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ABSTRACT: Quaternary chalcogenide copper zinc tin sulfide (CZTS) nanoparticles are used to make
the p-type absorber layer in CZTS solar cells, which are considered more benign alternatives to those
based on cadmium telluride (CdTe) and less expensive than copper indium gallium selenide. CZTS has an
ideal band gap and a high absorption coefficient for solar radiation, making the nanoparticles an attractive
option for photovoltaic cells. In this work, we explore the toxicity of CZTS nanoparticles using an
environmentally relevant bacterial model Shewanella oneidensis MR-1. This study also focuses on
understanding the stability of CZTS-based thin films and their direct interaction with bacterial cells.
Bacterial cell viability, stability of nanoparticles and thin films, as well as mechanisms of toxicity were
evaluated using various analytical tools. The CZTS nanoparticle suspensions show significant acute toxic
effects on bacterial cells, but long-term (72 h) exposure of bacterial cells to CZTS-based thin films (made
from nanoparticles) do not exhibit similar detrimental impacts on bacterial viability. This result is
compelling because it suggests that CZTS nanomaterials will have minimal unintended toxicity as long as
they are incorporated into a stable film structure.
KEYWORDS: CZTS, solar cells, nanoparticle transformations, nanoparticle thin films, bacterial cell viability

■ INTRODUCTION
Because solar energy is a vast resource that can help produce
clean, renewable electricity, harnessing solar energy and
utilizing it to meet global energy demands has become an
extremely important field of research.1,2 In the last 50 years,
due to environmental concerns, solar cells have become one of
the leading contenders in renewable energy generation.3,4

Sustainable solar cell technologies must be based on low-cost,
environment-friendly, and Earth-abundant materials in addi-
tion to having high-energy conversion efficiencies.5 Currently,
silicon-based solar cells dominate the photovoltaic market
owing to their low cost and the abundance of silicon in the
Earth’s crust.6,7 However, silicon solar cells cannot be made as
thin as CdTe- or CIGS-based solar cells and it is therefore
difficult to make flexible. Moreover, they use two orders of
magnitude more material than thin-film solar cells, contribu-
ting to their manufacturing costs.8,9 Hence, the search
continues for nontoxic thin-film solar cell materials with high
absorption coefficients and direct band gaps.10

In this search, copper zinc tin sulfide (CZTS) has emerged
as one of the potential candidates.11−15 CZTS has been
presumed to have low toxicity because it comprises metals that
are less toxic than Cd, such as Cu and Sn. CZTS has a high
absorption coefficient (>104 cm−1 in the visible) and a suitable
tunable optical band gap of 1.5 eV.16 The efficiency of CZTS
solar cells has increased over time with optimization of
materials and synthetic routes, and the highest reported
efficiency to date is 12.6%.17 The Shockley−Queisser photon

balance calculations show that the theoretical limit for CZTS is
32.2%,18 although various factors are responsible for the lower
experimentally obtained efficiency. One of the major reasons
for this is the formation of secondary phases and various
defects and defect complexes.7 Research is ongoing to
minimize these by using different synthesis techniques and
various thin-film deposition approaches to reduce the
generation of secondary phases and defects.19−21 For instance,
thin-film deposition processes from hydrazine-based solutions
produce high-efficiency solar cells,22 but hydrazine’s toxic and
explosive nature renders this route less desirable. Casting
CZTS thin films from colloidal nanocrystal dispersions offers a
safer method.15 Nanocrystal-based thin-film coatings, including
those composed of CZTS, can be formed through techniques
such as drop-casting, dip-coating, spin-coating, and printing.14

Even though CZTS nanomaterials and thin films have
received significant attention due to their optical properties
and use of Earth-abundant, benign metals, studies on these
potentially important materials’ biological and environmental
impacts are insufficient. To the best of our knowledge, one
study has been reported investigating the antibacterial
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properties of CZTS nanoparticles against pathogenic bacteria,
where the goal was to assess the potential application of CZTS
nanoparticles as an antibiotic.23 This study suggests that CZTS
nanoparticles have antibacterial effects on Gram-positive and
Gram-negative pathogenic bacteria. However, in light of the
potential applications of the CZTS nanoparticles, especially in
the field of photovoltaics, it is critical to think beyond their
application as antibiotics and toward their inevitable uninten-
tional release into the environment.
Bacteria are ubiquitous in the ecosystem, participate in the

lowest trophic level in the ecological pyramid, have important
roles in decomposition, nutrient cycling, and bioremediation,
and thus were chosen as the model organism in this study.
Specifically, Shewanella oneidensis MR-1 is a robust, Gram-
negative, environmentally beneficial bacterial species that has
been shown to withstand the negative effects of several
engineered nanomaterials, especially when compared to the
Gram-positive bacterium, Bacillus subtilis.24,25 Thus, under-
standing CZTS nanoparticle toxicity mechanisms using S.
oneidensiscan help serve as a benchmark for further
comparative studies that could expand to other bacterial
species. In our work, CZTS nanocrystal dispersions were
synthesized using thermal decomposition of metal diethyldi-
thiocarbamate precursors,26 and thin films were prepared by
drop-casting the nanocrystal suspensions on soda-lime glass.27

To introduce CZTS nanocrystals to aqueous bacterial
suspensions for toxicity assessment, the non-polar moieties
on the surface of initially synthesized nanocrystals were
exchanged with polar groups, and the CZTS nanocrystals
were dispersed in water.28 Because higher solar cell efficiencies
have been observed in CZTS nanocrystal thin films that have
been annealed in a sulfur atmosphere at high temper-
atures,14,15,29 thin-film stability and bacterial viability studies
were performed using both the as-deposited unannealed films
as well as annealed thin films. Any potential toxic effects of
either the CZTS nanoparticles or thin films on S. oneidensis
MR-1 were assessed using a drop-plate colony counting assay.
Further, mechanisms of nanoparticle toxicity such as metal ion
release, damage to the cell membrane via association, and
reactive oxygen species (ROS) generation were also explored.
Overall, this work demonstrates that, while CZTS nano-
particles in suspension can transform to induce bacterial
toxicity, those impacts are largely mitigated when the same
nanoparticles are incorporated into an annealed thin film, a
promising conclusion for the use of CZTS in photovoltaics.

