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INTRODUCTION

The persistent increase in infections associated with mul-
tidrug-resistant pathogens has favoured the interest in devel-
oping new antimicrobial alternatives capable of efficiently
eliminate pathogenic micro-organisms and, at the same

Abstract

Aim: Fluorescent semiconductor nanoparticles or quantum dots (QDs) have
excellent properties as photosensitizers in photodynamic therapy. This is
mainly a consequence of their nanometric size and the generation of light-
activated redox species. In previous works, we have reported the low-cost
biomimetic synthesis of glutathione (GSH) capped QDs (CdTe-GSH QDs)
with high biocompatibility. However, no studies have been performed to
determine their phototoxic effect. The aim of this work was to characterize the
light-induced toxicity of green (QDssoy) and red (QDsgoo) QDs in Escherichia
coli, and to study the molecular mechanism involved.

Methods and Results: Photodegradation and reduction power of biomimetic
QDs was determined to analyse their potential for radical generation.
Escherichia coli cells were exposed to photoactivated QDs and viability was
evaluated at different times. High toxicity was determined in E. coli cells
exposed to photoactivated QDs, particularly QDssgo. The molecular mechanism
involved in QDs phototoxicity was studied by determining Cd**-release and
intracellular reactive oxygen species (ROS). Cells exposed to photoactivated
QDssqg presented high levels of ROS. Cells exposed to photoactivated QDssgo
presented high levels of ROS. Finally, to understand this phenomenon and the
importance of oxidative and cadmium-stress in QDs-mediated phototoxicity,
experiments were performed in E. coli mutants in ROS and Cd*" response
genes. As expected, E. coli mutants in ROS response genes were more sensitive
than the wt strain to photoactivated QDs, with a higher effect in green-QDss.
No increase in phototoxicity was observed in cadmium-related mutants.
Conclusion: Obtained results indicate that light exposure increases the toxicity
of biomimetic QDs on E. coli cells. The mechanism of bacterial phototoxicity
of biomimetic CdTe-GSH QDs is mostly associated with ROS generation.
Significance and Impact of the Study: The results presented establish
biomimetic CdTe-GSH QDs as a promising cost-effective alternative against
microbial infections, particularly QDssg.

time, avoid the generation of antibiotic resistance (Cieplik
et al. 2018). Currently, near 700 000 deaths are attributed to
antibiotic resistance, and it is projected that by 2050 there
will be more than 10 million cases (Renwick et al. 2016).
Photodynamic therapy (PDT) is an innovative clinical
treatment based on the activation of light-absorbing
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molecules or photosensitizers (PSs), which after irradia-
tion at a specific wavelength, generate reactive oxygen
species (ROS). The PSs are initially in a singlet state
(basal state of energy SO) and after the absorption of
photons changes to an excited state (S1) (Nishiyama
et al. 2009). This excited state is unstable, so the PSs
return to their ground state through fluorescence emis-
sion or moves to the excited triplet state (T1), which is
more stable than S1. Then, the PSs in T1 can transfer
hydrogen, electrons or direct energy to the surrounding
oxygen, thus generating ROS (Celli et al. 2010; Yi et al.,
2018; Ye, Yan et al., 2020; Ye, Zeng et al., 2020). These
therapies are currently applied for the treatment of some
superficial cancers and infections caused by bacteria and
fungi (Wolf et al. 1993; Michailov et al. 1997; Souza et al.
2010; Koshi et al. 2011; de Oliveira et al. 2014; Cieplik
et al. 2018). The use of this kind of sensitizers for the
treatment of infections is called antimicrobial photody-
namic therapy (aPDT).

In this context, there is considerable interest in
improving the effect of PDT and aPDT by developing
new PSs with low toxicity in the absence of light, high
photostability, high capacity to produce ROS, and involv-
ing simple, economic and sustainable synthesis processes.
Currently, there are many reports of clinical applications
of aPDT for the treatment of infections produced by dif-
ferent micro-organisms (Lombard and Lanotte 1985;
Abramson et al. 1992; Shikowitz et al. 1998; Asilian and
Davami 2006; Christodoulides et al. 2008; Brown et al.
2009; Kharkwal et al. 2011; da Mota et al. 2015).

