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CulnS, quantum dots encapsulated in ZnS shells have emerged as lesalterxiatives to cadmium-
based nanoparticles. A well-established synthesis route for hydrophobic Ct®fiEishell QDs has been
10 developed using dodecanethiol as a ligand, solvent and solustéfur, although the transfer of these
nanoparticles into the aqueous phase still proves to be non-ttivighis study we demonstrate that
coating CIS/ZnS with an amphipol, poly(maleic anhydride-alt-1-tetet®), 3-(dimethylamino)-1-
propylamine derivative is an effective method to disperse CIS/ZnS Qibe equeous environment. The
polymer-coated QDs display good colloidal stability over a wide plaand low sensitivity to the
1s presence of various metal salts, except'Gar which some sensitivity is observed. Cytotoxic effects
were tested in HaCat cells and compared to thioglycolic acid modifid@/ZnS QDs. Neither CdTe nor
CIS QDs decreased viability until above 10 pg/mL in a WST-1 assay. By also assessing the toxicity of the
PMAL-d polymer it is clear that remaining toxicity of the CIS/ZnS QDs is qredately due to the
polymer coating rather than the QD core. Interestingly, MTT assays &eartificially exaggerate
20 cytotoxicity of the QDs, which we ascribe to the QDs interfering with the MTidrarazan crystals.

I ntroduction analyzing the effect of surface composition on interactions

The The significant { of effort invested into the study of 2SN QDS and cellS™
€ 'he significant amount ot €fiort invested Info the SWAy O 5\ anproach has been to study Cyl(&S) QDs®a material

cadmium (Cd) based quantum dots (QDs) over the past 30 YeAiRat has attracted attention due to its tunable bright emission

h:llz resilr:ett)j_|rr11trrt10nogllsrilerse, chemlctillyi hrobus; nanodpartlc:egithin the near infrared (NIR§?and apparent low toxicity in
s (NPs) wi right, tunable fluorescence that have been advocate omparison to Cd-based QBfsp addition to a synthesis route

for a wide range of applications including lasers, LEDs and solarthat is both cheap and rapid. A layer of ZnS can also easily be

cells, as well as fluorophores for biological imaging. Howeve5r5, formed on the surface, resulting in CIS/ZnS core/shell QDs that

the application of Cd is becoming increasingly restricted by EUare brighter and more stable than core-only CIS &B.

regulations designed to limit environmental and health hazard lowever, this synthesis employs dodecanethiol (DDT) as the

rrent environmental ex r is alr ignifican - -
» Current environmental exposure to Cd is already significa tsolvent, sulfur source and critically as the surface ligand,

enough th?t urinary Cd Ievelg n the. general population approacpendering the QDs dispersible in non-polar solvents only.
concentrations where chronic toxicity can be expetiedthe . . . .
. s General strategies for transferring hydrophobic QDs into the
case of QDs it has become apparent that Cd can eventually Ieag?] . . N
aqueous phase include (1) ligand exchange, (2) silanization, (3)

. - . . . . 4
OEt”of QDs gesplr:el.thslr gncilgsulfit!on Wlth_m Z‘nSrtsllq d coating in lipids, or (4) encapsulation with amphiphilic polymers
e SNEvs, or phospholipld MICElesyaising environmentat: an %amphipols). The exchange of hydrophobic ligands for

health and safety concems. A recent study observing primate ydrophilic replacements has been shown to be a successful route

treated with CdSe QDs did not show any acute toxic eﬁecgtowards aqueous stability for various QDs; however, the

2}?‘;‘;?(‘{52&22;2'?23’ :;%n?:)}v;gi lungs golrlnamed ralzed I_eve %chnique is notoriously problematic. The most promising ligand

. . . ] potentl_a y cause chronic exchange studies indicate that an anaerobic environment along

40 toXicity. Many guestions still remain regarding nan_otoxnmty and with precise control over both the solution pH and ligand
the possibility for safe use of Cd-based QDs in he"’“th(:"’lreconcentration is necessary for succ@ds. addition, the ligand

apphcapqns 1S dgubtful. The .task the.refo're Is to d.e.velop QDosexchange can cause the ZnS shell to be reduced in thickness,
with similar optical properties (extinction coefficient and

which is likely to cause an increase in the density of surface trap

photoluminescent quantum yield, PLQY) to Cd-based QDs fromStates and thus reduce the PLQY by the promotion of non-