■ EXPERIMENTAL METHOD
Materials. Oleic acid (technical grade, 90%), oleylamine (OLA)

(technical grade, 70%), and toluene (HPLC grade, 99.9%) were
purchased from Sigma-Aldrich. Reagent alcohol (histological grade,
90% ethyl alcohol, 5% methyl alcohol, and 5% butyl alcohol) was
purchased from Fisher Scientific. Copper(II), zinc(II), and tin(IV)-
diethyldithiocarbamate complexes were synthesized from sodium
diethyldithiocarbamate trihydrate (ACS reagent, Sigma-Aldrich) and
copper(II) chloride dihydrate (ACS grade, 99+%), zinc chloride
(reagent grade, 98%), and tin(IV) chloride pentahydrate (98%),
respectively. Sulfur was purchased from Cerac, Inc. (99.999%), and
soda-lime glass (SLG) substrates were purchased from Valley Design
Corp.
Scanning Electron Microscopy and X-ray Diffraction

Characterization. The CZTS nanocrystals were imaged with a
JEOL 6500 field-emission scanning electron microscope. The
elemental composition was determined using a Thermo-Noran
Vantage energy-dispersive X-ray spectrometer installed on the SEM.
Raman scattering spectra were collected using a backscattering

geometry on a WITec alpha300 spectrometer, an Nd/YAG laser (532
nm), and a DV401 CCD detector. X-ray diffraction (XRD) patterns
of the nanoparticles were collected using a Bruker D8 Discover Co
Kα radiation source and a 0.8 mm beam collimator. XRD patterns
were converted to Cu Kα radiation using JADE analysis software from
Materials Data Incorporated.

Synthesis of 5 nm CZTS Nanocrystals. CZTS nanocrystals
were synthesized by thermal decomposition of copper diethyldithio-
carbamate (107.9 mg), zinc diethyldithiocarbamate (54 mg), and tin
diethyldithiocarbamate (106.8 mg) precursors. This procedure was
described in Khare et al.30 The three precursors were dissolved in
oleic acid (OA, 4 mL) and 1-octadecene (ODE, 36 mL) and then
heated to 60 °C in a 100 mL three-neck flask. The flask was attached
to a Schlenk line and degassed and purged with nitrogen three times.
After the third nitrogen purge, the flask was heated to 175 °C, and
oleylamine (0.9 mL) was quickly injected into the flask. The reaction
temperature was maintained at 175 °C for 10 min, after which the
flask was cooled naturally to 40 °C. The solution was split equally into
two centrifuge tubes. Both centrifuge tubes were centrifuged with
reagent alcohol to remove oleylamine (OLA) and unreacted
intermediates. After centrifuging for 10 min at 4000 rpm, the
supernatant was discarded, and the solid product was dispersed in
toluene with 10−4 v/v % oleic acid. The dispersions were combined
into one vial, and then the solid nanocrystals were precipitated again
with centrifugation in reagent alcohol for 10 min. The supernatant
was discarded, and the CZTS nanocrystals were dispersed in toluene
with 10−4 v/v % oleic acid.

Extraction of 5 nm CZTS Nanoparticles in Water. The CZTS
nanocrystals, approximately 5 nm in diameter, were extracted into
water as described by Tosun et al.28 First, the nanocrystals were
extracted into formamide by mixing 1 mL of CZTS nanocrystal
dispersion (∼30 mg CZTS per mL toluene with 10−4 v/v % oleic
acid) with 5 mL formamide and 1 mL of 1.28 g/mL K2S solution in
water. The mixture was stirred for 24 h to extract the CZTS
nanocrystals from toluene/oleic acid into the formamide phase. After
extraction, the vial containing the CZTS nanocrystals was removed
from the stir plate, 2 mL toluene were added, and the mixture was
allowed to settle for 5 min. The clear toluene layer at the top was
carefully removed with a glass pipet, while the bottom dark
formamide layer was transferred into a centrifuge tube with 6 mL
acetonitrile. The formamide phase was centrifuged for 10 min at 4000
rpm at room temperature. The supernatant was discarded, and the
remaining precipitate was sonicated and dispersed in 4 mL
formamide. After the nanocrystals were dispersed, they were
precipitated again by centrifuging with 2 mL each of acetone,
acetonitrile, and toluene for 10 min. The supernatant was discarded,
and the precipitate was dissolved in 4 mL formamide. Precipitation
and dispersion in formamide was repeated 1−2 times to remove K2S.
After the last precipitation, the CZTS nanocrystals were dispersed in
water.