Semiconductor nanoparticles (NPs) or quantum dots
(QDs) are composed of elements like cadmium (Cd), sul-
phur (S), selenium (Se) or tellurium (Te) that given their
particular physicochemical and optoelectronic properties
exhibit great technological potential (Monras et al. 2012).
QDs have a core size between 1 and 20 nm (Chen et al.
2012; Diazet al. 2012; Pérez-Donoso et al. 2012) and their
size of QDs determines their spectroscopic properties,
displaying fluorescence emissions varying from 450 nm
(blue-green) to 650 nm (red) (Zheng et al. 2007; Rosen-
blum et al. 2010; Chen et al. 2012; Pérez-Donoso et al.
2012). QDs have broad absorption spectra, narrow fluo-
rescence peaks, and are photostable (Zheng et al. 2007;
Smith et al. 2008; Rosenblum et al. 2010; Chen et al.
2012). Also, the fluorescence sensibility of QDs is two to
three times higher than most organic fluorophores com-
monly used in live imaging (Diaz-Garcia et al. 2018), a
situation that has favoured their use as a fluorescent tool
for in vivo assays. The surfaces of QDs can be modified,
improving their active targeting, or the addition of diag-
nostic or therapeutic groups (Akerman et al. 2002; Zheng
et al. 2007; Smith et al. 2008; Delehanty et al. 2009). QDs
capped with thiols are more soluble and could be
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prepared directly from the aqueous solution because thi-
ols act as stabilizers (Gaponik et al. 2002; Zheng et al.
2007). Some studies have shown that the in vitro cellular
toxicity of cadmium-based QDs depends on their capabil-
ity of releasing Cd*" ions and also on the nature of the
organic capping that protects the QDs from oxidation
and determines their cellular distribution (Lewinski et al.
2008; Pons et al. 2010).

QDs have been applied in PDT, and it has been deter-
mined that photoexcited CdTe QDs (2-4 eV) can inhibit
the growth of many clinically relevant bacterial pathogens
highly resistant to drugs (Courtney et al. 2016). This
lethal effect is related to selective alteration of the redox
state of QDs, a result that confirms their role as PSs.

Most QDs synthesis methods described to date involve
the use of organic solvents, high temperatures and anaer-
obic environments. Under these conditions, QDs synthe-
sized display high production costs, hydrophobicity and
high levels of toxicity in biological systems (Li et al. 2009;
Wang et al. 2009; Iravani et al. 2016). In this context,
several protocols for the aqueous synthesis of soluble NPs
have been described (Qu and Li 2009; Song et al. 2012);
however, most of them generate NPs with low biocom-
patibility (Henderson and Dougherty 1992; You et al
2013), thus affecting their application in biological sys-
tems.

In 2012 we reported a simple, low cost and biomimetic
protocol to synthesize red and green-emitting QDs. The
method requires CdCl,, K,TeO; and glutathione (GSH)
as a capping and reducing agent. Highly fluorescent
CdTe-GSH QDs are obtained at temperatures, pH values
and oxygen conditions similar to those found in micro-
bial cells (biomimetic) (Pérez-Donoso et al. 2012) (patent
n° US 20130284979). GSH is a thiol-containing oligopep-
tide found in most organisms, and it plays an important
role in the detoxification of heavy metals in cells. The
physiological mechanism of detoxification involves the
binding of heavy-metal nanoclusters by GSH (Grill er al.
1985; Schafer and Buettner 2001). GSH is also involved
in chromate, Zn (II), Cd(II) and Cu(II) homeostasis and
resistance in Escherichia coli (Helbig et al. 2008). Taking
into consideration the redox properties of GSH, its abun-
dance in cells (eukaryotes and Gram-negative bacteria
principally) and the previously described stabilization of
CdSe and CdTe QDs by this tripeptide (Zheng et al.
2007), we decided to use this biological thiol as a reduc-
ing and capping agent for the aqueous synthesis of CdTe
QDs.

Biomimetic QDs present high biocompatibility to
eukaryotic cells (Pérez-Donoso et al. 2012), does not pro-
duce DNA fragmentation or changes in cell morphology
(Diaz et al. 2012), and generate low levels of cell death
associated with necrosis (Pérez-Donoso et al. 2012;
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Gautier et al. 2013). Nevertheless, biomimetic QDs
slightly affect the growth of E. coli,Bacillus subtilis,Kleb-
siella pneumoniae and Staphylococcus aureus at concentra-
tions as high as 500 ug ml™' (Diaz et al. 2012).
Furthermore, microarrays analysis revealed changes in
DNA expression in E. coli cultures after exposure to
CdTe-GSH QDs, determining that bacterial toxicity of
biomimetic QDs was mainly related to the release of
Cd*" ions, the production of oxidative stress and loss of
membrane integrity (Monrds et al. 2014). Increased toxic-
ity was determined in red QDs, a result associated with
the increased Cd-content and metal release from the core
of these NPs. Escherichia coli MICs for green and red bio-
mimetic CdTe-GSH QDs are 2000 and 125 ug ml™},
respectively, confirming that these QDs display differen-
tial toxicity, being red QDs clearly more toxic than green
NPs (Monrds et al. 2014). Also, thiol capped QDs present
increased solubility and lower toxicity than QDs pro-
duced by other chemical methods (Helbig et al. 2008;
Perez-Donoso et al. 2012).

