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Abstract: Quantum dots are crystalline semiconductor nanoparticles with unique optical
properties due to quantum confinement effects. They have several advantages compared to
traditional organic fluorescent dyes, such as high fluorescent brightness, photostability, and
tunable emission wavelengths, dependent upon particle size. Their unique optical properties have
led to an increased use in a variety of devices, including diode lasers and television displays, as
well as in biomedical research. The most commonly used quantum dots (QDs) are made of
cadmium selenide (CdSe) and have cadmium selenide core with zinc sulfide shell (CdSe/ZnS),
containing inherently toxic cadmium. This work focuses on comparison of the toxic effects of
conventional CdSe and CdSe/ZnS quantum dots and silicon quantum dots, which are emerging as
a potentially benign alternative, using bacteria as a model organism. The bacteria models used for
our studies are Shewanella oneidensis MR-1, a Gram-negative bacterium, and Bacillus subtilis SB
491, a Gram-positive bacterium. This research assesses changes in cell viability, respiration
pattern, and cell membrane integrity in the presence of the nanoparticles using colony counting,
respirometry and membrane integrity assays, respectively. The association of the QDs with
bacterial cell membranes was investigated using transmission electron microscopy (TEM). Results
indicate that the silicon QDs are benign to the bacteria considered, and they do not associate with
the cell membranes. The CdSe cores exhibit significant toxicity to the bacterial cells, whereas the

CdSe/zZnS QDs are comparatively less toxic.

Environmental significance statement: QDs are presently used in electronic displays because of
their electronic and optical properties that can improve the color gamut and brightness, and even
reduce power consumption. Cd-based QDs have been primarily used for these applications based
on their high quantum efficiencies. However, the presence of toxic cadmium metal in these QDs

makes them a potential risk to the environment as their use increases and products reach end of



life. The work herein focuses on a silicon-based alternative QD and compares the interactions
between the different kinds of QDs (silicon and Cd-based) and bacterial cells. The interaction of
QDs with environmentally beneficial bacteria are an indicator of how these QDs may behave once
released into the environment. Because the silicon-based QDs are less toxic to the bacterial cells
than the Cd-based QDs, as well as made of an earth-abundant element, the silicon-based QDs offer
a sustainable and environmentally friendly alternative to Cd-based QDs for commercial products.
The Cd-based QDs have been preferred in commercial products due to their superior performance
and luminescence properties. Even though the Si-based QDs have high quantum vyields, further
scientific research is ongoing to improve their properties so they can fulfill their potential as an
alternative option not only from a sustainability point of view, but also from a performance point

of view.
Introduction:

An enormous growth in the use of nanotechnology-based products in the last ten years means that
there is an increased risk of human and environmental exposure to engineered nanomaterials. It is
thus important to investigate the behavior of industrially relevant engineered nanomaterials in the
environment, as well as their toxicity towards living organisms. Based on their unique electronic
and optical properties, there has been considerable interest in the synthesis and application of
semiconductor nanocrystals in recent years.! 3 Quantum dots (QDs) are crystalline semiconducting
nanomaterials that display quantum confinement effects, a property exhibited by nanocrystals
smaller in size than the Bohr radius, and have been traditionally synthesized from toxic and rare
metals, such as cadmium. 22 The result is a size-dependent band gap and thus, extraordinary optical
properties.*> QDs were first discovered entrapped in a silicate glass matrix by A. I. Ekimov and

A. A. Onushchenko in 1981° and have since become the subject of intensive research’*® based on



their advantages over traditional organic fluorescent dyes, such as high luminescent brightness,
good photostability, and tunable size-dependent emission wavelengths. The unique optical
properties of QDs have led to their increased use in a variety of devices, including light-emitting
diodes for electronic displays as well as in biomedical research. The total market impact of QDs
is projected to reach around $3.4 billion by 2021, with the electronics sector totaling around $1.1
billion and the optoelectronics sector just over $1.8 billion, according to a study done by BCC
Research titled “Quantum Dots: Global Market Growth and Future Commercial Prospects,”
published in September 2016. Leading electronic companies such as Philips and Samsung have
QD-based LCD displays in their devices currently on the market.!’

