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ABSTRACT: Whereas diverse graphene quantum dots
(GQDs) with basal planes similar to those of graphene oxide
sheets (ie, GO-GQDs) lack antibacterial property, that
prepared by rupturing Cg, cage (ie., Cg-GQD) effectively
kills Staphylococcus aureus, including its antibiotic-tolerant
persisters, but not Bacillus subtilis, Escherichia coli, or
Pseudomonas aeruginosa. The observed activity may correlate
with a GQD’s ability to disrupt bacterial cell envelop. Surface-
Gaussian-curvature match between a GQD and a target
bacterium may play critical role in the association of the GQD
with bacterial cell surface, the initial step for cell envelope
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disruption, suggesting the importance of both GQDs’ source materials and bacterial shape.
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G raphene quantum dots (GQDs) are carbon nanosheets of
<20 nm in lateral dimension"” and have recently
attracted great research attention because of their unique
spin’ and electronic.” To date, GQDs have been synthesized via
either the top-down strategy from various carbon materials
(e.g, graphene, graphene oxide (GO),° coal, and carbon
fibers®) or the bottom-up strategy either noncovalently from
ruptured buckminsterfullerene (Cgy)”' or covalently from, for
example, glucose'' and benzene-derivatives.'> Despite mount-
ing investigations on GQDs, systematic examination on their
antibacterial property is still lacking. Absence of information on
this aspect appears to be even more regretful when considering
the extensive investigations on the antibacterial property of
other carbon nanomaterials including graphene and GO
sheets,"” carbon nanotubes,'* and aqueous dispersion of Cg,
cage.”” Scattered evidence shows that in suspension, GQD
prepared from GO sheets (i.e, GO-GQD) is inactive against a
wide-spectrum of bacteria,'”'” despite of the wide-spectrum
antibacterial activity of GO sheets (usually several tens to
hundreds of nanometers in lateral dimension)."’ Similar
inactivity is observed with GQD prepared from graphite
rods,"® which is also called GO-GQD likely because of its
similar basal plane structure as GO sheets. On the basis of these
observations, one may intuitively assume that all GQDs lack
antibacterial property. Is this really the case? Before addressing
this question, let us first look whether all GQDs are the same.
Among the diverse source materials for GQDs, Cg, is the only
one that contains pentagon and hexagon arranged in specific
manner, rather than hexagon alone. As a result, GQD prepared
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by rupturing Cg, cage (ie., C4-GQD) may inherit nonzero
Gaussian curvature, in contrast to the zero Gaussian curvature
of GO-GQDs, which adopt a flat sheet morphology because of
their small lateral dimensions. Note that surface curvature of
carbon-based nanomaterials plays pivotal role in protein
adsorption on their surfaces.'” We redefine the above question
with a better focus as “can fingerprint difference in structure of
source materials lead to GQDs of distinct antibacterial
property?” In other words, will C¢-GQD lack antibacterial
property as do GO-GQDs, or will it exhibit wide-spectrum
activity as does Cg cage?15

To address the above questions, we herein examine the
antibacterial properties of Cg-GQD and a commercially
available GO-GQD prepared via the bottom-up strategy and
compare our results on these two GQDs with prior reports on
antibacterial property of GO-GQDs prepared via the top-down
strategy. Our Cy-GQD is prepared with a modified Hummers
method followed by dialysis for 6 days (Figure 1a),'’ as
confirmed consistently with Raman spectrum (Figure Sla), FT-
IR spectrum (Figure S2a), atomic force microscopy (AFM)
characterizations (Figure S3a—c), and photoluminescence
spectra (Figure S4a). GO-GQD wused in this work is
commercially available and prepared via a bottom-up approach
according to information from the vendor; upon receiving,
Raman spectrum (Figure S1b), FT-IR spectrum (Figure S2b),
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Figure 1. (a, b) Bacterial plate killing assays using (a) C¢-GQD and (b) GO-GQD; both GQDs are at 200 yg/mL in saline. After 3 h treatment,
Ce-GQD significantly reduces the viability of S. aureus (1: ATCC 25923; 2: ATCC 29213) but barely affects that of the other three bacteria
tested: B. subtilis, E. coli, P. aeruginosa regardless of their Gram-property. In stark contrast, GO-GQD barely affects the survival of all five
strains tested. # indicates bacterial survival ratio of <5%. Blue dash-line indicates 100% survival. Data points are reported as mean + standard
deviation. (c) Fluorescence microscopy images show that, after 3-h treatment in saline, C¢-GQD (400 pg/mL) renders cells of S. aureus stain
intensely red, indicative of dead cells with compromised membranes, whereas those of B. subtilis, E. coli, P. aeruginosa remain dark in the red channel,
indicative of live cells with healthy membranes. In stark contrast, after similar treatment with GO-GQD, all bacterial cells remain dark in the red
channel, indicative of live cells. Controls are those assayed similarly but without GQD addition. Scale bar = 20 gm. (d) Bacterial plate killing assays
using Cg-GQD (200 pg/mL) against bacterial persisters. After 3-h treatment in saline, C4y-GQD significantly reduces the viability ratio of S. aureus
persisters but barely impacts that of E. coli persisters. Data points are reported as mean + standard deviation. # indicated bacterial survival percentage
of <5%.

