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Abstract:

Bacterial growth stage plays an important role in how bacteria interact with nanoparticles, but the
effect that two-dimensional nanomaterials may have on this interaction has yet to be rigorously
studied. The goal of this study is to explore the role of the growth stage (non-growing, exponential,
transitional, and stationary) of Escherichia coli (E. coli) in its response to graphene oxide (GO),
MoS,, and MoSe; colloidal nanosheets (ranging 0.00-2.52 pg GO-TOC, MoS,-Mo, or MoSe,-Mo
mL-"). This study is the first to comprehensively examine the response of E. coli at its various
growth stages to two-dimensional nanomaterials. We also examine bacterial response to novel
two-dimensional nanomaterials (MoS, and MoSe;) compared to an extensively studied material
(GO). The bacterial responses were quantified in terms of respiration and growth rate and
membrane permeability. A novel, high throughput technique was applied to rapidly reveal the
range of biological responses that occurred. E. coli response to nanosheet exposure was dependent

on the concentration and type of nanomaterial, and the bacterial growth stage. GO at 2.27 pg GO-
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TOC mL! led to a 17% reduction in respiration rate. Reductions in growth rate for this condition
during the transitional and stationary stages were 9% and 87% respectively, compared to the 0.00
pug GO-TOC mL-! control condition growth rate. When rapidly growing E. coli in a nutrient-rich
environment is exposed to GO, the growth rate increased (up to 22% for the 2.27 ug GO-TOC
mL-!' sample). Under these conditions, E. coli can use GO as a scaffold for cellular growth, leading
to an increase in growth rate. MoS, and MoSe, have little impact on the growth and respiration of
E. coli regardless of the environment. The membrane permeability assay shows that the Mo
nanosheets lead to a greater increase in membrane permeability in E. coli compared to GO. Our
characterization of the Mo materials shows that they are smaller and stiffer compared to GO, so
they are more likely to puncture the membrane. This study demonstrates that microorganisms have
a range of responses to nanosheets and that the physiological condition of the bacteria and the
nanosheet type play important roles in their response.
Environmental Significance Statement:
This work has implications for the response of biological systems to nanosheets in suspension and
applications in environmentally relevant technologies. Here, we show that the growth stage of the
bacteria are important factors influencing biological response to the nanomaterial. We also use a
high throughput technique that can be applied to demonstrate the range of bacterial responses to
two-dimensional nanomaterials. Finally, the bacterial response to the nanosheets studied here
indicates that the nanomaterials studied here could be used as biocompatible coatings for microbial
fuel cell electrodes.
Introduction:

The properties and potential applications of two-dimensional (2D) materials have been the

subjects of significant research, with studies focusing on topics ranging from flexible transistors,
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to super capacitors, to biosensing to environmental toxicity. The class of 2D nanosheets consists
of a single layer or few layers of covalently bonded atoms that extend laterally in the XY plane in
the micro- to nano-meter range to create sheet-like or plate-like particles.? Some nanosheets in
colloidal suspension have multiple layers that are held together by weak van der Waals forces.?
This study focuses on three types of nanosheets: graphene oxide (GO), molybdenum disulfide
(MoS,), and molybdenum diselenide (MoSe;). GO nanosheets are single layers of hexagonally
arranged carbon atoms (graphene nanosheets), decorated on the faces and edges with oxygen-
containing functional groups, many of which protrude out of the nanosheet plane.* The oxygen-
containing groups impart polarity and hydrophilicity that enables GO nanosheet dispersion in
aqueous media, often in the form of fully-dispersed, unstacked monolayers.* 3> MoS, and MoSe;
are transition metal dichalcogenides (TMDs), which consist of a central layer of transition metal
(molybdenum) atoms with layers of chalcogen atoms (sulfur or selenium) on either side.® The
transition metal and chalcogen atoms are covalently bonded to each other. MoS, and MoSe,
nanosheets are relatively new types of two-dimensional nanomaterials and their interactions with
microorganisms are less widely studied compared to GO. The large surface area, electronic
properties, and mechanical strength of GO, MoS,, and MoSe, make them attractive as enabling
components in a variety of applications, including water treatment, electronics, electrocatalysts,
microbial fuel cells, and sensors.? > ©