The increasing use of QDs in commercial products has led to concerns regarding their
environmental impact. 41.8 million tons of e-waste was generated in 2014 globally, of which only
6.5 million tons were collected and treated by respective national electronic take-back systems.*8
Only 12% of the e-waste generated in United States and Canada is collected by designated
organizations and sent to facilities to remove toxic materials before being disposed of in landfills
or incinerators. A majority of the e-waste that is discarded as regular mixed waste directly ends up
in landfills without any prior treatment and can be hazardous to the environment. Although there
has been extensive research about the toxicity of QDs to mammalian cells as a model for potential
implications on human health,'°?° the effect of quantum dots on the various trophic levels of the
ecosystem are not as well characterized. Previous studies have identified the leaching of toxic ions,
such as Cd, from QDs and generation of reactive oxygen species (ROS) as the main contributing
factors to QD toxicity.?*?2% CdTe QDs have been reported to inflict oxidative damage on
Escherichia coli cells.?* Growth inhibition and lipid peroxidation have been observed in the

microalgae Phaeodactylum tricornutum in the presence of CdSe/ZnS QDs due to ROS



generation.?® Biomagnification and accumulation of QDs have also been observed in certain
freshwater and seawater species.?® As the dissolution to Cd ions is one of the major pathways of
quantum dot toxicity, some researchers have been focusing on the synthesis of Cd-free quantum
dots or the inclusion of other design elements that block Cd release.?’” For example, the
incorporation of a ZnS shell around the Cd-based core is a common strategy used to mitigate QD

toxicity.

This work focuses on Cd-free quantum dots using the earth-abundant and potentially more benign
element silicon to make silicon quantum dots (SiQDs) and presents a detailed comparison of the
optical properties and environmental toxicity of the SiQDs to the more traditional CdSe and
CdSe/znS QDs. The luminescent SiQDs used in this study were synthesized in a low-pressure,
non-thermal plasma and subsequently treated with an atmospheric pressure microplasma to make
them dispersible in water due to formation of a silica shell.?® SiQDs tend to exhibit broad
luminescence peaks, unlike more conventionally used QDs. Most of the semiconducting materials
used to make QDs are direct band gap materials, whereas Si is an indirect band gap materials, thus
leading to its unusual optical profiles.?® There are mixed outcomes within the limited examples
investigating the nanotoxicity of silicon-based QDs in the literature. SiQDs have been shown to
induce inflammation in MRC-5 human lung fibroblasts by causing cell membrane damage,
affecting the actin filaments, as well as disturbing the function of matrix metalloproteinase
enzymes.%® Another study shows the accumulation and oxidative stress inflicted by SiQDs in gibel
carp liver.®! Herein, bacteria was chosen as the model microorganism for the nanotoxicity
experiments, as they are at the base of the food web, ubiquitous in the ecosystem, and have

important roles in decomposition, nutrient cycling, and bioremediation. Shewanella oneidensis



MR-1, a Gram-negative bacterium, and Bacillus subtilis SB491, a Gram-positive bacterium, are
the two environmentally-beneficial representative bacteria species employed in this work. S.
oneidensis has shown minimal impact upon exposure to engineered nanoparticles in previous
studies, thus making it a robust bacteria model to screen QDs for any possible toxic effects under
chronic or high exposure dose conditions.*> Even though the facultative anaerobic S. oneidensis is
a known dissimilatory metal-reducing bacteria, this ability is not relevant here because S.
oneidensis is unlikely to respire by assimilating metals in the Cd-based QDs in aerobic
conditions,®*% as used in the following studies. Additionally, there are no reports of S. oneidensis
being able to reduce silicon in either aerobic or anaerobic conditions. B. subtilis is not a metal-
reducing bacteria, and thus our studies provide an interesting aspect of comparison with S.
oneidensis. One Gram-negative and one Gram-positive bacterium were chosen because they
present distinct surface chemistry during QD exposure. Gram-negative bacteria exhibit a double-
membrane system, with two lipid membranes (outer and inner cytoplasmic), which are separated
by a thin peptidoglycan layer. Lipopolysaccharide molecules are present on the outside of the outer
membrane. The cell wall of a Gram-positive bacterium comprises a single cytoplasmic lipid
membrane with a thick exterior layer of peptidoglycan. Teichoic and lipoteichoic acids are
embedded within the peptidoglycan layer. By assessing QD interaction with both Gram-negative
and Gram-positive bacteria, this work moves towards generalization of QD impacts based on

bacterial membrane characteristics.

