
I
a

F
a

b

V
c

h

•

•

•

•

a

A
R
R
A
A

K
C
A
P
R
C

1

i
t
w

0
h

Journal of Hazardous Materials 268 (2014) 246–255

Contents lists available at ScienceDirect

Journal  of  Hazardous  Materials

jo ur nal ho me  p ag e: www.elsev ier .com/ locate / jhazmat

ncidence  of  the  core  composition  on  the  stability,  the  ROS  production
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Aqueous  phase  routes  for  the produc-
tion of  MSA-capped  CdSe  and  alloyed
CdSe(S) QDs  were developed.
Despite  their  higher  content  in  cad-
mium, CdSe(S)  QDs  are  less  toxic  than
CdSe  ones.
Hydroxyl  radical  production  is corre-
lated to  the  photostability  of  the  dots.
The  surface  chemistry  and  the  reac-
tivity of QDs  play  a crucial  role  on
their phototoxicity.
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a  b  s  t  r  a  c  t

Mercaptosuccinic  acid-capped  CdSe  and  alloyed  CdSe(S)  QDs  were  prepared  in aqueous  solution  at  100
and 170 ◦C,  respectively.  These  dots were  characterized  by  transmission  electron  microscopy  (TEM),  X-
ray diffraction  (XRD),  and  UV–vis  and photoluminescence  spectroscopies.  The  dots  were  found  to  be of
similar  size  (ca. 2 nm)  but  differ  in  their  composition  and  surface  chemistry.  The  photostability  of  the QDs
was found  to correlate  with  their  ability  to produce  reactive  oxygen  species  (ROS)  upon  light  activation.
CdSe  QDs  produce  hydroxyl  radicals  immediately  after  irradiation  due  to  their  modest  photostability,
dSe quantum dots
queous synthesis
hotostability
eactive oxygen species
ytotoxicity

while  CdSe(S)  QDs  start  to generate  the  hydroxyl  radicals  only  once  they  start  to be bleached  (ca.  30  min).
Cytotoxicity  experiments  conducted  on  Escherichia  coli cells  revealed  that  CdSe  QDs  were the more  toxic
despite  being  the  least  loaded  in cadmium.  In  addition,  consistent  with  ROS assays,  the  cytotoxicity  of
the  CdSe  QDs  appeared  light-dependent  and  is  in  accordance  with  a  light-dependent  oxidative  stress
observed  with  an  oxyR-based  whole  cell  biosensor.  Our results  demonstrate  the  crucial  role  played  by
nanoparticles  synthesis  process  on their  PL  properties,  their  stability  and  their toxicity.

©  2014  Elsevier  B.V.  All rights  reserved.
. Introduction

Over the last fifteen years, quantum dots (QDs) have been

ncreasingly used as biological imaging and labelling probes due
o their unique optical properties, including broad absorption
ith narrow photoluminescence (PL) spectra, low photobleaching,

∗ Corresponding author. Tel.: +33 3 83 17 50 53; fax: +33 3 83 32 29 75.
E-mail address: raphael.schneider@univ-lorraine.fr (R. Schneider).

304-3894/$ – see front matter © 2014 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2014.01.029
high quantum yield, tunable emission from visible to infrared
wavelengths, and better resistance to chemical degradation in
comparison with organic fluorophores [1–4]. However, it has
been discovered early in their development that the use of these
nanomaterials poses serious concerns about toxicity and safety,
especially because the most popular QDs like CdSe or CdTe con-

tain highly toxic and carcinogenic elements. This raised an issue
in the short term regarding the integrity of the studied biolog-
ical material labelled using the dots, but also in the long term
with the management of waste material. Studies utilizing CdSe

dx.doi.org/10.1016/j.jhazmat.2014.01.029
http://www.sciencedirect.com/science/journal/03043894
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ore QDs have presented conflicting results. Early studies ascribed
he toxicity to metal ions release in biological systems [5,6], with
ubsequent generation of reactive oxygen species (ROS) [7,8]. This
ytotoxicity could be reduced by capping CdSe cores with a ZnS
hell that prevents QD breakdown in solution [9,10], but there are
oncerns about cap loss and the subsequent toxicity of bare QDs
nd dissolved cadmium [5,11]. Other studies demonstrated that
he capping ligand, and therefore the surface charge, could deter-

ine the cytotoxicity of QDs with positively charged QDs being
ore toxic than negative ones [12–14]. Some reports also high-

ighted the roles played by surface properties and/or the small size
f these nanocrystals on QDs induced bio-effects [15,16]. In sev-
ral instances, Cd-based QDs have been presented as more toxic
o cells than their equivalent content in Cd2+ salts, implying that

etal leaking is not the sole source of toxicity [16,17]. With this
espect, another key factor affecting QDs-induced toxicity is their
bility to generate ROS after light activation. Upon photoexcitation,
he electrons can be scavenged by the adsorbed molecular oxygen
o yield the superoxide radical anion (O2