AFM images (Figure S3d—-f), and photoluminescence spectra charges (Figure SS). Clearly, C4-GQD and GO-GQDs exhibit

(Figure S4b) were performed to confirm its identity. Both Cgq- high similarity in morphology, size, elemental composition, and
GQD and GO-GQD are readily dispersible in water. The surface charge.

resulting dispersion of Cg-GQD in saline (0.9% NaCl in Intriguingly, plate killing assays”' reveal distinction in
Millipore water) appears to be light brown while that of GQ- antibacterial activity profiles of Cg-GQD versus GO-GQDs
GQD appears to be clear; both of which are stable for several (Figure 1). S. aureus and B. subtilis are used as representative
months without precipitation (Figure 1). AFM analysis reveals Gram-positive bacteria, whereas E. coli and Pseudomonas
that C4-GQD has an average lateral dimension and an average aeruginosa (P. aeruginosa) as representative Gram-negative

apparent sheet thickness of up-to-15 nm and 1.37 + 0.46 nm bacteria. After 3-h coincubation in saline, GO-GQD (200 ug/
(Figure S3b, c), respectively, consistent with prior reports.”"" mL) barely impacts the viability ratios of all bacterial strains
On the other hand, the as-purchased GO-GQD exhibits an tested (Figure 1b), indicative of lack of antibacterial property,

average lateral dimension and an average apparent sheet similar as do GO-GQDs prepared via the top-down
thickness of up-to-15 nm and 0.94 = 0.29 nm (Figure S3e, f), strategy.'°"'® The observed inactivity of GO-GQDs may arise
respectively, as do GO-GQDs prepared via the top-down because availability of GO basal planes determines whether it is
approaches.”*° X-ray photoelectron spectroscopy (XPS) antibacterial’** and smaller lateral dimension leads to GO

characterizations suggest that Cs-GQD has slightly higher sheet of weaker activity.”> In stark contrast, our Cg-GQD
extent of oxidation than our GO-GQD (as indicated by the significantly reduces the viability ratio of S. aureus (ATCC
higher oxygen to carbon mass ratios) (Table S1). When 25923, named S. aureus 1 throughout this work) (lowered to
dispersed in Millipore water, both C¢-GQD and GO-GQD 2.3%) but barely affects those of the other three bacteria
exhibit negative zeta potentials, indicative of negative surface (Figure 1a), despite that S. aureus and B. subtilis are both Gram-
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Figure 2. (a) TEM images show that surfaces of S. aureus cells treated with C¢-GQD (400 pg/mL) in saline exhibit many “tiny sticks/blebs”,
indicative of cell envelope destabilization, whereas those of cells treated similarly but with GO-GQD remain smooth as do those of cells in the
controls, indicative of undetectable destabilization to cell envelope. Red arrows indicated the presence of “tiny sticks/blebs”. In contrast, E. coli cells
retain smooth surfaces no matter which type of GQDs was used to treat them, as do those in the controls. Controls are those assayed similarly but
without GQD addition. Scale bar = 1 ym. (b) SEM images under 100 000X magnification show that surfaces of S. aureus cells treated with C¢-GQD
(200 pug/mL) in saline were covered with large amounts of particles, whereas those of cells treated similarly but with GO-GQD remain smooth as do
those of cells in the controls, indicative of lack of particle-surface association. In contrast, E. coli cells retain smooth surfaces no matter which type of
GQDs was used to treat them, as do those in the controls. Controls are those assayed similarly but without GQD addition. Scale bar = 500 nm. (c)
AFM height (left) and tapping phase (right) images of S. aureus cells with and without C4-GQD treatment, with the performance of GO-GQD

treatment included as a reference. Scale bar = 50 nm.