In the literature on bacterial-nanosheet interactions, GO is the most well-studied of the 2D
nanomaterials studied here. The ability of GO to inhibit bacterial growth or cause physical damage
to a cell depends on nanosheet size, shape, surface functionalization, concentration, solvent, and
whether the nanosheets are in suspension or deposited on a surface.”® The mechanisms leading to

reductions in bacterial proliferation and viability include cellular entrapment’. 1% 11 cellular
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membrane damage from sharp edges!® 12, and oxidative stress’. Graphene nanosheets have also
been shown to penetrate mammalian cell membranes, beginning at sharp corner sites or asperities,
which then initiates cell uptake and often complete internalization.'3 The ultrathin (single-atom)
geometry of GO and its micron-scale lateral dimension leads to an extreme aspect ratio (> 1000)
and associated paper-like flexibility that enables folding®3, wrinkling and crumpling'# %5, and
conformal bacterial cell entrapment?3.

Some studies have shown that bacterial cell growth can improve after contact with GO.%
16-18 Targer GO aggregates have been reported to act as scaffolds for bacterial growth.® ¢ Rapidly
growing communities of bacteria quickly occupy GO surfaces, which may shield the remaining
planktonic bacteria from any GO effects.® 819 MoS, and MoSe; are less widely studied compared
to GO. These nanosheets have been reported to have little impact on bacterial respiration and
structure.?%-22 These studies have focused on how the properties of the nanosheet affect bacterial
response. This often leads to the hybridization of MoS, and MoSe, with other active nanomaterials
to achieve the desired antibacterial or therapeutic properties.??>> MoS, and MoSe, are
representatives of the important class of transition metal dichalcogenides (TMDs), and they are
sensitive to air oxidation leading to gradual dissolution in aqueous suspension either in storage or
during use.?® These suspensions must be considered mixtures of solid nanosheets and soluble
products, either one of which or both may drive biological responses.? This is a potential co-
exposure scenario in which the relative amount of solid (nanosheet) and soluble dissolution
product (e.g. MoO4* ion in the case of MoS, and MoSe,) may vary over time as the oxidative
dissolution process proceeds.?®

The impact of nanomaterials on a bacterial community can be studied using kinetic

parameters, such as the respiration rate, growth rate (u), or maintenance coefficient (mj).%’-2°
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Respiration assays take advantage of the electron transport chain to measure the aerobic

metabolism of a microorganism.3® The growth rate for a culture indicates how quickly the bacteria
are reproducing.?’” 28 Specific growth rate, the rate of biomass generation for a cell population, is
important because it is used as an intrinsic parameter for the growth of the culture.3! Respiration

and growth rates have been used to quantify the effects of nanomaterials, including dysprosium
nanoparticles?®, silver nanoparticles®2, and carbon nanotubes®3 on bacteria.

Metabolic activity is an important aspect of bacterial response to nanoparticles.2® 29 32, 34
Previous studies have shown that bacteria with increased metabolic activity experience more toxic
effects (reductions in respiration rate, substrate utilization, biomass concentration, etc.) following
exposure to nanoparticles.?® 29 In this study, we examine the effect of growth stage on bacterial
response to two-dimensional nanomaterials. Studies examining the interactions between bacteria
and two-dimensional nanomaterials have focused on how the properties of the nanomaterial affect
the bio/nano interaction. The goal of this study is to address the lack of information regarding the
impact of bacterial growth on the response of E. coli to GO, MoS,, or MoSe,. The effects of the
nanosheets on the metabolic and physical characteristics of the E. coli were quantified using
respiration, growth, and membrane permeability assays. A high throughput approach was used to
explore the range of bacterial responses more effectively over a wide range of conditions.
Methods:

