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EXPERIMENTAL STUDY OF DENDRIMER-BASED NANOPARTICLES WITH
RGD-PEPTIDE FOR ANTICANCER RADIONUCLIDE THERAPY
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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.
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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.
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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
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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’
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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
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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)
£ 10000
(0]
IS
=)
Ie)
=
:
5000 -
E
04 v T T T T T T 1
0 5 10 15 20 25 30

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

B
15000 A —a— Control

—e— '%Re-neppeHar (185 MBqg/kg)

—a— 53Re-NP (185 MBq/kg)
‘€ 10000
£
0]
S
=]
°
> 5000
o
1S
]

0 -
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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