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Here, we prepared water-soluble highly luminescent CdSe/ZnS quantum dots having different surface charge and exa-
mined how zeta potential of quantum dots affected their uptake by cancer cells. Water soluble quantum dots with varied
zeta potential were prepared through encapsulation with amphiphilic polymer poly(maleic anhydride-alt-1-tetradecene)
(PMAT) containing ziwitterions formed by spatially separated carboxyl and quaternary amino groups. Varying the ration
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of negatively charged carboxyl and positively charged quaternary amino-groups during chemical modification of PMAT
we control the sign and magnitude of zeta potential of encapsulated quantum dots. Quantum dots having nearly equal
amount of carboxyl and quaternary amino groups possess pH-controlled zeta potential which can vary from negative to
positive value when pH changes from basic to acidic condition. Cellular uptake of encapsulated quantum dots has been
found to be strongly dependent of their surface charge: positively charged quantum dots efficiently internalized by cells,
while negatively charged adsorbed mostly at the cell membrane. Zwitterionic QDs do not demonstrate any charge-de-
pendent cellular toxicity at least within few hours. Long-term incubation of cells stained with zwitterionic quantum dots
results in the decrease of the fluorescence signal mainly due to the cell proliferation.

Key words: quantum dots; zwitterion; zeta potential; nanoparticle uptake.
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AIOMUWHECHEHTHBIE KBAHTOBBIE TOYKH, THKAIICYANPOBAHHBIE
OBUTTEP-NOHHBIM AMOUOPUABHBIM ITOANUMEPOM:
BANAHUWE IIOBEPXHOCTHOTI'O 3APAAA
HA B3ANUMOAENCTBUE C OITYXOAEBBIMU KAETKAMMU

E. A. IETPOBA", T. H. TEPITHHCKAA", A. A. ®E/JOCIOK®, A. B. PA/TYEHKO?,
A. B. AHTAHOBHY?, A. B. [IPYJHHKOB>, M. B. APTEMbEB?

Y Unemumym gusuonoeuu HAH Benapycu, yn. Akademuueckas, 28, 220072, 2. Munck, Berapyco
Vupeacoenue BI'Y «Hayuno-ucciedosamentekuii uHCMumym (usuko-xumudeckux npoonemy,
yi. Jlenunepaockas, 14, 220006, e. Munck, Berapyco

