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Toxicity of CdTe Quantum Dots in Bacterial Strains
Eve-Marei Dumas, Valéry Ozenne, Randall E. Mielke, and Jay L. Nadeau∗

Abstract—Contradictory results on quantum dot cytotoxicity ex-
ist for many types of biological systems, especially microorganisms.
In this study, we compare the cytotoxicity of CdTe quantum dots
(QDs) to four very different environmental bacterial strains, giving
quantitative models of the growth curves for exposed organisms.
The mechanisms of toxicity are explored by measuring reactive
oxygen species generation by the QDs alone and investigating the
oxidative damage to mutant bacteria especially sensitive to ROS.
Electron microscopic examination also reveals factors that may
contribute to resistance to nanoparticles in some strains.

Index Terms—Bacteria, CdTe, quantum dot (QD), reactive oxy-
gen species (ROS).

I. INTRODUCTION

S EMICONDUCTOR nanoparticles, also called quantum
dots (QDs), are desirable as an alternative to organic flu-

orophores due to their wide absorbance and narrow emission
spectra. These properties, coupled with their low photobleach-
ing, allow for distinctive labeling of many entities that can
be excited by a single wavelength [1]–[3]. However, only re-
cently has the cytotoxicity of these bioimaging tools been ex-
plored. Cytotoxicity of CdTe QDs has been observed in mam-
malian cells and bacteria [4]–[7]. Bacterial studies have been
performed with other types of semiconductor nanoparticles,
especially TiO2 [8]–[11], and also ZnO [7], [12], [13] and
SiO2 [11], [14], and some comparisons of bacterial strains have
been performed. With all of these particles, mechanisms of tox-
icity were attributed to oxidation: either the photogeneration
of reactive oxygen species (ROS) by the particles or the direct
release of metal ions (such as Cd2+ ) that can cause oxidative
toxicity.

However, many open questions and controversies remain. In
some studies, the Gram-positive test strain was more sensitive
than the Gram-negative [15]; in others, it was the opposite [16].
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Because Gram-positive strains are often spore formers, the ques-
tion of sporulation often complicates studies. The type of light
exposure used between studies has also varied greatly, from
natural sunlight [17] to high-intensity lamps [18].

Most importantly, a quantitative comparison of multiple
strains of different Gram signs has never been performed.
Such a model would be important and practical for several
reasons. The different structures of Gram-positive and Gram-
negative cell walls may affect QD binding to the bacteria,
which can affect direct toxicity as well as toxicity caused
by ROS. Because of the short lifetime of singlet oxygen
in water, it is unlikely to diffuse to a cell surface if it is
generated in solution (estimated diffusion radius: 10–20 nm)
[19]. However, its lifetime may be significantly longer in
cells and membranes [20], and thus, its generation from
a membrane-bound particle is much more likely to cause
cytotoxicity.

Direct oxidation of cell lipids and proteins may also play
a role in QD-mediated cytotoxicity, as has been recently sug-
gested for C60 [21]. Direct interaction of metal or semicon-
ductor nanoparticles with components of the electron transport
chain may allow these particles to be used as a source of en-
ergy [22], or may cause toxicity by inhibiting respiration [23].
Variations among strains are likely to be very important in these
mechanisms.

In addition, the mechanisms of heavy metal resistance in
Gram positives and Gram negatives are very different [24], [25].
In the case of cadmium, which is the heavy metal of interest in
this study, bacterial plasmids encode for the expulsion system
of toxic metal ions. Cadmium ions (Cd2+ ) are pumped out of
Gram-positive bacteria by an ATPase with a phosphoaspartate
intermediate, which is encoded on a gene named cadA. In the
case of Gram-negative bacteria, Cd2+ (as well as Zn2+ ,Ni2+ ,
and Co2+ ) are expulsed by a three-polypeptide membrane
complex that functions as a divalent cation/2H+ antiporter
[25].

