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ABSTRACT: There are significant controversies on the antibacterial
properties of graphene oxide (GO): GO was reported to be bactericidal
in saline, whereas its activity in nutrient broth was controversial. To unveil
the mechanisms underlying these contradictions, we performed antibacterial
assays under comparable conditions. In saline, bare GO sheets were
intrinsically bactericidal, yielding a bacterial survival percentage of <1% at
200 μg/mL. Supplementing saline with ≤10% Luria−Bertani (LB) broth,
however, progressively deactivated its bactericidal activity depending on LB-
supplementation ratio. Supplementation of 10% LB made GO completely inactive; instead, ∼100-fold bacterial growth was
observed. Atomic force microscopy images showed that certain LB components were adsorbed on GO basal planes. Using bovine
serum albumin and tryptophan as well-defined model adsorbates, we found that noncovalent adsorption on GO basal planes may
account for the deactivation of GO’s bactericidal activity. Moreover, this deactivation mechanism was shown to be extrapolatable
to GO’s cytotoxicity against mammalian cells. Taken together, our observations suggest that bare GO intrinsically kills both
bacteria and mammalian cells and noncovalent adsorption on its basal planes may be a global deactivation mechanism for GO’s
cytotoxicity.
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■ INTRODUCTION

Graphene is an isolated single atomic layer of graphitea free-
standing one-atom-thick sheet of hexagonally arranged sp2-
bonded carbon atoms.1 As the first two-dimensional (2D)
atomic crystal ever available, graphene and graphene-derived
materials have attracted tremendous attention from scientific
communities in recent years.1,2 Among them, graphene oxide
(GO)graphene sheets derivatized with carbonyl, epoxy, and
hydroxyl functional groups3is the most notable one.4 Owing
to the presence of these functional groups, GO can be readily
dispersed in water, which made it a popular target for
biomedical applications, as reviewed elsewhere.4−6

There are a number of investigations on the potential of GO
as an antimicrobial. Their results are, however, contradictory. In
classic bacterial killing assays, GO nanosheets dispersed in
saline demonstrated definitive antibacterial activity.7−11 After 2
h incubation with GO nanosheets of 85 μg/mL, 98.5% of
treated Escherichia colia representative Gram-negative bac-
teriacells were killed.8 An increase in incubation time, GO
dose, or average lateral-dimension of GO sheets generally led to
increased potency of GO against E. coli.9,12 Similarly,
Staphylococcus aureusa representative Gram-positive bacte-
riacan be killed by GO with comparable potency. After 1 h
incubation with GO of the same dose in saline, only 41% and

26% of treated E. coli and S. aureus cells survived, respectively.7

Similar bactericidal activity was observed with GO dispersed in
deionized (DI) water.13 Moreover, GO was reported to retain
the antibacterial activity even when being formatted into free-
standing GO-based papers8,14 and nanocomposites complexed
with other antibacterial agents.15,16

In contradiction with the definitive bactericidal activity of
GO dispersed in saline and DI water, GO dispersed in nutrient
broth was reported to exhibit controversial antibacterial
activities. One study reported that GO in Luria−Bertani (LB)
broth enhanced bacterial growth.17 After 16 h incubation in LB
broth, E. coli cells treated with 20 μg/mL GO achieved an
optical density at 600 nm (OD600)a turbidity parameter
widely used to indicate bacterial growthof 1.7, whereas those
treated without GO only achieved an OD600 of 1.3; quantitative
real-time PCR (qPCR) assays showed that E. coli cells treated
with GO exhibited a higher number of bacterial genomic DNA
copies than those treated without GO.17 In stark contrast, some
other studies reported that GO dispersed in LB broth inhibited
bacterial growth.11,18 During a 15 h incubation, Pneumococcus
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aeruginosaa representative Gram-negative bacteriatreated
with 75 μg/mL GO exhibited limited growth (OD600 < 0.2),
whereas those treated without GO exhibited consistent growth
(as indicated by the monotonically increasing OD600, which
eventually reached a maximum of ∼1.2).11 Another study even
showed that GO exhibited a minimum inhibition concentration
(MIC) of <1 μg/mL against both Gram-negative and -positive
bacteria, according to turbidity, OD590, measurements.18

Differing from both stands above, one study reported that
GO in trypticase soy broth (TSB)one nutrient broth
imposed no significant effects on bacterial growth, as indicated
by the close counts of colony-forming units (cfu) of bacteria
treated with and without GO.19 These contradictory results
suggest an unknown mechanism affecting the antibacterial
activity of GO; unfortunately, these studies used very different
experimental conditions and evaluated different antibacterial
properties (e.g., killing assay vs growth inhibition assay),
making it difficult to correlate the results.
In this work, we systematically examined whether GO is

intrinsically antibacterial and, if so, why the antimicrobial
property appears to be controversial under certain conditions.
Our study not only explains the contradictory results in the
literature but also defines the necessary parameters for
achieving the optimal bactericidal activity of GO.