Briefly, this work demonstrates the effects of two Cd-containing QDs and SiQDs on the viability
of the Gram-negative bacteria Shewanella oneidensis MR-1 and the Gram-positive bacteria

Bacillus subtilis SB 491 using techniques such as colony counting, respirometry, and a membrane



integrity assay. This work also investigates the association of the QDs with the bacterial cells using
biological transmission electron microscopy (TEM). The CdSe QDs exhibit significant toxicity
towards the bacteria cells, but CdSe/ZnS and SiQDs are largely benign, presenting two promising
proactive design strategies for current and future technological applications. The literature on QD
toxicity is largely focused on mammalian models; it is instructive to keep this literature in mind as
an ecological system is considered here. A previous study where rhesus macaques were treated
with CdSe/CdS/znS QDs did not show any evidence of toxicity, but showed the presence of Cd
in organs even after 90 days after the initial treatment.¢ Similar studies on mice and monkeys
using SiQDs displayed no toxic effects, but there was Si accumulation in the liver and spleen
of the animals 3 months post-treatment.®’ It’s worth pointing out that the CdSe/ZnS QDs may
exhibit delayed toxic effects due to oxidation and dissolution of the ZnS shell and release of Cd?*,
and the limited time exposure we have carried out with bacteria and QDs, may not be enough to
rule out their eventual toxicity. The benignness of SiQDs, even at high dosage as used in our
studies, to some extent rules out the negative effect of accumulated higher concentration of
SiQDs In the future SiQDs can prove an extremely important alternative to all the Cd-based QDs,
not only due to their benign nature but also because theyuse only earth-abundant elements, as

opposed to Cd-based QDs.

Methods:

Materials: The SiQDs were synthesized as described below, while the CdSe QDs and CdSe/ZnS
core-shell QDs were purchased from NN-Labs. The CdSe/ZnS QD surfaces are functionalized
with a carboxylic acid ligand (listed in the catalog as item CZW), and the CdSe QDs were custom-

made by NN Labs, stabilizing them with the same carboxylic acid ligand.



Synthesis of SiQDs: SiQDs were synthesized in a low pressure, non-thermal plasma driven by a
13.56 MHz RF power source, nominally set to 60W. Silane (SiH4) presented at 5% by volume in
helium was used as the silicon precursor at 14 sccm, while 10 sccm of argon acted as the ionizing
carrier gas. Both gases flew the entire length of a 9.5 mm outer diameter borosilicate glass tube
which expands to 25.6 mm outer diameter roughly 4 mm downstream of the powered electrode.®
Hydrogen was injected in this expanded afterglow region at a flow rate of 100 standard cubic
centimeter per minute (sccm) to initially passivate the surface. The plasma pressure was
maintained at ~1.6 Torr via an orifice, after which particles were collected via inertial impaction.
These as-produced particles were then wetted with 0.2 mL of ethanol per 10 mg of silicon
nanocrystals via sonication and subsequently diluted in an additional 1.8 mL of deionized water
and shaken. The solutions were then treated by an atmospheric pressure, non-thermal microplasma
jet to improve the dispersion of the hydrophobic particles in water.?® The radiofrequency driven
microplasma used argon at a flow rate of 750 sccm was operated at an average power of 2.5W.
The nozzle of the jet was placed 3.5 mm above the water surface so that the plasma plume touched
the liquid surface. The volume of water was adjusted every 15 minutes to counter evaporation, and
the total treatment time was 1 hour. After treatment, the particles gain an oxide shell that improves

the hydrophilicity.?®
Characterization of QDs:

The QDs were characterized using a combination of transmission electron microscopy (TEM),
UV-vis extinction spectroscopy, dynamic light scattering (DLS), and fluorescence spectroscopy.
TEM samples were prepared by dropcasting a small amount of the QD solution on a TEM grid,

drying the samples in ambient conditions, and images were acquired using an FEI Tecnai T12



TEM. SiQD samples were prepared for cryogenic TEM by administering 5 ulL onto a lacey carbon
grid, which was immediately dried and plunge frozen with a FEI Mark 1V Vitrobot. Samples were
either deposited on hydrophobic grids or lacey carbon grids that were made hydrophilic via glow
discharge. Cryogenic TEM images were acquired on a Tecnai G2 Spirit Biotwin. The
hydrodynamic diameter of the SiQDs was determined via DLS on a Brookhaven ZetaPALS
instrument. This experiment was performed to assess the stability of the QDs in bacterial media
used for toxicity experiments. The fluorescence properties, including excitation/emission spectra
as well as quantum yield (QY) of the QDs, were assessed using a calibrated integrating sphere

paired with an Ocean Optics USB2000 spectrometer.