The goal of this study was to quantify the toxicity of CdTe
QDs to four test strains of bacteria (two Gram-negative and two
Gram-positive) as a function of the time and QD concentration.
Modeling of the growth curves allowed us to determine bac-
tericidal and bacteriostatic QD concentrations for each strain
and to calculate the fraction of cells killed immediately after
nanoparticle irradiation versus those that were inhibited or killed
later. In order to confirm the mechanism of toxicity provided
by the QDs, we ran the same assay using a mutated strain of
Escherichia coli sensitive to oxidative stress. Electron micro-
graphs of the exposed and unexposed bacteria revealed struc-
tural damage with and without irradiation. Finally, we used a
colorimetric assay to directly measure the generation of ROS by
CdTe in solution.
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II. MATERIALS AND METHODS

A. QD Synthesis and Characterization

Unless stated otherwise, all chemicals were purchased from
Sigma-Aldrich Canada (Oakville, ON). The cadmium telluride
QDs used were synthesized following a recently developed pro-
cedure [26]. In a few words, 0.026 g (0.20 mmol) of CdO and
0.179 g (0.63 mmol) OA were added to a three-neck flask con-
taining 10 mL of 1-octadecene (ODE). This mix was degassed
for 5 min and heated under nitrogen (N2) to 220 ◦C until the
solution became colorless. In a separate vessel, the tellurium
precursor (trioctylphosphine telluride, TOPTe) was prepared by
mixing 0.01 g (0.08 mmol) of Te with 0.415 g (1.12 mmol)
trioctylphosphine (TOP) and 2 mL ODE under N2 atmosphere
and this mixture was vigorously stirred until the solution be-
came light yellow. The temperature of the CdO–ODE mixture
was further increased to 310 ◦C, which allowed for the forma-
tion of a grey Cd0 precipitate after 10–20 min. Immediately after
formation of this precipitate, the TOPTe precursor was rapidly
injected using a needled syringe. The temperature was lowered
to 270 ◦C for the growth of the particles. Aliquots were rapidly
cooled to room temperature at the desired stage of growth [26].

B. QD Purification and Solubilization

Purification of QDs was then performed in order to separate
the nanocrystals from unreacted precursors. Repeated (three)
extractions with an equal amount of chloroform and methanol
were performed using a separatory funnel. Unreacted CdO and
oleic acid (OA) are soluble in the chloroform/methanol phase
while the QDs are only soluble in the ODE phase [27]. After-
ward, a large excess of ethanol was added to separate the QDs
from ODE and the sample was centrifuged at 10 000 g for 1 min.
The QDs formed a thick paste on the bottom of the centrifuge
tube and toluene was added to dilute the solution to an optical
density (OD) at the exciton peak of approximately 5. Aliquots
were stored in the dark in airtight vials until further use.

Because of the instability of solubilized CdTe QDs, the par-
ticles were solubilized and cleaned right before their use in an
experiment. In a 2-mL eppendorf tube, we placed 200 µL of the
unsolubilized stock. To this tube, we successively added 800 µL
of toluene (ACP Chemicals, Inc., QC), 1 mL of 200 mM borate
buffer at pH 8.9, and 2 µL of 3-mercaptopropionic acid (MPA).
The mixture was vortexed until the QDs had transferred from
the top to the bottom phase of the tube. The tube was then spun
at 17 000 g for 30 s in a tabletop centrifuge. The QDs were then
pipetted out, carefully avoiding the nonaqueous phase, and dis-
tributed equally into two Vivaspin 500 ultrafiltration centrifugal
devices with a polyethersulfone (PES) membrane and a molec-
ular weight cutoff of 10 000 (VWR). The filters were then filled
to 750 µL with 40 mM borate buffer.

The filters were spun following the manufacturer’s instruc-
tions for 13 min at 2000 g. The QDs were then resuspended in
borate buffer and the procedure was repeated three more times.
The sample’s concentration was then determined by measur-
ing its absorbance at the exciton peak and estimating size and
extinction coefficient according to published methods [28].

C. Bacterial Strains

Wild-type strains were purchased from American Type cul-
ture Collection (ATCC), Manassas, VA; these included two
Gram-negative strains: E. coli ATCC 25922 and Pseudomonas
aeruginosa ATCC 10145U, and two Gram-positive strains:
Staphylococcus aureus ATCC 29213 and Bacillus subtilis ATCC
9372. The oxyR− and oxyR+ strains of E. coli were a gift
of Manuel Blanco, Centro de Investigacion Prıncipe Felipe,
Valencia, Spain.

The incubation temperature was 37 ◦C and the growth
medium used was Luria–Bertani (LB; Difco, Sparks, MD) broth
for all wild-type strains and brain heart infusion (BHI; Difco) for
the OxyR strains. On the eve of the experiment, for each strain,
88 µL of an existing bacterial stock, which was kept at 4 ◦C,
was added to 5 mL of fresh medium. The tubes were incubated
at 37 ◦C, on a shaker, for 12–18 h.