More recently, the effect of biomimetic QDs in vivo
systems was evaluated. Our red and green biomimetic
fluorescent NPs were used to track metastatic cells in
mice with no effect on animal viability (Diaz-Garcia et al.
2018). QDs-labelled B16F10 cells remained viable for at
least 5 days and migrated similarly to control cells. How-
ever, the capacity to form metastatic nodules in the lungs
was attenuated. Fluorescence imaging showed that QDs-
labelled B16F10 cells can be tracked following injection
into C57BL/6 mice, and these cells preferentially accumu-
lated in the perialveolar area of the lungs (Diaz-Garcia
et al. 2018). Despite all these antecedents regarding the
effect of biomimetic CdTe-GSH QDs in different biologi-
cal systems, no studies to determine their phototoxic
effect have been performed to date.

In the present work, we studied the mechanism of bac-
terial phototoxicity of green- and red-emitting biomi-
metic QDs (emission A =500 and 600 nm). To
understand the importance of oxidative and cadmium-
stress in QDs-mediated phototoxicity, experiments were
performed in E. coli mutants in ROS and Cd*" response
genes. Altogether obtained results allowed us to charac-
terize the properties of biomimetic QDs and their poten-
tial as new PSs for aPDT.

MATERIALS AND METHODS

Synthesis of CdTe GSH QDs

QDs were synthesized by using a protocol previously
described by our group (Pérez-Donoso et al. 2012, patent
no. US 20130284979). A synthesis solution containing
CdCl, 40 umol 1!, K,TeOs; 10 umol1™' and GSH
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10 mmol 17! was prepared in citrate/NaBH, 15 mmol 1™
(pH = 9-4) buffer. The solution was incubated at 90°C
for 2 h (QDssgg) or 6 h (red QDsg) and the reaction
was stopped by cooling (4°C). QDs were dialysed in
citrate/NaBH, 15 mmol 17" at pH 9-4 during 2 h. After-
wards, QDs were precipitated using 2 volumes of ethanol
for 10 min at —20°C. Solutions were then centrifuged at
24 000 g at 4°C for 20 min. Pellets were purified and
vacuum dried 24 h at room temperature. Finally, QDs
were dissolved in nanopure water as described previously
(Pérez-Donoso et al. 2012).

Photobleaching of QDssgo and QDsggg

The photostability of QDs was evaluated in liquid media.
A 400 pg ml™! suspension of QDs was prepared and irra-
diated 1 h at 470 or 530 nm for QDssoy or QDsggg
respectively. The fluorescence was evaluated at different
time points and the decay in fluorescence was deter-
mined. Fluorescence was measured in microplates using a
Sinergy HIM reader (Biotek).

Phototoxicity assay

Viability Assay

Escherichia coli BW 25113 in exponential phase of growth
was exposed to QDssgp or QDsgop (400 pg ml ™) in sterile
buffer PBS 50 mmol 17}, pH 7-5 and irradiated at 405 nm
(5 mW) during different time intervals (0, 5, 10, 15, 20
and 30 min). Then, samples were serially diluted (1 : 10)
in PBS and 10 ml of each dilution was seeded on LB plates
to determine the number of colony-forming units (CFU).
The number of CFU per ml was calculated using the for-
mula: [(#colonies) x (dilution factor)]/(volume plated in
ml) as described previously (Molina-Quiroz et al. 2014).

Growth inhibition area

To assess growth inhibition zones of E. coli mutants in
ROS and cadmium responsive genes, 0-5 ml of exponen-
tially growing bacterial cultures (1/10 dilution) was evenly
distributed on LB plates. Then, 5 ul of a QDs solution
(50 mg ml™") was deposited on the plate. To evaluate
the effect of irradiation, the plates were exposed for
5 min to 405 nm light (5 mW). Plates were incubated
24 h at 37°C and growth inhibition zones were deter-
mined by measuring halos diameters as previously
reported (Pérez et al. 2007; Diaz et al. 2012).

Intracellular ROS generation

ROS generation was measured using the ROS-sensitive
fluorescent probe H,DCFDA dye. Escherichia coli grown
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in exponential phase (OD: 0-3-0-4) was irradiated at
405 nm (5 mW) for 10, 15 and 20 min. Then, cells were
incubated with H,DCFDA for 30 min, washed twice in
cold PBS and analysed by flow cytometry. As positive
control cells were exposed to H,O, (1 mmol .

Release of cadmium ions from biomimetic QDs

QDssgp and QDsggy were resuspended in PBS buffer
(1 mg ml™") and the concentration of Cd ions in solu-
tion after 10 min exposure to 405 nm irradiation was
determined by flame atomic absorption spectroscopy as
described previously (Venegas et al. 2017). One hundred
microlitre samples were diluted to 4 ml of milliQ water
and measured in a FAAS equipment (Shimadzu). A Cd
calibration curve was built using a commercial standard
(Sigma Aldrich).