positive bacteria, indicative of species-specific activity. To
exclude the possibility that C4,-GQD is active against a specific
S. aureus strain, we carry out similar assays but with another S.
aureus strain (ATCC 29213, called S. aureus 2 throughout this
work) and observed similar results (Figure 1a). Moreover, the
observed activity of C4-GQD against S. aureus is both dosage-
(Figure S6) and time-dependent (Figure S7). Collectively,
these results suggest that, in contrast to GO-GQDs, C4-GQD
is definitively bactericidal. What is noteworthy is that C-GQD
exhibits species-specific activity, despite of the wide-spectrum
activity of Cg, dispersion.">**

The as-observed distinction in activity profiles of C4-GQD
versus GO-GQDs and the species-specific activity of Cg-GQD
are further confirmed with bacterial Dead/Live viability assays
under fluorescence microscopy, using SYTO 9 and propidium
iodide (PI) two nucleic stains but with drastically different
spectral characteristics and abilities to permeate healthy
bacterial membranes to label all and dead bacteria,
respectively. Our results (Figure lc) show that, after 3 h
treatment with Cg-GQD, S. aureus cells stain intensely red,
indicative of dead cells with compromised membranes, whereas
cells of all other three bacteria (i.e., E. coli, P. aeruginosa, and B.
subtilis) remain dark in the red channel, indicative of live cells
with healthy membranes. In stark contrast, similar treatment
but with GO-GQD makes cells of all four bacteria remain dark
in the red channel, indicative of live cells. Consistent with the
plate killing assays above, the bacterial Dead/Live viability
assays confirm that C4-GQD, in contrast to GO-GQDs, is
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definitively bactericidal and may be species-specific agent
against S. aureus.

S. aureus is notorious for its ability to acquire antibiotic-
resistance and cause high mortality rate.”> Eradicating bacterial
persisters, antibiotic-tolerant subpopulations,”® may signifi-
cantly impact emerging resistance,”’ as persistent presence of
persisters effectively acts as a reservoir for resistant mutants.”®
Plate killing assays show that Cg-GQD (200 ug/mL)
significantly reduces the viability ratio of S. aureus persisters
(to 4.7%) but barely impacts that of E. coli persisters (Figure
1d), indicative of similar species-specific activity against
persisters as against the wild-type counterparts (Figure la),
suggesting the potential of C4-GQD for applications as
antibacterial agent in post antibiotic era.

Cgo-GQD may be a species-specific agent against S. aureus,
whereas GO-GQDs are completely inactive. A natural question
to ask is “what accounts for this?” To address it, we first
perform transmission electron microscopy (TEM) character-
izations on bacterial cells with and without GQD treatment.
Our results reveal that (Figure 2a), after 3 h treatment with
Ceo-GQD, surfaces of S. aureus cells exhibit many “tiny ticks/
blebs”, indicative of bacterial envelope disruption, whereas
those of E. coli cells appear to be as smooth as those in control,
indicative of lack of bacterial envelop disruption. In contrast,
similar treatment but with GO-GQD barely impairs the
bacterial surface smoothness for both S. aureus and E. coli,
indicative of lack of bacterial envelop disruption. Taken
together, these results suggest that both the distinct activity
profiles of C¢-GQD versus GO-GQDs and the species-specific
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activity of Cg-GQD may be correlated with the ability of a
GQD to disrupt the integrity of bacterial cell envelope.