Synthesis of 40 nm CZTS Nanoparticles and Film
Fabrication. CZTS nanocrystals, approximately 40 nm in diameter,
were synthesized as described by Chernomordik et al.26 and used to
prepare CZTS films on soda-lime glass substrates. Copper
diethyldithiocarbamate (54 mg), zinc diethyldithiocarbamate (30
mg), and tin diethyldithiocarbamate (53.4 mg) precursors were mixed
with OA (5 mL) and heated to 60 °C in a 25 mL three-neck flask. In a
separate 100 mL three-neck flask, OLA was also heated to 60 °C.
Both flasks were attached to a Schlenk line and degassed/purged with
nitrogen three times. The flask containing the precursors was heated
to 140 °C to dissolve the solids, while the flask containing OLA was
heated to 340 °C. The precursor flask was cooled to 75 °C and
quickly injected with a syringe into the preheated OLA. After
injection, the temperature was maintained for 10 min. The solution
was allowed to naturally cool to 40 °C before starting the first
centrifugation. OLA and unreacted intermediates were removed by
repeated precipitation of the CZTS nanocrystals with reagent alcohol
under centrifugation for 10 min at 4000 rpm. The supernatant was
discarded, and the solid products were dispersed in toluene with 10−4

v/v % oleic acid. The nanocrystals were precipitated a second time
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with reagent alcohol, the supernatant was discarded, and the CZTS
nanocrystals were finally dispersed in toluene with 10−4 v/v % oleic
acid. The CZTS nanocrystal dispersions (30 mg/mL) were dropcast
onto soda-lime glass substrates to form CZTS films (∼1 μm thick).
The substrates coated with CZTS film were placed in quartz tubes
(10 cm long with 1 cm inner diameter) along with 14 mg sulfur. The
quartz tubes were evacuated to 10−6 Torr, flame-sealed, and annealed
at 600 °C for 1 h.
Bacterial Culture. S. oneidensisMR-1 stock was a gift from the lab

of Jeff Gralnick at the University of Minnesota. The bacteria were
stored at −80 °C before being inoculated onto Luria broth (LB) agar
plates and incubated at 30 °C overnight until colonies formed.
Colony-Counting Viability Assays. Colony counting experi-

ments were performed to assess the dose-dependent effect of CZTS
nanoparticles at 50, 100, and 200 mg/L concentrations.25 Currently,
there are no data regarding the environmentally relevant concen-
trations of CZTS nanoparticles, so we used a higher-end
concentration to assess the worst-case scenario of accumulation of
CZTS particles in the environment and potential bioaccumulation.
Bacterial liquid cultures were grown in LB media (Difco LB Broth,
Miller) for 4 h at 30 °C to the mid-log phase from colony inoculants
on solid agar plates. Bacterial cells were harvested by centrifugation
for 10 min at 2000g at room temperature, washed in Dulbecco’s
phosphate-buffered saline (D-PBS) buffer, and suspended in a HEPES
buffer (2 mM HEPES and 25 mM NaCl, at pH 7.4). The cultures
were then diluted to OD600 of 0.2 to achieve a cell density of
approximately 2 × 108 cfu/mL. Serial 10-fold dilutions of this
bacterial suspension were performed at this stage to achieve a cell
concentration of 104 cfu/mL in HEPES buffer. The resultant diluted
bacterial suspension was treated with 5 nm CZTS nanoparticles at
various concentrations (50, 100, and 200 mg/L) and incubated for 15
min. An adapted drop-plate method was used for the S. oneidensis
cells, where six 10 μL droplets of the exposed bacterial suspensions
and untreated negative controls were dropped on an LB-agar plate
which had been pre-sterilized under UV illumination for 20 min. The
droplets were dried under airflow in a biological cabinet and
incubated at 30 °C for 20 h before colonies were counted using a
Bantex Colony Counter 920A. The viability of cells from each
treatment was reported as a ratio to the negative control samples. The
experiments were done using three materials replicates of CZTS
nanoparticles repeated three times (three biological replicates) for
each batch of nanoparticles.
Ion Dissolution Quantification. Ion dissolution from the CZTS

nanoparticles over time in suspension was quantified using inductively
coupled plasma mass spectrometry (ICP−MS). The nanoparticles
were incubated in HEPES media for 15 min at the same
concentrations (50, 100, and 200 mg/L) used for the bacterial
viability studies. After the incubation, each suspension was centrifuged
using an ultracentrifuge at 61,579g for 30 min at 4 °C. The resultant
supernatant was collected and used for ICP−MS. The ICP−MS
analyses were done on a Thermo Scientific XSeries-2 ICP−MS using
CCT/KED mode (Collision Cell Technology/Kinetic Energy
Dispersion). The carrier gas was argon, and the CCT gas was a
helium/hydrogen blend.
Ion Control Experiments with S. oneidensis. The concen-

tration of dissolved metal ions obtained from the ICP−MS data was
used to perform ion control experiments with bacteria so that
nanoparticle-specific effects could be distinguished from soluble ion
effects. S. oneidensis were exposed to equivalent concentrations of
metal ions for 15 min, and colony-counting experiments were
performed. CuCl2, ZnCl2, SnCl2, and SnCl4 were used as the source of
ions in these experiments.
Biological Transmission Electron Microscopy Analysis. S.

oneidensis cultures, with an OD600 of 0.8 in HEPES, were exposed to
the nanoparticles at 100 mg/L concentration for 15 min, then
pelleted, washed thrice with 0.1 M cacodylate buffer solution, and
resuspended in a fixation buffer of 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer and fixed for 50 min. The pellet was washed
with sodium cacodylate buffer and dehydrated stepwise with a series
of aqueous ethanol solutions of increasing concentrations (30, 50, 70,