Bacterial strains and growth conditions

Escherichia coli BW25113 was the wild type (wt) strain
used in all experiments. Escherichia coli deletion mutants
were provided by the NARA Institute of Science and
Technology, Japan (Baba et al. 2006). Cell cultures were
routinely grown in LB medium at 37°C with constant
shaking and the antibiotic kanamycin (50 ug ml™') was
added when required. Kan® insertions into E. coli
BW25113 chromosomal genes were constructed by the
method of Datsenko and Wanner (2000).

Statistical analyses

Statistical analyses were performed by t-student using
GraphPad Prism 7 version 7-0a, a significance level of
P < 0-05 was adopted for all analyses.

RESULTS

Physical and photophysical properties

In previous reports, we characterized the chemical, spec-
troscopic and physical properties of biomimetic CdTe-
GSH QDs, particularly green QDs and red QDs with flu-
orescence emissions at 500 and 600 nm respectively (Diaz
et al. 2012; Gautier et al. 2013; Monras et al. 2014; Diaz-
Garcia et al. 2018). Size, photostability and energy states
of QDs are particularly relevant properties that can affect
the production of ROS (Lovri¢ et al. 2005). Red QDs
showed higher polydispersity and size than green QDs,
with average hydrodynamic diameters of 11-33 and
1-86 nm respectively (Diaz et al. 2012; Gautier et al.
2013; Monrdés et al. 2014; Diaz-Garcia et al. 2018). Based
on spectroscopic data, green QDs present a higher band
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gap (24 679 eV at 470 nm) than red QDs (20 540 eV at
530 nm)_ This result reveals that green QDs have higher
reduction power to form singlet oxygen, superoxide radi-
cals and other ROS as compared to red QDs (Nozik
1978; Katari et al. 1994).

Photobleaching is a dynamic process initiated by the
photocatalytic oxidation of the thiol ligands on the sur-
face of the nanocrystals, generating photooxidation and
precipitation of the NPs. The photooxidation occurs in
the presence of singlet oxygen or other ROS present in
the solution (Aldana et al. 2001; Ferreira et al. 2006,
2007). To estimate the potential production of singlet
oxygen by biomimetic QDs, the photodegradation rate
of aerated aqueous solutions after irradiation at 450 nm
and 44 490 mW cm 2> was measured (Fig. 1). Green
QDs were photodegraded at a higher rate than red
QDs, a result that suggests that QDssyy produce higher
levels of ROS and represents excellent candidates for
PDT. During the 60 min irradiation of the experiment,
no precipitation of nanocrystals was observed (data not
shown), a situation that reflects moderate levels of oxi-
dation since it has been reported that nanocrystals pre-
cipitation only occurs after severe oxidation (Aldana
et al. 2001).

Phototoxicity of CdTe-GSH QDs

We studied the phototoxicity of green and red QDs bio-
mimetic CdTe-GSH QDs on E. coli (Fig. 2). The cellular
viability of E. coli cells exposed to 400 ug ml~" of green
or red QDs (a non-toxic concentration as determined
before, Diaz et al. 2012) without irradiation (Fig. 2a,b),
or irradiated at 405 nm during 5, 10, 15, 20 or 30 min
was determined (Fig. 2).

Under the experimental conditions tested, no effects
on viability were observed on nonirradiated cells exposed
to QDs (Fig. 2a,b). In the absence of QDs, E. coli cells
irradiated at 405 nm (5 mW) show a significative
decrease in viability after 15 min irradiation (Fig. 2c).
When cells were exposed to irradiated green QDs, the
viability of cells decreased significatively after 5-min irra-
diation with more than 50% of dead cells (Fig. 2d). In
the case of cells exposed to irradiated red QDs, a decrease
of approximately 40% on viable cells was observed after
5-min irradiation (Fig. 2e), with a higher decrease after
10 min (near 50% of dead cells). The observed increased
toxicity of irradiated green QDs is an interesting result
particularly considering that previous results indicate
that, in the absence of irradiation, red QDs are much
more toxic for bacterial cells (Diaz et al. 2012; Pérez-
Donoso et al. 2012).

Altogether, viability results revealed the existence of a
photodynamic effect on biomimetic CdTe-GSH QDs.
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Figure 1 Photobleaching of QDs500 and QDs600. QDs500 and QDs600 are shown in green and red respectively.
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Figure 2 Phototoxic effect of QDs500 and QDs600 in Escherichia coli. Viability of E. coli exposed to (a) green QDs500 (400 ug ml="), and (b)
red QDs600 (400 ug ml~") during 5, 10, 15, 20, and 30 min. Control correspond to cells non-exposed to QDs. (c) Viability of E. coli cells exposed
to irradiation (405 nm) in absence of QDs. (d) Viability of E. coli cells exposed to QDs500 and irradiated (405 nm) during different times. (e) Via-
bility of £. coli cells exposed to QDs600 and irradiated (405 nm) during different times. Statistical analysis 7-test show ***P < 0-001, **P < 0-01
and *P < 0-05.
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Figure 3 Intracellular ROS generation in Escherichia coli exposed to QDs500 and QDs600 after irradiation at 405 nm. ROS generation was mea-
sured using the ROS sensitive fluorescent probe H2DCFDA. Escherichiacoli BW 25113 cells were irradiated at 405 nm during (a) 10, (b) 15 and
(c) 20 min, and the fluorescence of cells was evaluated by flow cytometry. Control +: H202; Control —: cells in absence of QDs and irradiation.
T-test was used for statistical analysis (***P < 0-001, **P < 0-01 and *P < 0-05).

