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Graphene derivatives have been attracting extensive interest as effective antimicrobial agents.

In the present study, ternary nanocomposites are prepared based on graphene oxide quantum
dots (GOQD), polyaniline (PANI), and manganese oxides. Because of the hydrophilic GOQD
and PANI, the resulting GPM nanocomposites are readily dispersible in water and upon
photoirradiation at 365 nm exhibit antimicrobial activity toward both Gram-negative Escherichia
coli (E. coli) and Gram-positive Staphylococcus epidermidis (S. epidermidis). Notably, the
nanocomposite with a high Mn2* and Mn*#* content is found to be far more active than that with
a predominant Mn3* component, although both samples feature a similar elemental composition
and average Mn valence state. The bactericidal activity is largely ascribed to the photocatalytic
production of hydroxy radicals and photogenerated holes; both are known to exert oxidative stress
on bacterial cells. Further antimicrobial contributions may arise from the strong affinity of the
nanocomposites to the cell surfaces. These results suggest that the metal valence state may be a
critical parameter in the design and engineering of high-performance antimicrobial agents based
on metal oxide nanocomposites.

Graphical Abstract
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INTRODUCTION

The continuous widespread application of antibiotics to Gram-negative and Gram-positive
bacteria has led to the evolution of enzymatic resistance.! Thus, it is of both fundamental
and technological significance to develop alternative antimicrobial agents that can combat
antibiotic resistance. The bactericidal activity of graphene-based nanocomposites has been
attracting extensive interest because of their known combination of actions, such as
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oxidative stress induction, protein dysfunction, membrane damage, and transcriptional
arrest.2 For instance, it has been found that graphene oxide quantum dots (GOQDs),
prepared by oxidative exfoliation of carbon fibers, exhibited apparent antimicrobial activity
against Staphylococcus epidermidis (S. epidermidis), and the cytotoxicity was markedly
diminished when the GOQDs were chemically reduced by NaBH,. This was ascribed to
effective removal by NaBH, reduction of redox-active phenanthroline-like moieties that
interacted with the electron-transport chain of the bacterial cells and diminished production
of hydroxyl radicals that were potent bactericidal agents after chemical reduction, as a result
of increased conjugation within the carbon skeletons.3 The antimicrobial activity can be
enhanced by the formation of nanocomposites with metal oxide nanoparticles, such as ZnO,
TiO,, Cu,0, Fe,0,, and Ag,0, where the high photocatalytic activity of the latter can be
exploited for the enhanced production of reactive oxygen species (ROS).#® In a previous
study,® photoactive ZnO/GQD nanocomposites were prepared by a facile hydrothermal
method, and the bactericidal activity toward Gram-negative Escherichia coli (E. coli) was
found to be markedly improved under UV photoirradiation, as compared to that in ambient
light. This was accounted for by the photoillumination that facilitated the generation of ROS
with minor contributions from membrane damage, as manifested in electron paramagnetic
resonance (EPR) and fluorescence microscopic measurements. The antimicrobial activity
can be further enhanced by the formation of a ternary composite with a cationic polymer
due to enhanced electrostatic interactions with bacterial cell membranes.” Similarly, Cao

et al.8 demonstrated an enhanced photodynamic antibacterial activity of TiO,—graphene
nanosheet nanocomposites, which featured a tunable band gap as a function of reduced
graphene oxide (rGO) deposition. In another study,® three-dimensional networks of rGO
nanosheets hybridized with vertically aligned CuO nanowires were prepared by a combined
thermal oxidation/electrophoretic deposition method and exhibited apparent antimicrobial
activity toward £. coli. This was ascribed to photoinduced electron injection from CuO into
rGO, where the resulting excess electrons on the rGO functional groups led to the ready
production of ROS and eventual bacterial cell death.

Notably, manganese oxides have also emerged as attractive photocatalysts, in particular,

for the degradation of organic pollutants, due to their good performance, high natural
abundance, and minimal impact on the environment.10 Interestingly, the photocatalytic
activity has been found to vary with the Mn valence state. For instance, the activity

toward oxone activation exhibited a trend of Mn,O3 > MnO > Mn30, > MnO,,11 whereas
the efficacy of the photocatalytic degradation of alizarin yellow varied in the order of
MnO, > Mn30,4 > MnOOH. A higher band gap energy was correlated with enhanced
photocatalytic activity, likely due to an adjustment in the band structure that facilitated ROS
production.12 Notably, studies of manganese oxides as photoactive bactericidal agents have
been scarce.13-15 Thus, one immediate question arises. Will the Mn valence state impact the
antimicrobial activity? This is the primary motivation of the present study.