■ MATERIALS AND METHODS
Graphene oxide (GO) sheets were prepared by bath-sonicating GtO
particles prepared via a modified Hummers’ method.20,21 To assess
whether GO is bactericidal and, if that is the case, why it exhibited
contraversial antibacterial activity in nutrient broth, we performed
classic plate killing assays using GO dispersions in both saline (0.9%
NaCl) and LB-supplemented saline, with E. coli (ATCC 25922) used
as a representative bacteria strain. In addition, comparable plate killing
assays were performed using GO dispersions in saline supplemented
with bovine serum albumin (BSA) and tryptophantwo well-defined
adsorbates that GO basal planes readily adsorbto evaluate how
noncovalent adsorption on GO basal planes affects its antibacterial
activity. The morphology and thickness of GO sheets in various
dispersions were characterized using atomic force microscopy (AFM).
Statistical comparisons were performed via Student’s t test. To
distinguish whether GO indeed kills bacteria or simply renders them
unable to form visible colonies, we further performed fluorescence-
microscopy-based bacterial dead/live viability assays using E. coli
(ATCC 25922) and B. subtilis (ATCC 6051) as representive Gram-
negative and -positive bacterial strains, respectively. Similar cell
viability assays were performed against HepG2 cells, representative
mammalian cells, to assess whether the deactivation mechanism of
GO’s antibacterial activity could be extrapolated to its cytotoxicity
against mammalian cells. More experimental details and related
information are described in the Supporting Information.

■ RESULTS AND DISCUSSION
As we briefly reviewed above, GO sheets dispersed in saline
have demonstrated definitive bactericidal activity based on
classic killing assay results,7−10 indicating that GO is
antibacterial. In contrast, GO sheets exhibited enhancive,17

inhibitive,11,18 or inactive19 effects on the bacterial growth in
growth inhibition assays, indicating that GO has contradictory
antibacterial properties. It should be noted that these two types
of antibacterial assays differ in both their experimental
conditions and the antibacterial property they evaluate. A
bacteria killing assay is normally performed in buffer or saline,
which lack the necessary nutrients to support bacterial growth
and evaluates the effects on bacteria viability, whereas a growth
inhibition assay is normally performed in nutrient broth and

evaluates the effects on bacterial growth. Such difference may
account for the contradictory results on whether GO is
antibacterial.
To elucidate the mechanisms underlying the controversial

antibacterial property of GO, it is critical to perform
antibacterial assays under comparable conditions and evaluate
the same antibacterial property. Note that OD600 readings of
mixtures of GO sheets, nutrient broth, and/or bacterial cells
were significantly larger than the sum of the OD600 of the
constituents (Figure S3, Supporting Information).We believe
that this observation is due to the colloidal instability of GO
sheets in the presence of nutrient broth and/or bacterial cells;
the aggregated GO scatters light and results in an anomalously
large OD600 reading. As a result, OD600, though widely used to
indicate bacterial growth in bacterial growth inhibition assays,
may falsely indicate bacterial growth in the presence of GO.
Having these concerns in mind, we turned to bactericidal assays
and compared the bactericidal activity of GO in both
unmodified saline and broth-supplemented saline.
To determine whether GO is antibacterial, we first assessed

its bactericidal activity in saline. Freshly prepared GO
dispersion in saline at 200 μg/mL appeared optically clear
and light brown. The dispersion was stable and little or no
agglomeration/precipitation was observed after standing still
for 4 h (Figure 1a). Atomic force microscopy (AFM)

characterizations (Figure 1b−d) showed that the as-prepared
GO exhibited flat-sheet morphology and, on the basis of the
corresponding height profiles (Figure 1c), had an average
thickness of 1.00 ± 0.13 nm (n = 7, Figure 1e), indicative of
monolayer bare GO sheets. To evaluate whether our GO sheets
in saline are bactericidal, we performed classic plate killing
assays using E. coli (ATCC 25922) as a representative bacterial