Nanosheet preparation for bacterial assays

The nanosheets used in these experiments were synthesized using previously published
methods (see Supplemental Information) and characterized using X-ray diffraction, X-ray
photoelectron spectroscopy, and scanning and transmission electron microscopy.? '3 Prior to use

in any experiment, the nanomaterial suspensions were bath sonicated for 20 minutes in an L&R
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solid state ultrasonic T-288 bath sonicator. Nanomaterial concentrations were determined using a
Shimadzu TOC-L (GO) and ICP-MS 2030 (MoS, and MoSe,) before application in any
experiments. Total organic carbon (TOC) quantification for the GO was performed according to
Standard Method 5310B.3°> The Mo isotope was used to quantify MoS, and MoSe, nanosheet
concentrations after they were digested with hydrogen peroxide and 2% nitric acid (1 mL sample:
1 mL 30% hydrogen peroxide: 2 mL 2% nitric acid) for 48 hours.?® TOC and ICPMS samples
were measured in duplicate. Here, we present the concentration of the nanosheets as pg GO-TOC,
MoS;-Mo, or MoSe,-Mo mL-!, for the GO, MoS,, and MoSe, nanosheets, respectively. These units
signify that the nanosheet concentrations are presented as pg TOC mL-! for GO and pg Mo mL-!
for the molybdenum nanosheets.

Nanosheets were added to the bacterial suspensions at a constant mass dose of 0.00-2.52
ng GO-TOC, MoS,-Mo, or MoSe,-Mo mL-!. The range of nanosheet concentrations utilized here
is on the lower end of the concentration range that has been shown to elicit responses from
microorganisms in previous studies.”- 8 18 36-41 This concentration range was selected to be close to
the environmentally relevant range of concentrations in the environment. The concentration of
nanosheets in the environment has yet to be rigorously quantified, but is likely similar to other
engineered nanomaterials (TiO,, silver nanoparticles, carbon nanotubes, etc.).4>4* These materials
are in the pg L' to ng L' range in surface waters.*> 43 In order to determine the concentration of
the dissolved fraction of the MoS, and MoSe, nanosheets, samples were filtered on 3 kDa
polyethersulfone centrifugal filters at 5000 RPM for 30 minutes and the filtrate analyzed for atomic
Mo as described above.

Bacteria culture and assay preparation

Page 6 of 29



Page 7 of 29

oNOYTULT D WN =

Environmental Science: Nano

The model organism for the bacterial experiments described here was a strain of E. coli
(BTF 132) expressing the gene for the production of green fluorescent protein (GFP).4* 4> For each
experiment, E. coli were grown for 12 hours in Lysogeny broth (LB) media (50 mL).?° 32 The cells
were pelleted via centrifugation and washed twice with 10 mL of 10% phosphate buffer solution
(PBS).32 The 10% PBS used for the washing step was 1.12 g L-! dibasic potassium phosphate, 0.48
g L-! monobasic potassium phosphate, 0.002 g L! ethylenediaminetetraacetic acid (EDTA).3? All
transfers were made under aseptic conditions. After washing, the E. coli were resuspended in 25
mL of 10% PBS and refrigerated for 30 minutes to slow the growth of the bacteria.?®
Respiration, growth, and membrane permeation assays

The respiration (nutrient-limited) and growth (nutrient-rich) assays were conducted in 384
well microplates, which were filled using an OpenTron pipetting robot (OT2) to ensure accuracy
and reproducibility. Each microplate contained E. coli exposed to GO, MoS,, or MoSe; at different
concentrations (see Table S1 for the plate layout). 16 samples and 8 blanks (without bacteria) were
analyzed per nanosheet concentration in each microplate.

The media for the respiration experiments was 10% PBS with 0.08 g L' glucose and
tetrazolium dye (1:100 dilution of Biolog Inc Dye Mix A) per well.?® After refrigeration, the E.
coli cells were diluted by a factor of 4 with 10% PBS for an initial optical density at 600 nm
(OD600) of 0.5-0.6. The absorbance of the bacteria/nanosheet suspensions was read every 10

minutes for 4 hours at 590 nm using a BioTek Synergy Mx plate reader.?® 46 The microplates were
incubated at 25°C and shaken continuously throughout the measurement in the plate reader. The

total number of samples analyzed for the respiration assay was 112 per nanomaterial condition (7