Ha ocHOBe NMPUTOTOBJICHHBIX BOAHBIX KOJUIOUIHBIX PACTBOPOB JIIOMUHECIIEHTHBIX KBaHTOBBIX Touek CdSe/ZnS, nmero-
IIUX pa3IUYHbIN TOBEPXHOCTHBIN 3apsijl, HCCIEOBAHO, KaK J{3eTa-MOTEHI[Hall KBAHTOBBIX TOYEK BIMIET Ha UX MOITIONIe-
HUE OIlyXOJEBBIMH KJIeTKaMu. BomopacTBopuMble KBAHTOBBIE TOUKH C BAPbUPYEMBIM J3€Ta-MOTEHIIMAIOM MOIY4YeHbI 0-
CPE/ICTBOM MHKAICYISIHMN aM(pUUIBHBIM TTOIMMEPOM — TTOJIMMAaIEHHOBBIM aHIHApUI-albT-1-TerpaneneHom (IIMAT),
COZIepIKallM LBUTTEP-HOHBI, 00pa30BaHHBIC MPOCTPAHCTBEHHO Pa3ACICHHBIMA KapOOKCHIBHBIMUA WM UETBEPTHUHBIMA
aMMOHMIHBIMHU IPYIIIaMHU. Bappupyst COOTHOILIIEHNE OTPUIIATEIBHO 3apPSHKEHHBIX KapOOKCIIIBHBIX U MOJIOKUTEIBHO 3a-
PSDKEHHBIX YEeTBEPTUUHBIX aMMOHHMIHBIX IPYIII B Iipoliecce XuMuueckoit mogudukarmn [IMAT, MoXKHO KOHTPOJIMPOBATh
3HaK ¥ BEIMYMHY J3€Ta-MOTEHIIMada HHKAIICYIMPOBAHHBIX KBAHTOBBIX Touek. KBaHTOBbIE TOUKH, HECYIE HA MOBEPX-
HOCTH IPUMEPHO PAaBHOE KOJIMYECTBO KaPOOKCHIIBHBIX U YeTBEPTUYHBIX aMMOHHUITHBIX TpymIl, o0nanaoT pH-3aBucuMbIM
J3€Ta-MOTEHINAIIOM, KOTOPBIH MOKET U3MEHATHCS OT OTPULATENBHOIO O MOJI0KUTEIBHOTO 3HAUYEHHsI P IePEX0ie OT
IIETOYHOH cpenbl K Kucioil. OOHapyKeHO, UTO MOTIOMIEHHE KJICTKaMH WHKAIICYTMPOBAHHBIX KBAHTOBBIX TOYEK CYIIE-
CTBEHHO 3aBHCHUT OT MX ITOBEPXHOCTHOTO 3apsiia: MOJOKUTEIBHO 3apsHKEHHBIE MONIOMAIOTCS KIETKAMH, TOIa KaK OT-
pHLIATENBHO 3apsDKEHHbIE TIIABHBIM 00pa3oM afcopOupyroTcsi Ha UX MeMOpaHne. [[BUTTep-MoHHbIE KBAHTOBBIE TOYKH HE
MIPOSIBIISIIOT 3aMETHOM IIMTOTOKCUYHOCTH T10 KpalHel Mepe B TeueHHe HECKOIBKHX 4acoB. JluresbHas HHKyOaus Kie-
TOK, MEUCHHBIX LIBUTTEP-MOHHBIMY KBAHTOBBIMU TOYKAMH, IPUBOJUT K YMEHBLICHHUIO JTIOMUHECLICHTHOIO CUTHAJIA, YTO
B 3HAYHUTEIILHON Mepe 00yCIIOBIEHO KIETOUHOH mporudepariei.

Kniouesvle cioea: KBaHTOBBIC TOYKHU; HBUTTEP-UOH; A3€TA-ITIOTCHIHAJI; ITOITIOICHUEC HAHOYACTHUII.

EJlaz()Oapnocmb. ABTOpLI BbIpaKaroT 6J'IaFO,HapHOCTB 34 YaCTUYIHYIO (bI/IHaHCOByIO MOAACPIKKY TOCYyHapCTBEHHBIX
mporpaMm Hay4YHbIX I/ICCJ'IC,Z[OBaHI/Iﬁ ((XI/IMpeaFeHTBI» u «KOHBepFCHHI/Iﬂ».

Introduction

Semiconductor colloidal nanocrystals or quantum dots (QDs) with size-tunable optical properties have
found numerous applications in biological assays and detection platforms [1-4]. Such QDs are primarily
prepared in organic solvents at high temperatures and, hence, are covered with hydrophobic ligands. In order
to use such particles in biological systems, QDs are required to be soluble in water, what can be achieved
by additional post-synthetic treatment. In order to promote transfer of QDs into aqueous buffer solutions
several strategies were developed, the majority of which can be essentially divided into two main categories:
polymer encapsulation and ligand exchange [5—7]. Utilization of amphiphilic polymers as solubilizing agents
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provides colloidal stability of nanoparticles (NPs) in aqueous solutions, allows controlling hydrodynamic size
and surface charge of NPs and also enables introduction of functional groups that can be further utilized for
chemical functionalization of NPs’ surface [5; 6; 8—10].

Surface charge of NPs is a key parameter that determines their colloidal stability, interaction with
macromolecules and cell surfaces and influences NPs’ performance in a variety of biomedical assays [11-14].
Utilization of amphiphilic polymers based on poly(maleic anhydride) for encapsulation of NPs has demonstrated
promising opportunities for engineering of NCs’ coating that can be implemented in biolabeling. While NCs’
shape and size significantly contribute to their interaction with cells, the nature of functional groups on the
NPs’ surface plays the major role [12; 14]. While NCs encapsulated with non-modified poly(maleic anhydride)
derivatives possess negative charge provided by carboxyl groups on their surface, it is possible to prepare
through certain polymer modification NPs with desirable surface functional groups and charge.