Mechanism of biomimetic CdTe-GSH QDs phototoxicity
in E. coli

In a previous work, we determined that part of biomimetic
QDs toxicity in E. coli involved the generation of ROS
(Monras et al. 2014). In this context, we decided to evalu-
ate the effect of irradiation on ROS generation in cells
exposed to green and red biomimetic QDs. Intracellular
ROS generation was measured using the ROS-sensitive flu-
orescent probe H,DCFDA. Escherichia coli BW25113 was
irradiated at 405 nm (5 mW) during 10, 15 and 20 min in
the presence or absence of QDs, and ROS generation was
determined by flow cytometry (Fig. 3).

No increase in ROS levels was determined in E. coli
cells exposed to green QDs (400 ug ml™"). Similar levels
to those observed in cells nonexposed to QDs or irradia-
tion were determined (Fig. 3a—c). This result is in agree-
ment with the scarce effect observed in viability under

exposed to photoactivated green QDsso;, ROS generation
was observed after 5 min, reaching 80% of fluorescent
cells after 20 min (similar to the positive control). In the
case of red QDsgg, a significative difference in ROS gen-
eration between irradiated and non-irradiated cells was
only observed after 20-min exposure (Fig. 3c).

At this point, obtained results indicate that green
QDssqo display increased phototoxicity than red QDsgg
due to its higher reduction potential (Eg) that favours
the production of ROS. However, this does not rule out
the possibility that part of the observed phototoxicity of
QDssgy could be a consequence of the release of cd**
ions from the QDs metal core (photodegradation). To
test this possibility, the release of Cd*" ions by green
QDssgg and red QDsgyo was determined (Fig. 4).

As expected, the level of cadmium ions determined in
non-irradiated green QDssq, solutions was minor to that
generated by red QDsggo (Fig. 4). This is in agreement with
previous results revealing the importance of Cd*" on the
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3' *
j *kk
g *k%k
2 2
[
7]
©
Q2
o 1 =
+
N
T
(&
0
QDs;5o

QDsgo

Figure 4 Effect of irradiation on cadmium release from CdTe-GSH biomimetic QDs. T-test was used for statistical analysis (***P < 0.001,

**P < 0-01 and *P < 0-05).
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increased toxicity determined by red QDsgp in the absence
of irradiation (Ochi et al. 1988; Derfus et al. 2004; Hard-
man 2006; Rzigalinski and Strobl 2009; Monras et al.
2014). Regarding the effect of irradiation on Cd-release, no
statistically significant differences were observed between
irradiated and non-irradiated red QDsqy,. However, the
irradiation of green QDss, strongly increases the amount
of released cadmium. This result is consistent with pho-
todegradation experiments in Fig. 1, indicating that green
QDssgo have a high photodegradation rate than red
QDsgg0, and are also in agreement with the increased levels
of ROS determined in green QDs. Altogether, obtained
results suggest that QDs phototoxicity is mostly associated
with ROS production and is not directly related to metal
release. To understand this phenomenon, we decided to
study the effect of irradiated QDs on E. coli mutants in
ROS and Cd homeostasis genes.

Phototoxic effect of CdTe-GSH QDs on E. coli mutants
in ROS-response genes

Considering the levels of ROS production determined
in cells exposed to irradiated QDs, we decided to anal-
yse the effect of irradiated QDs in E. coli strains defi-
cient in ROS response genes (hpx, sodA/sodB or kat), to
evaluate the contribution of oxidative stress to the pho-
totoxicity of biomimetic QDs. All genes analysed encode
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protective proteins that directly participate in ROS
detoxification. The radical superoxide (O, ~) generated
during ROS production is transformed into hydrogen
peroxide (H,O,) by a family of enzymes called superox-
ide dismutase (sod). On the other hand, the HPX genes
(hpx) are involved in the decomposition of H,O,, and
catalases (kat) catalyse the dismutation of hydrogen per-
oxide into water and oxygen (Molina-Quiroz et al.
2013; Dharmaraja 2017).