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) characterizations further suggest that the
association of a GQD with a bacterial cell surface, the initial
step for a GQD to disrupt bacterial cell envelope, may play
critical roles in the observed distinction in activity profiles of
Cgo-GQD versus GO-GQDs and the species-specific activity of
Ce-GQD. SEM images (Figure 2b and Figure S8) show that,
after 3 h of treatment, S. aureus cells treated with Cy-GQD
almost unanimously exhibit rough surfaces covered by particle-
like features of 20—90 nm in size, whereas those treated with
GO-GQD fail in doing so. In contrast to S. aureus cells, E. coli
cells after GQD treatment appear to be similarly smooth as
those in the control no matter whether GQD treatment is
performed with Ce,-GQD or GO-GQD. Clearly, both the
distinct activity profiles of C4-GQD versus GO-GQDs and the
species-specific activity of Cg-GQD may correlate with the
ability of a GQD to induce appearance of the particle-like
features on surfaces of the target bacteria.

The particle-like features in SEM images should not be the
projection of “ticks/blebs” observed under TEM, because those
“ticks/blebs” are too small to be discerned under SEM. To
affirm this speculation, we perform AFM characterizations on S.
aureus cells with and without GQD treatment. Our AFM height
images (Figure 2c, left) show that surfaces of S. aureus cells
after Cy4-GQD treatment appear to be significantly rough and
covered with particle-like features of tens of nanometers in size
whereas those after GO-GQD treatment are as smooth as those
without GQD treatment, consistent with SEM results (Figure
2b). Moreover, AFM tapping phase images (Figure 2c, right)
on S. aureus cells after C4-GQD treatment differ significantly in
phase (indicated by color) from those on S. aureus cells without
any GQD treatment, as compared to the negligible difference in
phase between S. aureus cell surfaces after GO-GQD treatment
and those without any GQD treatment. In addition, phases of
the particle-like features on S. aureus cells after Cg-GQD
treatment differ significantly from those of intact S. aureus cell
surfaces, indicative of their foreign-material origin. Collectively,
these results suggest that the particle-like features of S. aureus
cells observed in SEM images are adsorbed Cy-GQD particles,
rather than bacteria blebs.

Cgo-GQD inherits specific arrangement of hexagon and
pentagon and thus nonzero Gaussian curvature from Cg, cage,
whereas GO-GQDs contain hexagon alone and thus have zero
Gaussian and mean curvatures. On the basis of AFM
characterizations (Figure S3) and SEM images (Figure 2b
and Figure S8), we estimate the Gaussian curvature radii of Cgy-
GQD to be ~313 nm on average and 210—548 nm in range
(Please refer to the Supporting Information for details). On the
other hand, S. aureus is a spherical bacterium with Gaussian
curvature radii of ~325 nm on average, whereas the other three
bacteria tested in this work are rod-shaped with near zero
Gaussian curvature surfaces along the long axis but nonzero,
species-dependent Gaussian curvature around the end.
Specifically, the end Gaussian curvature radii are ~500 nm
for E. coli,”® ~ 700 nm for P. aeruginosa,29 and 500—1000 nm
for B. subtilis.*® Obviously, the Gaussian curvature radii of Cgy-
GQD are well-matched with those of S. aureus, but only slightly
matched or mismatched with those of the other three bacteria
above; in contrast to Cg-GQD, GO-GQD has surface
curvature mismatch with all bacteria above. Combined with
the antibacterial assays (Figure 1), these results suggest that
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surface curvature match between a GQD and a bacterium may
correlate with the GQDs’ antibacterial activities. Supportive
evidence is found in the 14%-killing activity of Cg-GQD
against E. coli (Figure 1a) which, in contrast to B. subtilis and P.
aeruginosa, has end Gaussian curvature radii slightly matched
with Cg-GQD (~500 versus 210—548 nm) and end/total
surface area ratio estimated to be of ~30% (assuming an E. coli
cell as a cylinder of 500 and 2000 nm in radius and length,
respectively, plus two perfect hemispheres as the end-caps;
overestimation may exist due to assumption of perfect
geometry); the end/total surface area ratio of a rod-shaped
bacterium may represent the probability of this bacterium to be
killed by C4-GQD, if its ends have Gaussian-curvature radii
well matched with those of Cy-GQD and surface Gaussian-
curvature match does correlate with bacterial-killing activity as
we speculated. In fact, if we view both rod-shaped and spherical
bacteria as two classes of rod-shaped objects that differ only in
end/total surface area ratio (<100% versus exactly 100%), then
Cg-GQD should be most potent (~100% killing) against the
spherical bacteria that have end Gaussian curvature radii well
matched with C4-GQD (210—548 nm). This is indeed the case
with S. aureus; Cg-GQD kills >90% S. aureus indeed (Figure 1),
very close to the ideal percentage (100%) as speculated. In
similar vein, for a rod-shaped bacterium whose ends have
Gaussian curvature radii (e.g, ~300 nm) well-matched with
those of Cg-GQD, the ideal percentage it can be killed by Cg-
GQD may correspond to its end/total surface area ratio. Thus,
surface Gaussian curvature match between a GQD and a target
bacterium may determine whether the GQD can get associated
with the target bacterial cell surface (Figure 3) to initiate the
subsequent bactericidal envelope disruption processes, a
similarly critical role curvature of carbon nanotube (CNT)
plays in protein adsorption on CNT surface.'® Unfortunately,
how bacterial surface associated Cq4-GQD disrupts the cell
envelop integrity and consequently leads to cell death is
unknown at the current stage.