4 elements that are inherently less toxic. Various alternative QD _ . .. - s .
. . ) . 010 e 11.12 radiative recombination pathways. More specifically, in the cas
materials are being explored, including IMrGe >0 si 11125nd

) of CIS, ligand exchange is less energetically favorable than in the
rare earth metal doped ZASand much research is focused o7 case of exchanging trioctylphosphine oxide (TOPO) stabilized
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CdSe/ZnS with a w-alkanethiol derivative, since DDT has a high commercially available poly(maleic anhydride-alt-1-tetradecene),
binding affinity for ZnS and CIS. 60 3-(dimethylamino)-1-propylamine derivative (PMAL-d), an
Coating QDs with Si@has been demonstrated by a number of amphipol derivative of PMAL with equal ratio of carboxylic
groups®*?*The significant advantage of this technique is the low acids and tertiary amines, to form CIS/ZnS/PMAL-d NPs.
toxicity and inert nature of SiOHowever, the disadvantage of Presently there has been only one study that has considered the
this approach is the considerable increase in NP diameter and thise of PMAL-d to transfer hydrophobic QDs (TOPO capped
lack of control over the shell thickness. Furthermore, theCdSe/ZnS) into the aqueous phase to demonstrate the superior
technique relies on there being a degree of ligand exchartpe on transfection properties which arise from the zwitterionic nature of
NP surface to seed the formation of the shell. Reports haveashowPMAL-d, compared to traditional transfection reagents such as
that DDT stabilized zinc doped AglnSQDs could be  polyethyleniming” Importantly, the CdSe/ZnS/PMAL-d NPs
successfully encapsulated into $&hells to produce NPs that are were also observed to have a reduced cytotoxicity tdBBK3
water soluble and which demonstrate a low cytotoxicity te cells.

NIH/3T3 cells?® We extend the use of PMAL-d to the water-solubilization of
Tanaka et al. demonstrated that nonanethiol stabilized CIS QDdodecanethiol coated CIS/ZnS QDs and study the stability of the
could be incorporated into the lipid bilayers of vesi¢fds. this product NP, concentrating on the sensitivity of the optical
approach the hydrophobic QDs can interact with the hydrophobigroperties to solution pH and to the presence of various metal
chains of the lipids. However, the limited space inside a lipiglions in solution.

bilayer (< 4nm) forces an upper size limit on the hydrodynamicFinally, the cytotoxicity of CIS/ZnS/PMAL-d NPs to a HaCat cell
radius of the QDs (and therefore the emission wavelength). line is evaluated with both MTT and WST-1 assays and
Amphiphilic polymers, or amphipols, are a class of surfactantcompared to thioglycolic-acid (TGA) coated CdTe/ZnS QDs.
synthesized by grafting hydrophobic chains onto a polymer withWhilst in-vivo studies are required to gain a clear idea of the
a strongly hydrophilic backbone and were developed to stabilisgoxicity of NPs at the organism levéh-vitro viability assays can
membrane proteins in aqueous solution without the need foprovide useful information about toxicity at the cellular or tissue
detergent® Pellegrino et al. pioneered a novel approach tolevel. Recently, artifacts have been reported in the results from
rendering nanocrystals dispersible in aqueous solutions bWTT fluorometric viability assays in cells loaded with single wall
encapsulating hydrophobic CdSe/ZnS QDs in an amphipolcarbon nanotubes (CNTE)?8 boron nitride nanotubé$,as well
specifically poly(maleic anhydride alt-1-tetradecefte)The s as iron oxid&® and TiQ*' nanoparticles. These artifacts have
existing hydrophobic ligands on the QD surface were coupledbeen attributed to interactions between the fluorometric agent and
with the long hydrophobic chains of the amphipol throughthe nanomaterials being studied. We observe similar
hydrophobic interactions, leaving the polar maleic anhydrideinconsistencies between the results of the two assays performed
(hydrophilic) groups exposed. The creation of a second organiand conclude that the MTT assay provides inaccurate cell
layer as opposed to replacing the first avoids the need for ligan#iability data due to interactions between MTT formazan crystals
exchange and as a result preserves the QD surface from corrosiand the QDs. Based on the WST-1 assay the CIS/ZnS/P#AL-
and damage. The successful transfer of several hydrophobic NNPs do not significantly reduce cell viability of the HaCat cells
types into the aqueous phase has been demonstrated lmtil concentrations greater than 10 pg/mL, and by assessing the
employing various PMAL derivative$;* amphiphilic PEG  viability of cells loaded with free PMAL-d only we show that the
polymers*® and alkyl modified poly-acrylic acitl*® o remaining toxicity can be primarily associated with the polymer
Electrostatic interactions have also been utilized in order tocoating rather than the CIS/ZnS QD itself.