Earlier, poly(ethylene glycol) (PEG)-decorated poly(maleic anhydride) derivatives have been reported to
reduce non-specific and prevent protein adsorption [6]. Due to its relative inertness and hydrophilic nature,
PEG is widely used to provide biocompatibility to polymers and various NPs [15-18]. Overall neutral surface
charge on nanoparticles can also be obtained through the surface modification of nanoparticles with zwitterionic
ligands by ligand exchange technique [7; 18-21] or encapsulation methods [22; 23]. Strong interaction of
the zwitterions with water molecules can also provide good NPs biocompability. In comparison to PEG,
zwitterions provide smaller hydrodynamic size of NPs and contain both positively and negatively charged
groups that provide an overall neutral charge. This, in turn, prevents particles from aggregation via interaction
with various charged species that are always present in biological media.

Recently QDs encapsulated with poly(maleic anhydride-alt-1-tetradecene) (PMAT) partially functionalized
with N,N-dimethylethylenediamine were used as intracellular labels with proton-sponge properties [22]. Polymer
modification with ternary amino compound allowed preparation of QDs with surface charge that depends on
the number of introduced ternary amino and remaining carboxyl groups in the polymer coating. On the other
hand, diamine functionalization of PMAT-encapsulated QDs that carry surface carboxyl groups often results in
their aggregation in aqueous solution due to electrostatic charge screening and charge neutralization. In current
work we utilize another strategy that consists in controlled modification of PMAT in organic solution using
quaternary amino-compound ((2-aminoethyl)trimethylammonium chloride) and subsequent encapsulation of
highly luminescent CdSe/ZnS core-shell QDs with obtained zwitterionic polymer. Since quaternary amino
group provides pH-independent positive surface charge, total zeta potential of encapsulated QDs may be a
simple function of pH and the ratio of the number of carboxyl groups to the number of quaternary amino
groups on the surface of QDs. Remaining carboxyl groups of PMAT provide pH-dependent local negative
charge on the surface of QDs. We prepared two types of quaternary amine-modified PMAT that have positive
(+) and close to neutral (+/—) zeta potential and examined the effect of QDs’ charge on cellular interactions and
nonspecific binding with living cells (Ehrlich Ascites Carcinoma (EAC), human leucocytes, rat glioma C6).
Investigation of the correlation between the physical and chemical properties of QDs and their cellular uptake
is essential for understanding and controlling these interactions [24—28]. The information on QDs excretion is
also very essential, since it determines the intensity of the fluorescent signal in labeled cells and allows tracking
their pathways within cell using optical microscopy [29].

Materials and methods

Materials. Chemicals. Poly(maleic anhydride-alt-1-tetradecene) (PMAT, MW = 9000), (2-aminoethyl)tri-
methylammonium chloride hydrochloride (AETA), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC),
NaOH, 1-hexanethiol, anhydrous chloroform, cellulose acetate membrane (cut-off = 12 kDa) were purchased
from Sigma-Aldrich. 7-Aminoactinomycin (7-AAD), propidium iodide (PI), Hoechst 33342, Trypan blue were
purchased from Sigma. Cell TraceViolet (CTV) was purchased from Molecular Probes.

Cell culture media and supplements. Hanks’ balanced salt solution (HBSS), phosphate buffered saline (PBS),
high glucose Dulbecco’s modified Eagle’s medium (DMEM), trypsin-EDTA solution, antibiotic-antimycotic
solution (100x) with 10,000 units penicillin, 10 mg streptomycin and 25 pg amphotericin B per ml were
purchased from Sigma-Aldrich. Sodium pyruvate (100x) was purchased from Gibco by Life Technologies,
USA. Fetal calf serum (FCS) was purchased from HyClone, Thermo Scientific, UK.