Bacterial culture: Shewanella oneidensis MR-1 stock was a gift from the lab of Jeff Gralnick at
the University of Minnesota. Bacillus subtilis strain SB 491 was purchased from Bacillus Genetic
Stock Center (Columbus, OH). The bacteria were stored at -80 °C before being inoculated onto

LB broth agar plates, which were incubated at 30 °C for S. oneidensis and 37 °C for B. subtilis.

Colony counting assays (Drop-plate and Pour-plate assays): Colony counting experiments were
performed to assess the dose-dependent effect of the various QDs on both bacteria at 50 mg/L, 100
mg/L, and 200 mg/L QD concentrations. Bacteria liquid cultures were grown in Luria Broth media
(Difco LB Broth, Miller) for 4 h at 30 °C to mid-log phase from colony inoculants on solid agar
plates. Bacterial cells were harvested by centrifugation for 10 min at 2000xg, washed in Dulbecco's
phosphate-buffered saline (D-PBS) buffer, and suspended in a HEPES buffer (2 mM HEPES and
25 mM NacCl, at pH 7.4). The cultures were then diluted to OD 0.2 at 600 nm (OD600) to achieve

a cell density of approximately 2 x 108 colony-forming units (CFUs)/mL. Serial 10-fold dilutions



of this bacterial suspension were performed at this stage to achieve a cell concentration of 10*
CFUs/mL in HEPES buffer. The resultant diluted bacteria suspension was then treated with QDs
at various concentrations (50 mg/L, 100 mg/L and 200 mg/L) and incubated for 15 min. An adapted
drop-plate method was used for the S. oneidensis cells, where six 10 pL droplets of the exposed
bacterial suspensions as well as 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
air flow in a biological cabinet and were incubated at 30 °C for 20 hours before colonies were
counted using a Bantex Colony Counter 920A. The viability of cells from each treatment was
reported as a ratio to the control samples. Due to the high motility and swarming mobility of B.
subtilis cells, the pour plate method of colony counting was employed instead of the typical drop
plate method. In this method, 60 puL of QD-incubated bacterial cell suspension was placed in each
well of a 12-well plate, and 1 mL of melted LB-agar solution at 45 °C (1.5% agar) was poured and
mixed well. The well plates were incubated at 37 °C for 20 hours, and the colonies in each well
were counted. The viability of cells from each treatment was reported as a ratio of number of
colonies counted to the control samples. The experiments were done using three different batches
of SiQDs, and two different batches of Cd-based QDs, and repeated three times (three biological

replicates) for each batch of QDs.

Respirometry: Aqueous minimal media (buffered with 10 mM HEPES and containing 11.6 mM
NaCl, 4.0 mM KCI, 1.4 mM MgCl,.6H20, 2.8 mM NaSO4, 2.8 mM NH4Cl, 0.088 mM NaxHPOs,
0.051 mM CaClz, and 100 mM sodium lactate for S. oneidensis or 10 mM dextrose for B. subtilis)
was used to culture bacteria for 24 h. The concentration of the cell suspension was modified to OD

0.2 at 600 nm (OD600) to achieve a cell density of approximately 2 x 108 CFUs/mL, and then
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further diluted 10-fold in minimal media. Aliquots of this diluted cell suspension were pipetted
into 125 mL respirometry glass bottles containing removable rubber septa, and QD samples were
introduced to achieve the desired QD exposure concentrations of 50 mg/L, 100 mg/L and 200
mg/L in a final exposure volume of 100 mL. As aerobic respiration entails consumption of O2(g)
and generation of CO2(g), KOH(ag.) inserts were placed into the headspace above the culture, to
remove the resulting CO.. The glass bottles were placed in a water bath maintained at 30 °C for S.
oneidensis and 37 °C for B. subtilis, and the suspensions were stirred continuously at 500 rpm. A
small gauge needle was placed through each septum, and tubing (Tygon® 4040-A) linked each
bottle to a respirometer system (Respirometer Systems and Applications, Inc., Springdale, AK)
that monitored cellular Oz consumption over 24 h. As the cell population size increases over
time, total aerobic respiratory activity also should increase. Aerobic respiration decreases the total
O2(g) pressure in the headspace of the sealed bottles, and Oz was supplied as needed at 10 min
intervals to maintain a constant pressure. The total mass of Oy delivered to each vessel was

recorded at 10 min intervals over 24 h.