The next day, 200 µL of this new stock was placed into
10 mL of fresh medium. The bacteria were then transferred into
a transparent 96-well plate (200 µL per well), which was placed
into a plate reader (SpectraMax Plus, Molecular Devices) in
order to measure the OD of each well at 600 nm (OD600).

The growth curves of each bacterial strain were monitored
until the OD was 0.05, and then the treatments were applied
(except for the OxyR strains, where treatments were applied
at OD600 = 0.15). All treatments were applied in quadrupli-
cate, and each experiment was repeated at least three times. QD
samples were added to each well at concentrations reported in
Section III except for a bacteria-only control, which was in-
cluded in all experiments. Controls were subjected to the same
conditions of light, temperature, and shaking. Irradiation was
performed using a custom 440 nm 96-LED lamp for 30 min.
Bacterial growth was monitored by measuring OD600 every
10 min for 4–8 h on the plate reader.

For plate counts, bacteria were treated in a 96-well plate
exactly as for the time-course experiments. Immediately after
irradiation, they were diluted 1 in 105 to 1 in 106 in LB medium
to give control plates with ∼100 colonies. The bacteria were
spread uniformly on LB agar plates and colonies counted by
hand the following day.

D. Scanning Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) imag-
ing was performed on an FEI Nano600 FEG scanning elec-
tron microscope (SEM). Ultrathin sections (60 nm) were made
from resin-embedded samples as described [29] and placed on
formvar-coated 200-mesh copper grids. A 30 kV accelerating
voltage was used to image with the STEM detector at a 6.7 mm
working distance.

E. XTT Assay

The XTT assay was based upon published methods [21]. In a
96-well plate, varying concentrations of solubilized and cleaned
CdTe QDs were placed in dH2O to a total volume of 100 µL.
Then, 100 µM of 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2
H-tetrazolium-5-carboxanilide (XTT) solution was added and
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Fig. 1. Models of bacterial growth described by (1). (a) All models showing
population size normalized to t = 0 with parameters chosen to lead to stationary
behavior by ∼600 min. (b) Zoom-in of early times of decaying models 4, 5,
and 6 showing the differences. Note, especially the slight increase in model 4
followed by the decay. This was a commonly observed feature of our bacterial
populations.

the colorimetric change monitored by absorbance at 470 nm at
time 0, then every 5–10 min for 1 h after irradiation with the
440 nm lamp.

F. Data Analysis and Curve Fitting

Growth curve data were analyzed using Prism 4.0 (GraphPad
Software, CA) with custom fit equations corresponding to our
model.

III. RESULTS

A. Growth Curves and Modeling

The goal of the growth curve analysis was to find a model
with a minimum number of physically relevant parameters that
would fit all observed situations. A general equation for a bac-
terial growth curve in the presence of a toxic agent can be
given in terms of a fraction of cells, kdying , killed by the treat-
ment and undergoing exponential decay at a rate α; a fraction
of cells, kstat , prevented from reproducing but not killed out-
right; and a fraction of cells that continues to grow in a char-
acteristic fashion, with a maximal growth rate β and a time to
achieve half-maximum τ [30]. The sum of these three popula-
tions leads to the equation for population size x as a function of
time t

x(t) =
k − kstat

1 + exp [β(V50 − t)]
+ kstat + kdying exp(−αt).

(1)
Depending upon the bacterial strain and the QD concentra-

tion, not all of these parameters were required to fit each curve.
In addition, changing signs of certain parameters could be used
to define new models using the same equation. For instance, if
α < 0, kdying becomes ksurviving and the model describes a frac-
tion of the surviving cells that begins to grow exponentially; i.e.,
cell death is limited by the amount of the toxin or the damage
to the cell.

Five distinct types of curves could describe all of the observed
curves. These models are illustrated in Fig. 1.

Model 1: No cell death, classic S-shaped growth curve.
kdying = 0.

Model 2: Short lag followed by exponential growth. kdying > 0,
β > 0.

Model 3: Long lag followed by exponential growth. kdying > 0,
may have β < 0 and α < 0.

Model 4: Slow rise followed by decay. α > 0, β > 0, kdying >
k.

Model 5: Exponential decay only. α > 0, k = kstat = 0.
A wide variation in sensitivity to CdTe QDs was seen with

the four strains. QD concentrations were varied to span a range
of effects, from the first perceptible reduction in growth rate
(model 2) to complete death of the population without percep-
tible recovery (model 4 or 5). This latter condition was not seen
without irradiation; with irradiation, concentrations needed for
kill ranged from 0.3 µM for S. aureus and E. coli to 0.6 µM for
B. subtilis (Fig. 2).