Modification of PMAT with quaternary amine AETA (PMAT-AETA). For the preparation of (+/-)
or (+) QDs 18 or 53 mg of AETA respectively was dissolved in 5 mL of dry dioxane at 80 °C. After 20 min
30 mg PMAT was added to the dioxane solution and the mixture was stirred at 80 °C for 3 h. Then EDC
was added in a 4-fold excess to AETA and the reaction mixture was then stirred at 50 °C for additional 2 h.
After that the solution was cooled down to room temperature and stirred overnight in order to complete the
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reaction of PMAT carboxyl groups with AETA. After that dioxane was evaporated at 50 °C and the solid
phase was dissolved in aqueous solution of NaOH with pH 12. Modified polymer was purified from the
excess of small molecules by overnight dialysis against distilled water at room temperature using cellulose
acetate membrane.

After the purification modified polymer was dried at 60 °C and redissolved in anhydrous chloroform.
Concentration of the modified PMAT in chloroform was determined on the basis of the initial amount of the
polymer introduced into reaction. Resultant solution was filtered through 0.2 um Nylon membrane and stored
at +4 °C in dark.

Synthesis, encapsulation and characterization of QDs. CdSe/ZnS core-shell QDs with core diameter
of 2.9 nm and emission peak at A = 570 nm were synthesized according to standard procedure. NCs were
purified by precipitation with isopropanol and redissolved in chloroform. Average surface area of QDs was
calculated from the average diameter of corresponding core-shell NCs that was determined using transmission
electron microscopy (TEM). TEM samples were prepared by drying a droplet of the chloroform solution of
NCs on carbon-coated copper grids. TEM micrographs were acquired using LEO 906E transmission electron
microscope.

In order to achieve stable and reproducible results during encapsulation, the surface of QDs was capped
with hexanethiol via ligand-exchange procedure. To ensure complete encapsulation of QDs with polymer,
the total amount of the added polymer was in a 2.5-fold weight excess to QDs. For encapsulation the mixture
of polymer and QDs was stirred for 24 h and dried at room temperature. Resultant glass-like solid phase of
encapsulated QDs along with the excess of polymer was dissolved in distilled water or aqueous NaOH solution
with pH 12 and centrifuged at 10 000 rpm for 5 min to remove insoluble residuals. The excess of polymer was
removed from aqueous colloidal solutions of encapsulated QDs by ultrafiltration through commercial fiber
membrane filter with cut-off =100 kDa and subsequent dialysis against distilled water. Finally, the solution
was filtered through 0.2 pm Nylon membrane.

Concentration of CdSe/ZnS QDs encapsulated with PMAT was determined using molar extinction
coefficient of corresponding core NCs from the reference data. Zeta potential of encapsulated colloidal NCs in
different buffers was measured using Malvern Zetasizer Nano ZS90 instrument.

Cells. Ehrlich Ascites Carcinoma. EAC cells were maintained by weekly serial intraperitoneal transplan-
tation, freshly drawn from a donor. The EAC cells were isolated from the peritoneal cavity of mice bearing
8-day-old ascites tumors. The cells were washed twice and resuspended in HBSS. The viability of EAC cells
was more than 95 % as determined by propidium iodide/7-AAD exclusion (flow cytometry). We followed
World Health Organization’s International Guiding Principles for Biomedical Research involving Animals.

Human leucocytes. Leucocytes were separated from heparinized venous blood by lyzing erythrocytes in a
solution containing 155 mmol/L ammonium chloride, 10 mmol/L sodium bicarbonate and 0.1 mmol/L EDTA
for 10 min. The leucocyte fraction was washed twice and resuspended in HBSS. Isolated leucocytes were used
in the experiments immediately. Leucocytes viability was more than 90 % as determined by propidium iodide
or 7-AAD exclusion (flow cytometry).