•−), whereas the holes
xidize chemisorbed water to generate hydroxyl radicals (•OH).
he nature/quality of the QD surface determines the number of
rap states [18], which in turn affects electron-hole recombination
nd thus the charge transfer between photoexcited electrons and
oles and adsorbed molecules. Bare CdSe [19] and CdTe [20] QDs,
nd even core/shell CdSe/ZnS QDs [21], are known to produce ROS
nder light irradiation but there are huge structural differences
etween these dots, leading to different level of reactivity, and it

s therefore difficult to establish a general trend on the ability to
roduce ROS.

In fact, Cd2+ release and QDs reactivity, which depend on their
hysicochemical properties (size, core composition, surface chem-

stry, and redox properties), may  be influenced by the QD-biological
nteractions, thereby necessitating a multimodal approach to eval-
ate QDs toxicity. At this point, it should be noted that because
ost toxicity studies were carried out independently, each one

nder specific experimental conditions, any comparison to iden-
ify a particular relationship between a QD structural features and

 particular trend in its toxicity is quite impossible.
High quality CdSe QDs can be synthesized via the hot-injection

pproach conducted in coordinating solvents/ligands such as tri-n-
ctylphosphine (TOP), tri-n-octylphosphine oxide (TOPO), or oleic
cid (OA) [22–24]. However, in order to meet the requirement
f bioapplications, such hydrophobic QDs need to be transferred
rom the organic phase to aqueous solution. The exchange of the
ydrophobic TOP, TOPO, or OA ligands with hydrophilic ones such
s thioacids, and subsequent transfer of QDs from oil to aqueous
olution can significantly reduce the PL quantum yield (PL QY) and
he stability of the nanocrystals [25]. Direct synthesis of hydrophilic
hiol-capped QDs in water is a valuable alternative to the organic
hase synthesis and offers the following advantages: (1) it uses

ess toxic reagents, (2) it is cheaper and simpler, (3) it uses low
emperatures to obtain QDs, and (4) the surface functionalization
ith water-soluble ligand occurs during the synthesis. However,

he synthesis of QDs in water generally affords QDs with modest PL
Ys (less than 10%) [26]. In recent years, much effort has therefore
een devoted to improve the optical properties of aqueous-phase
repared QDs. We  recently developed hydrothermal methods that
nable the production of highly fluorescent and water-dispersible
dS [27], CdSe [28], and CdTe [29] QDs and this strategy was suc-
essfully extended to core/shell heterostructures.

This work describes the aqueous-phase synthesis, the char-
cterization and the photostability of mercaptosuccinic acid

MSA)-capped CdSe and ternary alloyed CdSe(S) QDs. The ability
f these dots to generate ROS in water was investigated and corre-
ated with cytotoxicity studies on bacteria cells performed either
n the dark or under visible light irradiation. The main differences
s Materials 268 (2014) 246–255 247

between the two  investigated QDs are their composition (CdSe vs.
CdSe(S)) and their surface chemistries, while other properties that
may  affect cellular responses like surface ligand, charge and size are
kept almost constant, and should therefore provide a direct com-
parison of the impact of the QD core material on toxicity towards
bacteria cells.

2. Materials and methods

2.1. Synthesis of CdSe QDs

The full list of chemicals used in this work and the prepara-
tion of NaHSe [30] is described in the supplementary information.
CdSe(S)@MSA and CdSe@MSA QDs were prepared by reaction
between CdCl2·2.5H2O and NaHSe in the presence of MSA  follow-
ing the method described previously [31], with some modifications.
Briefly, 15.4 mg  of CdCl2·2.5H2O (67 �mol) and 10.5 mg of MSA
(70 �mol) were dissolved in 39 mL  and 26 mL  of water, respec-
tively. Both solutions were mixed and the pH was adjusted to 10
with 0.1 M NaOH. After 30 min  of Ar-degassing, 320 �L of 0.05 M
NaHSe solution were injected in the precursor solution. The solu-
tion turned yellow immediately. CdSe@MSA QDs were obtained by
refluxing the solution for 5 min. CdSe(S)@MSA QDs were prepared
by refluxing the solution for 20 min  before transfer into a Teflon-
lined stainless steel autoclave at 170 ◦C for 1 h. After cooling down,
the reaction mixture was  concentrated, and QDs  were precipitated
with i-PrOH. QDs were collected by centrifugation, washed 3 times
with i-PrOH, and dried at room temperature under vacuum.