Herein, ternary nanocomposites were prepared whereby manganese oxides (MnO,) were
deposited onto GOQD/polyaniline (PANI) hybrids. The resulting GPM nanocomposites
were found to contain a consistent content of Mn with an average valence state of ca.

2.8. Notably, the sample that featured a substantial Mn2* and Mn#* component exhibited
markedly enhanced antimicrobial activity under 365 nm photoirradiation toward both Gram-
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negative E. coli and Gram-positive S. epidermidis, as compared to the sample with a
dominant Mn3* component. This was ascribed to the different photocatalytic activity in
ROS production, as manifested in photoluminescence measurements where the former
sample was found to exhibit much quenched emission, suggesting enhanced efficiency

of the separation of photogenerated electron-hole pairs. EPR measurements showed that
the bactericidal activity was primarily due to hydroxy radicals (HO<) and photogenerated
holes (h*). These results indicate that effective antimicrobial agents can be obtained with a
deliberate variation of the valence state of the photoactive species.

EXPERIMENTAL SECTION

Chemicals.

Aniline (99.8%), ammonium persulfate (APS, 99.8%), potassium permanganate (KMnQOy,
99.0%), polyvinylpyrrolidone (PVP, MW 3500), ethylenediaminetetraacetic acid disodium
salt dihydrate (EDTA-2Na, 99.0%), tert-butanol (TBA, 99.5%), 5,5-dimethyl-1-pyrroline
N-oxide (DMPO, >97%), and glutaraldehyde (25.0%) were all purchased from ACROS or
Sigma-Aldrich and used as received. Water was purified with a Barnstead Nanopure Water
System (18.3 MQ cm).

Sample Preparation.

GOQD.—The synthesis of GOQD has been detailed previously.® In brief, pitch carbon fiber
(1 g) was immersed into a mixture of concentrated HNO3z (40 mL) and H,SO4 (60 mL) in

a round-bottom flask. After 2 h of sonication, the carbon fibers were refluxed at 120 °C

for 24 h. Once the solution was cooled down to room temperature, the pH was adjusted

to pH 7 with NaOH and the solution was left overnight to allow for salts to precipitate

out of solution. The supernatant, which contained water-soluble GOQD, was collected and
transferred to a cellulose dialysis bag, which was placed in Nanopure water for several days
to afford purified GOQD.

Manganese Oxides.—Two manganese oxides (Mn,O,) were prepared by adopting
different literature protocols.16-18 In the first method,16 90 mg of KMnO, and 27 mg of PVP
were dissolved in 30 mL of water under stirring for 10 min, which formed a homogeneous
purple solution. The solution was transferred to a Teflon-lined steel autoclave, sealed, and
heated at 170 °C for 12 h. The precipitates were then collected by centrifugation, washed
with water and ethanol several times, and dried in a vacuum oven, affording solid powers
that contained a mixture of MnO and MnO,.

MnOOH was prepared by adopting a different procedure. In brief, 3 mL of absolute
ethanol was added into 47 mL of an aqueous solution of KMnOy, (0.1 M) under magnetic
stirring at room temperature. The mixture was then transferred into a Teflon-lined steel
autoclave, sealed, and heated at 140 °C for 24 h. The purified precipitates were dominantly
MnOOH, with a small fraction of MnO.

GOQD/PANI/Mn,Oy, Composites.—A 25 mg amount of the GOQD prepared above was
dissolved in 100 mL of Nanopure water under sonication for 1 h, into which was slowly
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added 12 mL of aniline, followed by a solution containing 12.25 mg of APS in 10 mL of 5.4
mM HCI, and after reaction in an ice bath for 10 min, a solution containing 25 mg of the
manganese oxides prepared above dispersed in hydrochloric acid (1 M, 50 mL). The reaction
was allowed under stirring for 12 h, and the solution was dialyzed in Nanopure water for 3
days, affording purified GOQD/PANI/Mn,O,, composites which are denoted as GPM-1 and
GPM-2. A control sample was also prepared in the same manner but without the addition of
manganese oxides and referred to as GP.

Characterization.

