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ZAIS-BASED COLLOIDAL QDS AS FLUORESCENT LABELS FOR
THERANOSTICS: PHYSICAL PROPERTIES, BIODISTRIBUTION AND
BIOCOMPATIBILITY
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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.
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NCCNEAOBAHUE KOJUJTONOHbLIX KBAHTOBbLIX TOHEK AGINS,/ZNS B
KAYECTBE ®JIYOPECLIEHTHbIX METOK AJ11 TEPAHOCTUKWU: PUSNHECKUE
CBOWNCTBA, BUOPACNPELEJNIEHUE N BUOCOBMECTUMOCTb
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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).
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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
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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.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Melerzanov A, Moskalev A, Zharov V. Precizionnaja medicina i
molekuljarnaja teranostika. Vrach. 2016; (12): 11-14.

Gareev KG, Babikova KJu, Naumysheva EB, Postnov VN,
Korolev DV. Sintez nanomaterialov s fluorescentnoj metkoj dlja
medicinskogo naznachenija. Biotehnosfera. 2017; 3 (51): 61-8.
Kobayashi H, Ogawa M, Alford R, Choyke PL, Urano Y. New
Strategies for Fluorescent Probe Design in Medical Diagnostic
Imaging. Chem Rev. 2010; 110 (5): 2620-40.

Istomina MS, Korolev DV, Pochkaeva El, Mazing DS, Moshnikov VA,
Gareev KG, Babikova KJu, Postnov VN. issledovanie vozmozhnosti
ispol'zovanija kolloidnyh kvantovyh tochek na osnove AgIinS2/
ZnS dlja fluorescentnogo imidzhinga v sravnenii s fluoroforami,
zakreplennymi na poverhnosti nanochastic. Transljacionnaja
medicina. 2017; 4 (4): 56-65.

Oh E, Liu R, Nel A, Gemill KB, Bilal M, CohenY, Medintz IL. Meta-
analysis of cellular toxicity for cadmium-containing quantum dots.
Nature nanotechnology. 2016; (11): 479-86.

Tsoi KM, Dai Q, Alman BA, Chan WCW. Are quantum dots
toxic? Exploring the discrepancy between cell culture and animal
studies. Acc Chem Res. 2013; (46): 662-71.

Ye L, Yong KT, Liu L et al. A pilot study in non-human primates
shows no adverse response to intravenous injection of quantum
dots. Nature Nanotech. 2012; (7): 4563-8.

Winnik FM, Maysinger D. Quantum dot cytotoxicity and ways to
reduce it. Acc Chem Res. 2013; (46): 672-80.

Ding Ya et al. Gold nanoparticles for nucleic acid delivery.
Molecular therapy. 2014; 22 (6): 1075-83.

Fitzpatrick JA. Andreko SK, Emnst LA, Waggoner AS, Ballou B,
Bruchez MP. Long-term persistence and spectral blue shifting of
quantum dots in vivo. Nano Lett. 2009; (9): 2736-41.

Nel AE, Méadler L, Velegol D, Xia T, Hoek EM, Somasundaran P et
al. Understanding biophysicochemical interactions at the nano—
bio interface. Nature Mater. 2009; 8 (7): 543-57.

Li MM, Cao J, Yang JC, Shen YJ, Cai XL, Chen YW et al.
Biodistribution and toxicity assessment of intratumorally injected
arginine-glycine-aspartic acid peptide conjugated to CdSe/ZnS
quantum dots in mice bearing pancreatic neoplasm. Chem Biol
Interact. 2018; (291): 103-10.

Dine EJ, Marchal S, Schneider R, Hamie B, Ghanbaja J, Roques-
Carmes T et al. A facile approach for doxorubicine delivery in
cancer cells by responsive and fluorescent core/shell quantum
dots. Bioconjug Chem. 2018; 29 (7): 2248-56.

Lesnichaja MV, Suhov BG, Shendrik RJu, Sapozhnikov AN,
Trofimov BA. Sintez vodorastvorimyh kvantovyh tochek selenida
serebra, ljuminescirujushhih v okne prozrachnosti biologicheskih
tkanej. Zhurnal obshhej himii. 2018; 88 (2): 307-10.