2.2. QDs characterization

All the optical measurements were performed at room temper-
ature. Absorption spectra were recorded on a Thermo Scientific
Evolution 220 UV–visible spectrophotometer. PL spectra were
recorded on a Horiba Fluorolog 3 F222 Jobin Yvon spectrofluorime-
ter. The PL QY values were determined from the following equation:

QYsample =
(

Fsample

Fref

)  (
Aref

Asample

)(
n2

sample

n2
ref

)
(QYref),

where F, A and n are the measured fluorescence, the absorbance
at the excitation wavelength, and the refractive index of the sol-
vent, respectively. Fluorescence emission spectra were spectrally
corrected and the PL QYs were determined relative to Rose Ben-
gal in ethanol (QY = 11%) [32]. QDs concentration was estimated
from the reported extinction coefficient per mole of particles (ε) by
using the Beer–Lambert’s law [33]. Photostability of QDs  was eval-
uated by irradiating 2 mL  of 5 �M dispersions with a Hg–Xe lamp
(P = 350 mW).

TEM experiments were conducted on a Philips CM20 instrument
with a LaB6 cathode operating at 200 kV. XRD analyses were con-
ducted on a Panalytical X’pert Pro MPD  diffractometer by using a
Cu K� radiation. Dynamic light scattering (DLS) and zeta potential
measurements were performed at 25 ◦C using a Zetasizer NanoZS
ZEN3600 Malvern instrument using an He–Ne laser (4 × 10−3 W)
at a wavelength of 633 nm.  The hydrodynamic diameter (dH) and
the size distribution of QDs dispersions were obtained by using
the Stokes–Einstein relation. A VARIAN 720-ES inductively cou-
pled plasma-optical emission spectrometer (ICP-OES) was used for
multielemental analyses.
2.3. Cytotoxicity assays

Growth inhibition tests were carried out on Escherichia coli
MG1655 in one-tenth diluted LB medium (1/10th LB) at 30 ◦C
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diffraction of large Bragg angles, which is indicative of a decrease in
the lattice parameters. This originates from an increase in S content
into the CdSe lattice and shows the formation of alloyed CdSe(S)
QDs under hydrothermal conditions.
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nder agitation (160 rpm). Exponentially growing cultures of E.
oli MG1655 (OD600 = 0.1) were one-fourth diluted in pre-warmed
/10th LB medium supplemented with the desired concentration
f QDs and the OD600 was measured at intervals. A growth con-
rol without QDs supplement was performed in parallel. For each
rowth condition, the generation times of exponential growing cul-
ures (Tg) were calculated from the slope of an exponential trend
urve. Growth experiments carried out either in the dark or under
he illumination (1250 lx) of a full spectrum neon lighting (T8 Solar
olor JBL).

.4. Quantification of bioavailable Cd2+ produced by CdSe and
dSe(S) QDs

Bioavailable Cd2+ originating from QDs dissolution was  quan-
ified using the whole cell biosensor Cupriavidus metallidurans
E1433, a genetically engineered bacteria emitting light when
ensing bioavailable Cd2+ [37]. The full synthetic protocol used
s described in the supplementary information. For each series,
uminescence induction factors (IF) were plotted against CdCl2
standard curve) or QD (test) concentrations, where equations were
btained from linear regressions of the non-toxic part of the curve:
quation #1 (CdCl2 standard curve): IF = a [Cd2+] + 1 and equation
2 (QD test curve): IF = b [QD] + 1, with “a” and “b” corresponding

o the slopes of both curves. Thus, for a same IF, a [Cd2+] + 1 = b
QD] + 1 ⇔ [Cd2+]/[QD] = b/a, and knowing the estimated amount of
d atoms per QD (75 for CdSe@MSA and 184 for CdSe(S)@MSA,
espectively) it is then possible to calculate the relative amount of
d that leaked from the QDs.