Figure 1. GO dispersion in saline and related characterizations. (a)
Photographs of GO dispersion in saline at 200 μg/mL before (left)
and after (right) standing for 4 h. (b) A representative AFM image of
GO sheets and the corresponding (c) height and (d) three-
dimensional profiles. Scale bar = 2 μm. On the basis of the height
profiles of AFM images, (e) GO sheets in saline have an average sheet
thickness of 1.00 ± 0.13 nm (averaged over seven individual sheets),
indicative of a monolayer of bare GO sheets. (f) Plate killing assays
against E. coli using GO sheets of 80 and 200 μg/mL in saline.
Controls were samples assayed in comparable ways but in the absence
of GO and are marked as 0 μg/mL GO. The E. coli inoculation level
was ∼5 × 105 cfu/mL. The difference in survival percentages between
bacterial cells treated with 80 μg/mL GO and control has p > 0.05,
whereas that between cells treated with 200 μg/mL GO and control
has p < 0.01. Data points are reported as mean ± standard deviation.
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strain. After 3 h incubation, GO sheets of 80 and 200 μg/mL
resulted in bacterial survival percentages of 72.7% and 0.14%,
respectively (Figure 1f). Statistical comparisons using Student’s
t test analysis revealed that the difference in survival percentage
between samples treated with 200 μg/mL GO and controls had
p < 0.01, indicative of a statistically significant difference, as
compared to p > 0.05 for samples treated with 80 μg/mL GO
and controls. Therefore, we used 200 μg/mL as GO dose for all
the following experiments unless specified otherwise. Ob-
viously, our plate killing assays indicate that GO is bactericidal,
which is consistent with previous assays conducted in
saline.7−11

To evaluate the bactericidal activity of GO in the presence of
LB nutrients, we supplemented saline with trace amounts of LB
broth, ≤10% (volume ratio, v/v), and performed the same
bactericidal assays that we had performed on the GO
dispersions in unmodified saline. The differences were striking.
Freshly prepared GO dispersion in LB-supplemented saline
(5%, LB broth) appeared to be clear and light brown in color,
similar to GO in saline, but agglomeration and slight
precipitation occurred after standing still for 4 h (Figure 2a).

Intriguingly, killing assays showed that, in saline supplemented
with 10% LB broth, GO sheets of 80 and 200 μg/mL led to
bacterial survival percentages of 101.9% and 97.95%,
respectively (Figures 2b and S4, Supporting Information),
indicating that the presence of only 10% LB broth in saline was
enough to completely inactivate the bactericidal activity of
⩽200 μg/mL GO sheets. Similar results were observed in
modified saline containing 5% LB broth, in which GO sheets of

80 and 200 μg/mL resulted in bacterial survival percentages of
102.2% and 80.4%, respectively (Figures 2b and S4, Supporting
Information); in this case, the bactericidal activity of 200 μg/
mL GO sheets was slightly recovered, suggesting that the
relative dosage of GO versus LB may play a role in the
deactivation. Thus, we speculated that increasing GO dose may
help GO recover its bactericidal activity. Indeed, this was the
case. In saline supplemented with 5% LB broth, GO sheets of
250 and 300 μg/mLtwo doses capable of killing >99% of
treated bacterial cells in salineresulted in bacterial survival
percentages of 66.9% and 38.6%, respectively (Figure 2c). Note
that, in a plate killing assay, each zero-dilution well was initially
inoculated to achieve ∼5 × 105 cfu/mL. After 3 h incubation,
those in LB-modified saline achieved ≥4 × 107 cfu/mL
corresponding to ∼100-fold growthirrespective of the
presence or absence of GO (Figure S5, Supporting
Information). Thus, GO’s loss of bactericidal property and
the concurrent bacterial growth observed in LB-supplemented
saline may explain the prior observations that bacterial growth
occurred in the presence of GO as determined by both
inhibition assays and bacterial genomic DNA quantifications
using GO in LB broth.17

The fact that the GO’s antibacterial activity is related to the
amount of LB broth suggests that one or more components of
the broth are interacting with the GO in a way that quenches its
activity. It is known that GO basal planes readily adsorb a
variety of molecules via noncovalent interactions, a property
extensively explored for biomedical applications.4−6,22−28

Moreover, recent computer simulations suggested that GO
sheets may destructively extract phospholipids from the
bacterial cellular membranes onto their basal planes, leading
to bacterial death.10