80, 90, 95, and 100% ethanol in water). After the washing steps with
ethanol, the pellet was washed with propylene oxide three times, and
the resin infiltration steps were performed. The pellet was soaked for
2 h in a 2:1 propylene oxide/epoxy resin mixture. This was replaced
with a 1:1 propylene oxide/epoxy resin mixture, and the pellet was
incubated in this mixture overnight. After this, the pellet was
incubated in a fresh batch of 1:1 propylene oxide/epoxy resin mixture
for 6 h and finally placed in a pure resin mixture and infiltrated
overnight. The resin sample was then cured in an oven at 40 °C for
one day and then at 60 °C for two days. Ultrathin sections (65 nm-
thick) were sectioned using a Leica UC6 microtome and a Diatome
diamond knife and stained with uranyl acetate and lead citrate. These
sections were placed on copper TEM grids (Ted Pella Inc.), and
imaging was done using an FEI Tencai T12 TEM while negative
control S. oneidensis images were prepared using the same methods
but imaged using the Tecnai G2 Spirit BioTWIN transmission
electron microscope.

Total ROS Generation Analysis. An abiotic assessment of ROS
generation in HEPES buffer media (in the absence of bacteria) was
performed using the 2′,7′-dichlorofluorescein diacetate (DCFDA, also
known as H2DCFDA) assay.31,32 DCFDA in DMSO stock solution
(20 mM) was diluted 100-fold in HEPES buffer. Then, 50 μL of
DCFDA working solution was mixed with 200 μL of CZTS
nanoparticle solution at 50, 100, or 200 mg/L. A negative control
for the experiment was performed by adding the DCFDA solution to
the HEPES buffer, while a positive control experiment was done by
adding the DCFDA solution to 1 M hydrogen peroxide solution. Each
condition in the experiment was performed in triplicate in a 96-well
optical bottom plate (Costa, Corning, NY). The fluorescence counts
were recorded by a Synergy 2 Multi-Mode microplate reader (BioTek,
Winooski, VT) at Ex/Em: 485/525 nm for 2.5 h.

Bacterial Exposure to CZTS Thin Films. Short-Term (15 min)
Incubation of Thin Films with Bacteria. S. oneidensis were grown for
4 h in LB broth and then washed with DPBS and diluted in HEPES
buffer to an OD600 of 0.2 (2 × 108 cfu/mL). 1 mL of bacterial solution
was dropped on top of the thin film (either annealed or unannealed),
left to sit for 15 min, then pipetted out, and diluted to a cell
concentration of 104 cfu/mL via serial dilution. The exposures were
done simultaneously in triplicate with annealed and unannealed thin
films. The controls for the experiment included cells incubating on a
soda-lime glass substrate without CZTS nanoparticles and cells not
exposed to anything. After the serial dilution, 10 μL aliquots of the
bacterial suspensions were dropped on an LB-agar plate, including the
negative controls, and the plates were incubated at 30 °C for 20 h.
The number of colonies on the plate corresponding to each exposure
condition was counted the next day using a Bantex colony counter
920A.

Long-Term (72 h) Incubation of Thin Films with Bacteria. Since
the bacterial cells do not remain viable in HEPES buffer for extended
periods, the cells were subject to prolonged exposure in LB broth
media and aqueous minimal media (buffered with 10 mM HEPES
and containing 11.6 mM NaCl, 4.0 mM KCl, 1.4 mM MgCl2·6H2O,
2.8 mM Na2SO4, 2.8 mM NH4Cl, 0.088 mM Na2HPO4, 0.051 mM
CaCl2, and 100 mM sodium lactate as a nutrient source). S. oneidensis
was grown in LB broth overnight, then washed with DPBS, and
suspended in either LB broth or minimal media (depending on the
final exposure media). The OD was adjusted to 0.2, and 1 mL aliquots
of the diluted cell suspensions were pipetted into 9 mL of fresh media.
The CZTS thin films were introduced into the culture tubes and
incubated in a rotary shaker at 30 °C for 72 h. The exposures were
done simultaneously with 3 annealed and 3 unannealed thin films.
The controls for the experiment included cells incubating on a soda-
lime glass substrate without added CZTS and cells not exposed to
anything. After the 72 h period, aliquots of the exposed bacterial
suspensions were collected, diluted to cell concentrations of 104 cfu/
mL, and the drop-plate colony counting assay was performed.
Additionally, culture tubes with the media (without any bacteria) and
the films were incubated simultaneously under the same conditions,
aliquots were collected, and ICP−MS was performed to assess any
dissolution to constituent ions.
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Thin-Film Incubation with MQ Water, HEPES, or Artificial
Seawater. CZTS thin films were incubated in three different media
for 72 h; then, aliquots of the exposed media were collected, and
ICP−MS was performed to characterize thin-film transformation.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of CZTS Nanopar-

ticles and Thin Films. The synthesized nanoparticles were
imaged with a scanning electron microscope as shown in
Figure 1; high-resolution transmission electron microscopy