The value of the model parameters’ physical value could be
appreciated by examining the relationship between QD con-
centration and the fraction f of the population that was killed,
calculated as

f =
kdying

k + kdying + kstat
. (2)

Using this formula, it could be seen that E. coli and P. aerug-
inosa, the Gram-negative strains, both showed a similar pattern
of sudden transition to toxicity at a given QD concentration.
E. coli was somewhat more sensitive, so that the concentration
at which this occurred was lower. For example, a concentration
of 0.3 mM CdTe was harmless for P. aeruginosa but caused
significant death in E. coli (Fig. 3).

A similar pattern was not seen consistently with either of the
Gram-positive strains. Both B. subtilis and S. aureus showed
large variations in response to similar QD concentrations, e.g., f
from 0 to 0.25 for 0.3 µm CdTe in four independent experiments.
The bacteria alone also showed greatly varying growth curves,
especially when irradiated. On two occasions, S. aureus grew
nearly twice as fast when irradiated (not shown).

Plate counts were also performed to confirm the effects. For
E. coli, all tested concentrations of QDs (0.04, 0.2, and 0.3 µM)
gave the same results: a 78 ± 5% reduction in colony counts
when irradiated (n = 3, as compared to irradiated controls with
no QDs). This suggested that the cells that recovered at late times
in medium were not capable of forming colonies, at least on
LB. In contrast, there was no significant effect on P. aeruginosa
colony counts for QD concentrations up to 0.4 µM (n = 3).
For B. subtilis, a 0.6 µM QD concentration consistently led to
a ∼70% reduction in colony counts (n = 3), and either 0.2 or
0.4 µM led to a 30% reduction. As with the growth curves, the
response of S. aureus was too variable to quantify.

B. OxyR Strains

In order to determine whether the observed cytotoxicity was
mediated by ROS, we used a variant of a recently developed
assay using E. coli mutant strains [31]–[33]. The stain IC5204
(oxyR−) is sensitive to oxidative stress because of its deficiency
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Fig. 2. Growth curves with and without irradiation for bacteria only (black)
and with the indicated concentration of CdTe. The concentrations chosen repre-
sent complete population death with irradiation (model 5, red); the first percep-
tible effects (model 2, blue); and a value between those two concentrations that
allowed for some recovery (model 3, magenta). The symbols are data points
and the lines are fits to (1) with R > 0.99 for all fits. The arrow marks the
point at which QDs were added and the samples were irradiated (nonirradi-
ated samples were at room temperature for this period). Error bars are standard
errors of quadruplicates; when they do not appear, they are smaller than the
symbols.

Fig. 3. Fraction dying (2) versus QD concentration for the Gram-negative
strains with irradiation. Error bars are smaller than symbols for three to four
experiments.

Fig. 4. Growth curves for OxyR strains. “R−” indicates the oxyR− strain,
and “R+” the oxyR+ strain. The “Only” refers to oxyR− only, OxyR+ only,
and OxyR+ irradiated, all of which overlapped. Lines show fits as in Table I.

in the OxyR protein, a redox-sensitive transcriptional regulator
that has a role in the activation of genes coding for antioxidant
enzymes [31], [34], [35]. We also used IC5282 (oxyR+ ) strain
whose OxyR production remains intact as a control.

Growth curves showed significantly greater toxicity for CdTe
in the oxyR− strain, even without irradiation (Fig. 4). With
irradiation, 100 nM CdTe greatly inhibited the oxyR− strain
[model 4, Fig. 4(b)], but only slowed the oxyR+ strain (model
3). Five hundred nanomolar CdTe killed the oxyR− strain but
only inhibited the oxyR+ strain. The irradiation alone had a
moderate effect on the oxyR− strain, reducing its growth rate
significantly [Fig 4(a) and (b)]. Table I shows the fit values for
concentrations at which transitions to a different model were
seen for each strain.

C. STEM

STEM allows for imaging ultrathin slices of bacteria, showing
nanoparticle internalization and allowing for visualization of the
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TABLE I
FIT PARAMETERS FOR OXYR STRAINS

cell contents [36]. Using this technique, we were able to observe
the CdTe toxicity to the oxyR− strain before and after irradi-
ation. Compared to untreated cells [Fig. 5(a)], CdTe-exposed
cells showed a distinct thinning of the exopolysaccharide (EPS)
layer. Internalization of nanoparticles could be seen, often to a
very large extent, and some cells showed membrane blebbing or
complete emptiness of the cytoplasmic cavity [Fig. 5(b)]. After
irradiation, no intact cells were seen, but only fragments and
clusters of nanoparticles [Fig. 5(c)].