We hence hypothesized that the basal planes of GO may be
crucial for its antibacterial activity and masking them by
noncovalent adsorption of certain LB nutrients may account for
its loss of antibacterial property in the presence of LB broth.
The results of our initial studies were consistent with this
hypothesis. Under AFM, GO dispersion in LB-supplemented
saline (5% LB broth) retained the sheetlike morphology
(Figure S6a, Supporting Information) of bare GO sheets in
saline (Figure 1b) but exhibited an average sheet thickness of
1.58 ± 0.14 nm (n = 2, Figure S6d, Supporting Information),
approximately 60% thicker than that of bare GO sheets in saline
(1.00 ± 0.13 nm, Figure 1e), indicative of the presence of
certain LB components on GO basal planes. Unfortunately, the
presence of excess LB components and their aggregations made
it difficult to move the AFM tip over the sample and obtain
more AFM images necessary for further analysis. To remove
excess LB components and their aggregations, we centrifuged
and redispersed the LB/GO complexes in saline (details in the
Supporting Information); the resultant dispersion appeared to
be clear and light brown in color when freshly prepared but
precipitated after standing still for 4 h (Figure S7b, Supporting
Information). Under AFM, the redispersed LB/GO complexes
retained the sheetlike morphology but exhibited an average
sheet thickness of 1.41 ± 0.15 nm (n = 8, Figure 2g), close to
that of GO in LB-supplemented saline (Figure S6d, Supporting
Information) but significantly larger than that of bare GO (1.00
± 0.13 nm, Figure 1e) (p < 0.01). Although the increase in
sheet thickness is consistent with the presence of significant
adsorbate on the GO basal planes, the LB extract is complex
and the exact identity of the adsorbed species is currently

Figure 2. GO dispersion in LB-supplemented saline and related
characterizations. (a) Photographs of GO dispersion at 200 μg/mL in
saline supplemented with 5% LB broth before (left) and after (right)
standing still for 4 h. Killing assays using (b) GO sheets of 200 μg/mL
in saline, saline supplemented with 5% LB, and saline supplemented
with 10% LB and (c) GO sheets of 250 and 300 μg/mL in saline
supplemented with 5% LB. Controls are samples assayed in
comparable ways but in unmodified saline. The E. coli inoculation
level was consistently ∼5 × 105 cfu/mL. Asterisks indicate bacterial
survival percentage of <1%. Data points are reported as mean ±
standard deviation. (d) A representative AFM image of GO sheets
which were dispersed in LB-supplemented saline (5% LB broth) and
subsequently washed to remove excess LB components and the
corresponding (e) height and (f) three-dimensional profiles. Scale bar
= 1 μm. (g) On the basis of the height profiles of AFM images, LB-
masked GO sheets in saline supplemented with 5% LB exhibited an
average sheet thickness of 1.41 ± 0.15 nm (averaged over eight
individual sheets). Data points are reported as mean ± standard
deviation.
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unknown. As such, we undertook a study using well-defined
adsorbates.
BSA is a protein that GO basal planes readily adsorb via

noncovalent adsorptions.29 Using BSA as a model adsorbate,
we assessed whether BSA−GO adsorption deactivates the
bactericidal activity of GO. BSA−GO adsorption assays
revealed that, when BSA adsorption saturated GO, the mass
ratio of adsorbed BSA and GO, BSAadsorbed:GO, varied slightly
around 1:1 (Figure S8b, Supporting Information), consistent
with previous studies.29,30 Hence we used BSAtotal:GO = 2:1 to
ensure saturation of BSA−GO adsorption for all the following
BSA-related experiments, unless specified otherwise. Freshly
prepared GO dispersion (200 μg/mL) in BSA-supplemented
saline (400 μg/mL BSA) appeared to be clear and light brown,
but slight agglomeration occurred after standing still for 4 h
(Figure 3a), similar as GO in LB-modified saline. The BSA−