The morphology of the samples was characterized by transmission electron microscopy
(TEM, Phillips CM 300 at 300 kV) and scanning electron microscopy (SEM, FEI Quanta
field emission microscope) measurements. UV-vis absorption spectra were acquired with a
PerkinElmer Lambda 35 UV-vis spectrophotometer, and photoluminescence measurements
were conducted with a PTI fluorospectrophotometer. X-ray photoelectron spectra (XPS)
were recorded with a PHI 5400/XPS instrument equipped with an Al Ka source operated
at 350 W and 1079 Torr. X-ray diffraction (XRD) studies were conducted with a

Rigaku D/MAX-2200 diffractometer with Cu Ka radiation (1 = 1.540 A). Inductively
coupled plasma-optical emission spectroscopy (ICP-OES) measurements were carried out
with a PerkinElmer Optima Instrument. Energy-dispersive X-ray spectroscopy (EDS)
measurements were performed with an Apreo 2 SEM.

Antimicrobial Assay.

E. coliand S. epidermidis cells were grown in Luria—Bertani (LB) agar in a 37 °C incubator.
A single colony was selected and used to inoculate 3 mL of LB broth and allowed to

shake at 37 °C for 18 h. The resulting liquid was centrifuged at 5000 rpm for 5 min and
resuspended in Nanopure water to an optical density (OD) of 0.1 at 600 nm. To determine
the minimum inhibition concentration (MIC), a 96-well plate was used to conduct a kinetic
cell growth experiment in the dark at 37 °C. Each well was filled to a total volume of

200 g with 30 L of sterile LB, 10 g of bacterial solution, and varied volumes of

the nanocomposite samples prepared above. Sterile Nanopure water was used to bring the
total volume in each well to 200 z41_. Upon inoculation, the 96-well plate was placed in a
Molecular Device VERSA max microplate reader, where the OD was measured at 600 nm
every 90 s with intermittent shaking between each reading over a 24 h incubation period.

In photodynamic antibacterial assessments, 200 /L of £. colior S. epidermidis (OD =

0.1) was transferred to a 1.5 mL plastic microcentrifuge tube, into which 600 wL of the
nanocomposite samples (1 mg mL~1) was added along with 200 £ of sterilized Nanopure
water. The centrifuge tubes containing the bacterial cells and composites were irradiated
with a UV lamp (100 W, 1000-1500 Im with a peak emission at 365 nm, Dongguan Hongke
Lighting Co, China) (Figure S1). After irradiation, the cells in each centrifuge tube were
diluted 100-fold for each respective time point. From the diluted solution, 10 £ was spread
plated on LB agar plates using sterile glass beads. The agar plates were incubated at 37 °C,
and the number of bacterial colony forming units (CFU) was counted by visual inspection.
The percent cell survival was calculated by normalizing the CFUs to the value without any
photoirradiation.
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EPR Measurements.

In EPR measurements, 63 £ of the nanocomposites prepared above (1 mg mL™1) was
mixed with 7 £ of 1 mol L=1 DMPO, with a mixture of Nanopure H,O and DMPO as a
control. The solution was then added to a capillary tube which was inserted into a quartz
EPR tube (Wilmad, 4 mm outer diameter). The tube was centered in the cavity resonator
for data collection. Spectra were recorded at room temperature with a Bruker EMX EPR
spectrometer operating at the X-band frequency (~9.3 GHz) using an ER 4122SHQE
resonator (Bruker). The samples were subsequently irradiated for 10 min with 365 nm UV
light prior to the collection of EPR spectra.

RESULTS AND DISCUSSION

The GPM samples were prepared via a two-step procedure: (a) the preparation of manganese
oxide compounds by hydrothermal reduction of KMnO, and separately GOQD/PANI
hybrids by polymerization of aniline onto the GOQD surface; (b) mixing the two materials
to afford ternary GPM composites. The sample structure was first characterized by SEM and
TEM measurements. From the SEM images in Figure 1a and 1b, one can see that the GPM
samples consisted mostly of particles of 100-300 nm in diameter. In TEM measurements
(Figure 1c and 1d), these particles exhibited a flaky, porous network structure, and no
well-defined lattice fringes could be resolved in high-resolution measurements (Figure

S2), suggesting the formation of an amorphous structure, consistent with results from

XRD measurements (Figure S3). Note that the GPM composites are readily dispersible

in water, mostly because of the combined contributions of the hydrophilic GOQD and PANI
support. In UV-vis measurements (Figure 1e), both the GP and the GPM samples exhibited
three absorption peaks at 232, 260, and 284 nm due to the —7* transitions of the sp?
carbon in GOQD.1%-21 The GPM samples also contain a peak at 270 nm, characteristic of
quinone absorption, which likely arose from the oxidation of PANI by manganese oxides.
In photoluminescence emission measurements, the GPM and GP samples all showed a

sole emission peak around 485 nm, most likely due to the o*—n electronic transition

in GOQD and near band-edge emission from the emeraldine base form of PANI.22.23
Notably, one can see that within the sample series, the GPM-1 nanocomposites exhibited
the lowest (normalized) emission intensity, suggesting the most efficient separation of

the photogenerated electron-hole pairs, which is conducive for ROS production and
photodynamic activity, as detailed below.