In the absence of irradiation, wt and mutant E. coli
cells presented a similar sensitivity to green QDs, as
determined by the growth inhibition area (Fig. 5). This
result was expected considering the low levels of ROS
produced by non-irradiated green QDs. In contrast, all
mutants display increased sensitivity when were exposed
to irradiated QDssoo (Fig. 5a), a result that is in agree-
ment with the increased levels of ROS determined in
cells exposed to photoactivated QDs (Fig. 3). On the
other hand, when wt, AsodA/sodB and Akat strains
were exposed to red QDsgp, no significant differences
in cellular toxicity were observed between the wt and
the mutant strains (Fig. 5b). In addition, no differences
were determined between irradiated and non-irradiated
cells (Fig. 5b), a result suggesting that the scarce pho-
totoxicity observed under these conditions is not a
consequence of ROS generation. In contrast, Ahpx cells
exposed to red QDsgy, presented a significant growth

Irradiated cell/ control QDs

o

Red QDs
3 Non Irradiated
@@ Irradiated
Ahpx AsodA/sodB  Akat
Red QDs
5-
O wt
44 O anpx
@@ 4sodA/sodB
3 W skat
24
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Figure 5 Phototoxic effect of CdTe-GSH QDs on Escherichia coli mutants in ROS defense genes. Inhibition area of £. coli strains deficient in ROS
defense genes irradiated (5 min) and exposed to (a) green QDs500 or (b) red QDs600. (c) Normalized phototoxic effect (irradiated/non irradiated
cells) of (c) green QDs500 and (d) red QDs600. Statistical analysis T-test show ***P < 0-001, **P < 0-01 and *P < 0-05.

Journal of Applied Microbiology © 2020 The Society for Applied Microbiology



Phototoxicity of biomimetic quantum dots

inhibition area when compared to non-irradiated
(Fig. 5b). Possibly hpx mutant (AkatG, AkatE AahpCF)
is the most sensible strain because lacks three enzymes
that participate in hydrogen peroxide scavenging (Park
et al. 2005).

When the growth inhibition effect of QDs in irradiated
cells was directly compared with the effect of non-irradi-
ated cells (normalized), green QDsso, showed the highest
phototoxicity in all strains analysed (Fig. 5¢,d). In aver-
age, a threefold increase in E. coli toxicity was observed
in cells exposed to irradiated green QDsso, compared to
cells exposed to irradiated red QDsggo. Obtained results
indicate that the phototoxic effect of irradiated cells
exposed to green QDssq is most probably a consequence
of ROS generation.

Phototoxic effect of CdTe-GSH QDs on E. coli strains
deficient in Cd*" genes

Since irradiation of green QDsso, increases the release
of cadmium from NPs (Fig. 4), and with the aim of
determining the importance of Cd*" in QDs phototoxi-
city, we determined the phototoxic effect of QDs on
E. coli strains deficient or overexpressing genes involved
in Cd*" homeostasis (Fig. 6). We studied four strains,
two null mutants in mntH or zntA genes, and two
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E. coli strains overexpressing mmntH or zmtA genes.
mntH codes for a selective divalent metal ion trans-
porter defined like a proton-dependent manganese
transporter that has been related to Cd*" uptake (Rens-
ing et al. 1997). zntA codes for a Zn (II)/Cd(II)/Pb(II)-
translocating P-type ATPase that mediates the efflux of
Cd*" from cells (Rensing et al. 1997). As reported
before, cells lacking the zntA gene and those overex-
pressing mntH display increased sensitivity to Cd**
(Monras et al. 2014).

As expected, the zntA mutant and the mntH overex-
pressing strains presented increased sensitivity to both
QDs when compared to wt E. coli. This result confirms
the importance of Cd*" on QDs toxicity as has been
reported before (Monrds et al. 2014). However, when
the phototoxic effect of QDs was evaluated, no signifi-
cant irradiation-dependent increase in bacterial inhibi-
tion was determined in most recombinant strains
(Fig. 6¢,d). The highest phototoxicity of green QDssg
was evidenced in the wt strain. This result suggests that
the phototoxic effect of biomimetic QDs is not mainly
related to Cd*" release and reinforces the idea that
green QDssoy phototoxicity is mostly associated with
ROS generation produced by the release of electrons
from photoexcited QDs, reinforcing their potential as
PSs in aPDT.
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Figure 6 Phototoxic effect of CdTe-GSH QDs on Escherichia coli mutants in cadmium defense genes. Growth inhibition area of £. coli strains
deficient in Cd?" resistance genes exposed to green QDs500 (a) or red QDs600 (b) in presence or absence of 5 min irradiation (405 nm). (c) Nor-
malized Phototoxic effect of (c) green QDs500 and (d) red QDs600 on E. coli BW strains deficient in Cd*" resistance genes. Growth irradiation
area of cells irradiated were normalized with the control without irradiation. T-test was used for statistical analysis (***P < 0-001, **P < 0-01

and *P < 0-05).
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DISCUSSION

In the present work, we studied the phototoxic mecha-
nism of green and red CdTe-GSH QDs synthesized by a
biomimetic method previously reported by our group
(Diaz et al. 2012; Pérez-Donoso et al. 2012; Gautier et al.
2013; Molina-Quiroz et al. 2013; Monras et al. 2014;
Diaz-Garcia et al. 2018). Our aim was to evaluate their
potential application as PSs in aPDT, a novel antimicro-
bial therapy that avoids the development of antibiotic
bacterial resistance (Almeida et al. 2004; Pérez et al. 2006;
Courtney et al. 2016; Kashef et al. 2017).