Membrane integrity assay (Live-Dead assay kit): In parallel to the colony counting and
respirometry measurements, the integrity of bacterial cell membranes was also monitored. A
fluorescent LIVE/DEAD™ BacLight Bacterial Viability Kit containing two nucleic acid stains,
propidium iodide (PI) and SYTO9, was used to evaluate the “live:dead ratio” which is the ratio of
cells with intact cell membranes to cells with compromised cell membranes. SYTO9 is a cell
permeant, intercalating nucleic acid stain that can stain all the bacterial cells in suspension, whereas
Pl is a cell impermeant nucleic acid stain that only associates with cells that have damaged cell
membranes. For this experiment, bacteria (either S. oneidensis or B. subtilis) were incubated in LB

broth overnight, and diluted to OD 0.2 at 600 nm (OD600) to achieve a cell density of
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approximately 2 x 108 CFUs/mL in HEPES after a washing step with DPBS. The diluted bacteria
were incubated with QDs at 50 mg/L, 100 mg/L, or 200 mg/L resultant concentrations for time
periods of 1 h or 6 h. 100 pL of bacteria samples were aliquoted into a 96-well plate, then mixed
with the 100 pL of dye mixture containing both SYTO9 and PI, and fluorescence measurements
were collected in a Synergy 2 Multi-Mode Microplate Reader (BioTek, VT). The sample mixture
was excited at 485 nm, and emission data was collected at 528 nm for SYTO9 and 635 nm for PI.
The emission data for both SYTQO9 (indicating “live” cells) and PI (indicating “dead” cells) were
normalized to their respective negative controls, and the ratio of these normalized data indicate the

“live:dead ratio”.

Biological TEM analysis: Bacteria were cultured in LB broth overnight, then diluted to an OD of
0.8 at 600 nm in HEPES. The diluted bacterial suspension was centrifuged down to a pellet,
washed thrice with 0.1 M cacodylate buffer solution, then resuspended in a fixation buffer of 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer and fixed for 50 minutes. The pellet was washed
with sodium cacodylate buffer, and dehydrated stepwise with increasing concentration of ethanol
(30, 50, 70, 80, 90, 95, and 100% ethanol in water). After removing the last ethanol rinse, the pellet
was washed with propylene oxide three times, and the infiltration steps were carried out. 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 a 40 °C oven for one day and then 60 °C oven for two days. Ultrathin sections (65 nm)

were sectioned by using Leica UC6 microtome and Diatome diamond knife, then stained with
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uranyl acetate and lead citrate. These sections were placed on copper TEM grids (Ted Pella Inc.),

and imaging was done using an FEI Tecnai T12 TEM.

Results and discussion:

Characterization of QDs:

Physical characterization: Figure 1 shows the TEM images of the three QDs compared herein:
CdSe, CdSe/zZnS and SiQDs. The approximate diameter of the CdSe QDs, as provided by the
manufacturer, is 4.6 nm, and that of the CdSe/ZnS QDs is roughly 9 nm total with a 4.5 nm core.
It was difficult to assess the exact size of the SiQDs using TEM images due to the extensive
aggregation; hence, cryogenic TEM images were acquired to observe SiQDs in vitrified water.
When SiQDs were deposited on hydrophilic grids, particles had an average diameter of
3.8 £ 0.04 nm (n=400, mean + std. error). Larger aggregates were observed on both hydrophobic
and hydrophilic grids with average diameters of 19.2 + 0.2 nm (n=300, mean * std. error). DLS
experiments were performed to evaluate the hydrodynamic diameters of the SiQD aggregates both
in water and HEPES buffer (the media used for biological exposures). The measurements were
done at SiQD concentrations of 50 mg/L, 100 mg/L, and 200 mg/L to monitor not only the effect
of the incubating media, but also QD concentration on aggregate size. These results are shown in
Figure 2. In the DLS data, the SiQDs exhibit very large aggregate formation in both Milli-Q water
and HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) media. However, no significant
difference in aggregate size was observed when comparing the data in Milli-Q water and HEPES
or at the different concentrations. The zeta potential of the SiQDs was measured to be - 13.2 £ 0.3
mV. This low magnitude zeta potential likely contributes to the colloidal instability of the SiQDs