QDs-cell interaction. ODs uptake and short-time toxicity. EAC cells or leucocytes suspensions (in HBSS,
unless stated otherwise) were transferred into 96-well round-bottom plate. After that, QDs were introduced in
the amount necessary to achieve the final concentration of 0.1-0.3 umol/L of nanoparticles and then plates
were incubated for 0.5 h. Cellular uptake of QD was measured using flow cytometry (PE-A channel) and QD
distribution in cells was visualized with fluorescent microscope. Cell viability was determined by 7-AAD
exclusion (flow cytometry).

ODs long-term toxicity and elimination. We analyzed the changes in the fluorescent signal from cells stained
with QD or dye CTV. EAC cells were stained in HBSS with CTV according to the manufacturer’s manual or
with QDs for 20 min, washed twice in HBSS and resuspended in DMEM containing 10 % FBS and antibiotic-
antimycotic. Cells were cultivated on 24-well plate (Greiner, Austria) for 2 days at 37 °C in CO, incubator
(Shellab, USA) with CO, level of 5 %. After 0.5, 4, 24, 28, 48 h of incubation the aliquots of the cell suspension
were drawn and used for flow cytometry analysis. Cells viability was investigated using 7-AAD test. QDs and
CTV fluorescence intensity was registered only for living cells.

Instrumental analysis. Flow cytometry. Flow cytometry analysis was performed using BD FACSCanto 11
and Diva 7.0 software (Becton Dickinson, USA). Gating of human leucocytes based on FSC/SSC was per-
formed to separate granulocytes, monocytes and lymphocytes.

Optical microscopy. A suspension of EAC cells was placed on a glass plate and optical images were
obtained using Leitz MPV-2 and Opton microscopes with 16x and 25x objectives. Mercury lamp was used
for fluorescence excitation (A = 365 nm) and PLOEMOPAK system with emission filters at 370—490 and



OpurnHajibHble CTATHH
Original Papers

520—700 nm range were used for the registration of fluorescence images. The images were registered with
Leica DC300 F digital camera controlled by Leica IM1000 software.

For nuclei visualization cells were stained with 10> mol/L Hoechst 33342 in PBS (20 °C, 15-30 min).

Fluorescence quenching by Trypan blue. Fluorescence intensity of stained cells was registered at first
in the absence of Trypan blue and then 5 min after the addition of 1 % solution of Trypan blue. Trypan
blue fluorescence was registered at PerCP-Cy5.5-A channel, while QDs fluorescence registered at PE-A
channel. Dead cells which have been Trypan blue-positive were excluded from analysis. Trypan blue-induced
fluorescence quenching of membrane-associated QDs was measured in living cells only.

Statistical analysis. Statistical analysis was performed using Excel Software and Statistics 7. The deviations
were considered significant for p values < 0.05 according to the Mann — Whitney test. Experimental points are
presented as the mean values + SEM.

Results and discussion

Figure 1 schematically demonstrates the formation zwitterions via PMAT modification with AETA and the
structure of encapsulated QDs.

Figure 1 shows that during encapsulation chemically modified PMAT creates hydrophobic bilayer on the
surface of CdSe/ZnS Ds via Van der Waals interaction of C12 aliphatic side chains of PMAT and hexanetiol
bound to the surface Zn atoms of QDs. Pairs of carboxyl and quaternary amino groups on the surface of PMAT
nano-capsule create spatially separated zwitterions with the negative charge of carboxyl groups partially or
fully compensated by positive charge of amino groups. Overall zeta potential of encapsulated QDs depends on
the ratio of carboxyl and quaternary amino groups. Table 1 represents characteristics of QDs encapsulated with
three different PMAT-based polymers.
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Fig. 1. Scheme of the formation of zwitterions by the chemical modification
of PMAT with quaternary amine AETA (top) and the structure of highly luminescent
CdSe/ZnS QDs encapsulated with zwitterion-containing PMAT (bottom).
The ratio of carboxyl and quaternary amino groups can be tuned from 0 % for (—)QDs
to 50 % for (+/—)QDs and to nearly 100 % for (+)QDs
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Table 1