microplates).
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The microplates used for the growth assays had the same layout (Table S1) and
nanomaterial concentrations as the respiration assay. After refrigeration, the E. coli stock solution
was diluted by a factor of 40 using M9 media for an initial OD600 of 0.05-0.06. The M9 media
that was used for the growth assays contained M9 salts (0.011 g L!), casaminoacids (50 g L"),
magnesium sulfate (0.24 g L"), calcium chloride (0.011 g L-!), thiamine (0.0003 g L), and
glucose (0.5 g L"). A higher concentration of PBS (2.8 g L' potassium phosphate dibasic, 1.2 g
L' potassium phosphate monobasic, and 0.005 g L' EDTA) was required in the growth assay
media compared to the respiration assay media because the bacteria were much more active under
these conditions. Without a more concentrated buffer, the media acidified. Absorbance was read
at 590 and 600 nm every 10 minutes until the nanosheets were added to the microplate. The
microplates were incubated at 37°C in the plate reader until the bacteria reached the desired growth
phase. The nanosheets were added to the growth assays during the exponential (OD600 ~0.14),
transitional (OD600 ~0.55), and stationary phases (OD600 ~0.85) of E. coli growth (Fig. S2). At
that point, the plate was removed and the nanosheets were added to the culture. The OpenTron
was used to add the nanomaterials to the cultures and maintain the temperature of the microplate.
Once the nanomaterials were added, the absorbance was measured at 590 and 600 nm every 10
minutes for up to 12 hours.

E. coli for the membrane permeability assay were cultured, purified, washed, and
refrigerated following the same procedures as the previous assays.?® 32 Samples were prepared for
respiration and growth conditions as previously discussed except at a larger volume (to facilitate
washing the bacteria). The tetrazolium dye was excluded from the respiration and growth medias
to prevent interference with the fluorescence. The highest and lowest concentrations for each

material were used as the conditions for this assay. After incubation with the nanomaterials for 2
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hours, the cultures were centrifuged at 3000 RPM for 10 minutes. Incubations were performed at
25°C and 37°C for the respiration and growing conditions, respectively, in a shaker/incubator. The
resulting pellet was washed twice with 10% PBS. After washing, the OD600 of the solution was
measured and the sample was diluted with 10% PBS in a 96 well microplate to get an OD600 of
0.082 £0.016 in a volume of 100 nL.%8 In total, sample preparation (from the end of the exposure
to plating) required about 40 minutes. Standards were prepared by diluting refrigerated bacteria
1:4 in 10% PBS. 2 samples (1 mL each) of 1:4 diluted bacteria were removed and pelleted via
centrifugation for 10 minutes at 3000 RPM. One pellet was resuspended in 10% PBS and the other
was resuspended in 70% isopropanol. Both suspensions were incubated at room temperature and
vortex mixed every 15 minutes for 1 hour. These solutions were diluted to an OD600 of
0.076+0.004 and mixed in various ratios (final volume: 100 pL) to generate a calibration curve of
bacteria with a range of membrane permeabilities. A 1:1 mixture of propidium iodide (PI) and
SYTO 9 was diluted in DI water (6 puL stain solution mL') and 100 pL was added to each sample
and standard.?® The resulting solution was mixed and incubated in the dark for 15 minutes before
analysis on the microplate reader.?® Excitation/emission wavelengths were 495/520 nm and
535/617 nm for SYTO 9 and PI, respectively.?® 2% 47 Each microplate contained a calibration curve,
samples, and blanks (see Table S2 for microplate layout).
Data Analysis

The respiration rate and p values were calculated using the slope of OD590 or OD600
(respectively) normalized to the initial bacteria OD vs. time.?® 2° T tests assuming equal variances

(a=0.05) were used for statistical testing with the respiration and growth data.*® Outlier testing

was performed using the Dixon’s 122 ratio on Minitab 18 (a=0.05) for the respiration and growth

data. The Dixon’s r22 outlier test is designed for sample sets with greater than n=14 samples.*°
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The Mann-Whitney U Test was used for statistical testing with the membrane permeability data.
Outlier testing with the membrane permeability data set was not possible because of the small
number of samples.
Results:
Nanosheet characterization