Huang Y, Gao Y, Zhang Q, Zhang Y, Cao JJ, Ho W et al.
Biocompatible FeOOH-Carbon quantum dots nanocomposites
for gaseous NOx removal under visible light: Improved charge
separation and High selectivity. J Hazard Mater. 2018; (354): 54-62.
Drobintseva A, Polyakova V, Matyushkin L, Krylova Y, Masing D,
Aleksandrova OA et al. Characterization of ZnSe/ZnS QD
Conjugated with Antibody Labeling Kisspeptins. In 3-rd Int. Conf.
of BioPhotonics, Florence, Italy. 2015.

Alivisatos AP, Gu W, Larabell C. Quantum dots as cellular probes.
Annu Rev Biomed Eng. 2005; (7): 55-76.

Somers RC, Bawendi MG, Nocera DG. CdSe nanocrystal based
chem-/bio-sensors. Chemical Society Reviews. 2007; 36 (4): 579-91.
Shamirian A, Appelbe O, Zhang Q, Ganesh B, Kron SJ, Snee PT.
A toolkit for bioimaging using near-infrared AginS2/ZnS quantum
dots. Journal of Materials Chemistry B. 2015; 3 (41): 8188-96.
Bruchez M, Moronne M, Gin P, Weiss S, Alivisatos AP.

BECTHVIK PIMY | 6, 2018 | VESTNIKRGMU.RU

Biodistribution evaluation shows that these ZAIS QDs have
a tendency of accumulating in organs such as liver, lungs,
heart and kidneys. A study of the toxic effect on hematologic
parameters and body mass dynamics showed that these QDs
have no pronounced toxicity.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Semiconductor nanocrystals as fluorescent biological labels.
Science. 1998; 281 (6385): 2013-6.

Chan WCW, Nie S. Quantum dot bioconjugates for ultrasensitive
nonisotopic detection. Science. 1998; 281 (56385): 2016-8.
Tyrakowski CM, Snee PT. A primer on the synthesis, water-
solubilization, and functionalization of quantum dots, their use as
biological sensing agents, and present status Physical Chemistry
Chemical Physics. 2014; 16 (3): 837-55.

Yaghini E, Turner HD, Le Marois AM, Suhling K, Naasani |,
MacRobert AJ. In vivo biodistribution studies and ex vivo lymph
node imaging using heavy metal-free quantum dots. Biomaterials.
2016; (104): 182-91.

Matea CT, Mocan T, Tabaran F, et al. Quantum dots in imaging,
drug delivery and sensor applications. International Journal of
Nanomedicine. 2017; (12): 5421-31.

Wang L-W, Peng C-W, Chen C, Li Y. Quantum dots-based tissue
and in vivo imaging in breast cancer researches: current status
and future perspectives. Breast Cancer Research and Treatment.
2015; 151 (1): 7-17.

Wegner KD, Hildebrandt N. Quantum dots: bright and versatile
in vitro and in vivo fluorescence imaging biosensors. Chemical
Society Reviews. 2015; 44 (14): 4792-834.

Walling MA, Novak JA, Shepard JRE. Quantum Dots for live cell
and in vivo imaging. International Journal of Molecular Sciences.
2009; 10 (2): 441-91.

Kang Yan-Fei et al. Carbon quantum dots for zebrafish
fluorescence imaging. Scientific reports. 2005; (5): 11835.

Xu G, Lin G, Lin S, Wu N, Deng Y, Feng G et al. The Reproductive
Toxicity of CdSe/ZnS Quantum Dots on the in vivo Ovarian
Function and in vitro Fertilization. Scientific reports. 2016; (6):
37677.

Tang H, Yang ST, Yang YF, Ke DM, Liu JH, Chen X et al. Blood
clearance, distribution, transformation, excretion, and toxicity of
near-infrared quantum dots Ag2Se in mice. ACS applied materials
& interfaces. 2018; 8 (28): 17859-69.

Wang C, Gao X, Su X. In vitro and in vivo imaging with quantum
dots. Analytical and bioanalytical chemistry. 2010; 397 (4): 1397-415.
Gao J, Chen K, Xie R et al. In Vivo Tumor-targeted fluorescence
imaging using near-infrared non-cadmium quantum dots.
Bioconjugate chemistry. 2010; 21 (4): 604-9.

Liu X, Zhou P, Zhan H, Liu H, Zhang J et al. Synthesis and
characterization of near—infrared-emitting CdHgTe/CdS/ZnS
quantum dots capped by N-acetyl-L-cysteine for in vitro and in
vivo imaging. RSC Advances. 2017; 7 (48): 29998-30007.

Lin G et al. Passive tumor targeting and imaging by using
mercaptosuccinic  acid-coated near-infrared quantum dots.
International journal of nanomedicine. 2015; (10): 335.