Zeta potential and hydrodynamic size determined by DLS-measurements
of CdSe/ZnS QDs encapsulated with three different types of polymers: pure PMAT (-),
PMAT fully (+) and partially (+/-) functionalized
with quaternary amine AETA (MES buffer, pH 7.4)

QDs sample name {-Potential, mV Hydrodynamic size, nm
(—)QDs —40 14
(+H)QDs +30 22
(+/-)QDs -4 18

The data in table 1 shows that QDs encapsulated with pure PMAT ((—)QDs) show strongly negative sur-
face charge due to the dissociation of surface carboxyl groups. QDs encapsulated with 100 % AETA-modified
PMAT ((+)QDs) show large positive surface charge, while 50 % modified PMAT ((+/—)QDs) possess nearly
zero zeta potential at pH 7.4. Hydrodynamic size of all encapsulated QDs was around 15-20 nm.

To determine optimal conditions for further comparative experiments, we initially measured the uptake of
QDs by tumor cells in different buffers. The uptake of (—)QDs by tumor cells is sensitive to the presence of
Ca”" and less sensitive to Mg®" in the solution. Ca/Mg-free PBS buffer affords weak staining, as well as PBS
with glucose. However, the addition of Mg”" increases (—)QDs binding threefold and Ca** — almost fivefold.
Since Hank’s buffer is based on PBS with added Ca*", Mg** and glucose, HBSS is more suitable for staining
live cells with (—)QDs than standard PBS. Addition of fetal bovine serum remarkably inhibits (—)QDs uptake
by tumor cells.

Earlier, T. Geelen et al. [30] on the example of mouse macrophages (RAW cells) demonstrated that Ca- and
Mg-ions in incubation media provide efficient uptake of phosphatidylserine-containing paramagnetic lipo-
somes. Authors suggested the major role in the uptake of Ca**-dependent receptors involved in the recognition
of apoptotic cells expressing phosphatidylserine, such as, LOX-1 (lectin-like oxidized low-density lipoprotein
receptor-1) scavenger receptor, whose calcium-dependent nature was revealed by J. E. Murphy et al. [31].
In our work we used different cell type and QDs used in this study were not conjugated to phosphatidylserine
and thus another explanation of the increased QDs uptake in the presence of Ca®” and Mg** ions was proposed.
Investigation of neurotransmission demonstrated that Ca** ions are involved in the regulation of vesicular
transport of neurotransmitters [32]. All this data suggests that Ca®" ions are possibly involved in the regulation
of vesicular transport of nanoparticles. However, detailed analysis of the ion-dependent transport is beyond
the scope of current paper.

After that we compared the efficiency of cellular uptake of encapsulated QDs with different surface charge.
Figure 2 shows fluorescence images of EAC cells stained with differently charged (—)QDs and (+)QDs.

The influence of zeta potential on the nanoparticle uptake still remains a debatable subject. Positive sur-
face charge can provoke strong electrostatic attraction of nanoparticles in the negatively charged regions of
plasma membrane and adsorption and internalization of nanoparticles [33; 34]. At the same time ca. 100 nm
(by hydrodynamic size) negatively charged nanoparticles were efficiently absorbed by Caco-2 and epithelial
MDCK cells [35-38]. Generally, nanoparticles with stronger zeta potential regardless of its sign exhibited
better uptake by phagocytic cells. At the same time positively charged nanoparticles are always absorbed
more efficiently than negatively charged ones [33]. Our results also demonstrate that positively charged
encapsulated QDs are better absorbed by cells and the shift of zeta potential to neutral values decreases
absorption efficiency.