(TEM) images and XRD data for these nanoparticles were
published in previous work.30 The CZTS NP films were ∼1
μm thick before annealing and ∼0.6 μm thick after annealing.
The film grains grew to 250 ± 100 nm after annealing. Energy-
dispersive X-ray spectroscopy (EDS) revealed near-stoichio-
metric ratios of Cu, Zn, Sn, and S. Specifically, it can be
observed from EDS that the 5 nm diameter CZTS NPs (Figure
S1a) were composed of 20.4% Cu, 17.8% Zn, 12.9% Sn, and
48.8% S, while the 40 nm diameter CZTS NPs (Figure S1b)
contained 29.2% Cu, 15.2% Zn, 12.2% Sn, and 43.5% S. After
annealing, the films composed of 40 nm diameter CZTS NPs
(Figure S1c) displayed an elemental composition of 29.4% Cu,
13.9% Zn, 11.2% Sn, and 45.5% S; this composition change
was expected based on the sulfur atmosphere used during
annealing.
XRD from the NPs revealed the presence of the expected

CZTS phase as shown in Figure 2. All XRD diffraction peaks
match with diffraction from the CZTS kesterite phase (ICDD
ref 00-026-0575). The diffraction peak widths decrease with
increasing NP size and with annealing treatment. Larger NPs

and annealed NPs have larger crystals with more planes
available to strengthen the diffraction signal. The number of
matching diffraction peaks to CZTS increases with NP size and
with annealing treatment. Both the 5 nm diameter NPs and
films made from 40 nm diameter NPs show diffraction from
the (112), (220), and (312) planes, but the films with 40 nm
diameter NPs also show diffraction from the (200) and (224)
planes. Annealing the films with 40 nm diameter NPs results in
additional diffraction from the (110), (103), (202), (211),
(224), and (008) planes. The CZTS diffraction pattern shares
similar peaks with ZnS and tetragonal Cu2SnS3.

33 However,
the diffraction peaks from (202) and (211) are absent in ZnS
and are small in tetragonal Cu2SnS3. Therefore, the presence of
the CZTS phase is confirmed in the annealed films made with
40 nm diameter NPs.
Raman spectroscopy was performed to confirm the phases of

the 5 nm diameter NPs and the films cast from 40 nm diameter
NPs. XRD combined with Raman spectroscopy can
unambiguously confirm the CZTS phase. Figure S2 shows
the Raman spectra for 5 nm diameter NPs, films with 40 nm
diameter NPs, and films made from 40 nm diameter NPs after
annealing. All three spectra reveal the characteristic peak for
CZTS at ∼336−338 cm−1 shift. This peak can be assigned to
the A mode of kesterite CZTS.34 The 5 nm diameter CZTS
NPs exhibit a weak, broad peak due to phonon confinement in
smaller nanoparticles. Taken together, the CZTS phase was
confirmed within the detection limits of EDS, Raman
spectroscopy, and XRD.

Bacterial Viability Assays and Investigation of
Mechanisms of Toxicity. Colony-Counting Bacterial
Viability Assays. Drop-plate colony counting assays were
performed to assess bacterial cell viability after exposure to
CZTS nanoparticles. The concentration of bacterial cells at
which distinct and non-overlapping colonies can form was first
ascertained, and the diluted bacterial suspensions were exposed
to CZTS nanoparticle solutions at increasing concentrations of
50, 100, and 200 mg/L. Since the number of colonies that
form on the LB-agar plate after a 20 h incubation indicates the
number of viable cells present in the suspension during
nanoparticle exposure, any decrease in the number of colonies
compared to the negative controls indicates toxic effects of
nanoparticles or nanoparticle transformation products.

Figure 1. Scanning electron micrograph top view and cross-sections
CZTS NP films made from 40 nm diameter of CZTS crystals (a,b)
before annealing and (c,d) after annealing at 600 °C for 1 h in a sulfur
atmosphere. Scanning electron micrograph for (e) 5 nm diameter
CZTS NPs and (f) 40 nm diameter CZTS NPs not incorporated into
thin films.

Figure 2. XRD of (a) 5 nm diameter CZTS NPs, (b) film with 40 nm
diameter CZTS NPs, and (c) film with 40 nm diameter CZTS NPs
after annealing at 600 °C for 1 h in a sulfur atmosphere.
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Figure 3. Bacterial viability of S. oneidensis in the presence of 5 nm diameter CZTS nanoparticles after various post-synthesis aging times (as noted)
as indicated by drop-plate colony counting. Statistical analysis for these experiments was performed using one-way ANOVA, followed by post-hoc
Tukey’s multiple comparisons tests (GraphPad Prism software, La Jolla, CA). All values plotted are the mean ± standard deviation (SD), and the
statistical significance is indicated using asterisks (p values < 0.0001 indicated by ****, 0.0001 to 0.001 indicated by ***, 0.001 to 0.01 indicated by
**, and 0.01 to 0.05 indicated by *).

Figure 4. Dissolved metal concentrations as obtained by ICP−MS from 5 nm-diameter CZTS nanoparticle suspension 2 days, 2 weeks, and 7
weeks after initial nanoparticle synthesis. Note the different y-axis scale between the three different timepoints.