Singh SK et al. Drug delivery approaches for breast cancer.
International journal of nanomedicine. 2017; (12): 6205.

Han X, Wang Y, Shi D. Preparation of QDs@ SiO2/polystyrene
composite particles for cancer cells detection. Nano LIFE. 2018.
Jain S et al. Applications of Fluorescent Quantum Dots for
Reproductive Medicine and Disease Detection. In: Park SB,
editor. Rijeka: IntechOpen, 2018; 6.

Schipper ML, lyer G, Koh AL, Cheng Z, Ebenstein Y, Aharoni A
et al. Particle size, surface coating, and PEGylation influence the
biodistribution of quantum dots in living mice. Small. 2009; 5 (1):
126-34.

Yang L, Kuang H, Zhang W, Wei H, Xu H. Quantum dots
cause acute systemic toxicity in lactating rats and growth
restriction of offspring. Nanoscale. 2018; 10 (24): 11564-77.
Roberts JR, Antonini JM, Porter DW et al. Lung toxicity and



41.

42.

ORIGINAL RESEARCH | NANOMEDICINE

biodistribution of Cd/Se-ZnS quantum dots with different surface
functional groups after pulmonary exposure in rats. Particle and
Fibre Toxicology. 2013; (10): 5.

Park Y, Ryu YM, Jung Y et al. Spraying quantum dot conjugates
in the colon of live animals enabled rapid and multiplex cancer
diagnosis using endoscopy. ACS nano. 2014; 8 (9): 8896-910.
Salykina YF, Zherdeva VV, Dezhurov SV et al. Biodistribution and
clearance of quantum dots in small animals. Saratov Fall Meeting
2010: Optical Technologies in Biophysics and Medicine. 2011;
(12): 7999.

JNutepatypa

1.

2.

10.

11.

12.

13.

14.

15.

16.

Menep3aHoB A., Mockanes A., »Xapos B. [lpeunsnoHHas
MeauLMHa 1 MonekynspHas TepaHocTvika. Bpad. 2016; (12): 11-14.
lapees K. I, babvkosa K. 0., Haymblilwesa E. B., MNMocTtHoB B. H.,
Kopones [. B. CuHTe3 HaHomaTepuanoB ¢ iyopecLeHTHOM
METKOW AN MEeANLMHCKOro HasHadeHus. bBruotexHoctepa. 2017;
3 (561): 61-8.

Kobayashi H, Ogawa M, Alford R, Choyke PL, Urano Y. New
Strategies for Fluorescent Probe Design in Medical Diagnostic
Imaging. Chem Rev. 2010; 110 (5): 2620-40.

MctommHa M. C., Kopones . B., MNo4kaesa E. V1., MasuHr . C.,
MowHnkoB B. A., Tapees K. I, Babukosa K. tO., MNocTHoB B. H.
1CccnefoBaHne  BO3MOXKHOCTW  MICMOMb30BaHUS  KOMMOUAHbIX
KBaHTOBbIX TOYeK Ha ocHoBe AgINS2/ZnS ans dhnyopecLgHTHOro
UMUIPKVHM B CpaBHEHUM C chriyopodpopamn, 3aKkperyieHHbIML Ha
MOBEPXHOCTU HaHOYaCTUL,. TpaHCAAUMOHHas MeanupHa. 2017; 4
(4): 56-65.

OhE, Liu R, Nel A, Gemill KB, Bilal M, Cohen Y, Medintz IL. Meta-
analysis of cellular toxicity for cadmium-containing quantum dots.
Nature nanotechnology. 2016; (11): 479-86.

Tsoi KM, Dai Q, Alman BA, Chan WCW. Are quantum dots
toxic? Exploring the discrepancy between cell culture and animal
studies. Acc Chem Res. 2013; (46): 662-71.

Ye L, Yong KT, Liu L et al. A pilot study in non-human primates
shows no adverse response to intravenous injection of quantum
dots. Nature Nanotech. 2012; (7): 453-8.

Winnik FM, Maysinger D. Quantum dot cytotoxicity and ways to
reduce it. Acc Chem Res. 2013; (46): 672-80.

Ding Ya et al. Gold nanoparticles for nucleic acid delivery.
Molecular therapy. 2014; 22 (6): 1075-83.

Fitzpatrick JA. Andreko SK, Ernst LA, Waggoner AS, Ballou B,
Bruchez MP. Long-term persistence and spectral blue shifting of
quantum dots in vivo. Nano Lett. 2009; (9): 2736-41.