The as-synthesized materials are monolayer to few-layer nanosheets with irregular in-plane
shapes. Typical lateral dimensions are ~1 um for graphene oxide, ~250 nm for MoS,, and ~400
nm for MoSe, (Fig. S1).2% >0 Monolayer thickness for the three materials increases in the order
MoS, < MoSe, < GO, but among these three types of materials the thickness varies only £20% of
the average. Using the interlayer spacings in stacked films as a measure of fundamental monolayer
thickness, MoS; is measured here as 0.59 nm by XRD (Fig. S3A) and has been reported in the
literature as 0.65 nm.>! MoSe, thickness was measured here as 0.65 nm (Fig. S3B), which is similar
to previous studies.”® GO interlayer spacing depends on its hydration state and is measured here
by XRD in the nominally dry state to be 0.8 nm (Fig. S3C), which is similar to the 0.7 nm reported
in Nair et al. 2012 under controlled low humidity conditions.>> XPS analysis on GO drop cast films
(Fig. S4) confirmed the presence of both oxygen and carbon-based peaks observed at ~540 eV and
~295 eV, with a C:0O atomic ratio of 2:1. Falling within the typical C:O range for GO produced
via the modified Hummers method of ~1.5 to 2.5. Furthermore, high resolution carbon scans show
the presence of GO’s five primary peaks, which correspond to the non-oxygenated aromatic GO
structure C=C, C-C with the addition of C-O, C=0, and trace amounts of O-C=0 bonding (Fig.
S4), representing attached oxygenated carbonyl and carboxyl functional groups. Young's moduli
for monolayer sheets have been previously reported in the literature using specialized testing

methods for MoS, (270 £100GPa)>? and graphene oxide (207+ 23.4GPa)>*.
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Effect of nanosheets on bacterial respiration & growth

The respiration assay can be used to determine the impact that the nanosheets have on the
metabolic processes performed by E. coli.?® Figure 1 displays the results of the respiration assay
performed for each of the nanomaterials. The curves in this figure display the distribution of data
points collected for each condition in this part of the study. The shape of this curve relates to the
distribution of bacterial responses to the nanosheets. The maximum, average, and minimum values
for each data set presented in Figure 1 have been summarized in Table S3. Of the nanosheets
studied here, GO had the largest impact on the respiration rate of E. coli (Figure 1A). The
conditions with the highest concentrations of GO (1.14 and 2.27 pg GO-TOC mL-") experienced
a significant decrease in the E. coli respiration rate. The respiration rate declined 5.4% for the 1.14
pug GO-TOC mL! condition (1.1*10 min') compared to the control condition (1.2*10- min-").
A 16.7% decline was measured for the 2.24 pg GO-TOC mL-!' condition (1.0 *10-3 min')
compared to the control. MoS, (Figure 1B) and MoSe, (Figure 1C) had minimal impact on the
respiration rate compared to the control. Figure 1C shows that one of the MoSe, conditions (1.26

ug MoSe,-Mo mL!) has an increased respiration rate (1.3*10 min™') compared to the control

(1.2*103 min").

Graphene Oxide MosS, MoSe,
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Figure 1: Effect of GO (A), MoS, (B), and MoSe; (C) on E. coli respiration (n=111-112).
Conditions that are statistically different compared to the 0.00 ug mL-! controls (T-test) are marked
with an asterisk (‘*’). The horizontal lines within the violin plots mark the mean for each condition.
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Figure 2 shows the growth rate of E. coli after the introduction of the nanosheets during
the exponential, transitional, and stationary growth stages. The maximum, minimum, and average
values for each data set in Figure 2 can be found in Tables S4-6. The growth rates measured in this
assay ranged 0.74-0.79 h!, 0.31-0.35 h'!, and 0.022-0.023 h! for the 0.00 ug mL-' conditions
during the exponential, transitional, and stationary phases, respectively. These values are within
the expected range based on the results of previous studies.?® >> 56 As in the respiration analysis,
GO had the largest impact on the growth of the E. coli. This impact was dependent on the
concentration of the material and the growth stage during at which they were introduced. GO at
2.27 ug GO-TOC mL! had a significant impact on the growth of the bacteria at every growth stage
(Figure 2 A-C). Whether the growth of the bacteria was positively or negatively affected depended
on the growth stage in which the nanomaterials were introduced. During the exponential phase,
the 2.27 pg GO-TOC mL! GO increased the growth rate of the E. coli by 22.0%. At this
concentration, the introduction of GO during the transitional and stationary phases led to
reductions in growth rate of 9.1 and 87.5%, respectively. Bacteria exposed to MoS,; at 2.50 ug
MoS,-Mo mL-! during the exponential growth phase experienced a 4.5% decline in the growth
rate (Figure 2D). Besides this result, MoS, and MoSe, have very little effect on the growth of E.