encapsulate QDs in polymer, for example between the positively

charged side chains of poly(acrylamide) (PAM) and the Experimental Section

negatively charged mercapto-acetic acid ligands on the surface

CdSe/znS QD¥’ The photostability of QDs passivated with Materiais Indium (111) gcetate (99'92%)’ F:opper (0 iOdidf
amphipols has been shown to be significantly improved in(99:999%), dodecanethiol (DDT, >98%), zinc stearate (90%),

comparison to those encapsulated in micéfies 100 copper (ll) chloride, iron (lll) acetylacetonate, magnesium (ll)

In general, stability in the aqueous environment is achievedsu”at'_e’ cobalt (Il) chloride, S_Odium hydro.xide, zinc (Il) nitrate,
through either the presence of polyethylene glycol (PEG) chain§aOlmlum (n perchlorite, thioglycolic acid (TGA’_QB%)’ aqd
or chargeable polar groups. Both methods are effective, yet recerq{:tadecene (ODE, 90%) were purchased from Sigma Aldrich.

i . 0
studies have suggested that a zwitterionic surface provides a PLC gragle m_ethanol, chloroform, acetone, nitric acid (70%),
excellent alternative to PEG since a much lower moIeCLﬂ?ilhydrOChlor'c acid (32%), and hexane (>97%) were purchased
from Fischer Scientific (UK). Poly(maleic anhydride-alt-1-

ntetradecene), 3-(dimethylamino)-1-propylamine  derivative

associated with PEG coatings is also observed for zwitterionic(PMgl_"d) hW?f]_SUplp”e? by Sdi.g:]a Alfldrich (MW ~12kDa). 1-
alternatives. Furthermore, Zhou et al have demonstrated that go(é’5'|_m;e; yt_ 1azo -2"-y ?}‘3'5_' Ilp eny ormz?jzan (N_ITTC} was
nanorods with a zwitterionic phosphorylchlorine surface displ’:if/SUpp |e_ y Sigma. All chemicals were used as received. )

e (?/ntheﬂs of C1S/ZnS/IDDT QDs CIS QDs were synthesized

good stability and reduced cytotoxicity (compared to GNRSfoIIowing rr_lethods reported elsewhéreBriefly, 0.1 mmol of

coated with PEGS? copper (l) iodide was placed a three-neck flask. The flask was

In this study, we encapsulated CIS/ZnS QDs with thepurged with argon, before the precursors (0.1mmol of indium
us (11l) acetate, and 4 ml of DDT) were heated to 100°C, whilst

weight is required in order to achieve good stabffitf? In
addition, the resistance to non-specific protein adsorptio

2 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Fig. 1 a) Chemical structure of PMAL-d. b) A cartoon depictihg phase transfer of DDT-capped CIS/ZnS QDs using IRMA) STEM image of the
product, showing primarily single CIS/ZnS/PMAL-d NPs (Begure S5 in supporting information for high magnifioatTEM image). Inset: photograph
of CIS/ZnS QDs before (left, in hexane) and afteagghtransfer (right, in deionized water), showing sligd shift in emission. d) PL intensity (hollow
circles) and spectral peak position (filled circleSCé5/ZnS/PMAL-d NPs for molar ratios of QD:PMAL-drfeomplexation (the lines are guidiesthe-

5 eye). e) PL spectra of CIS/DDT QDs (solid line), @$3/DDT QDs (dashed line) and CIS/ZnS/PMAL-d NPs v@:PMAL-d ratios of 1:5 and 1:20
(dotted and dashed/dotted lines, respectively). Alspéctra were normalised to the absorption at the @rcitativelength, to correct for any variation in
concentration between samples.