.5. ROS evaluation

.5.1. Chemical detection

.5.1.1. NBT assays. The production of O2
•− radicals was estimated

sing the nitroblue tetrazolium (NBT) assay [34]. NBT assay is based
n spectrophotometric measurements quantifying the reduction
f yellowish NBT into purple formazan derivatives. This reduction
nto mono- and diformazan derivatives results in an increase of
bsorbance between 450 and 700 nm.  Typically, a solution of QDs
2.5 �M)  and NBT (200 �M)  was prepared in a 1:1 water/DMSO

ixture (2 mL)  and was irradiated by a Hg–Xe lamp (P = 50 mW)
or various times. The absorbance spectra were recorded to quan-
ify formazan derivatives formed. Reference samples were (i) NBT
rradiated in the absence of QDs and (ii) NBT + QDs without light
ctivation.

.5.1.2. DST assays. The production of hydroxyl radicals (•OH) by
Ds was estimated using disodium terephthalate (DST), which

urns into fluorescent hydroxyterephthalate (�em = 428 nm)  upon
eaction with •OH radicals. Briefly, 1 mL  of QDs water dispersion
10 �M,  10 nmol) was mixed with 1 mL  of DST (1 mM in water,

 �mol) before being irradiated (P = 350 mW).  The mixture was
reated with 1 mL  of 1 M NaOH and incubated for 50 min  at r.t.
efore filtration on 0.2 �m polyvinylidene fluoride Acrodisc Syringe
ilter. The PL spectra were recorded to quantify 2-OH-DST formed.

 2-OH-DST calibration curve was also constructed in order to con-
ert fluorescence intensity measured in a molar concentration of
ydroxyl radicals. Calculations were made considering a 1:1 stoi-
hiometry for the reaction between DST and •OH. The conversion of
ST into 2-OH-DST [35] was characterized by a 35% yield. 2-OH-DST
sed as reference was synthesized as described [36].
.5.2. Detection of QD-generated oxidative stress
H2O2-generated oxidative stress was evaluated using the

iosensor E. coli MG1655(pUA66::PoxyR) resulting from the fusion
f the H2O2-regulated oxyR promoter with the gfp reporter gene
Fig. 1. Schematic illustration of the synthetic routes used for the preparation of
CdSe@MSA and CdSe(S)@MSA QDs.

[38]. A full description of the use of the biosensor is provided in the
supplementary information.

3. Results and discussion

3.1. Synthesis, size, shape, crystal structure and PL properties of
CdSe and CdSe(S) nanocrystals

MSA-capped CdSe and CdSe(S) QDs were prepared by reaction
of Cd-MSA complexes with NaHSe at pH = 10. Cadmium monomers
react with selenide ions to form a CdSe core at low tempera-
ture (100 ◦C). At high temperature and under pressure (170 ◦C,
hydrothermal synthesis), the excess cadmium monomers react
with sulphide ions released from MSA  to form CdS, which deposits
onto the surface of CdSe resulting in alloyed CdSe(S) QDs (Fig. 1)
[28]. The XRD patterns of CdSe@MSA and CdSe(S)@MPA QDs pre-
pared are shown in Fig. 2, together with those of bulk CdSe and
CdS for reference. Broadening of the diffraction peaks indicates the
small size of the obtained nanocrystals. For CdSe QDs, the diffrac-
tion features appearing at 25.98◦ and 43.70◦ correspond to the
(1 1 1) and (2 2 0) planes for cubic CdSe (JCPDS Card No 19.191).
For CdSe(S) QDs, a third peak corresponding to the (3 1 1) plane
appears at 50.76◦, indicating the higher crystallinity of nanocrys-
tals produced, and (1 1 1) and (2 2 0) diffraction peaks shift to the
Angle ( 2 )

Fig. 2. X-ray diffraction patterns of (a) CdSe and (b) CdSe(S) QDs. The standard
patterns of bulk CdSe and CdS are present as references.
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ig. 3. Representative TEM images of (a) CdSe and (d) CdSe(S) QDs. (b) and (e) are 

ize  distributions.

Fig. 3a and d shows the typical TEM images of CdSe and CdSe(S)
Ds, respectively. QDs exhibit good monodispersity and nearly

pherical/ellipsoidal shape with a narrow size distribution (Fig. 3c
nd f). The average crystalline sizes of CdSe and CdSe(S) QDs
ere estimated to be 1.8 ± 0.2 and 2.7 ± 0.3 nm,  respectively. The

elected area electron diffraction (SAED, Fig. 3b and e) clearly gives
hree diffraction rings of (1 1 1), (2 2 0) and (3 1 1) planes from inner
o the outer, which confirm the cubic phase CdSe and symmetry
patial group F43m.  The average hydrodynamic sizes determined
rom DLS data were respectively of 4.3 ± 0.7 and 4.5 ± 0.8 nm for

SA-stabilized CdSe and CdSe(S) QDs, showing that the nanopar-
icles dispersed well in water. The electrical potential, referred to
s the zeta � potential, which controls the colloidal stability and
nterparticle interactions, was also measured. At pH = 7.0, the �
alues measured for CdSe@MSA (−41 ± 5 mV)  and CdSe(S)@MSA
−60 ± 5 mV)  QDs confirmed the presence of negative charges on
he surface of QDs, due to the carboxylate end groups of the MSA
igand.