The elemental compositions and valence states of the sample series were then examined by
XPS measurements. From the survey spectra (Figure S4), the C 1s, N 1s, O 1s, and Mn 3p
electrons can be readily identified at ca. 284, 400, 530, and 640 eV, respectively, in good
agreement with the formation of ternary composites. On the basis of the integrated peak
areas, the elemental compositions were then estimated, which were consistent among the
sample series, including 60-70 atom % C, slightly under 6 atom % N, 23-30 atom % O, and
0.4 atom % Mn (Table 1). Consistent results were obtained for the Mn contents by ICP-OES
measurements (Table S1) and EDS measurements (Figure S5 and S6). Because of the low
Mn contents, no obvious diffraction patterns were observed in XRD measurements for the
manganese species (Figure S3).
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Figure 2a shows the high-resolution scans of the N 1s electrons in GP, GPM-1, and GPM-2.
One can see that for all samples, deconvolution yielded three major components that can be
ascribed to quinoid (398.4 eV), benzenoid (399.4 eV), and the quaternary nitrogen (400.8
eV) of PANI.24-26 These species can also be identified in the corresponding C 1s spectra
(Figure S7). Notably, in comparison to GP, the GPM samples all contained a markedly
higher atomic percentage of quaternary ammonium, suggesting oxidative interaction of
PANI with manganese oxides. The O 1s spectra are shown in Figure 2b, where three major
species can be deconvoluted for all samples, C=0 (530.90 eV), Csp3-O (531.89 eV), and
Csp2—0 (533.05 eV).23 GP contained an additional component at 535.19 eV, indicative of
surface-adsorbed water, whereas for the GPM samples, an additional, small peak can be
resolved at 530 eV, due to metal-bonded oxygen (M-0). This observation is consistent with
the incorporation of manganese oxides in the composites, which accounts for 0.76 atom %
for GPM-1 and 0.95 atom % for GPM-2.27:28

The Mn 2p spectra are shown in Figure 2c, where two doublets and one satellite can be
resolved in the two GPM samples. The first doublet at 640.61/652.67 eV for GPM-1 and
640.40/652.21 eV for GPM-2 can both be attributed to the 2p3/, and 2py,, electrons of
Mn2*, respectively, suggesting the formation of MnO in the samples.2® For GPM-1, the
second doublet can be resolved at 642.16/653.80 eV and ascribed to the 2ps/ and 2py»
electrons of Mn**, most likely in the form of MnO,, whereas for GPM-2, the binding
energies of the second doublet are somewhat different at 641.62/653.41 eV, consistent with
Mn3* in Mn,03.2% On the basis of the peak areas, one can see that Mn2* is the major species
and Mn*#* the minor one in GPM-1, whereas Mn3* is dominant in GPM-2 (Table 1).

Bactericidal tests with the nanocomposite materials were then conducted on both Gram-
positive and Gram-negative bacteria. Interestingly, the nanocomposites exhibited markedly
different antimicrobial activity, despite their similar elemental compositions and average Mn
valence state, 2.78 for GPM-1 and 2.75 for GPM-2 (Table 1). Figure 3 depicts the growth
curve for Gram-negative E. coli conducted under dark conditions and in the presence of
varied concentrations of GP, GPM-1, and GMP-2. From Figure 3a, one can see that even at
a concentration of 350 mg mL~1, GP did not exhibit any inhibition of £. coli growth. For
GPM-1 (Figure 3b), at concentrations below 100 g mL™1, there was virtually no impact

on the bacterial growth either with a lag time (4 ) of about 2 h. With a further increase of
the GPM-1 concentration, growth of bacteria cells could still be seen; however, § increased
drastically to 8 h at 200 zg mL™1, 13 h at 250 zg mL~%, and 17 h at 300 g mL~2, and at

a GPM-1 concentration of 350 g mL~1, bacterial growth was completely inhibited. This
indicates that the minimum inhibitory concentration (MIC) of GPM-1 toward E£. col/ is about
350 1g mL~L. Similar behaviors were observed with GPM-2 (Figure 3c), where a somewhat
lower MIC was estimated to be 250 g mL™1. In addition, at the same GPM concentration,
increased lag times were observed as compared to those of GPM-1. For instance, at the
composite concentration of 200 zg mL™2, 4 is ca. 20 h for GPM-2 as compared to 8 h

for GPM-1. Taken together, these results suggest that GPM-2 exhibited a slightly higher
inhibition activity toward £. colithan GPM-1.