To date, NPs are used in this type of therapy mainly as
delivery vehicles for PSs (Ghorbani et al. 2018). For
example gold nanoparticles (AuNPs) are used as drug-de-
livery platforms (Chen et al. 2016) and also as surface
plasmon-enhanced agents (Chu et al. 2016; Kashef et al.
2017). On the other hand, Misba et al. determined a sig-
nificant effect on Streptococcus mutans biofilms by conju-
gating toluidine blue O with AgNP (Misba et al. 2016;
Kashef et al. 2017). Nevertheless, NPs themselves can act
as PS because they are able to absorb light in specific
regions of the electromagnetic spectrum, allowing the
transition of electrons to excited states that can lead to
photochemical generation of ROS. Examples of these NPs
include fullerenes, TiO,, QDs, even up conversion
nanoparticles (UCNPs) (Kashef et al. 2017), molybdenum
oxide, ZnO and tungsten oxide (Sun et al. 2018). After
light exposure, TiO, NPs mediate the photo-oxidation of
oxygen to produce ROS. Lipovsky ef al. (2011) examined
the bactericidal properties after exposure to visible light
of a mixture of TiO, and ZnO NPs, and determined
~80-90% reduction in viability of S. aureus and Staphylo-
coccus epidermidis.

The excellent properties of QDs as PS have been exten-
sively reported and are mostly associated with their small
diameter (2—4 nm) that allows their movement through
cellular membranes, accumulation in the intracellular
environment and generation of specific light-activated
redox species (Lu et al. 2008; Courtney et al. 2016).
Courtney et al. (2016) showed that after 6 h treatment
with CdTe-2-4 and illumination, the number of viable
E. coli cells decreased (80% of cells killed). So, they
probed that in presence of 100 nmol 17! CdTe-2-4 and
light, the growth of S. aureus was reduced 29%, K. pneu-
monia 59% and SalmonellaTyphimurium 56%. These
NPs were synthetized through a chemical method that
requires high temperatures to produce QDs of different
sizes. Using QDs as PS is a significant contribution to
aPDT, however, the expensive methods required for NPs
synthesis and their basal toxicity have limited their use.

Biomimetic CdTe-GSH QDs (patent no. US
20130284979) are synthesized using a simple and low-cost
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procedure (Diaz et al. 2012; Pérez-Donoso et al. 2012).
These NPs have a wide absorption of light, emission and
photostability (Diaz et al. 2012; Pérez-Donoso et al. 2012;
Gautier et al. 2013; Monrads et al. 2014; Diaz-Garcia et al.
2018). We have previously studied its toxic effect on
E. coli, B. subtilis, K. pneumoniae and S. aureus (Diaz
et al. 2012), determining that CdTe-GSH QDs generate
oxidative stress in cells as a consequence of the release of
Cd*" ions from the nanocrystal, being red QDsgo the
most toxic for bacterial cells (Diaz et al. 2012; Pérez-
Donoso et al. 2012; Gautier et al. 2013; Monras et al.
2014; Diaz-Garcia et al. 2018). In addition, we also stud-
ied their effect on biological systems in vivo, validating
their biocompatibility and confirming that biomimetic
QDs-GSH represent a potential alternative for medical
treatments (Diaz-Garcia et al. 2018).

In the present work, we evaluated the phototoxic effect
of green and red biomimetic QDs in E. coli. In agreement
with the reported biocompatibility of biomimetic QDs,
no significant effect on viability was determined when
E. coli cells were exposed to 400 ug ml~" of green or red
QDs-GSH (Fig. 2a,b). In contrast, a significant decrease
in cell viability was observed in cells exposed to photoac-
tivated QDs. A significant decrease in viability was
observed after 5- and 10 min-exposure to irradiated
green and red QDs, respectively (Fig. 2e). Viability differ-
ences between irradiated cells exposed to green and red
QDs could be associated with the higher reduction power
of green QDssop that could favour ROS generation
(Nozik 1978; Katari et al. 1994). The ability to adjust the
electronic properties of semiconductor nanomaterials
provides a way to induce specific disturbances in redox
environments by altering the electronic state of QDs,
whose alteration will depend on their size, shape or com-
position. In addition, the excitation of QDs with light
emission above its nominal bandgap can allow the gener-
ation of ROS (Sun et al. 2014; Courtney et al. 2016).