being continuously stirred. After several minutes the powdersstored at 8 °C in the dark.
were fully dissolved in the DDT and the solution turned a Amphipol encapsulation PMAL-d was dissolved in chloroform
10 transparent yellow color. The solution temperature was rampedl0 mg/mL) and added to the purified CIS/ZnS/DDT QDs
up to 230 °C under argon. The temperature was maintained for adispersion in hexane to give a PMAL-d to QD molar ratio of 20:1
set period of time (5-60 minutes) and then rapidly cooled, thg(unless otherwise stated). The solution was stirred vigorously
reflux time governing the size of the nanocrystals. In this caseunder argon flow for 2 hours and the solvent was evaporated
the reflux time was set at 10 minutes to produce ~3 nm QDs. Thevernight in the dark and at room temperature. Water was added
15 ZnS shell was formed on the CIS NPs by introducing 0.2 mmoland adjusted to pH 10 by drop wise addition of NaOH. The QDs
of zinc stearate dissolved in 4 ml of ODE to the as synthesizedvere dispersed into water by ultrasonicating for 15 minutes.
NPs. The temperature of the solution was raised to 220 °C an@lS/ZnS/IPMAL-d NP purification The PMAL-d coated QDs
maintained for 60 minutes. were filtered (pore size 0.2 um) to remove large agglomerates.
Cleaning of the nanoparticles The CIS/ZnS/DDT QDs in  Free polymer was removed by four cycles of dilution followsd b
20 hexane were diluted tenfold with a chloroform/methanol/acetoneultra-filtration using Centrisart | (20 kDa supplied by Generon)
mixture (1:1:10). The solution was then centrifuged at 4000 rpmcentrifuge tubes (see supporting information, Figures 1 & 2).
for 10 minutes at room temperature, resulting in a QD pelletatDynamic Light Scattering and Zeta potential For dynamic light
the bottom of the centrifugation tube. The supernatant wasscattering (DLS) experiments a Malvern Zeta Sizer-Nano Series-
decanted, the QDs were redispersed in hexane and the procedsn 3600 was used. A minimum of six measurements was
s was cycled at least three times. The hydrophobic QDs weracquired for each sample.

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 3
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[ (0] ss ranging from 0.01 to 100 pg/mL and incubated for a further 24
}-; 201 hours. Positive and negative controls were done by omitting the
= 0- QDs and incubating with 100uM hydrogen peroxide,
s -201 respectively. After incubation with the QDs in medium, either a
% 40, WST-1 or MTT viability assay was performed. The WST-
o o so (Roche) was performed according the manufacturer’s
N -601 instructions. For the MTT assay, the cells were washed with
-80 — T T ——— phosphate-buffered saline PBS (Sigma) and 100 pL
2 4 6 8 10 12

MTT1solution (5 mg/mL mg MTT in PBS, filter sterilized) was

added to each well (containing 100 pL medium with QDs or
ss PMAL-d). The cells were then incubated for 4 hours, avoiding

exposure to light. Each well was topped up with 100 pL ®T®I

(10% SDS (w/v), 10 mM HCI) and incubated overnight at 37 °C.

The optical absorbance at 540 nm was measured with plate reader
s Spectrophotometry and  spectrofluoro-photometry The UV- 54 he results expressed as percentage viability compared with

Vis absorption spectra were recorded with a Perkin—Elmer Model _\ytreated cells. Because in the MTT assay, the QDs remain in the
Lambda35 spectrophotometer. Photoluminescence (PL) spectra, during the assay, control experiments where performed

were recorded with a Perkin—Elmer Model LS55 spectrometer without HaCat cells to determine the light dispersion and

fited with a red-sensitive ) d?teCtor calibrated to  the adsorption due to the QDs. These ‘background’ values became

10 manufacturer’s standard. The excitation wavelength was set to significant at 10 and 10g/mL QDs and the background was
400 nm. for all samples and all PL spectra are normalized to Eggubtracted from the viability assay data (as a result, cell viability
absorptlon at 400_””," ) data for the MTT assay can have values slightly below 0%).
Scanning Transmission electron microscopy STEM data were
acquired using a FEI Tecnai TF20 FEGTEM Field emission gun ; ;