For the Gram-positive bacterium S. epidermidis, the overall activity of the nanomaterials
was somewhat lower. From Figure S8, one can see that the growth of the bacterial cells was
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never inhibited by GP, even at concentrations up to 400 g mL~1. For GPM-1, there was
no inhibition of bacterial growth until the concentration reached 400 g mL™1, suggesting
that the MIC was over 400 19 mL~1. GPM-2 also exhibited a similar MIC, though with a
somewhat longer lag time at the same concentration.

Interestingly, photoirradiation markedly enhanced the antimicrobial activity of the GPM
nanocomposites with significant differences among the sample types. Figure 4a shows
photographs of the LB agar plates after £. coli cell suspensions containing different
nanomaterials were photoirradiated at 365 nm for up to 20 min. Note that the composite
concentration was kept at 60 g mL™1, which is significantly below the respective MICs
determined in the nonphotoirradiated incubation studies (Figure 3). GP and GPM-2
exhibited virtually no inhibition of £. coli growth and were similar to the blank control
condition. In contrast, GPM-1 nanocomposites demonstrated considerable bactericidal
activity upon photo-activation. GPM-1 clearly stood out as the best bactericidal agent, where
the CFUs diminished rapidly with prolonged photoirradiation, and after 20 min, essentially
no bacterial cells survived. This difference of bacterial inhibition is quantified in Figure 4b,
where GMP-1 was 100% effective at inhibiting bacterial growth.

Notably, upon the addition of radical scavengers, such as TBA and EDTA which are specific
quenchers for hydroxyl radicals (HO») and holes (h*),30:3! respectively, the photodynamic
activity of GPM-1 diminished significantly (Figure 4b). Specifically, in the absence of these
scavengers, 5 min photoirradiation reduced the CFUs by 50%. In contrast, the addition of
TBA extended the photoirradiation time to 15 min (red dashed curve) and almost 20 min for
EDTA (red dotted curve), suggesting contributions from both photogenerated HO« radicals
and h* to the bactericidal activity.

Similar photodynamic behaviors were observed with S. epidermidis (Figure S9), where the
GPM samples exhibited markedly enhanced bactericidal activity in comparison to GP and
the blank, with GPM-1 being the optimal catalyst. Interestingly, the addition of TBA led

to virtually no quenching of the bactericidal activity, whereas a substantially more apparent
diminishment was observed with EDTA. This observation suggests that the bactericidal
activity arose mostly from oxidative stress by photogenerated holes, likely due to damage of
the cell membranes and the impacts on the electron-transport chain within the bacteria.?

This is indeed confirmed by EPR measurements. From Figure 5a, one can see that after
photoirradiation at 365 nm for 10 min, both GPM samples exhibited a clearly defined
1:2:2:1 hyperfine feature within the range of 3280 t0 3340 G at ay = a4 =41.8 MHz and g=
2.005 in comparison to the blank H,O control. This is characteristic of DMPO-OH adducts,
suggesting the formation of HO« radicals.332 In addition, the peak-to-peak intensity can be
seen to be markedly greater with GPM-1 than with GPM-2, consistent with the enhanced
antimicrobial activity observed above with the former (Figure 4). Interestingly, upon the
addition of TBA (Figure 5b), a slight diminishment of the peak-to-peak intensity was
observed, and the diminishment became substantially more pronounced with the addition

of EDTA (Figure 5c). This observation suggests that HO» radicals were primarily produced
by hole oxidation of water, H,O + h* — HOe + H*, with a minor contribution from the
reduction of oxygen by photogenerated electrons.33 Note that the formal potential of water
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oxidation to HOe, £° = +2.33 V vs normal hydrogen electrode (NHE), is above the valence
band edges of MnO (+2.59 V) and MnO, (>+3.0 V), where the photogenerated holes
reside, but below that of Mn,03 (+1.85 V).34-36 Since GPM-1 consists of MnO and MnO,
whereas Mn,0Oj3 is the dominant component in GPM-2 (Table 1), HOe production from hole
oxidation of water is facilitated by GPM-1 in comparison to GPM-2, as manifested in the
photodynamic studies presented above (Figure 4).