Nel AE, Madler L, Velegol D, Xia T, Hoek EM, Somasundaran P et
al. Understanding biophysicochemical interactions at the nano-
bio interface. Nature Mater. 2009; 8 (7): 543-57.

Li MM, Cao J, Yang JC, Shen YJ, Cai XL, Chen YW et al.
Biodistribution and toxicity assessment of intratumorally injected
arginine-glycine-aspartic acid peptide conjugated to CdSe/ZnS
quantum dots in mice bearing pancreatic neoplasm. Chem Biol
Interact. 2018; (291): 103-10.

Dine EJ, Marchal S, Schneider R, Hamie B, Ghanbaja J, Roques-
Carmes T et al. A facile approach for doxorubicine delivery in
cancer cells by responsive and fluorescent core/shell quantum
dots. Bioconjug Chem. 2018; 29 (7): 2248-56.

NecHuyasa M. B., Cyxo b. I'., LLeHapuk P. HO., CanoxHukos A. H.,
Tpodmmos B. A. CnHTE3 BOOOPACTBOPUMBIX KBAHTOBbLIX TOYEK
ceneHvaa cepebpa, MOMUHECLIMPYIOLLMX B OKHE MPO3payHOCTH
oronorndeckmx TkaHel. XKypHan obulen xummn. 2018; 88 (2):
307-10.

Huang Y, Gao Y, Zhang Q, Zhang Y, Cao JJ, Ho W et al.
Biocompatible FeOOH-Carbon quantum dots nanocomposites
for gaseous NOx removal under visible light: Improved charge
separation and High selectivity. J Hazard Mater. 2018; (354): 54-62.
Drobintseva A, Polyakova V, Matyushkin L, Krylova Y, Masing D,
Aleksandrova OA et al. Characterization of ZnSe/ZnS QD
Conjugated with Antibody Labeling Kisspeptins. In 3-rd Int. Conf.
of BioPhotonics, Florence, Italy. 2015.

43.

44.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Roberts JR, Antonini JM, Porter DW et al. Lung toxicity and
biodistribution of Cd/Se-ZnS quantum dots with different surface
functional groups after pulmonary exposure in rats. Particle and
Fibre Toxicology. 2013; 10 (5).

Park Y, Ryu YM, Jung Y et al. Spraying quantum dot conjugates
in the colon of live animals enabled rapid and multiplex cancer
diagnosis using endoscopy. ACS Nano. 2014; 7 (1): 9309.

Alivisatos AP, Gu W, Larabell C. Quantum dots as cellular probes.
Annu Rev Biomed Eng. 2005; (7): 55-76.

Somers RC, Bawendi MG, Nocera DG. CdSe nanocrystal based
chem-/bio-sensors. Chemical Society Reviews. 2007; 36 (4):
579-91.

Shamirian A, Appelbe O, Zhang Q, Ganesh B, Kron SJ, Snee PT.
A toolkit for bioimaging using near-infrared AginS2/ZnS quantum
dots. Journal of Materials Chemistry B. 2015; 3 (41): 8188-96.
Bruchez M, Moronne M, Gin P, Weiss S, Alivisatos AP.
Semiconductor nanocrystals as fluorescent biological labels.
Science. 1998; 281 (5385): 2013-6.

Chan WCW, Nie S. Quantum dot bioconjugates for ultrasensitive
nonisotopic detection. Science. 1998; 281 (56385): 2016-8.
Tyrakowski CM, Snee PT. A primer on the synthesis, water-
solubilization, and functionalization of quantum dots, their use as
biological sensing agents, and present status Physical Chemistry
Chemical Physics. 2014; 16 (3): 837-55.

Yaghini E, Turner HD, Le Marois AM, Suhling K, Naasani |,
MacRobert AJ. In vivo biodistribution studies and ex vivo lymph
node imaging using heavy metal-free quantum dots. Biomaterials.
2016; (104): 182-91.

Matea CT, Mocan T, Tabaran F, et al. Quantum dots in imaging,
drug delivery and sensor applications. International Journal of
Nanomedicine. 2017; (12): 5421-31.

Wang L-W, Peng C-W, Chen C, Li Y. Quantum dots-based tissue
and in vivo imaging in breast cancer researches: current status
and future perspectives. Breast Cancer Research and Treatment.
2015; 151 (1): 7-17.

