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Graphene-based composites have shown significant _ Biofilm formation o
potential in the treatment of biofilm infections in clinical settings GAgS 1. Bacterial attachment 2. Mature biofilm
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influence exerted by nanoparticles embedded in the composites on -
the development and structure of biofilms is still lacking. Here, we ;
fabricate different graphene oxide-silver nanoparticle (GAg)
composite-modified substrates (GAgS) with varying densities of

silver nanoparticles (AgNPs) and investigate their effects on

planktonic bacterial adhesion, subsequent biofilm formation, and

mature biofilm structure. Our findings indicate that the initial

attachment of Pseudomonas aeruginosa cells during biofilm

formation is determined by the density of AgNPs on the GAgS

surface. In contrast, the subsequent transition from adherent

bacteria to the biofilm is determined by GAgS’s synergistic antimicrobial effect. There exists a threshold for the inhibitory
performance of GAgS, where the 20 yg/cm” GAg composite completely prevents biofilm formation; below this concentration, GAgS
delays the development of the biofilm and causes structural changes in the mature biofilm with enhanced bacterial growth and
increased production of extracellular polymeric substance. More importantly, GAgS have minimal impact on mammalian cell
morphology and proliferation while not inducing hemolysis in red blood cells. These results suggest that GAg composites hold
promise as a therapeutic approach for addressing medical devices and implant-associated biofilm infections.
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cost-effective strategy. One approach to hinder the adhesion
and colonization of planktonic bacteria onto implants involves
incorporating an antimicrobial surface onto the device. Over
the past few decades, various antimicrobial agents such as
antibiotics,”® peptides,”'® polymers,"' ™"
have been utilized for modifying implants and creating
bactericidal coatings.'”~"® These functionalized implants can
effectively impede the initial adhesion of planktonic bacteria
while also inactivating surface-adherent bacteria to disrupt
biofilm development.

The graphene oxide-silver nanoparticle composite (GAg)
has gained significant attention as a highly eflicient bactericide

Bacterial biofilms causing implant-associated infections, such as
those related to catheters, pacemakers, and orthopedic
implants, pose a significant threat to human life and the
healthcare system.'™ Planktonic microorganisms that evade
the host defense system can attach to the surface of an implant
and subsequently proliferate into a dense biofilm within the
body. This surface-associated microbial community is
embedded in viscous extracellular polymeric substances
(EPS) consisting of polysaccharide, protein, and extracellular
DNA (eDNA), which provide bacteria with 10—1000 times
greater tolerance against detrimental invasions like antibiotics
and other bactericides.” To date, the clinical management of
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implant infections has predominantly relied on the admin- January 3, 2024
istration of high-dose antibiotics and implant retention surgery, February 3, 2024
yielding a success rate of less than 20% in certain cases.”® In February 6, 2024

most scenarios, the surgical removal of infected implants is February 16, 2024

necessary. However, compared with eradicating biofilms,
preventing their formation represents a more efficient and
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Scheme 1. AgNP Density of GAgS Affects Biofilm Formation and Cell Proliferation
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Figure 1. Synthesis and characterization of GAgS.(a) Schematic image of GAg and GAgS preparation. (b) SEM images of GAg substrates. (c) EDS
spectra of graphene-based substrates. (d) Density of Ag particles and content of the Ag element on different substrates. (e) Roughness of GAg
substrates. Asterisks denote significantly increased roughness as compared with the control group (**P < 0.01, ***P < 0.001).

in the past decade.'”™* Its exceptional antibacterial activity
can be attributed to its specific physicochemical properties. On
one hand, graphene oxide (GO) sheets serve as growth
templates that effectively protect silver nanoparticles (AgNPs)
from oxidation and aggregation, thereby maintaining their high
antibacterial capability.”> On the other hand, GO sheets
possessing a large surface area and abundant functional groups
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exhibit enhanced affinity toward bacteria, thereby facilitating
direct interaction between bacteria and AgNPs, consequently
leading to a unique “capture-kill” mechanism against bacterial
pathogens. Moreover, GO itself exhibits remarkable bacter-
icidal properties through oxidative stress and physical damage.
To date, the GAg composite has demonstrated efficacy in
effectively inactivating various planktonic microorganisms,

https://doi.org/10.1021/jacsau.4c00008
JACS Au 2024, 4, 855—-864


https://pubs.acs.org/doi/10.1021/jacsau.4c00008?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00008?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00008?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00008?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00008?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00008?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Ctrl

Free bacteria ' q://'/

) & \

Attached

GAgS
Adhesion l

Free bacteria

GAgS 20

GAgS 2.5

GAgS5 GAgS 10

125 alal 125 kK
_ r 1 = [ 1
Attached bacteria — S 4 =100 s
> - = © s
/\\ = z, = E
£ = S 75 22
5 j
] : > =
Collection | Counting o g1 3 50 2
fra w © s
25 o5 gA0 20 § 25 <o s S Y S
I ope®T T Gre®7 pe® T gne® = o5 ° one5® oae® 0 pes
P 0 f—
== : © N > o K o
”jﬁ & g & & & S &S o &
S x> O F X F F K F