in dispersion.®®
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Figure 1: Representative transmission electron micrographs of CdSe, CdSe/ZnS and cryogenic
transmission electron micrographs of SiQDs
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Optical characterization: To investigate the optical properties of the QDs, UV-vis extinction,
steady-state emission, and absolute quantum yield (AQY) measurements were completed. The

emission spectra and AQY were measured using a calibrated integrating sphere paired with an
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Ocean Optics USB2000 spectrometer. The measurement methods are described by Mangolini et
al.*® with excitation provided by a 395 nm LED. The CdSe cores exhibited observable absorption
signals at 500 nm and 590 nm, similar to the CdSe/ZnS QDs absorption in Figure 3A. However,
as the surface defects were not passivated by a protective shell, namely the ZnS layer, the
photoluminescence of CdSe QDs were quenched significantly.** Therefore, the CdSe QDs did not
exhibit bright enough emission to be detected by our spectrometer. The CdS/ZnS QDs exhibited
an emission peak at 630 nm (Figure 3A) and their AQY was 47%, whereas SiQDs exhibited an
emission peak near 830 nm (Figure 3B), and their AQY was measured to be 25%. Because of the
near infrared (NIR) limitations of our spectrometer, it is possible the broad SiQD emission actually
extends further to NIR. If so, the AQY would be greater than measured and the reported value can
be considered a lower bound. The peak emission of the CdSe/ZnS at 630 nm corresponds to a red-
orange color, while the peak of the SiQDs at 830 nm is in the near infrared, rather than the visible.
The SiQDs synthesized in a plasma reactor can provide an inexpensive and potentially
environment-friendly alternative to Cd-based QDs, though further optimization needs to be done

to reach quantum yields that match their Cd-containing counterparts.
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Figure 3: A) Optical properties (UV-vis absorption and emission) of CdSe/ZnS QDs and (B)
optical properties (UV-vis absorption, and emission) of SiQDs.
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Comparative toxicity assessment of QDs:
Colony counting assays (Drop-plate and Pour-plate assays):

Colony counting assays have been considered a gold standard in bacterial cell enumeration in
microbiology. In this work, colony counting assays were used to determine the number of viable
bacteria cells in a solution after they had been treated with the different QDs (CdSe, CdSe/ZnS, or
Si). The bacteria solution was diluted to obtain discrete and non-overlapping colonies on the LB-
agar plate. The diluted bacterial suspension was exposed to increasing QD concentration to assess
the dose-dependent nature of any toxicity that the QDs exhibit. These solutions were plated on
LB-agar plates and incubated for 18-20 h so that countable colonies were discernible. The number
of colonies formed on the LB-agar plate indicate the number of viable cells present in the exposure
solution. Thus, any decrease in the number of colonies compared to the negative control was
attributed to toxic effects exhibited by the QDs. The drop plate colony counting method was used
for the Gram-negative bacteria Shewanella oneidensis MR-1, and the pour plate colony counting

method was employed for the Gram-positive bacteria Bacillus subtilis SB491.

The results of the drop plate colony counting assays with Shewanella oneidensis following
exposure to QD concentrations of 50 mg/L, 100 mg/L, or 200 mg/L are shown in Figure 4. The
results for parallel pour plate colony counting assays with Bacillus subtilis are shown in Figure 5.
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 + standard deviation (SD), and statistical significance is indicated using asterisks (p values
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< 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 *).

The SiQDs did not have any significant toxic impact on either S. oneidensis or B. subtilis cells at
any of the tested concentrations. The CdSe QDs were significantly more toxic to the bacteria cells,
when compared to the SiQDs or the CdSe/ZnS QDs. At a concentration of 200 mg/L, the CdSe
QDs killed about 95% of the cells in case of S. oneidensis and 75% cells in case of B. subtilis. The
CdSe/zZnS QDs were not toxic to S. oneidensis cells at any of the concentrations considered, but
showed mild toxicity to the B. subtilis cells at 200 mg/L. Cd-based QDs can exhibit toxicity due
the effect of dissolved toxic Cd(ll) ions,**“* as well as the generation of reactive oxygen species
(ROS).*45 24 ROS is known to induce growth defects in bacteria, inactivate mononuclear iron
proteins, cause DNA damage, oxidize cysteine proteins, and peroxidize lipids, amongst other
effects.*® Reactive oxygen species (ROS) produced in cells by heavy metal stresses are known to
damage iron-containing proteins in S. oneidensis.*’ Cd(ll) ions can impact biological systems in
several ways: (1) by inhibiting DNA repair mechanisms by impairing the damage recognition
step*® (2) by causing oxidative stress in cells through ROS generation, and subsequent damage to
cell membranes,*® and (3) by incorporating into Gram-negative cells through the Mg(ll) uptake
system or Gram-positive cells by the Mn(I1) uptake system.*® The ZnS shell on the CdSe core can
mitigate some of the toxicity of the cores*? by protecting the cores from weathering and oxidation
and eventual dissolution to Cd(ll) ions.? Despite the protective shell, some toxic effect was
observed for the B. subtilis cells when treated with 200 mg/L CdSe/ZnS QDs. Gram-positive