Wegner KD, Hildebrandt N. Quantum dots: bright and versatile
in vitro and in vivo fluorescence imaging biosensors. Chemical
Society Reviews. 2015; 44 (14): 4792-834.

Walling MA, Novak JA, Shepard JRE. Quantum Dots for live cell
and in vivo imaging. International Journal of Molecular Sciences.
2009; 10 (2): 441-91.

Kang Yan-Fei et al. Carbon quantum dots for zebrafish
fluorescence imaging. Scientific reports. 2005; (5): 11835.

Xu G, Lin G, Lin S, Wu N, Deng Y, Feng G et al. The Reproductive
Toxicity of CdSe/ZnS Quantum Dots on the in vivo Ovarian
Function and in vitro Fertilization. Scientific reports. 2016; (6):
37677.

Tang H, Yang ST, Yang YF, Ke DM, Liu JH, Chen X et al. Blood
clearance, distribution, transformation, excretion, and toxicity of
near-infrared quantum dots Ag2Se in mice. ACS applied materials
& interfaces. 2018; 8 (28): 17859-69.

Wang C, Gao X, Su X. In vitro and in vivo imaging with quantum
dots. Analytical and bioanalytical chemistry. 2010; 397 (4): 1397-
415.

Gao J, Chen K, Xie R et al. In Vivo Tumor-targeted fluorescence
imaging using near-infrared non-cadmium quantum dots.
Bioconjugate chemistry. 2010; 21 (4): 604-9.

Liu X, Zhou P, Zhan H, Liu H, Zhang J et al. Synthesis and
characterization of near—infrared-emitting CdHgTe/CdS/ZnS
quantum dots capped by N-acetyl-L-cysteine for in vitro and in
vivo imaging. RSC Advances. 2017; 7 (48): 29998-30007.

Lin G et al. Passive tumor targeting and imaging by using
mercaptosuccinic acid-coated near-infrared quantum dots.
International journal of nanomedicine. 2015; (10): 335.

BULLETIN OF RSMU | 6, 2018 | VESTNIKRGMU.RU



OPUNIMMHAJIBHOE NCCJIEQOBAHVE | HAHOMEOVLUVHA

35.

36.

37.

38.

39.

40.

Singh SK et al. Drug delivery approaches for breast cancer.
International journal of nanomedicine. 2017; (12): 6205.

Han X, Wang Y, Shi D. Preparation of QDs@ SiO2/polystyrene
composite particles for cancer cells detection. Nano LIFE. 2018.
Jain S et al. Applications of Fluorescent Quantum Dots for
Reproductive Medicine and Disease Detection. In: Park SB,
editor. Rijeka: IntechOpen, 2018; 6.

Schipper ML, lyer G, Koh AL, Cheng Z, Ebenstein Y, Aharoni A
et al. Particle size, surface coating, and PEGylation influence the
biodistribution of quantum dots in living mice. Small. 2009; 5 (1):
126-34.

Yang L, Kuang H, Zhang W, Wei H, Xu H. Quantum dots cause
acute systemic toxicity in lactating rats and growth restriction of
offspring. Nanoscale. 2018; 10 (24): 11564-77.

Roberts JR, Antonini JM, Porter DW et al. Lung toxicity and
biodistribution of Cd/Se-ZnS quantum dots with different surface

BECTHVIK PIMY | 6, 2018 | VESTNIKRGMU.RU

41.

42.

43.

44.

functional groups after pulmonary exposure in rats. Particle and
Fibre Toxicology. 2013; (10): 5.

Park Y, Ryu YM, Jung Y et al. Spraying quantum dot conjugates
in the colon of live animals enabled rapid and multiplex cancer
diagnosis using endoscopy. ACS nano. 2014; 8 (9): 8896-910.
Salykina YF, Zherdeva VV, Dezhurov SV et al. Biodistribution and
clearance of quantum dots in small animals. Saratov Fall Meeting
2010: Optical Technologies in Biophysics and Medicine. 2011;
(12): 7999.

Roberts JR, Antonini JM, Porter DW et al. Lung toxicity and
biodistribution of Cd/Se-ZnS quantum dots with different surface
functional groups after pulmonary exposure in rats. Particle and
Fibre Toxicology. 2013; 10 (5).

Park Y, Ryu YM, Jung Y et al. Spraying quantum dot conjugates
in the colon of live animals enabled rapid and multiplex cancer
diagnosis using endoscopy. ACS Nano. 2014; 7 (1): 9309.