Cytotoxicity to mammalian cells is a major concern in
development of antibacterial agents. Our in vitro cell viability
assays, using HepG2 as a representative human cell-line, show
that C4-GQD (50—200 pg/mL) barely impacts the viability of
HepG2 cells both in saline and in serum-free DMEM (Figure
S9a). Consistently, cell Dead/Live viability assays, which use
SYTO 9 and PI to label all and dead cells, respectively, show
that, after 4-h incubation with C4-GQD in serum-free DMEM,
HepG2 cells remain dark in the red channel, indicative of live
cells (Figure S9b). Collectively, these results consistently
suggest that Cg-GQD may lack cztotoxicity to mammalian
cells. Note that both GO-GQD®' and spherical carbon
nanodot®” lack toxicity even when administered in vivo. It is
thus reasonable to expect that Cy-GQD, which have similar
chemical compositions as them, may also lack toxicity in vivo.
With species-specific antibacterial activity and low/no cytotox-
icity, C4-GQD may have img)lications in “personalized
healthcare” in post antibiotic era.”

In summary, we find that although GO-GQDs unanimously
lack antibacterial property, C¢-GQD exhibits species-specific
activity against Staphylococcus aureus (S. aureus), including the
antibiotic-tolerant persisters. The observed activity may
correlate with a GQD’s ability to disrupt bacterial cell envelop
integrity, and surface Gaussian curvature match between a
GQD and a target bacterium may play pivotal role in
determining whether the GQD can get associated with cell
surface of the target bacterium, to initiate the subsequent
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Figure 3. (a) (Left) According to AFM height profiles of GQDs, the
average apparent sheet thicknesses of Cg-GQD and GO-GQD are
1.37 + 0.46 and 0.94 + 0.29 nm, respectively. (Right) We estimate the
Gaussian curvature radii of C4-GQD, R, using the equation of R*= (R
— a)* + (b/2)* where a and b are the relative enhancement in sheet
thickness conferred by curvature and the sheet diameter, respectively.
We estimate a for C4-GQD to be ~1 nm on average (with range of
0.57—1.49 nm), by subtracting the apparent sheet thickness obtained
with its AFM height profiles characterizations (ie., 1.37 + 0.46 nm)
with the theoretical thickness of a single layer of carbon atoms (ie., ~
0.34 nm). According to SEM images on Cy-GQD adsorbed on S.
aureus surface, we estimate the average sheet diameter, b, to be ~50
nm. As a result, the Gaussian curvature radii of C4-GQD are estimated
to be ~313 nm on average and 210—548 nm in range. (b) Schematic
illustration on how surface curvature match between a GQD and a
target bacterium surface may be correlated with the GQD’s
antibacterial property. Cg-GQD has Gaussian curvature radii of
~313 nm, whereas GO-GQD has zero Gaussian curvature because of
its sheet morphology; S. aureus is a spherical bacterium with Gaussian
curvature radii of ~325 nm on average, whereas the other three tested
bacteria (ie., E. coli, P. aeruginosa, and B. subtilis) are rod-shaped.

bactericidal envelope destabilization processes. Similar as GO-
GQD, Cy-GQD lacks cytotoxicity to mammalian cells. This
work highlights the importance of both fingerprint difference in
structure of GQDs’ source materials and bacterial cell shapes in
GQDs’ antibacterial property and suggests potential of Cgp-
GQD for applications as antimicrobials in “personalized
healthcare” in the post antibiotic era.
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