The generation of ROS in cells exposed to photoacti-
vated green QDssgy occurs at early irradiation times
(5 min), similar to that observed in the positive control
H,0, (Fig. 3). This could be a consequence of the entry
of irradiated QDs inside cells causing a higher toxic effect
mediated by the release of electrons that in presence of
oxygen could generate superoxide ions and cause oxida-
tive stress (see proposed model of Fig. 7e). On the other
hand, when irradiated cells are exposed to red QDs, the
toxic effect is minor than that produced by green irradi-
ated QDs, and the difference in ROS generation between
irradiated and non-irradiated cells exposed to red QDs is
only significant after 20 min irradiation. This result sug-
gests that the toxic effect of red QDs in cells is mostly
associated with the release of Cd** ions from the
nanocrystal, and not with the local release of electrons
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Figure 7 Model explaining the phototoxic effect of biomimetic CdTe-GSH QDs in Escherichia coli. (a) Cd?" ions released from red CdTe-GSH NPs
in absence of irradiation. (b) Cd?* ions released from green CdTe-GSH NPs after irradiation. (c) Cell uptake of Cd?" ions through the MntH trans-
porter. (d) Cd*" ions generate thiol depletion and oxidative stress in E. coli cells. () Irradiation of green CdTe-GSH NPs favors the generation of
ROS inside cells through electron-transfer reactions. (f) Cellular response to oxidative stress mediated by SOD and Hpx/Kat enzymes. (g) The P-
Type ATPAse ZntA participates in the cellular response to QDs through the efflux of Cd®" ions released from the nanocrystal (mainly red QDs).

that can directly generate ROS, as in the case of irradi-
ated green QDssqo (Fig. 7b).

PS react in the presence of molecular oxygen to pro-
duce two types of photochemical reactions, Type I or
Type II (Almeida et al. 2004). Type I photo processes
involve hydrogen or electron-transfer reactions between
the excited state PS and other molecules in the environ-
ment. These electron-transfer reactions generate ROS that
are harmful to cells. Type II photo process is an energy-
transfer mechanism involving electron spin exchange
between the excited triplet state PS and ground state oxy-
gen (30,). Both reactions produce ROS that can cause
the oxidation of biomolecules (lipids, proteins and
nucleic acids) in cells (Kashef et al. 2017).

Irradiated green QDs present a lower release of Cd*"
ions when compared with irradiated red QDs (Fig. 4). In
non-irradiated green QDs, the release of Cd ions is half
of all other conditions, similar to what was previously
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observed (Ochi et al. 1988; Derfus et al. 2004; Hardman
2006; Rzigalinski and Strobl 2009; Monras et al. 2014).
The release of Cd*" ions from red QDs is high, which
can indirectly generate ROS at longer times as a conse-
quence of metal-mediated reactions and thiol depletion
(Fig. 7d). At the cellular level, cadmium induces damage
and repair mechanisms in which the cellular redox state
plays a crucial role. Since it is not redox-active, Cd*" can-
not directly generate ROS, but oxidative stress induced
by Cd*" is a common phenomenon observed in multiple
studies (Cuypers et al. 2010). Also, it has been reported
that once inside the cell, due to its affinity with thiol
groups, Cd*" causes a depletion of thiol groups that con-
ducts to oxidative stress (Wang et al. 2004). However,
observed ROS production is not directly related to metal
release since in the absence of irradiation (when high
levels of cadmium are released) no significant increase in
ROS levels and cell death were observed.
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To understand this phenomenon, we analysed the pho-
totoxicity of red and green QDs in E. coli strains lacking
genes involved in ROS and Cd-response. Escherichia coli
mutants in genes related to ROS response were more sen-
sitive than the wt strains to the phototoxic effect of green
QDssgg, which reinforce the idea that the phototoxic
effect of green QDssg, involves ROS generation (Fig. 7b).
On the other hand, no increase in the phototoxic effect
of green irradiated QDssoy was observed in E. coli
mutants deficient in Cd*" response genes (AzntA or over-
expressing mntH), confirming that the observed effect of
green QDsgo is not related to Cd*" release from the
nanocrystal (Fig. 7).

Thus, the higher reduction potential of green QDs
added to their smaller size (3 nm) improves their effi-
ciency to kill cells after irradiation. Photoinduced toxicity
is a consequence of their capacity to transfer electrons
and produce ROS, increasing the oxidative stress inside
cells (Fig. 7). On the other hand, red QDs mostly affect
cells as a consequence of the oxidative damage indirectly
generated by Cd*" release from the NP core, in a process
that is independent of light irradiation.

Altogether, obtained results indicate that green QDssg
are good candidates for PDT in antimicrobials since their
toxicity can be induced by irradiation. These promising
results invite us to develop new technologies for the speci-
fic delivery of QDs. The surface of biomimetic CdTe-GSH
QDs can be fused with cations, molecules, aptamers or
antibodies to facilitate their delivery to target cells or tis-
sues. In addition, another advantage of using QDs in aPDT
is its spectral properties that can be adjusted to improve
spectral overlap with organic PSs, improving fluorescence
resonance energy transfer and aPDT efficiency.
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