GO adsorption was also confirmed with zeta-potential
measurements, as indicated by the less negative zeta-potential
for GO in BSA-supplemented saline than that of bare GO
sheets (Figure S9, Supporting Information). Under AFM, GO
in BSA-supplemented saline clearly aggregated, but the thinnest
area of the aggregations retained the sheetlike morphology
(Figure S10a-c, Supporting Information) and exhibited an
average sheet thickness of 4.74 ± 0.49 nm (n = 18, Figure S10d,
Supporting Information). To improve the dispersity of the
BSA-coated GO sheets, we centrifuged and redispersed the
BSA/GO complexes in saline; the resultant dispersion appeared
to be clear and light brown when prepared fresh but obviously
precipited after standing still for 4 h (Figure S7c, Supporting
Information), similar to the behavior of LB/GO complexes in
saline (Figure S7b, Supporting Information). Under AFM, the
redispersed BSA/GO complexes retained the sheetlike
morphology (Figure 3b,c) but exhibited an average sheet
thickness of 4.52 ± 0.52 nm (n = 10, Figure 3e), close to that of
GO in BSA-supplemented saline (Figure S10d, Supporting

Information) but significantly larger than that of uncoated GO
(1.00 ± 0.13 nm, Figure 1e) (p < 0.01). Note that BSA has a
molecular size of ∼14 nm × 4 nm × 4 nm.29 Assuming that
BSA does not denature upon adsorption, the as-observed
average sheet thickness of BSA-saturated GO sheets corre-
sponds to the sum of the thicknesses of a single GO sheet and
that of an adsorbed BSA monolayer, which suggests that BSA
may adsorb evenly and form a monolayer over the basal planes
of a GO sheet.
We estimated that the adsorbed BSA molecules occupy

approximately 56−84% of the GO basal plane area when BSA−
GO adsorption saturates (BSA:GO = 1:1). Our estimation
assumed a Brunauer−Emmett−Teller (BET) surface area of
600−900 m2/g for GO,31 and our estimated percentage is close
to that reported by a prior study that estimated the maximal
percent of GO basal plane area occupied by adsorbed BSA to
be 43% by assuming a BET surface area of 900 m2/g for GO.29

Though formation of a BSA-multilayer could occur, little
evidence was found to support its formation, as only extremely
small areas on a very few BSA-saturated GO sheets were
observed to exhibit an average sheet thickness other than ∼4.52
nm.
To assess whether the noncovalent adsorption of BSA on

GO basal planes deactivates GO’s bactericidal activity as
hypothesized, we freshly prepared GO dispersion in BSA-
supplemented saline prior to bacterial exposure and performed
the same killing assays as those conducted in unmodified saline.
These assays showed that, upon BSA supplementation in saline,
GO partially lost its bactericidal activity and the degree of such
inactivation varied depending on the amount of BSA
supplemented (Figure 3f). In saline supplemented with BSA
above BSA:GO saturation ratio (BSAtotal:GO ≥ 1:1), 200 μg/
mL GO sheets at BSAtotal:GO = 2:1 and 1:1 led to bacterial
survival percentages of 68.6% and 66.1%, respectively. In
striking contrast, GO at the same dose in saline supplemented
with BSA below the BSA:GO saturation ratio (BSAtotal:GO =
0.25:1, 4-fold lower than that at saturation) led to a bacterial
survival percentage of only 3%. Note that BSA itself in saline
imposed no significant impact on bacterial viability up to 0.6
mg/mL (Figure S11, Supporting Information), the highest BSA
concentration we used to pretreat GO. Taken together, these
results indicate that GO basal planes are important action sites
for its bactericidal property, consistent with previous computer
simulations,10 and masking them via noncovalent adsorption
could significantly weaken the bactericidal activity of GO
sheets.
A natural question that emerges is: why did the BSA-

saturated GO sheets (at BSAtotal:GO ≥ 1:1) still demonstrate
residual bactericidal activity? The still sharp edges of GO sheets
after BSA pretreatment and the inevitable void area left by 2D
packing of BSA on GO basal planes represent two possible
explanations, and we believe that the answer may be related to
the latter. Considering the fact that BSA is a relatively large
protein, its 2D packing may inevitably leave relatively large void
areas on GO basal planes, which may be attributed to the
observed residual bactericidal activity. If this was the case,
switching to smaller adsorbate might help decrease such void
areas on GO basal planes and, in doing so, lower the residual
bactericidal activity of masked GO. To test this hypothesis, we
used tryptophan (Trp)an amino acid that GO basal planes
readily adsorb32as a model small adsorbate and examined
how pretreating GO with Trp affects its bactericidal activity.
Assuming compact 2D packing of tryptophan’s indole group on