The disparity of the photodynamic bactericidal activity of the GPM composites can also be
visualized by SEM measurements (Figure 6). In comparison to the intact £. coli cell, which
exhibited a smooth, rod-like structure (Figure 6a), GPM-2 exhibited minimal impact on the
bacterial cell morphology (Figure 6¢). However, the addition of GPM-1 led to significant
accumulation of the nanocomposites onto the bacterial cell surface, apparent damage to the
cell structures, and eventual cell lysis (Figure 6b). Similar behaviors can be seen with S.
epidermidis (Figure 6d—f).

Taken together, these results suggest that the remarkable loss of cellular integrity of both
Gram-positive and Gram-negative bacteria from photoactive GPM-1 can be ascribed to the
combined contributions of (i) enhanced adsorption of the nanocomposites onto the cell
surfaces and (ii) relatively high contents of Mn2* and Mn“* species in the sample, where the
band structures are known to be favorable for water oxidation, a unique feature conducive to
the formation of hydroxy radicals, which are potent bactericidal agents.34-36

Notably, the GPM nanocomposites also exhibited remarkable stability. Most of the
photodynamic studies were carried out within the time span of 2-3 weeks. Yet, rather
consistent results were obtained, as manifested in the relatively small error bars in Figures 4
and S9.

4. CONCLUSION

In this study, ternary nanocomposites based on GOQD, PANI, and manganese oxides were
found to exhibit apparent antimicrobial activity toward both Gram-negative £. coliand
Gram-positive S. epidermidis. Despite a similar composition and average valence state of
Mn, the GPM-1 nanocomposite that contained a high content of Mn2* and Mn?#* species
was found to exhibit enhanced bactericidal activity under photoirradiation at 365 nm, as
compared to the GPM-2 sample with a dominant Mn3* component. Such a disparity of the
antimicrobial performance was largely ascribed to the enhanced separation of photoinduced
electron-hole pairs in GPM-1 and the unique band structure that was conducive to
photocatalytic production of hydroxy radicals via water oxidation by photogenerated holes.
Further contribution likely arose from the strong adsorption of the GPM-1 nanocomposites
onto the bacterial cell surface. Results from this study highlight the significance of the metal
valence state in the manipulation of the nanocomposite photodynamic activity. Such insights
are critical in the further design and engineering of effective antimicrobial agents based on
functional nanocomposites toward a wide spectrum of bacteria.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.

(a, b) SEM and (c, d) TEM images of (a, c) GPM-1 and (b, d) GPM-2. (e) UV-

vis absorption and photoluminescence emission spectra of GP, GPM-1, and GPM-2
nanocomposites.
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Figure2.
High-resolution XPS spectra of the (a) N 1s, (b) O 1s, and (c) Mn 2p electrons of the GP,

GPM-1, and GPM-2 composites. Dotted curves are experimental data, and shaded peaks are
deconvolution fits.
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Growth curves of E. coliin the dark with the addition of varied concentrations of (a) GP, (b)

GPM-1, and (c) GPM-2.
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Figure 4.
(a) Photographs of LB agar plates after incubation with £. coli cell suspensions under

photoirradiation at 365 nm for varied periods of time in the absence and presence of GP,
GPM-1, and GPM-2 at a concentration of 60 zg mL™L. (b) Variation of normalized bacteria
colony formation units with photoirradiation time from (a), and the corresponding plots in
the presence of GPM-1 along with TBA (red dashed curve) and EDTA (red dotted curve)
scavengers. Error bars reflect the standard deviations of the triplicate measurements.
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EPR hyperfine splitting patterns in the presence of DMPO after 10 min of photoirradiation
at 365 nm: (a) blank H,O, GPM-1, and GPM-2; (b) GPM-1 in the absence and presence
of TBA and EDTA scavengers; (c) GPM-2 in the absence and presence of TBA and EDTA

scavengers.
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Figure 6.
SEM images of (a—c) £. coliand (d—f) S. epidermidis in the (a, d) absence and presence of

(b, €) GPM-1 and (c, f) GPM-2 nanocomposites after photoirradiation at 365 nm for 15 min.
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