15 operated at 200 keV and fitted with HAADF detector arightan Results and discussion
Orius SC600A CCD camera. QD samples were dried onto holeyrhe synthesis procedure (see Experimental Section) resulted in
carbon films on copper support grids (Agar Scientific, Ltd.). CIS/znS/DDT QDs that were dispersed in hexane and
Synthesis of TGA coated CdTe/ZnS QDs CdTe/ZnS QDs 7 CIS/ZnS/PMAL-d NPs that were dispersed in the agueous phase
coated in TGA were synthesized following an aqueous synthesigFigure 1). Optimization of the molar ratio of QD:PMAL-d used

20 route detailed elsewhert2. in the encapsulation process was achieved by examining the
Colloidal stability measurements The stability of the CIS/ZnS  optical properties of the NP product with QD:PMAL-d: ratios
QDs coated in PMAL-d over a range of pH values was assesset@nging from 1:1 to 1:20. With increasing amounts of polymer
by monitoring the PL intensity as the pH was altered from 12 to(relative to QD), both the integrated PL intensity and the peak
2.5 by drop wise addition of 10 mM HCI to a 10 mM NaOH NP emission wavelength of the CIS/ZnS/PMAL-d NPs tended

25 solution. towards that of the as synthesized CIS/ZnS/DDT QDs dispersed
Cell viability assays HaCat (human keratinocyte) cells were in hexane. This is an indication that once the PMAL-
provided by Dr. Routledge (University of Leeds) and cultured in concentration is high enough, this method enables single polymer
RPMI media (Gibco, Paisley, Scotland) containing 10% fetal calfencapsulated QDs to be dispersed into water. However, for lower
serum (FCS, Sigma) at 37°C in humidified 5% C@fter quantities of PMAL-d to QDs, a red shift is observed indigatin

30 seeding at a density of 20.000 cells/well in a 96 well plate, HaCathat clusters of QDs are coated in polymer. In this situation, the
cells were incubated overnight in RPMI and 10% FCS. The spen®Ds will be in close enough proximity to undergo Forster-type
medium was removed and replaced with fresh RPMI (withoutresonance energy transfer (FRET); energy is transferred from
FCS) in addition to QDs (or polymer) with concentrations ss smaller to larger QDs, resulting in lower PLQY and a red shift o

pH
Fig. 2 a) Relative PL intensity of CIS/ZnS/PMAL-d NPs in aqus
solution at various pH levels, normalized to the maximumevaluPL
intensity at pH 11.5. b) Change in the zeta potenté the
CIS/ZnS/PMAL-d NPs over a range of solution pH.

4 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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10 Fig. 4 Relative change in the PL intensity of CIS/ZnS/PMAINPs at 660nm (filled circles) and CIS/IPMAL-d NPs740nm (filled triangles) in the
presence of Cii ions. a) The low concentration data were fittedlid lines) to a modified Stern-Volmer (Eq. 1) The higincentration range is
presented on a logarithmic scale (dashed lines an&la tp the eye).

the PL emission wavelength. Unless stated otherwise a PMALe€ontributing) explaining the small decrease in relative
d:QD molar ratio of 20:1 was used for the encapsulation procesfiuorescence intensity observed (Figure 2a).

1s which approximately equates to 0.5 polymers pef QD The CIS/ZnS/PMAL-d NPs were dispersed in aqueous solutions
surface area (or 15 monomer units perdariThis is a lower  containing metal ions to determine whether specific ions caused
concentration than suggested by the general method used for tifle@orescence quenching. The only solution which caused
PMAL polymer in Pellegrino et al.’s report; however, this article significant quenching of the PL emission (approaching 50% for a
also stated that as low as 10 monomer units pet lath to ss 1mM solution) was Cii (Figure 3).

20 successful phase transfrit should be highlighted that unlike Given that the optical absorption from T(in solution) overlaps
poly(maleic anhydride alt-1-tetradecene), PMAL-d does notwith the QD fluorescence maximum (650-720 nm, see supporting
require a crostinker to form stable colloidal dispersions in the information), it would be possible that the observed decay in
aqueous phase. An electron micrograph of the purified PMAL- fluorescence from the NPs was due to the emitted photons being
coated QDs deposited onto a transmission electron microscepabsorbed directly by the &uin solution, or that an energy