Fig. 4 shows UV–vis absorption and PL spectra of CdSe and
dSe(S) QDs, respectively. The sharp excitonic absorption peaks

ocated at 440 and 528 nm for CdSe and CdSe(S), respectively, indi-
ate that the particles size and shape are nearly uniform, which
s in good agreement with Fig. 3. For CdSe@MSA nanocrystals, no
xcitonic PL emission was observed and the dots exhibited only
rap states emission centred at 612 nm (Fig. 4a). CdSe(S)@MSA QDs
xhibit higher spectral quality as compared to that of CdSe QDs.
he PL emission is sharp and symmetric, and the full-width at

alf-maximum was less than 50 nm (Fig. 4b). This spectral fea-
ure can be ascribed to the high crystallinity of CdSe(S) QDs. It is
orth to mention that the low energy trap state luminescence peak
as also observed during the preparation of CdSe(S) after short
rresponding electron diffraction patterns and (c) and (f) the histograms of particle

reaction times (30 min), but this peak became gradually weaker
upon extending reaction time and finally disappeared after 1 h reac-
tion. This can be explained by the alloying and the growth of the
CdS shell which can effectively reduce the non-radiative trap and
thus increase the band edge emission. Finally, PL QYs of CdSe and
CdSe(S) QDs were found to be 14 and 22%, respectively.

3.2. Photostability of CdSe@MSA and CdSe(S)@MSA

Besides the PL QY enhancement, the alloying also leads to
improvement in photostability. Fig. 5 shows the time–course
curves of absorption and PL intensity of CdSe and CdSe(S) QDs
under a continuous excitation with a Hg–Xe lamp (P = 350 mW)
for 1.5 h. The irradiation of CdSe QDs capped by thioacids like
MSA is well-known to promote oxidation of unsaturated Se atoms.
In the meanwhile, the thioacid is oxidized into disulphide and
detaches from QD surface, resulting in photobleaching and aggre-
gation [28,29,39,40]. For both QDs, the PL intensity increased the
first minutes of irradiation (10 min  for CdSe and 30 min  for CdSe(S))
because surface traps were gradually eliminated by photocor-
rosion which generates core/shell CdSe/CdS or CdSe(S)/CdS QDs
(Fig. 5b and d). After 20 min  of irradiation, the PL intensity of CdSe
QDs returned to its initial value, then dropped rapidly, and was
reduced to ca. 20% after 30 min, and finally disappeared after 1 h.
As can also be observed on absorption spectra, the decomposi-
tion/detachment of the MSA  ligand reduces QDs dispersibility in
water, and leads to aggregation and precipitation of the nanocrys-

tals. Alloyed CdSe(S) QDs possess much better performance under
the same experimental conditions. Notably, there was nearly no
photobleaching/aggregation observed for these dots until 45 min  of
irradiation. Aggregates appeared in solution only after 1 h and the
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Fig. 4. UV–vis absorption spectra (black) and fluorescence spectra (blue) of (a)
CdSe@MSA and (b) CdSe(S)@MSA QDs. (For interpretation of the references to colour
in  this figure legend, the reader is referred to the web  version of the article.)
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Fig. 5. Time evolutions of (a) and (c) absorption spectra and (b) and (d) PL emission spect
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PL intensity gradually decreased (65%) and ultimately went down
to ca. 25% of the original after 1.5 h.

3.3. Cytotoxicity studies

3.3.1. Cadmium releasable by CdSe@MSA and CdSe(S)@MSA QDs
The toxicity of Cd-based QDs has often been attributed, at least

partially, to the release of Cd2+ ions [5,6]. Bioavailable Cd2+ ions
released from both QDs was  quantified using the whole cell biosen-
sor C. metallidurans AE1433. The recombinant C. metallidurans
AE1433 contains the luxCDABE bioluminescent genes downstream
of a Cd2+-responding promoter. The response of the biosensor
to Cd2+ was  expressed as an increase of luminescence compared
to the background values without metal (induction factor). Cd2+