coli (Figure 2 D-I).
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Figure 2: Effect of the nanosheets on the growth rate (i) of GFP E. coli during each stage of growth
(n=47-48). Here, the growth rates have been normalized to the average control (0.00 ug mL-")
growth rate for each of the nanomaterials. The GO results are in the first column (panels A-C),
MoS; results are in the second column (panels D-F), and MoSe, results are in the final column
(panels G-I). The growth rates after nanosheet addition in the exponential, transitional, and
stationary phases can be found in the top (panels A, D, and G), middle (panels B, E, and H), and
bottom rows (panels C, F, and I), respectively. Conditions that are statistically different compared
to the 0.00 pg mL! controls (T-test) are marked with an asterisk (‘*). The horizontal lines within
the violin plots mark the mean for each condition.

Nanosheet impacts on membrane permeability

The membrane permeability assay was used to assess the changes in the physical structure
of the bacteria after exposure to the nanosheets. Sample preparation for this assay had minimal
impact on the membrane permeability of the cells. Undisturbed cell membrane (UCM) ranged 88-
97% for the control (0.00 pug/mL) conditions depending on the growth stage from which the

bacteria were harvested. Bacterial exposure to nanosheets under respiration conditions had little
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impact on the membrane permeability. For cells harvested following nanosheet exposure in
growing conditions, there were small, but statistically significant, changes in membrane
permeability after exposure to nanosheets. The Mo nanomaterials had more of an impact on
membrane permeability compared to GO. In cultures exposed to Mo nanosheets UCM values were
1.4-13.0% less than the control (depending on the growth stage of the bacteria). Introduction of
GO nanosheets led to UCM values that ranged 1.7-6.4% less than the control. These reductions in
UCM are lower compared to what previous studies have shown with this assay. Silver

nanoparticles (ranging 1-10 pg mL") can reduce the UCM of E. coli 10-90%.28

100 | Respiration Exponential

* * *

80 -
60 -
40 -
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Nanomaterial & Concentration

Figure 3: Membrane permeability of E. coli post exposure to nanosheets under (A) respiration, (B)
exponential phase growth, (C) transitional phase growth, and (D) stationary phase growth (n=5-
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6). Conditions that are statistically different compared to the 0.00 ug mL! controls (Mann-
Whitney U Test) are marked with an asterisk (‘*’).
Nanosheet stability during respiration and growth assays

MoS, has been shown to have a pH-dependent dissolution in aqueous solutions, including
biological media, driven by slow oxidation of the nanosheets by dissolved O,.26 ICP-MS analysis
was undertaken to assess the fraction of the total Mo in solid (nanosheet) vs. dissolved (ionic)
forms under typical conditions and exposure times in our E. coli experiments. Figure S5 shows
that the dissolved fraction varies depending on the type of media and the growth stage of the
bacteria, making up 23-32% and 18-27% of the total atomic Mo in the MoS, and MoSe, nanosheet
suspensions, respectively. The primary dissolved species is likely molybdate (M0O,?), which has
been reported to be the main product of nanosheet oxidation during storage, handling, and media
exposure during the assays.?® The results indicate that the samples used here consist primarily of
intact solid nanosheets, which are available to interact with the bacteria throughout the time that
the growth and respiration rates are measured.