25 (TEM) grid confirmed that the NPs consist of individual QDs transfer process was occurring. However, if this were the case,
rather than clusters (Figure 1c). the effect would be enhanced in the CIS/IPMAL-d NPs, because
The hydrodynamic diameter of the CIS/ZnS/PMAL-d NPs wastheir emission maximum is better matched to th&" @bsorption
determined by dynamic light scattering (DLS) to be 13.7 £ 3.2band than the CIS/ZnS/IPMAL-d NPs (see supporting
nm at neutral pH and was found to be constant over the ehtireep information, Figure S4). In fact, the quenching effect is stronger

o range studied within experimental error (see supportingin the CIS/ZnS/PMAL-d NPs and therefore we can conclude that
information, Figure S3). The fluorescence intensity of the NPabsorption by the Gii in solution produces a negligible
solution was monitored over the same range of{lpigure 2a). contribution to the observed quenching.

The relative intensity was found to be stable over a wide range ofo investigate the mechanism behind the quenching effect
pH except for a narrow 10% dip in intensity close to neutral pk.further, static and dynamic quenching were modeled using the

s At pH 11, the zeta potential of the QDs was measured to b&tern-Volmer relationship> which describes a linear relationship
approximately -60 mV (Figure 2b), and thus can be defineal as between the concentration of the quendf@r and the relative
highly stable charged colloidal dispersion. At pH 3, the QDs weredecrease in fluorescence intensity. This relationship holds for
found to be positively charged with a zeta potential of CIS/ZnS/PMAL-d NP dispersions in the presence of low
approximately 50 mV, also indicative of a highly stables concentrations of Cions but not for high concentratiofBSigure

40 dispersion. As the pH tended towards neutral, the zeta potentiad).
magnitude decreased with an apparent isoelectric point aBimilar non-linear quenching is observed in systems where the
approximately pH 7. This trend can be explained by thequencher has limited accessibility to the fluoroptdrmnd can be
zwitterionic nature of PMAL-d. At high pH the carboxylic acid modeled by considering a modified Stern-Volmer expression,
becomes deprotonated resulting in a net negative charge, whilst at F 1 1

45 low pH the tertiary amine become protonated resulting in a pgt - — + = (1)
positive charge. However, at neutral pH, the electrostatic Fo=F  faKalQ] = fa
repulsion between NPs will be weak and the colloidal stability is
lowered (with only steric hindrance of the thick polymer layer

whereF, is the fluorescence intensity in the absence of the

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 5
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solid line is the line of best fit. assay. Error bars represent the S.g.<*0.01, *p < 0.001).

140 T T T T T

quencher (in this case Cii), F is the fluorescence intensity in
the presence of (, is the fraction of fluorophores which are
accessible to Q, and,Ks the Stern-Volmer coefficient for the
accessible fraction. Fitting Eq. 1 to the CIS/ZnS/PMAL-d data
was achieved by plottingoRFo-F) against 1/[Ct] (Figure 5). A

line of best fit gives an intercept and a gradient of 2.7 aafd

6.8 + 0.9x 10° M, respectively. The intercept corresponds tq 1/f
which implies that the percentage of QDs accessible to the
quencher was 37 * 6 %. We speculate that the combination of the
DDT ligands and the thick PMAL-d layer around the CIS/ZnS
QDs form an effective barrier to the €tons in the majority of

the sample (~63%); however, ~37% are not fully protected and 220 0.01
can allow C& ions to interact with the QDs. The gradient

corresponds to the Stern-Volmer coefficient of the accessible

fraction and in the case of CIS/ZnS/IPMAL-d NPs Was Fig. 7 MTT cell viability assay results for HaCat cells loadeith
estimated to be 4.0 + 0.2 x °Lo4™Y. This large Stern-Volmer CIS/ZnS/PMAL-d NPs (white bars), free PMAL-d (greyrfaand TGA
coefficient highlights the relatively high sensitivity of coated CdTe/ZnS QDs (black bars). Error bars repreéens.E.(*p <
CIS/ZnSIPMAL-d to C&' ions. 0.01,**p < 0.001).