from CdCl2 was  considered 100% bioavailable and used as standard
(Fig. 6). As shown in Fig. 6a, the biosensor provided a linear response
for Cd2+ concentrations ranging from 0 to 2000 nM,  indicating its
usability for the corresponding range of induction factors (IF from 1
to 10). Exposure of AE1433 to known concentrations of CdSe@MSA
and CdSe(S)@MSA QDs, provided linear responses of the biosensor
until 5 and 10 nM of nanoparticles, respectively (Fig. 6b and c). Cal-
culations made within this range of QD concentrations indicated
a surprisingly high leakage of Cd2+, going beyond the theoreti-
cal complete dissolution of the QD, with an average of 110 ± 10%
and 123 ± 9% (3 repeats each) of the estimated Cd content for
CdSe@MSA and CdSe(S)@MSA QDs, respectively.

Assuming a spherical geometry, average diameters of 2.0 and
2.7 nm for CdSe and CdSe(S) QDs (based on the molar extinc-
tion coefficient ε [33]) represent ca. 19 and 46 CdSe structural
units in each nanocrystal of cubic structure using a theoretical lat-

tice parameter a of 0.608 nm (JCPDS Card No. 19.191). Thus, each
CdSe and CdSe(S) QD should contain ca. 75 and 184 Cd atoms,
respectively. ICP-MS analyses carried out on 5 �M QD dispersions
confirmed that both contained more Cd2+ ions than anticipated,
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ra of CdSe(S) and CdSe(S) QDs, respectively, during irradiation with a Hg–Xe lamp.
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Fig. 6. Bioavailable Cd2+ released by CdSe@MSA and CdSe(S)@MSA QDs measured
with biosensor AE1433. (a) Calibration curve used to determine the correspondence
between the induction of bioluminescence and the concentration of bioavailable
Cd2+. (b) and (c) Bioluminescence induced by CdSe@MSA and CdSe(S)@MSA QDs,
respectively. The equations obtained from linear fits were used to determine the
amount of Cd2+ released by each QD. The experiment, carried out in triplicate gave
an average Cd2+ release of 110 ± 10% and 123 ± 9% with respect to the expected Cd-
content of CdSe@MSA and CdSe(S)@MSA QDs, respectively (as estimated using the
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Fig. 7. Typical time evolutions of the absorption spectra of mono- and diformazan
(i.e.  O2

•− formation) upon irradiation of NBT in O2-purged solutions with (a) CdSe
and (b) CdSe(S) QDs (black lines), and (c) temporal evolution of the absorption at

a lesser extent into diformazan derivatives, results in an increase
bsorption spectra).

ith a 27% excess for CdSe@MSA (i.e. 104 �M of Cd in addition
o the 375 �M expected) and a 66% excess for CdSe(S)@MSA (i.e.
12 �M of Cd in addition to the 920 �M expected). Although these
esults do not fully explain the high levels of bioavailable Cd2+ ions
bserved, they suggest that Cd released after dispersion does not
olely come from the nanoparticles dissolution, but may  also orig-

nate from Cd–MSA complexes adsorbed at the surface of the dots
41] and co-purified with the QDs, thus rendering more complex
ur current perception of QDs toxicity. Finally, these results also
560  nm of NBT-QD and control experiments.

show that the CdSe QDs dispersion carries ca. 3 times less cad-
mium than CdSe(S) one, which should be put in perspective while
discussing the toxicity of these dots.

3.3.2. Superoxide radical production by CdSe@MSA and
CdSe(S)@MSA QDs

The production of superoxide O2
•− radicals by CdSe@MSA and

CdSe(S)@MSA QDs was evaluated with a scavenging assay based
on their ability to reduce nitroblue tetrazolium chloride (NBT) in
a 1:1 water/DMSO mixture into dark blue formazan derivatives
[34]. The reduction of NBT, principally into monoformazan, and to
of the absorbance in the 450–700 nm range (Fig. 7). Typical UV–vis
absorption spectra recorded upon irradiation of NBT with CdSe and
CdSe(S) QDs are provided in Fig. 7a and b, respectively, and the
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Fig. 8. Typical time evolutions of the PL emission spectra of 2-OH-DST (i.e. OH•
52 F.-A. Kauffer et al. / Journal of Ha

volutions of absorption at 560 nm are given in Fig. 7c. Experiments
ere conducted during various time of photoactivation in the pres-

nce of oxygen. As can be seen, the O2
•− radical anion sensor

howed a signal for both QDs (increase of the formazan deriva-
ives optical density over time). CdSe(S) QDs generated slightly