Discussion:

In this study, we demonstrate that bacterial growth stage plays an important role in bacterial
response to GO. Under nutrient limited conditions (such as in the respiration media or during the
transitional and stationary growth phases), the introduction of GO led to a reduction in the
respiration (Fig. 1A) and growth rates (Fig. 2B & C). This is in line with Palmieri et a/ which
showed that GO (3-6 pg mL™") limits E. coli growth in nutrient limited conditions.® Unlike Palmieri
et al, our results indicate that bacterial deposition and wrapping with GO are more likely than a
membrane cutting mechanism.® Only small changes in membrane permeability were measured for

GO exposures, which makes membrane cutting unlikely as the major toxicity pathway. Under
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nutrient limited conditions, bacteria favor surface attachment, which would promote adhesion to
the nanosheets.””>° Once attached, bacteria become dormant due to a lack of nutrients.®® These
GO nanosheets have a larger specific surface area (m? g-') than the MoS, or MoSe, nanosheets
and would likely collect more bacteria and lead to larger reductions in respiration/growth rate at
the same mass dose. The GO nanosheets are ultra-thin, and have large lateral dimension making
them sheet-like in their bending and folding behavior, and their wrapping of slow growing bacteria
here could also lead to the reductions in respiration and growth rates without increasing membrane
permeability (Fig. 3).” 10 11 36, 61, 62 The large surface area of GO can also adsorb media
components, which has been shown to reduce the available nutrients for mammalian cell growth.%3
Under nutrient rich conditions, this scavenging would not play a very important role, but in nutrient
limited conditions this could have a more pronounced effect.

In contrast, exposure to GO when the bacteria were actively growing in the exponential
phase led to an increase in E. coli growth rate. In a nutrient rich environment, surface sites on the
GO become occupied by bacteria that are actively growing. Unlike the slower growing bacteria in
the respiration media or transitional/stationary growth phases, rapidly growing bacteria can use the
GO as a scaffold, promoting cellular growth.® 1819 Ruiz ef al showed that E. coli grows faster in a
nutrient rich environment in the presence of GO.8 Actively growing bacteria in Ruiz et al attached
to GO and proliferated, generating a large amount of biomass and extracellular polymeric
substances (EPS) adhered to the GO.*® This biomass and EPS occupies surface sites on the GO
and allows bacteria in suspension to grow freely. ° Cellular attachment and proliferation and the
occupation of surface sites lead to an increased growth rate for E. coli in the presence of GO.

The molybdenum nanosheets used in this study experience pH dependent dissolution.?® It

is unlikely that this dissolution had a major impact on the results presented here. ICPMS analysis
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demonstrates that 68-82% of the nanosheets were in the solid form (Fig. S5) throughout the period
that the bacteria were exposed. Wang et al demonstrated molybdenum nanosheet dissolution over
a much larger time scale than what is considered here.?® Dissolved Mo is an essential nutrient and
can be used as a cofactor in enzymes employed during E. coli carbon, sulfur, and nitrogen
metabolism.64-68

This study is the first to demonstrate that the growth stage of E. coli has little effect on its
response to MoS, and MoSe; nanosheets. In this study, bacteria are exposed to a solution of Mo
nanosheets and their soluble products (notably, Mo which is a micronutrient). While most of the
Mo was in the nanosheet form (Fig. S5), the dissolved Mo still represents an important constituent
of the solution added to the bacterial culture. Our results indicate that the solutions of Mo
nanosheets and dissolved Mo have little impact on E. coli respiration (Fig. 1B & C) and growth
(Fig. 2D-1), regardless of the growth state of the bacteria during nanosheet introduction. Other
experimental conditions may lead to an effect, but, in this case, there were no observed differences
between exposed bacteria and the controls. Our results are supported by previous studies which
have shown that these materials have little impact on bacterial growth and respiration under
conditions similar to those used here (growing and nongrowing).2%-22 The membrane permeability
assay (Fig. 3) suggests that the Mo nanosheets have more of an impact on the physical structure
of the cell compared to GO. Our results do not uniquely identify the underlying interaction
mechanism, but MoS, and/or MoSe, materials have been reported to induce membrane stress
through contact with the cell wall and reactive oxygen species generation.2 22 69,70