Figure 5. Bacterial viability results after being exposed to Cu2+ and Zn2+ ion concentrations corresponding to those measured from 50, 100, and
200 mg/L CZTS nanoparticle suspensions at (A) 2 days, (B) 2 weeks, or (C) 7 weeks after nanoparticle synthesis. The ion exposure experiments
were repeated twice (two biological replicates) with three analytical replicates for each condition. Statistical analysis for these experiments was
performed using one-way ANOVA, followed by post-hoc Tukey’s multiple comparisons tests (GraphPad Prism software, La Jolla, CA). All values
plotted are the mean ± SD, and the statistical significance is indicated using asterisks (p values < 0.0001 indicated by ****, 0.0001 to 0.001
indicated by ***, 0.001 to 0.01 indicated by **, and 0.01 to 0.05 indicated by *).
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In this experiment with the aqueous CZTS (5 nm diameter)
nanoparticle suspension, significant toxic effects on bacterial
colony formation were observed. In addition, an increase in the
toxic effect was observed over time, depending on how long
the nanoparticle suspension was used after synthesis, indicating
that the CZTS nanoparticles transform as they age. Bacterial
exposure experiments were performed 2 days, 2 weeks, and 7
weeks after the initial synthesis of nanoparticles to characterize
this effect, and the results are shown in Figure 3. Each
experiment was repeated with 2 batches of materials (2
material replicates) and was performed two times to obtain
two biological replicates, while each biological replicate
included three technical replicates.
It is clear from the data in Figure 3 that the 5 nm diameter

CZTS nanoparticles become more toxic to bacteria as they age.
The observed toxicity could be due to several factors such as
dissolved ions, disruption of cell surface structures, DNA
damage, or ROS generation based on NP transformation. The
observation of increasing toxicity over time due to gradual ion
dissolution has been reported in other nanomaterial studies
such as those with lithiated nickel manganese cobalt oxide and
Ag NPs35−37 and thus was considered a likely culprit here.
While we cannot directly calculate the concentration at which
50% of bacteria are killed in this experiment (or LC50 value),
Figure 3 suggests that it likely lies between 50 and 100 mg/L of
CZTS.
Ion Dissolution Quantification. To assess the concen-

tration of dissolved ions in the solution, the 5 nm diameter
CZTS nanoparticle suspensions were incubated in HEPES
buffer and then ultracentrifuged to separate the nanoparticles.
The supernatants were collected, and the presence of dissolved
metal was quantified using ICP−MS as shown in Figure 4. An
increasing trend in the dissolution of Zn was observed with
increasing concentration of CZTS suspension and increased
time gap after synthesis.
Ion Control Experiments. Bacterial viability was monitored

in the presence of metal ions, using ion concentrations as
obtained from ICP−MS in the previous section. On exposure
to only Zn2+ ions, no significant decrease in bacterial cell

viability was observed, except in the case of the highest
concentration of Zn2+ ions at 2012 ppb, where the viability was
still at 81%. After the addition of Cu2+ ions with the Zn2+ ions,
drastic decreases in cell viability were observed (Figure 5).
Synergistic toxicity of heavy metals such as copper and zinc is a
possibility and has been reported previously.38 The effects of
heavy metals such as copper and zinc on microorganism
growth are widely studied in the literature.39 Heavy metals can
inhibit cellular function through oxidizing vital enzymes,
replacing critical metals in biomolecules, or interacting with
DNA. Even though copper is an essential micronutrient for
living organisms, it is also known for its antimicrobial
properties. Cu2+ ions can bind with the sulfhydryl groups in
proteins and enzymes and thus hinder normal cellular
metabolism.40 Zn2+ ions can prohibit the function of the
Mg2+ transporter MgtA by competing as substrates.41 These
effects may contribute to the toxic effects of the CZTS
nanoparticle dispersion due to the production of dissolved
ions. However, a comparison between Figures 3 and 5 reveals
that the decrease in viable bacterial colonies measured
following exposure to the CZTS nanoparticle suspension is
still not completely explained by the presence of increased
Cu2+ and Zn2+ ions.
One thing to keep in mind is that the slow release of ions

from the nanoparticles might have a different impact on the
bacterial viability than a single dose of ions used in the case of
ion control experiments. In addition, nanoparticles may
interact with the bacterial surface, generating large localized
ion concentrations as the CZTS transforms.
Only small amounts of tin were detected in the supernatant,

and we were interested in assessing the effect of tin ions on
bacteria. However, most tin compounds are polar covalent
compounds, so ion control experiments with tin compounds
are difficult. We attempted to use SnCl2 and SnCl4 as our tin
ion controls, but any observed effects could be due to the
compound rather than the tin ions. Upon introducing SnCl2
and SnCl4 to the bacterial suspension (Figure S3), an increase
in toxicity was observed compared to the Cu2+ + Zn2+ controls.
The toxic effect of the combined ions after adding the tin

Figure 6. Biological TEM images of S. oneidensis after being exposed to 5 nm diameter CZTS nanoparticles in suspension exhibiting (A) severe
cellular membrane damage and (B) association of nanoparticles with the bacterial cell membrane. Images (C,D) show more cell membrane
association of nanoparticles and (E) is the dark-field counterpart of (D). (F) shows negative control S. oneidensis images with no nanoparticle
treatment.
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compounds was even more than that observed with just the
nanoparticle dispersion. This result suggests that the toxic
effect observed after adding the tin compounds is indeed due
to the tin compounds rather than the tin ions from the CZTS
nanoparticles.
Biological TEM Analysis. Biological TEM helps with the

qualitative assessment of nanoparticle interaction with bacterial
cells and provides an excellent tool to visualize any association
of nanoparticles with cells. Figure 6 shows the results obtained
after treating the S. oneidensis cells with 100 mg/L of 5 nm
diameter CZTS nanoparticle suspensions as well as negative
control bacterial cells.
As seen in the images in Figure 6, the 5 nm diameter CZTS