ore O2
•− radicals than CdSe and a plateau was reached for both

ots after ca. 30 min  irradiation. The concentrations of O2
•− radicals

fter 60 min  irradiation in O2-saturated solutions were estimated
sing the molar extinction coefficient of monoformazan at 560 nm
ε = 15,000 M−1 cm−1) and found to be 273 ± 13 and 322 ± 14 �M
or CdSe@MSA and CdSe(S)@MSA QDs, respectively. These values
re in good accordance with those determined by Cooper et al.
rom aqueous dispersions of CdSe/ZnS QDs [21], but they remain
eak compared to results obtained with metal oxide nanocrystals

ike ZnO which are well-known to be strong O2
•− radicals pro-

ucers [42]. Quite similar results to those described in Fig. 7 were
btained when QDs solutions were bubbled with nitrogen, further
onfirming the poor capability of CdSe and CdSe(S) QDs to generate
2

•− radicals. Finally, control experiments conducted in the dark
howed no reduction of NBT, thus confirming the photo-induced
eneration of O2

•− radicals through electron transfer from CdSe
nd CdSe(S) to surrounding O2 molecules.

.3.3. Photocatalytic generation of hydroxyl radical by
dSe@MSA and CdSe(S)@MSA QDs

The formation of hydroxyl OH• radicals by photoreduction of
xygen upon irradiation with a lamp Hg–Xe lamp (200 mW)  was
onitored by trapping the radicals with disodium terephthalate

DST), a water-soluble and hydroxyl radical-specific probe. In this
ssay, non-fluorescent DST reacts with OH• radicals to form 2-OH-
ST, which is a highly fluorescent anion emitting at ca. 430 nm in
asic medium (see Fig. 8a and b for PL spectra as a time evolution)
43–46]. To this end, 1 mL  of CdSe@MSA and CdSe(S)@MSA QDs
10 �M)  was irradiated in the presence of 1 mL  DST (1 mM)  for var-
ous time. Samples were then treated with 1 mL  NaOH (1 M),  and the
uorescence intensity at 428 nm was measured. We  first carried
ut studies where DST was  incubated with QDs in the absence of
ight and adding or without adding NaOH to exclude the possibility
f false positive due to dye interactions with the particle surface.
n these control experiments, the fluorescence observed at 430 nm

as found to be negligible, thus showing that OH• radicals for-
ation was photo-induced. Due to the modest stability of CdSe
Ds, their fluorescence was not observed on PL emission spectra
pon treatment with NaOH (Fig. 8a). The PL emission of CdSe(S)
Ds could be observed until 30 min  of irradiation in the presence
f DST (Fig. 8b) before their emission was fully bleached. During
he first 25 min  of irradiation, we found a significant signal from
-OH-DST with CdSe but not with CdSe(S) QDs (Fig. 8). After ca.
0–40 min  of irradiation, OH• radicals produced from CdSe@MSA
Ds levelled off to a constant value. With CdSe(S) QDs, a rapid

ncrease in 2-OH-DST production was observed only after 30 min
rradiation, and a plateau was reached only after 1 h. Although the
inetics of the reactions differed, the final amounts of OH• radi-
als produced were very similar after the 75 min  period (73 and
2 �M for CdSe and CdSe(S) QDs, respectively). Finally, we  con-
rmed the QD-dependent generation of OH• radicals by adding
annitol, a well-known radical scavenger, in the reaction mixture

uring irradiation. In the presence of this compound, the oxida-
ions of DST mediated by CdSe and CdSe(S) QDs were reduced
y ca. 62 and 41%, respectively, compared to the experiments
onducted without mannitol. At this point, it is also informative
o relate the results of the DST assays to photostability experi-
ents described in Fig. 5, although the intensity of the irradiation
s not exactly the same. CdSe QDs were found to be of mod-
st photostability, gradually decomposed during the irradiation
nd were quite totally bleached after ca. 30 min, which probably
formation) upon irradiation at � = 365 nm of DST with (a) CdSe and (b) CdSe(S) QDs,
and  (c) variations of the PL intensity at 430 nm of 2-OH-DST.

corresponds to the plateau observed for OH• radicals production
(Fig. 8c). Turning now to data recorded with CdSe(S)@MSA QDs,
these dots were found to be of higher photostability and seem to
generate OH• radicals only once the QDs start to degrade under
photoirradiation.