200 pm

Fig. 2. Representative fluorescence images of EAC cells
stained with (—)QDs (left) and (+)QDs (right)
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In order to determine how the surface charge of QDs affects cell labeling, we examined cellular staining
using (+/—)QDs with pH-tunable zeta potential. Figure 3 shows that while (—)QDs and (+)QDs have strongly
negative and positive zeta potentials respectively in the wide range of pH, & value of (+/—)QDs varies from ca.
—20 mV at pH >10 to +30 mV at pH < 5. The zwitterions on the surface of (+/—)QDs formed by paired quater-
nary amine and carboxyl groups provide different surface charge to the whole QD depending on the degree of
carboxyl group deprotonation at different pH.
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Fig. 3. The influence of pH on zeta potential of (—)QDs, (+)QDs and (+/—)QDs
in different buffers. Dashed lines are linear fitting for corresponding experimental points

Figure 4 demonstrates that pH value has significant influence on the cell labeling with (+/—)QDs.
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Fig. 4. pH-Dependent EAC cell staining with (+/—)QDs
measured by fluorescence intensity (n = 4)

From fig. 4 we see that pH level has remarkable influence on the cellular staining with (+/=)QDs. These QDs
interact with cells more efficiently in acidic solutions than in neutral or basic media. Although 98—100 % of EAC
cells were stained with (+/—)QDs at all studied pH levels, the total amount of bound QDs (fluorescence intensity)
was strongly pH-dependent. Tumor microenvironment is known to be acidic due to the abnormal metabolism of
glucose and lactic acid production [38; 39] and the enhanced activity of proton transporters that pump out protons
from the cells into the extracellular space [40—42]. Thus, positive zeta potential of (+/—)QDs in tumor tissues can
increase and the nanoparticles will be better absorbed by tumor cells in comparison to normal tissues.

Besides the influence of zeta potential on staining efficiency, its possible effect on the cytotoxicity of
encapsulated QDs was also considered. Figure 5 demonstrates that (—)QDs, (+)QDs and (+/—)QDs do not show
cytotoxicity during 4 h, but promote cell death after 24 and 48 h incubation.

To date different mechanisms were proposed to explain possible cytotoxicity of CdSe/ZnS QDs, including
the release of Zn>", Cd*" or Se’ ions that have negative effect on cells [43—45]. The mechanism of cytotoxicity
can involve active oxygen forms, changes in permittivity of mitochondrial membranes, triggering of DNA
damage and induction of apoptosis and necrosis [46—50]. QDs were also shown to be able to generate active
oxygen forms upon photoexcitation in Escherichia coli stained with QDs [45]. Our results did not provide
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clear evidence that cytotoxicity of QDs depends on their zeta potential. While after 24 h of incubation there
was the correlation between decreased cytotoxicity of QDs and stronger positive zeta potential, the results of
48 h incubation did not exhibit such correlation. Taking into account that positive zeta potential of QDs en-
hances their absorption by cells, we assume that QDs’ cytotoxicity does not depend on the fact, whether QDs
are absorbed by cells, bound to the cell membrane or located outside the cells in the growth media.

Analysis of the fluorescence images shows that significant portion of QDs is localized near the cell mem-
brane. In order to establish, whether QDs were internalized or attached to the outer side of the cell membrane,

we treated cells after the QDs’ uptake with Trypan blue. Figure 6 shows the effect of Trypan blue on the fluo-
rescence of EAC cells stained with (—)QDs and (+)QDs.
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Fig. 5. Viability of EAC cells stained with (—)QDs,
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*p (1-2) < 0.05 according to the Mann — Whitney test (n = 4)

10



OpurnHajibHble CTATHH
Original Papers

Trypan blue is known to quench the extracellular fluorescence of organic dyes [51; 52], surface-associated
QDs and QDs in dead cells but has no effect on QDs internalized by live cells [53]. Figure 6 shows that cells
stained with (+)QD have 2-3 times more intensive fluorescence signal in comparison to (—)QD. In both cases
Trypan blue treatment results in ca. 4-fold quenching of QDs’ fluorescence. Such quenching was not caused
by the cell death, since data on fig. 6 demonstrates weak QDs’ cytotoxicity. Therefore, the decrease of fluores-
cence signal can be explained by Trypan blue quenching of QDs localized on the outer side of the cell mem-
brane. The difference between fluorescence signal before and after the treatment with Trypan blue corresponds
to the amount of QDs attached to the outer side of the cell membrane. This difference is 2.8 times larger for
cells stained with (+)QDs in comparison to (—)QDs which points to much larger amount of (+)QDs bound to
the outer side of membrane.