D. XTT Assay

XTT provides a colorimetric signal when reduced by su-
peroxides (O−

2 ). It is a more reliable test for ROS generation
from nanoparticles than oxidation-based dyes such as 5-(and-6)-
carboxy-2′,7′-dichlorodihydrofluorescein or dihydroethidium,
as such probes may be directly oxidized by nanoparticles with-
out necessarily creating an ROS intermediate [21]. Using this
assay, we found a clear signal with CdTe that was dependent
upon QD concentration and light exposure (Fig. 6).

IV. DISCUSSION

The kinetic model that we used has been used previously to
describe toxicity to Listeria monocytogenes. The five parameters
in the model correspond to physical values; exponential decay
of the dying fraction gives better fits than a second Boltzmann
[30]. We took the analysis one step further by defining five
distinct behaviors of the equation, defined as one or more of the
parameters go to zero or change sign. This allows for a rapid
identification of thresholds of toxicity of an antibacterial agent.

Fig. 5. STEM images of oxyR− cells exposed to CdTe QDs. (a) Untreated
cells. Note intracellular texture and abundant EPS. (b) Cells exposed to
500 nM CdTe without irradiation. Note thinning of EPS layer; some mem-
brane blebbing is apparent in the right-hand panel. The smaller cell on the left,
which appears empty, is dead. (c) Cells exposed to 500 nM CdTe with 30 min
blue light irradiation. No cells can be distinguished.

Use of this model yielded a concentration versus toxicity
curve for the Gram-negative strains, which showed a nearly all-
or-nothing kill rate and slightly more resistance to toxicity with
P. aeruginosa over E. coli. This latter result is not surprising, as
the thick EPS layer of P. aeruginosa can prevent QD binding.
The EPS may also protect against ROS as has been found in
plant pathogenic strains of Pseudomonas [37].

The results for the Gram-positive strains were less clear. B.
subtilis showed the highest concentration required to kill all of
the cells, but the toxicity values at intermediate concentrations
varied widely. We believe that the “kill” value is real and not an
artefact of sporulation, as we could observe sporulation as a sud-
den drop in OD600. The intermediate-concentration effects on
S. aureus, a nonspore former, were equally scattered, suggesting
that sporulation did not play a major role in these conflicting
results. One possible confounding factor is the light itself, which
had an unpredictable effect on S. aureus, sometimes stimulating
its growth.

Plate counts indicated that E. coli cells that recovered late
were unable to form colonies. The opposite effect was seen
with B. subtilis, where a growth curve indicating 100% kill still
yielded colonies when plated. This result is certainly due to the
formation of B. subtilis endospores, which could be observed
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Fig. 6. Results of XTT assay (absorbance at 470 nm) for two concentrations
of QDs and an XTT-only control under blue light irradiation. The data points
are means of three experiments, each done in quadruplicate, and the error bars
are SEM.

in the treated cultures (not shown). P. aeruginosa plate counts
indicated significant resistance of this strain to QDs.

The results with the OxyR strains were consistent with pre-
vious reports showing that CdTe toxicity to E. coli is mediated
by oxidative stress and influences the expression of antioxidant
enzymes [38]. Very low levels of CdTe were required to com-
pletely kill the oxyR− strain. The oxyR+ strain, which differs
only in a single oxidative gene, is resistant to up to 100-fold
more CdTe. Cell damage and death can be observed even before
irradiation, probably due to the release of free Cd2+ ions. With
irradiation, oxyR− cells are entirely destroyed in the presence
of CdTe.

Reports of ROS generation from QDs have been difficult to
interpret, in a large part because most ROS indicators become
colorimetric or fluorescent when oxidized. However, they can
be directly oxidized by nanoparticles rather than through the in-
termediary of ROS. A recent report found that C60, previously
believed to release ROS, showed no signal with the XTT assay,
which is based upon reduction rather than oxidation [21]. Using
this assay, we found a concentration- and light-dependent col-
orimetric effect, suggesting that CdTe QDs do, in fact, generate
superoxide in aqueous solution.

V. CONCLUSION

Of our four environmental strains, B. subtilis is the most re-
sistant to CdTe and P. aeruginosa is more resistant than E. coli.
However, the Gram-positive strains showed a lack of repro-
ducibility, and effects of light on the strains should be considered
in future studies. Toxicity is mediated through ROS.
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