Surprisingly, the CIS/PMAL-d NPs were found to be less ) ) ) )
sensitive to C¥ ions (Figure 4). Fitting the CIS/PMAL-d data to consistent with the fact that &uions have less of a quenc_h_lng
the modified Stern-Volmer equation (Eq. 1), estimates ifieeffect on core CIS QDs; CIS QDs already have high densities of

accessible percentage to be 29 + 3 % with a Stern-Volmepurface trap states compared to CIS/ZnS e o
coefficient, K, of 1.4 + 0.1 x 16M™; the core QDs displayed an The effect of the CIS/ZnS/PMAL-d NPs on the viability of HaCat

order of magnitude lower sensitivity to Cu ions than the core-CellS was assessed in vitro using both a WST-1 assay and an MTT
shell QDs. assay. The cytotoxicity of CIS/ZnS/PMAL-d NPs were compared
Quenching of QD fluorescence in the presence & @us has ™10 that of.TGA coated CdTe/ZnS QDs and free PMAL-d (at
been observed for CIS QBsas well as for other QD systefp® ~ concentrations  corresponding to the amount of PMAL-
and the quenching mechanism is still under debate. ReportgStimated to be present in each of the CIS/ZnS/PMAL-d NP
suggest that that the &tions can react with the ZnS surface of concentrations). According to the WST-1 assay, the NPs do not
core-shell QDs creating G8,, which lead to increased density of reduce cgll viability up to and |nclu_d|ng concentrations of 10
surface trap states. Another possible explanation is that ct H9/mL (Figure 6). Viability assay with PMAL-d on its own
complexes with the QD resuling in a non-radiative suggested that the observed CIS/ZnS toxicity at d@/nL can

recombination pathway. However, for the CIS/ZnS/PMAL- be attributed PMAL-d, although further studies comparing the
system, the quenching behavior indicates that only a fraction ofell viability of cells loaded with CIS/ZnS QDs encapsulated in a
the QDs are affected. Quenching caused by complexation?f Cu variety of polymers are needed to confirm this. It is likely,
at the surface seems less likely given that the organic chemigtfjowever, that all amphiphilic polymers will have some influence
of both CIS/ZnS and CIS are identical (and therefore we would®n Cell viability.

expect a similar response to the quencher). It seems more likeljn€ cytotoxicity of CIS/ZnS/PMAL-d NPs seems to be
that the C&" ions react with the ZnS surface and form surface COmMparable to that of TGA coated CdTe/ZnS QDs. However, we

trap states which reduce the PL intensity. This explanation is ~ NOté that the health concern with Cd-based QDs is not that they
ss might cause acute toxic effects but that accumulation of Cd ions

Viabilityl % of control

0.1 1 10 100
NP concentration/ ng/mL
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in the vital organs, as seen in vivo, may generate severe chronitability over a wide pH range, and comparatively low
toxic effects? It is the chronic toxicity associated with Cd-based susceptibility to quenching by ions in solution (with the exception
QDs which the development of Cd-free QDs such as CIS aimsdof Cu*). Although the inherently low toxicity of CIS QDs in
avoid. comparison to CdTe QDs is partly counteracted by the inherent
s Interestingly, the MTT assay shows a very distinct behaviortoxicity of the PMAL-d, and these NPs are suitable for in vitro
compared to the WST-1 assgigure 7). At low concentrations  cell imaging and labeling at concentrations up to and including 10
of CIS/ZnS/PMAL-d NPs, viability seems to improve, which is pg/mL. In order to further develop this system towards in vivo or
partly caused by the PMAL-d. However, at higher concentratiorsclinical applications, more work will be necessary to tune the
the viability seems to decrease in a two-step manner. Betweesurface chemistry to reduce toxicity.
100.1-10 pg/mL (the first step), viability is approximately halved,
while at 100ug/mL, a second ‘step’ in viability loss is observed. Acknowledgements
This is inconsistent with the WST-1, which shows full viability

up to 10pg/mL. We note that in the MTT assay, the PMAL-d or p . / e / d th
QDs remain present in the MTT mixture during the assay and Wé_ee S). E_SPRC (EP/JO1513X 1 an E'_D K0238)4&m the
oyal Society. LJ and RP received funding from the European

1s propose that the discrepancy between the two assays is du& ﬁ)

artifacts induced by interactions between the NPs and thé?esearch Council under the European Union's Seventh
tetrazolium MTT dye or formazan, a phenomenon which haSFramework Programme (FP/2007-2013)/ERC Grant Agr.eement
previously been reported in the literature for various n. 280518. NH is supported by a AXA research fellowship. The
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