nanoparticles inflict severe damage on S. oneidensis cells; as
smaller-diameter nanoparticles have a higher surface-area-to-
volume ratio (and the surface tends to be the more reactive
nanoparticle component), interrogating the 5 nm diameter
reveals the “worst-case scenario” among the nanoparticles and
films considered herein. In image A (Figure 6), the
nanoparticle clusters are against the cell membrane, and a
disintegrated cell membrane structure surrounded by nano-
particles is observed. Other images show nanoparticle
association with the cell membrane, and as seen in image C,
partial disruption of the cell membrane. Image E is a dark-field
version of the bright field image D. Dark-field TEM imaging
can help identify crystalline nanoparticles in a biological matrix
due to electron scattering from nanoparticles with high mass
and crystallinity as opposed to the matrix around them, which
makes them appear bright against a dark background.42 Based
on previous research, we hypothesize that lipopolysaccharides
(an outer cell wall component of Gram-negative bacteria) is a
critical player in the CZTS NP/bacterial membrane
interaction. Future work will explore this molecular-level
interaction using bacterial mutants or various bacterial strains.
It is evident from the images that the association of the
nanoparticles with the bacterial cells likely contributes to
severe damage of the cell structures, affecting cell viability and
colony formation. These are representative images obtained
after investigating at least 20 bacterial cells on two TEM grids.
ROS Generation Assay. Semiconductor nanoparticles such

as CIGS and CdSe have been reported to produce ROS from
photogenerated electron/hole (e−/h+) pairs and subsequent
reactions.43−45 Such reactions are especially likely in CZTS in
the presence of ambient light because its 1.5 eV band gap
allows for significant absorption. While ROS occur naturally
and are managed in biological systems, excess ROS can be
harmful as they may induce macromolecule oxidation, changes
in gene transcription, as well as damage to cell organelles.46

The DCFDA assay was performed to assess the ROS
generation from 5 nm diameter CZTS nanoparticles. As
observed from Figure 7A, nanoparticle dose-dependent ROS
generation was observed. To obtain a clear view of the CZTS
nanoparticle ROS generation, the data were plotted without
the very large positive control response to 1 M H2O2 (Figure
7B). From this plot, it is evident that there is a progressive
increase in the ROS generation over the incubation time.
Based on these data, it can be inferred that CZTS
nanoparticles produce or induce ROS, and the amount of
ROS generated is directly related to the nanoparticle
concentrations and incubation times. These studies focused
on obtaining preliminary information about the ROS
generation by CZTS nanoparticles; however, future work will
incorporate other fluorescent dyes to further assess ROS

production, facilitate quantification, and clarify the specific,
relevant ROS species.

Bacterial Incubation with CZTS Thin Films. Toxicity
studies are generally done using nanoparticle dispersions, and
it is not common to assess the toxicity of nanoparticle-based
thin films. However, as the absorber material in solar cells,
CZTS nanoparticles will be potentially used in commercial
products as thin films. Thus, at the time of their disposal, they
may enter the environment as thin films. It is therefore of
interest to assess how these thin films will behave in different
media and affect bacterial viability. A larger primary nano-
particle size of 40 nm was used for these thin film studies based
on optimized processing conditions for making thin films.

Short-Term Exposure to 40 nm Diameter CZTS Nano-
particle Thin Films. After short-term exposure of S. oneidensis
bacterial suspension on CZTS (40 nm diameter) thin films for
15 min, the bacterial cells were collected, diluted, and 10 μL
aliquots were dropped onto LB-agar plates. The experiment
was done with three annealed and three unannealed films,
along with three glass substrates as negative control surfaces.
After overnight incubation, no statistically significant changes
in bacterial viability (number of colonies formed) were
observed compared to the negative controls (Figure 8).

Longer-Term Exposure to 40 nm Diameter CZTS Nano-
particle Thin Films. For a longer-term comparison, both
annealed and unannealed thin films were incubated in the
presence of bacterial cells in nutrient-rich LB medium as well
as relatively nutrient-sparse minimal media with lactate. The
exposures were carried out for 72 h. Following exposure, 10 μL
droplets of the exposed bacterial suspensions were placed on
LB-agar plates to perform standard colony counting assays. In
addition, ICP−MS was performed on media exposed to thin
films under the same conditions without the bacteria to
characterize any dissolution from the thin films.
For both the LB-broth media and minimal media, no

significant differences in colony counts were observed
compared to the negative controls even after 72 h of exposure.
In LB-broth, ion dissolution was quantified using ICP−MS as

Figure 7. (A) Abiotic ROS generation by 5 nm diameter CZTS
nanoparticles assessed using the DCFDA assay. (B) Data as shown in
(A), but without the positive control to more easily visualize the
CZTS-specific ROS generation.
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shown in Figure 9A. It is notable that annealing significantly
impacts the dissolution profile of the CZTS thin films. Thus,
we hypothesize that even if the dissolved ions had a
detrimental effect on some portion of the first generation of
cells, the surviving bacteria were able to recover in subsequent
generations after long exposure, especially in the presence of
nutrient-dense LB broth. Surprisingly, no significant toxic
effect was observed in a nutrient-sparse minimal media either
(Figure 9D). Figure 9C shows the ion dissolution data of the
thin films in minimal media. From the ion dissolution data, it
can be concluded that the unannealed films leach more copper
and zinc ions, whereas the annealed films leach more tin.
Thus, even though significant negative impacts on colony

formation were observed for S. oneidensis upon exposure to
CZTS nanoparticles in suspension, no toxicity was observed
upon exposure to CZTS nanoparticle thin films within the time
frame of the experiments performed herein. Initially, we
thought that the non-toxic effect of the CZTS thin films was at
least in part due to the much lower specific surface area of the
thin films composed of 40 nm diameter nanoparticles, leading
to less ion dissolution from the annealed thin films compared

Figure 8. No significant toxic effect was observed upon incubating the
bacterial suspension over nanoparticle-assembled CZTS thin films for
15 min.