The results from the membrane permeability assay (Fig. 3) show that there are some small
changes in permeability under the conditions that were studied here. Significant changes in

membrane permeability rarely align with the trends in the growth and respiration assays. The
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inconsistencies between the membrane permeability assay and the others are likely due to some of
the limitations of this assay. The membrane permeability assay has a relatively high limit of
detection.”’ 72 The changes in membrane permeability were lower (1.4-13.0% reduction compared
to the control) compared to what previous studies have shown using this technique (10-90%
reduction in membrane permeability with silver nanoparticles).?2 The smaller magnitude of the
changes here could be preventing exact quantification of changes in membrane permeability.” 72
Intermediate states (damaged cells expressing the stains indicating both intact and permeable
membranes) are also common in the membrane permeability assay.”® It could also be that there are
small changes in membrane permeability post-nanosheet exposure that do not have a significant
impact on bacterial respiration/growth. Physical membrane disruption has been reported for GO”#
7. MoS,?1 7% 78 and MoSe,?" 79, indicating that there is support in the literature for the data
acquired in this assay. Overall, the results of this assay indicate that the nanosheets have some
physical effect on E. coli membranes, but the limitations of the assay prevent rigorous
quantification of the effect.

In this study, we utilized a novel, high throughput approach for examining the interactions
between E. coli and suspensions of GO, MoS,, or MoSe,. Most studies use 2-4 replicates when
examining nanosheet interactions with bacteria, which limits the statistical power of the
measurement.® 18 38 7983 We were able to demonstrate small, but statistically significant,
differences between experimental groups by increasing the number of samples. This may be
important as more studies examine the biological response to nanosheets in the environmentally
relevant concentration range (ug L' to ng L' range).*> 4> Lower nanosheet concentrations will
elicit less of a bacterial response during testing and a high throughput approach could be used to

improve detection. This technique also allows us to see the range of interactions that the bacteria
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have with nanosheets in suspension. The E. coli have a bimodal distribution of responses to the
nanosheets under many of the conditions examined here (Tables S7-10 for skewness, kurtosis, and
Ryan-Joiner test results). In a bimodal distribution, a distinct subpopulation of bacteria creates a
secondary peak in the distribution of responses. Previous studies have shown that bacteria can have
a bimodal distribution of responses to antibiotics, but this has not been demonstrated for
nanosheets until now.84®” A bimodal distribution of responses to antibiotics indicates the
development of resistance.?58” In this case, the bimodality of the bacterial responses could indicate
the presence of several mechanisms through which the bacteria respond to nanosheets.

The results of this study demonstrate that GO, MoS,, and MoSe, could be applied in
technologies that require compatibility with bacteria. One example of such a technology would be
microbial fuel cells (MFCs). In this context, compatible nanosheets could promote electricity
generation in MFCs by increasing electrode surface area, conductivity, cellular attachment, and
extracellular electron transfer.8897 GO9%% 92 94 95> and MoS,2® 23 have already been shown to have
some promise for this application. These studies focus on how the properties of the nanosheet
affect interactions with bacteria and the generation of electricity. Future research in this area could
examine the physiology of the microorganisms in MFCs and how that could affect electricity
production. This is especially interesting for GO, which enhanced the growth of rapidly growing
E. coli. A nutrient-rich environment could promote positive interactions between the bacteria and
GO, improving electricity generation.

Conclusion:

Bacterial responses to two-dimensional nanomaterials are complex and typically depend

on multiple material properties as well as the physiological state of the bacteria. Here, we examined

the responses of E. coli to GO, MoS,, and MoSe; at different growth stages. A high throughput
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technique was applied to quantify small changes in respiration and growth rates and study the
range of bio/nano responses. The responses were dependent on the structure and concentration of
the nanosheet as well as the physiological state of the bacteria. GO improved the growth rate of
actively growing E. coli and caused reductions in growth rate and respiration rate for slow growing
or static E. coli. MoS, and MoSe, had little impact on the growth and respiration of the E. coli
regardless of growth stage under the conditions tested here. The membrane permeability assay
showed that the nanosheets caused a small increase in permeability that could not be reliably
quantified. Previous studies have demonstrated the inactivation of bacteria in response to exposure
to two-dimensional nanomaterials. Here, we show that the responses of E. coli to nanosheets were
not limited to toxic effects, there were a range of bacterial responses based on the physiology of
the bacteria and the properties of the nanosheet.
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