After the quenching of extracellular fluorescence by Trypan blue cells stained with (+)QDs are still much
brighter that in case of (—)QDs (see fig. 6). We may conclude that positively charged QDs are better adsorbed
on the cell membrane and internalized by cells than negatively charged QDs. Positively charged QDs demon-
strate high uptake by different human and animal cells. Studying cellular uptake of (+)QDs by human perip-
heral blood leucocytes subpopulations we observed that (+)QDs were able to label 90-100 % of all types of
examined cells (neutrophils, monocytes, lymphocytes) in the serum-free medium. Additionally we were able
to successfully label different tumor cells with (+)QDs including mouse Erlich ascites and hepatoma 22a, rat
glioma C6 and human A549 (data not shown).

Figure 7 shows the level and fluorescence intensity of EAC cells stained with both CTV and QDs by 48 h
incubation. CTV is not released from the cell by exocytosis and is homogeneously distributed between the
daughter cells during division.
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Fig. 7. Percentage of EAC cells stained with (+)QDs or (—)QDs during 48 h incubation in vitro (n = 4) (a).
Fluorescence signal from EAC cells stained with (+)QDs or (—)QDs during 48 h incubation in vitro (n = 4) (b)

Cells were stained with QDs of different surface charge and CTV for 20 min, washed and cultivated in
CTV- and QDs-free Dulbecco’s modified Eagle’s medium for 2 days in order to estimate the retention time of
the fluorescence signal in living cells.

Fluorescence intensity of CTV decreases during 48 h of incubation period, what reflects the prolifera-
tion activity of EAC cells. Data analysis performed with ModFit software revealed that most cells divided
1-2 times and belonged to the second and third generations. Intensity dynamics of fluorescence signal in cells
stained with (—)QDs and (+)QDs is similar to CTV, what points to the fact that cell division is a major factor
that causes temporal decrease of the fluorescence intensity during 48 h incubation period. However, during the
incubation period the amount of cells labeled by (—)QDs decreased for ca. 30 %, while the same parameter for
(+)QDs and CTV changed insignificantly, what might be probably attributed to less efficient (—)QDs uptake by
cells in comparison to positively charged QDs. Since fluorescence signal in the case of QDs decreases slightly
faster with incubation time than in the case of CTV, the decrease of the signal cannot be solely attributed to the
cell division. For example, different cellular models demonstrated the decrease of QDs’ fluorescence due to
exocytosis [37; 54; 55] and even to the chemical degradation of nanoparticles [56]. Further studies are required
to determine exact mechanisms of fluorescence degradation in different cell cultures, which are important for
practical applications of highly luminescent QDs as non-specific cell markers or staining agents.
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Conclusions

Encapsulation of highly luminescent CdSe/ZnS quantum dots with chemically modified poly(maleic anhy-
dride-alt-1-tetradecene) by (2-aminoethyl)trimethylammonium chloride allowed obtaining non-specific lumi-
nescent stains with controlled zeta potential through the formation of surface zwitterions. The efficiency of the
cellular uptake of zwitterionic quantum dots was shown to be dependent on their zeta potential. In comparison
to negatively charged quantum dots positively charged ones are better absorbed and intrernalized by cells.
Negatively charged quantum dots tend to bind mainly to a cellular membrane. We did not observe any noti-
ceable zeta potential-dependent toxicity of zwitterionic QDs within few hours. Long-term incubation of cells
stained with zwitterionic quantum dots results in the decrease of the fluorescence signal mainly due to the cell
proliferation. Highly luminescent quantum dots encapsulated with zwitterionic amphiphilic polymer can be
considered as promising non-specific cell-staining agents with charge-controlled nanoparticle-cell interaction.
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