bacteria, like B. subtilis, can be more susceptible to toxicity posed by nanoparticles than Gram-
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negative bacteria, like S. oneidensis, because they lack an outer cell membrane with

lipopolysaccharide (LPS) chains that play a protective role.>

Figure 4: Bacterial viability of S. oneidensis assessed using drop plate colony counting. A. The
template of an LB-agar plate for drop plate assay B. No observable effect on bacterial viability
with treatment with SiQDs C. Significant dose-dependent toxic effect when treated with CdSe QDs
D. No effect on bacterial viability upon exposure to CdSe/ZnS QDs. The error bars denote the
standard deviation between three biological replicates. p values < 0.0001 indicated by ****,
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Figure 5: Bacterial viability of B. subtilis assessed using pour plate colony counting. A. The
template of a 12-well plate for pour plate assay B. No observable bactericidal effect on treatment
with SiQDs C. Significant dose-dependent toxic effect when treated with CdSe QDs D. Small
effects on bacterial viability upon exposure to CdSe/ZnS QDs. The error bars denote the standard
deviation between three biological replicates. p values < 0.0001 indicated by **** and 0.01 to
0.05 indicated by *Biological TEM analysis:

Biological TEM imaging provides qualitative insight into the spatial interactions between bacterial
cells and QDs after the cells have been incubated with the QDs. Figure 6 shows the results obtained
from imaging S. oneidensis samples exposed to the three different QDs at 200 mg/L for 15 minutes.
The CdSe-treated S. oneidensis cells show significantly damaged cell membrane structures, and
many polyp-like globules of disintegrated cell membranes far from their original location (Figure
6A). One interesting feature present in the CdSe-exposed S.oneidensis samples was the abnormal
elongation of the bacterial cells (Figure 6B). Similar results have been observed previously with
S. oneidensis cells incubated with CdTe QDs.>? This abnormal elongation is a known phenomenon
in bacteria cells called filamentation. This occurs when a cell continues to elongate but does not
undergo cell division due to inhibition of chromosome replication caused by DNA damage.>® The
presence of filamentous cells in the sample suggests DNA damage and genotoxicity to S.
oneidensis cells in the presence of CdSe QDs. This can be directly correlated with the cell viability

data obtained from the colony-counting assay. Neither the CdSe nor the CdSe/ZnS QDs were

observed near any of the S. oneidensis cells.
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CdSe/znS

200 nm’

Figure 6: Biological transmission electron micrographs for S. oneidensis after treatment with
QDs. A. & B. TEM images of B. subtilis treated with CdSe QDs. Indicate the cell membrane
damage and filamentation of bacterial cells following exposure to CdSe QDs. C. TEM images of
B. subtilis treated with CdSe/ZnS QDs. Indicates no association of CdSe/zZnS QDs with bacterial
cells. D. TEM images of B. subtilis treated with SiQDs. Indicates no association of SiQDs with
bacterial cells although the presence of SiQD aggregates is apparent (indicated by yellow box).
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Figure 7: Biological TEM for B. subtilis after treatment with QDs. A TEM images of B. subtilis
treated with CdSe QDs. Indicate the cell membrane damage of bacterial cells following exposure
to CdSe QDs. The yellow box indicates CdSe QDs associated with cellular material. B. & C. TEM
images of B. subtilis treated with CdSe/ZnS QDs. No association of CdSe/ZnS QDs with the
majority of bacterial cells. Cell membrane damage and association observed in some cells as
denoted by yellow arrows in 7C. D. TEM images of B. subtilis treated with SiQDs. No association
of SiQDs with bacterial cells as denoted by SiQD aggregates in the box in 7D.