Figure 3. (a) Photographs of 200 μg/mL GO dispersion in BSA-
supplemented saline (400 μg/mL BSA) before (left) and after (right)
standing still for 4 h. (b) A representative AFM image of BSA-coated
GO sheets (BSA:GO = 2:1) and the corresponding (c) height and (d)
three-dimensional profiles. Scale bar = 1 μm. (e) On the basis of the
height profiles of AFM images, BSA-saturated GO sheets exhibited an
average sheet thickness of 4.52 ± 0.52 nm (averaged over 10 individual
sheets). (f) Killing assays using 200 μg/mL GO dispersions in BSA-
supplemented saline with varying BSA:GO mass ratios. Comparable
assays using 200 μg/mL GO dispersions in unmodified saline were
included for comparisons. The E. coli inoculation level was consistently
∼5 × 105 cfu/mL. Data points are reported as mean ± standard
deviation. An asterisk indicates bacterial survival percentage of <1%.
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GO basal planes, we estimated that, at a mass ratio of Trp:GO
= 6:1, an adsorbed tryptophan monolayer could occupy all the
area of GO basal planes (details in the Supporting
Information). To ensure saturation of Trp on GO, a mass
ratio of Trp:GO = 12:1 was used for the following experiments,
unless specified otherwise. Freshly prepared GO dispersion
(200 μg/mL) in Trp-supplemented saline (2.4 mg/mL Trp)
appeared to be clear and light brown but slight precipitation
occurred after standing still for 4 h (Figure 4a), similar to the

behavior of GO dispersions in both LB- and BSA-
supplemented saline. Under AFM, GO sheets in Trp-
supplemented saline aggregated slightly, but the very thin
area of the aggregations retained similar sheet morphology to
bare GO sheets (Figure S12a−c, Supporting Information) and
exhibited an average sheet thickness of 1.40 ± 0.09 nm (n = 15,
Figure S12d, Supporting Information). To improve the
dispersity of Trp-adsorbed GO sheets, we centrifuged and
redispersed the Trp/GO complex in saline; the dispersion
appeared to be clear and light brown when freshly prepared but
slightly precipited after standing still for 4 h (Figure S7d,
Supporting Information), similar to the behavior of LB/GO
complexes in saline (Figure S7b, Supporting Information).
Under AFM, the redispersed Trp/GO complexes retained the
sheetlike morphology of bare GO sheets (Figure 4b,c) but
exhibited an average sheet thickness of 1.42 ± 0.06 nm (n = 7,
Figure 4e), close to that of GO in Trp-supplemented saline
(Figure S12d, Supporting Information) but significantly larger
than that of bare GO sheets (1.00 ± 0.13 nm) (p < 0.01).
Assuming that Trp adsorbs with its indole group lying parallel
to GO basal planes, we estimated a thickness of the Trp
monolayer to be approximately 0.4 nm high perpendicularly to
GO basal planes. Thus, the as-observed average sheet thickness
of Trp-saturated GO sheets corresponds to the sum of the
thicknesses of a single GO sheet and that of an adsorbed Trp

monolayer, verifying the adsorption of Trp over GO basal
planes.
Now Trp does adsorb over GO basal planes, as did BSA.

Would this significantly smaller adsorbate deactivate GO’s
bactericidal activity to significantly higher extent compared to
BSA? This was indeed the case. Our killing assay results showed
that, for GO sheets of 300 μg/mL, Trp-saturated ones
(Trp:GO = 12:1) completely lost their bactericidal property
and resulted in 100.1% bacterial survival, whereas BSA-
saturated ones (BSA:GO = 2:1) were partially bactericidal,
leading to a bacterial survival percentage of 64.7% (Figure 4f).
Our control experiments showed that tryptophan itself in saline
barely affected bacterial viability up to 3.66 mg/mL (Figure
S13, Supporting Information), the highest Trp concentration
we used to pretreat GO. Notably, Trp-unsaturated GO sheets
(Trp:GO < 6:1) still partially retained the antibacterial activity
of bare GO (Figure S14, Supporting Information). Combined
with assays at varying BSA:GO (Figure 3f), these results
indicate that the extent to which GO basal planes are masked
by adsorbatesthe availability of GO basal planes
determines the extent of deactivation of GO’s bacterial activity.
Our bacterial killing assays evaluated bactericidal activity by

counting visible colonies on agar plates, as normally done for a
bactericidal assay. That GO treatment resulted in loss of a
certain percentage of cfu/mL for the inoculated bacterial cells
may have two possible explanations: GO is definitively
bactericidal and indeed kills a significant percentage of
inoculated bacterial cells or GO does not kill bacteria but
simply renders a certain percentage of treated bacterial cells
unable to form visible colonies on agar plates. To clarify which
possibility is related with the answer, we performed bacterial
dead/live viability assays. Both E. coli and B. subtilis (ATCC
6051) were used, considering that GO was reported to be
bactericidal against both Gram-negative and -positive strains.7

