 No None Novel 13:32968849:T>C
1 405 No None Novel 13:32913099:A>C

31 nc 18
1 266 No None Novel 13:32929173:C>A
1 526 Yes proximal Novel 13:32913143:C>A
% A ? 1 399 No None Novel 13:32968988:C>A
33 A 10 1 233 Yes distal Novel 13:32911786:T>A
14 1A 15 1 362 No None Novel 13:32936764:C>A
34 1A 14 1 371 Yes distal Novel 13:32912147:T>A
1 246 No None Novel 13:32913558:C>T

35 B 5
1 434 Yes distal Novel 13:32914792:A>T
36 1B 25 1 344 Yes distal Novel 13:32914433:G>A
a7 B 80 1 569 Yes distal rs374326934 (dbSNP) | 13:32914123:C>A
1 275 No None Novel 13:32937605:G>A
1 A 20 1 320 Yes distal Novel 13:32906966:A>G
38 | 10 1 439 No None Novel 13:32913444:C>A
1 262 No None Novel 13:32930600:C>A

39 1A 18
1 363 No None Novel 13:32936793:C>A

Note: ' — based on histological data; 2 — based on ActiveDriverDB data (https://www.activedriverdb.org/).

mutations affecting the sites of post-translational modification
in proteins (PMT mutations) are shown in the Fig. 1.

DISCUSSION

Personalized targeted therapy is gaining ground in modern
oncology. The development of a highly sensitive and cost-
efficient approach to affordable routine diagnosis of tumors is
therefore a priority task.

The “gold standard” for mutation detection today is Sanger
sequencing, but its diagnostic capabilities are limited compared
to next-generation genetic analysis systems. Tumor cells are
histologically and genetically heterogeneous, contributing to the
advantage of NGS-based techniques, which allow developing
efficient bioinformatics pipelines for detecting genetic variants
both in pairs of tumor and normal tissues samples and within
individual biopsies containing a fraction of normal cell DNA.

172

Mutations in the key BC oncogenes BRCAT and BRCA2
are among the most frequent and significant molecular
aberrations, whose analysis can help in assessing the risk of
tumor development, clinical prediction for BC patients, and in
predicting the effectivenesss of anticancer drug therapy.

The BRCAT gene was identified by Y. Miki et al. in 1994
by positional cloning on the long arm of chromosome 17.
The second gene — BRCAZ2, was mapped and isolated on
chromosome 13g. BRCAT and BRCAZ2 are suppressor genes,
characterized by the autosomal dominant inheritance pattern
and high penetrance. Recent molecular studies of BRCA7T and
BRCA2 have demonstrated a wide spectrum of mutations
present in these genes [5].

The international COSMIC database [11] contains over 900
somatic coding mutations of the BRCAT gene and over 1400
coding mutations of the BRCA2 gene. A substantial part of
these mutations result in structural transformations modifying
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the function of protein products, thus undermining the capacity
of repair systems to effectively fix DNA lesions. Many of the
mutations in BRCA1/BRCA2 are missence mutations, where
the coding sequence is altered and one functional codon is
changed to another.

Having analyzed the NGS data for the BC tumors in our study
by bioinformatics techniques, we identified 78 unique mutations
in the genes BRCAT and BRCAZ2. A majority of the mutations
were found in BRCA2. According to the literature, the frequency
of mutations differs notably between the genes BRCAT and
BRCA2 [5].

Further analysis using ActiveDriverDB showed that a large
part of the genetic variants produce a functional effect on post-
translational modification sites of the coded proteins (Fig. 1).
Our study revealed 33 PMT-mutations, many of them previously
unannotated. To confirm the pathogenic variants detected in the
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