Neither the CdSe/ZnS nor the SiQDs exhibited any noticeable qualitative association with or
impact on the S. oneidensis cells. For the sample containing the SiQDs, the QDs were aggregated
near the cells, but no direct contact between the QDs and the cells were observed after visualizing
a minimum of 20 bacterial cells across 2 TEM grids. For the B. subtilis cells, cell membrane

damage was observed following treatment with CdSe QDs. A majority of the cells treated with
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CdSe/ZnS QDs appear intact, with no association with the QDs (Figure 7B); however, a few cells
showed localized cell membrane damage, with QDs dotted along the compromised cell wall

(Figure 7C). No interaction between the SiQDs and B. subtilis cells was noted. (Figure 7D)

Further toxicity assessment of SiQDs: Due to the novel nature of the SiQDs used in this study, and
the lack of previous studies on toxicity assessment of Si-based QDs, further experiments were
performed to probe any possible sub-lethal effects of the SiQDs on the two model bacteria, S.
oneidensis and B. subtilis. The effect of the SiQDs on bacterial respiration and oxygen uptake was
assessed using respirometry, and the membrane integrity in presence of the SiQDs was monitored

using the Live-Dead BacLight assay Kkit.

Respirometry: The oxygen consumption of bacterial cells over time was examined using a
respirometer. Any sub-lethal impact due to the QDs, such as delayed onset of growth, can be
assessed from the oxygen uptake curve. The oxygen uptake curve generally follows a sigmoidal
shape, like the bacterial growth curve, since the population growth and oxygen uptake are
proportional to one another. With one biological replicate for each of the two materials replicates,
neither the 50 nor 100 mg/L SiQDs had significant effects on the respiration of either S. oneidensis

or B. subtilis cells (Figure 8).
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B. Representative respirometry data for S. oneidensis and C. B. subtilis. Both the negative control
and SiQD-exposures to 50 and 100 mg/L are shown.

Membrane integrity assay (Live-Dead assay kit): The membrane integrity assay using the Live-
Dead BacLight assay kit employs two nucleic acid stains: green fluorescing SYTO-9, which stains
all cells, and red fluorescing propidium iodide, which penetrates and stains cells with compromised
membranes. A decreased green/red fluorescence ratio indicates a more permeable membrane. The
experiment was done by treating the bacteria cells with QDs for 1 h or 6 h time periods, introducing
the dye mixture, and then measuring the fluorescence data. The results show minimal effect of the
SiQDs on the cell membrane integrity for both bacteria species. Even at an extended exposure time
of 6 h, there was no significant change in the “live:dead ratio” compared to the negative control.
Thus, it can be concluded that the SiQDs do not damage the cell membrane of the bacteria.
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Figure 9: Live-dead membrane integrity assay with bacteria and QDs. A. Schematic showing cell
permeable SYTQO9 and cell impermeable propidium iodide (PI). B. Data for S. oneidensis after 1
h and 6 h treatment with Si QDs C. Data for B. subtilis after 1 h and 6 h treatment with Si QDs.
The error bars denote the standard deviation between two biological replicates.

Conclusions:

SiQDs with good optical properties were synthesized in a low-pressure, non-thermal plasma, and

then treated with a microplasma to make them water dispersible. These QDs, made of earth-

abundant silicon, have potential as a sustainable alternative to transition metal-based QDs. This

work set out to consider potential toxicity of these materials to bacteria, critical components of the

food web. The effects of the SiQDs were considered on two different bacteria, one Gram-negative
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and the other Gram-positive, and compared with the effects of two traditional Cd-based QDs (CdSe
and CdSe/ZnS). The SiQDs did not show any effect on the viability of bacteria cells as seen in the
colony counting assays, whereas the CdSe QDs exhibited significant dose-dependent toxic effects
on the bacteria. The ZnS-coated CdSe QDs showed little to no toxicity to the two bacteria tested.
In biological TEM studies the SiQDs showed no association or qualitative impact on bacterial
morphology while the CdSe-treated bacteria showed cell membrane damage and filamentation.
The ZnS-coated CdSe QDs were seen to exhibit minimal association with the B. subtilis cells.
Upon exploration of more nuanced bacterial impacts, the SiQDs proved to be benign when
considering both respiration and membrane integrity. Overall, based on considerations of bacterial
toxicity, this work supports SiQDs as a non-toxic, benign alternative to Cd-based QDs, with the
potential to reach comparable luminescent properties. While adding a shell to traditional CdSe
QDs appears to be similarly benign, the SiQDs have the additional benefit of being synthesized

from an earth-abundant material with more mature recycling infrastructure.>*>°
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