We briefly incubated the GO-treated bacteria with SYTO 9 and
propidium iodide (PI)33 and examined the staining effects
under fluorescence microscopy. SYTO 9 is a cell-permeant
green-fluorescent stain that labels both live and dead bacteria,
whereas PI is a cell-impermeant red-fluorescent stain that only
labels cells with compromised cellular membranes; both SYTO
9 and PI are nucleic acid stains. After brief incubation with
SYTO 9 and PI, all GO-treated strains stained intensely red,
indicative of dead cells (Figure 5). In contrast, strains treated
similarly but without GO addition (i.e., control) were dark in
the red channel, indicative of live cells (Figure 5). Combined
with our killing assays, the bacterial dead/live viability assays
showed that bare GO sheets indeed kill bacteria. Moreover, the
effects of BSA- and Trp-adsorption on GO’s bactericidal activity
quantitatively assessed in classic plate killing assays were also
qualitatively verified in the bacterial dead/live viability assays.
Trp-saturated GO, which was completely inocuous in classic
plate killing assays (Figure S14, Supporting Information),
rendered treated bacterial strains dark in the red channel, like
the untreated ones (Figure 5), indicative of live cells. In
contrast, BSA-saturated GO, which led to a bacterial survival
percentage of 68.6% in plate killing assays (Figure 3f), rendered
treated bacterial strains stained intensely red, indicative of dead
cells (Figure S15, Supporting Information); obviously, the
qualitative nature of fluorescence-microscopy-based bacterial
dead/live viability assays cannot differentiate survival percen-
tages of <1% and ∼60%. Taken together, our data suggest that
bare GO sheets indeed kill bacteria and noncovalent adsorption

Figure 4. (a) Photographs of GO dispersion in saline supplemented
with Trp, at mass ratio Trp:GO = 12:1, before (left) and after (right)
standing still for 4 h. (b) A representative AFM image of Trp-saturated
GO sheets in saline, at Trp:GO = 12:1, and the corresponding (c)
height and (d) three-dimensional profiles. Scale bar = 0.5 μm. (e) On
the basis of the height profiles of AFM images, Trp-saturated GO
sheets exhibit an average sheet thickness of 1.42 ± 0.06 nm (averaged
over seven individual sheets). (f) Killing assays using bare GO sheets,
BSA-masked GO sheets (BSA:GO = 2:1), and Trp-masked GO
(Trp:GO = 12:1); the same GO doses of 300 μg/mL are used. The E.
coli inoculation level was consistently ∼5 × 105 cfu/mL. Data points
are reported as mean ± standard deviation. An asterisk indicates
bacterial survival percentage of <1%. **p < 0.01.
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on its basal planes deactivats its bactericidal activty to a varying
extent depending on adsorbate used.
It should be noted that Trp, but not BSA, can be used as a

sole carbon source for growth by E. coli. Is it possible that the
similarities between Trp and LB, but not with BSA, simply
originate in that bacteria are able to grow in the presence of Trp
and LB, but not BSA? To exclude this possibility, we compared
the cfu/mL counts for samples in related killing assays. After 3
h incubation, GO sheets in both Trp- and BSA-supplemented
saline resulted in <2-fold increase in bacterial cfu/mL counts
compared to bacterial inoculum size (Figure S16, Supporting
Information), whereas those in LB-supplemented saline led to
∼100-fold increase in cfu/mL counts (Figure S5, Supporting
Information); bacterial inoculums sizes were consistently ∼5 ×
105 cfu/mL. Therefore, the as-observed similarities between the
impact of Trp and LB, but not BSA, on GO’s antibacterial
property may originate in their similar capability of masking the
GO basal planes, rather than their similarities in supporting
bacterial growth.
Several possible antibacterial mechanisms were previously