3.3.4. Cytotoxicity of CdSe@MSA and CdSe(S)@MSA QDs on E. coli
bacterial cells

The toxicity of both QDs was  evaluated by exposing exponen-
tially growing E. coli cells to various concentrations of QDs  and
monitoring growth kinetics. A first set of experiments carried out
under illumination (1250 lx of full spectrum neon lighting) shows

that the two QDs do not display the same level of toxicity (Fig. 9a).
The toxicity of CdSe(S)@MSA QDs started to be visible at 1 �M
with a dose-dependent increase of the generation time. CdSe@MSA
QDs appeared more toxic with the first sign of toxicity already
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Fig. 9. Cytotoxicity of CdSe@MSA and CdSe(S)@MSA QDs. (a) Generation times (Tg) calculated for growth kinetics of E. coli MG1655 under illumination in presence of different
concentrations of QDs. Growth was considered as inhibited when the generation time differs significantly form the control culture (44 ± 2 min; 21 repeats). Some tests were
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epeated twice for QDs concentrations presenting an effect. (b) and (c) Typical gr
dSe(S)@MSA or CdSe@MSA QDs. Duplicate experiments provided similar results: T
nd  65 min  for CdSe(S)@MSA.

bservable at 100 nM and a complete growth arrest at 4 �M.  Such
ifference in QDs cytoxicity implies that it cannot only originate
rom the complete dissolution of the nanoparticle since the least
oxic CdSe(S)@MSA QDs contain 3.2 times more Cd than CdSe@MSA
Ds (vide supra). We  next investigated the effect of suppressing

ight illumination at 2 �M of QDs, a concentration showing toxicity
ithout preventing the cells from growing. Fig. 9b and c shows that
he toxicity of CdSe(S)@MSA QDs remained unchanged regardless
f the illumination conditions. In contrast, CdSe@MSA QDs were
ound to be less toxic in the darkness, thus indicating that a part of
he toxicity was photo-induced.

ig. 10. H2O2-mediated oxidative stress response generated by CdSe@MSA (a) and CdSe(S
G1655(pUA66::PoxyR)  for [H2O2] = 5 × 10−6 M;  C: non-induced control.
 curves of E. coli MG1655 in absence (control) and in presence of 2 �M of either
 and 51 min, TgI = 51 and 53 min  for CdSe(S)@MSA, and TgD = 57 and 55 min, TgI = 66

If QDs toxicity is linked to ROS production, we hypothesized
that E. coli cells should perceive an oxidative stress. An oxidative
stress response biosensor, genetically modified to express the green
fluorescent protein in the presence of H2O2, was exposed to both
QDs at concentrations ranging from 1 × 10−12 to 1 × 10−8 M,  under
illumination or in the darkness. Fig. 10a shows that only a slight
response was observed for CdSe(S)@MSA QDs with a maximum

at 10−11 M and without real difference between the two illumi-
nation conditions. In contrast, with CdSe@MSA QDs, the biosensor
did not respond in the dark, while a weak oxidative stress could be
observed around 5 × 10−9 M (Fig. 10b). These results confirm that

)@MSA (b) QDs. H2O2: positive control providing a maximum response of biosensor
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f cytotoxicity and hydroxyl radical production.

. Conclusions

The mechanisms involved in the toxicity of the widely used Cd-
ased QDs are still subject to debate. This probably lies in the fact
hat the relative contributions of the two main sources of toxic-
ty, i.e. Cd2+ ions release and ROS production, vary from one QD to
nother according to their synthesis methods, structures, or even
imply through batch-to-batch variations. We  demonstrated that
wo MSA-capped CdSe QDs of ca. 2 nm in diameter, but varying in
heir core compositions and surface chemistries, CdSe vs. CdSe(S),
iffer markedly in their toxicity. Although displaying a higher con-
ent of cadmium, the alloyed CdSe(S) QDs appeared less toxic than
he CdSe ones.

CdSe and CdSe(S) QDs were analyzed for their light-induced ROS
roduction, which were found to depend on the QD core mate-
ial and on the irradiation time. CdSe QDs produced •OH radicals
uite immediately after light activation, whereas CdSe(S) required
xtensive irradiation and partial photobleaching to generate an
quivalent amount of radicals. The toxicity observed for CdSe QDs
ay  be directly linked to •OH radicals produced. Without ruling

ut the importance of Cd2+ ions release, our results demonstrate
hat for such nanocrystals, the reactivity of the core plays a crucial
ole on QDs-induced phototoxicity. Our data also suggest that •OH
adical formation, which is known among others to mediate mem-
rane damage and subsequent cell death [46], can be circumvented
r controlled by the choice of appropriate QD material and/or irra-
iation conditions. Our results should provide new insights into
otential safety risks for the use of semiconductor nanoparticles in
erobic environment and under light exposition.
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