Figure 9. Ion dissolution from the unannealed and annealed CZTS films in (A) LB broth and (B) minimal media. For (C) LB broth exposure, no
significant loss in bacterial viability, as measured by colony formation, is observed in the case of unannealed films and only slight loss in viability is
observed in the case of the annealed films. For minimal media exposures (D), no significant loss in viability is observed in the case of unannealed or
annealed films. Statistical analysis was performed using one-way ANOVA, followed by post-hoc Tukey’s multiple comparisons tests (GraphPad
Prism software, La Jolla, CA). All values plotted are the mean ± SD, and the statistical significance is indicated using asterisks (p values < 0.0001
indicated by ****, 0.0001 to 0.001 indicated by ***, 0.001 to 0.01 indicated by **, and 0.01 to 0.05 indicated by *).
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to the 5 nm diameter nanoparticles in solution. Simple
estimates assuming unchanged density for the 5 nm diameter
and 40 nm diameter CZTS nanoparticles and that half of the
40 nm diameter specific surface area is lost during
incorporation into the thin film suggests a 16 times lower
specific surface area in the thin film system than for suspended
5 nm diameter CZTS nanoparticles. However, the ion
dissolution data show that neither unannealed nor annealed
films show 16 times lower ion release. For annealed films, less
Cu2+ is released, but more Sn ions are released. For unannealed
films, all dissolved ion concentrations are higher than those
from the 5 nm diameter nanoparticles in solution. Clearly, the
change in toxicity cannot simply be a function of the
differences in specific surface area of the presented
nanostructures. Overall, this is a positive development in
using CZTS thin films, especially since no toxic effect was
observed even in minimal media, mimicking the nutrient-
scarce natural environment. It will be interesting to see future
work involving other more complex organisms and gene
expression and chronic exposure studies.
Long-Term Exposure with 5 nm Diameter CZTS Nano-

particle Thin Films. 5 nm diameter CZTS particles are
generally not considered suitable candidates for thin-film
preparation due to their tendency to produce voids and cracks
in the thin films, leading to shorts.36 Nevertheless, similar
experiments were completed with thin films made from 5 nm
diameter CZTS nanoparticles to explore any difference in
toxicity of these particles in thin films compared to the 40 nm
diameter nanoparticle thin films (based on suspension-phase
negative impacts).
As with the 40 nm diameter CZTS nanoparticle thin films,

no significant loss in bacterial viability was observed in either
LB or minimal media (Figure 10). Thus, it can be concluded
that thin films made out of 5 nm diameter nanoparticles, as
well as 40 nm diameter nanoparticles, do not pose any viability
threats to S. oneidensis bacteria in the 72 h period. The
incubations were done in triplicate with annealed and
unannealed films in the presence of bacteria in LB media in
separate culture tubes, and the resulting bacteria from each
tube were washed and dropped on three LB-agar plates to
assess their viability. All values plotted are the mean ± SD, and
the statistical significance is indicated using asterisks (p values
< 0.0001 indicated by ****, 0.0001 to 0.001 indicated by ***,
0.001 to 0.01 indicated by **, and 0.01 to 0.05 indicated by *).

■ CONCLUSIONS
CZTS nanoparticles have shown potential for applications in
solar cells; however, their interaction and transformation in the
environment have not been thoroughly explored. This work
examines the transformation of 5 and 40 nm CZTS
nanoparticles and thin films produced from those nano-
particles. These transformations were considered in the greater
context of assessing how the CZTS nanoparticles or thin films
impacted a model environmental bacterial species under acute
exposure conditions. The 5 nm diameter CZTS suspension
posed significant toxicity to the bacteria model S. oneidensis
MR-1. Dissolved ions in the suspension were partially
responsible for the toxicity of the nanoparticles. Association
of the nanoparticles with bacterial cells was observed using
biological TEM, and significant cellular damage was obvious.
In addition, CZTS dose-dependent generation of ROS was
observed under abiotic conditions, suggesting a potentially
important role for CZTS-induced redox chemistry. Thus, in
conjunction with NP-inflicted damage to cell structures and
ROS, the presence of dissolved ions also play a role in the
observed toxicity of CZTS nanoparticles in suspension. Thin
films were fabricated with both 5 nm and more commonly
used 40 nm-diameter CZTS and were either annealed or left
unannealed; none of the thin films posed significant toxicity to
the bacterial cells during short-term (15 min) or longer-term
(72 h) exposures. Even though ion dissolution was observed, it
did not impact the colony formation ability of the bacterial
cells, or at least there was significant recovery within the 72 h
period in the nutrient-rich media. Thus, it can be concluded
that nanoparticle size did not affect their toxicity in the thin-
film form within the experimental timeframe considered here.
Since thin films are more likely to be introduced into the
environment than nanoparticle suspensions, this is an
optimistic development from an environmental perspective.
Future studies should focus on detailed mechanistic studies of
any nanoscale CZTS thin-film impacts on model ecological
organisms such as Daphnia magna, Chironomus riparius, and
Danio rerio to reinforce the results obtained herein.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Chemical composition, EDS analysis, Raman spectra of
CZTS nanoparticles and thin films; bacterial viability

Figure 10. No significant loss in viability is observed for unannealed or annealed films made using 5 nm diameter CZTS nanoparticles in (A) LB
media or (B) minimal media over an exposure period of 72 h.
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