proposed for GO, including membrane stress, oxidative stress
independent of reactive oxygen species (ROS), and nutrient
deprivation imposed by GO’s adherence.7,9,10,12,34 For mem-
brane stress, two possible action sites on GO were suggested:
GO’s sharp edges, which may act as “cutters” to disrupt the
bacterial cellular membranes and cause leakage of intracellular
substances such as RNA,7,9 and GO’s basal planes, which may
contribute, for example, by destructively extracting membrane
lipids.10,12 Our results suggest that, to kill bacteria, GO relies
heavily on the availability of its basal planes, where a variety of
antibacterial processes such as membrane stress, oxidative
stress, and even nutrient deprivation could occur. Our results
clearly showed that membrane permeabilization is indisputably
involved in the antibacterial activity of GO (Figure 5);
additional studies are needed to establish the detailed
mechanism.
Finally, we noted that the roles played by GO basal planes in

its antibacterial activity could be extrapolated to its cytotoxicity
against mammalian cells. Similar to the case of antibacterial
property, controversial observations were reported for GO’s

cytotoxicity against mammalian cells. Some reports showed that
GO has concentration-dependent cytotoxicity,8,30,35 whereas
others showed that GO has no obvious cytotoxicity or only
slight cytotoxicity at high concentrations.36 Such differing
cytotoxicity of GO was previously attributed to fetal bovine
serum (FBS), a protein-rich mixture normally supplemented in
cell culture media.30 Here, to examine how noncovalent
adsorption on GO basal planes affects its cytotoxicity, we
used HepG2 cells as representative mammalian cells and
performed similar dead/live viability assays as in the case of
bacteria. After brief incubation with SYTO 9 and PI, HepG2
cells treated with bare GO sheets stained intensely red,
indicative of dead cells (Figure 6), whereas those treated with

Trp-masked GO sheets (Figure 6) as well as those treated with
BSA-saturated GO (Figure S17, Supporting Information) were
mostly dark in the red channel, like the control, indicative live
cells. Clearly, bare GO is cytotoxic to mamallian cells and
noncovalent adsorption on its basal planes attenuated its
cytotoxicity. Similar attenuation of GO’s cytotoxicity was also
observed in both Dulbecco’s modified Eagle’s medium
(DMEM) and FBS-supplemented DMEM (Figure S17,
Supporting Information), media rich in amino acids/proteins,
consistent with prior study30 and also similar to GO’s loss of
antibacterial activity in LB broth. Taken together, these
observations suggest that bare GO sheets are intrinsically
cytotoxic to mammalian cells and noncovalent adsorption on
GO basal planes deactivates GO’s cytotoxicity, indicative of a
global deactivation mechanism for GO’s cytotoxicity against
both bacteria and mammalian cells.

Figure 5. Representative fluorescence microscopy images of bacterial
strains treated with bare GO and Trp-masked GO and subsequently
stained briefly (15 min) with SYTO 9 (green) and PI (red). The
treatment was carried out with bare GO sheets or Trp-masked GO
sheets (Trp:GO = 12:1 to ensure saturation) for 15 min in saline
(0.9% NaCl); both cases had the same GO doses of 200 μg/mL.
Controls are assayed similarly but without the addition of GO or Trp-
saturated GO. Scale bar = 20 μm.

Figure 6. Representative fluorescence microscopy images of HepG2
cells treated with bare GO sheets and Trp-masked GO sheets and
subsequently stained briefly (15 min) with SYTO 9 (green) and PI
(red). The cell treatment was carried out with bare GO sheets or Trp-
masked GO sheets (mass ratio Trp:GO = 12:1 to ensure saturation)
for 15 min in sterile saline (0.9% NaCl); GO doses in both cases were
set the same at 200 μg/mL. Controls were assayed similarly but
without addition of GO or Trp-saturated GO. Scale bar = 100 μm.
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■ CONCLUSION
In summary, we have systematically studied whether GO is
intrinsically antibacterial and, if that is the case, why it appeared
to be inactive under certain conditions. Our results revealed
that bare GO indeed kills bacteria and that masking its basal
planes via noncovalent adsorption renders GO inactive against
bacteria, which may explain GO’s loss of antibacterial activity as
previously observed in antibacterial assays performed in LB
broth and also suggests that the availability of GO basal planes
determines GO’s antibacterial activity. Our study explains the
contradictory results on GO’s antibacterial activity in the
literature and defines the necessary parameters for achieving the
optimal bactericidal activity of GO. Moreover, we also showed
that bare GO is cytotoxic to mammalian cells and masking its
basal planes via noncovalent adsorption also largely attenuates
its cytotoxicity, using a qualitative cell viability assay technique.
Taken together, the results presented here show that the
availability of GO basal planes may be a global key factor
determining GO’s cytotoxicity against both bacteria and
mammalian cells.
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