Figure 2. Adhesion capability of planktonic P. aeruginosa on GAgS. (a) Schematic of bacterial adhesion at the initial stage of biofilm formation. (b)
Growth of free and attached P. aeruginosa on GAgS after 2 h. The number of (c) free and (d) attached bacteria on GAgS. Insets provide an
enlarged depiction of the bacteria rate of GAgS. Asterisks denote significantly reduced bacteria as compared with the control group (***P < 0.001).
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including pathogenic bacteria, fungi, * and even viruses.”> ™%’

Furthermore, it exhibits inhibitory effects on biofilm formation
and possesses a remarkable capacity for eradicating biofilms. It
has been reported that GAg dispersion can eliminate 100% of
Pseudomonas aeruginosa (P. aeruginosa) cells adhered to a
stainless steel surface within 1 h.”® The complex also exhibits
remarkable efficacy in eliminating adherent cells from both
Gram-positive and Gram-negative microbial strains.”” Impor-
tantly, GAg has been successfully integrated into the polymer
film or applied as coatings on various substrates to effectively
inhibit biofilm formation in diverse fields such as biomedi-
cine,30’31 marine antifouling,"'z_g’4 and wastewater treatment.>
Undoubtably, GAg is an ideal antimicrobial coating with
robust antibiofilm activity. However, previous studies have
exclusively focused on the antibiofilm efficacy and potential
application of this composite, offering limited information on
the effects of the GAg-modified substrate (GAgS) on
planktonic adhesion and subsequent biofilm development.
This knowledge gap, particularly in relation to the potential
influence of different components on antibiofilm efficacy, such
as the density of AgNPs in the composites, requires further
investigation.

In this study, GAg coatings with different densities of AgNPs
were prepared by deposition followed by vacuum drying, and
their effects on biofilm formation and cell proliferation were
investigated (Scheme 1). The adhesion of planktonic bacteria
is effectively inhibited by GAgS, mainly due to the density of
AgNPs rather than the toxic effect of GAg. However, GAg
synergistically affects the ability of adherent bacteria to form
the biofilm and the architecture of the mature biofilm. A
concentration of 20 ug/cm® GAg on the substrate surface
completely inhibits biofilm formation; below this concen-
tration, GAg coatings only delay biofilm formation but
promote bacterial proliferation and EPS production in the
mature biofilm. In contrast, GAgS show no toxicity to the

857

proliferation of preosteoblast cells. These findings provide
valuable insights into developing advanced strategies against
biofilm-associated infections.

GAg composite-modified substrates were fabricated according
to the procedure shown in Figure la. The GAg composite was
synthesized through the reduction of silver ions on the surface
of graphene oxide as previously reported.’® The synthesized
GAg solution was deposited onto a glass substrate and dried
under vacuum conditions. By adjusting the concentration of
GAg on the surface, we obtained GAgS with varying densities
of Ag nanoparticles, namely, GAgS 2.5, GAgS 5, GAgS 10, and
GAgS 20 for concentrations of 2.5, S, 10, and 20 ug/cm?,
respectively. Scanning electron microscopy (SEM) images
revealed that the four GAgS exhibited wrinkles with white
spots compared to the smooth glass control, and the density of
shite spots increased with the GAg concentration (Figure 1b).
Energy-dispersive spectrometry (EDS) analysis confirmed the
successful formation of GAgS by detecting a characteristic peak
at an energy of 3 keV corresponding to the Ag element (Figure
1¢).>>** The presence of randomly dispersed white dots on the
background indicated stable anchoring AgNPs on the GO
surface during interface modification. The densities of AgNPs
were determined to be approximately 47, 113, 165, and 210
particles/, um? for GAgS 2.5, GAgS 5, GAgS 10, and GAgS 20,
respectively. The amount of Ag element in GAgS 20 was as low
as 2.56 pug/cm* (Figure 1d). We subsequently measured the
interfacial hydrophobicity and roughness as they play
significant roles in biofilm formation at the initial stage
including bacterial adhesion and grow’ch.3'7’3’8 GAg modification
has minimal impact on substrate hydrophilicity (Figure S1),
but it did increase surface roughness (Figure S2 and Figure
le). Higher concentrations of GAg resulted in greater
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Figure 3. Development of the biofilm on GAgS. (a) Schematic of biofilm development. (b) Effects of different concentrations of the GAg substrate
on biofilm formation. (c) 3D confocal images of the biofilm. (d) Total biomass, (e) cell biomass, (f) EPS biomass, and (g) thickness of the biofilm
at different culture times. Asterisks denote significantly inhibited biofilm biomass as compared with the control group (*P < 0.0, **P < 0.01, ***P

< 0.001).

roughness, which can be attributed to the wrinkled GO of GAg
(Figure S3). Collectively, these results indicate the successful
preparation of GAgS with different surface properties.

The irreversible adhesion of planktonic bacteria to a biotic or
abiotic interface is a critical step in biofilm formation. To
investigate the effect of GAgS on bacterial adhesion, we
incubated Gram-negative P. aeruginosa with GAg-coated and
uncoated substrates for 2 h and then counted the number of
unattached (free) and attached bacteria cells using the plate-
counting method (Figure 2a). The results demonstrated a
pronounced inhibitory effect of all GAg substrates on both
free-floating bacteria and bacteria adhered to the substrates
(Figure 2b). As the dosage of GAg increased, a gradual
reduction in the number of free (Figure 2c) and attached
(Figure 2d) cells was observed compared to the control group.
Adhesive bacteria on GAgS 2.5, GAgS 5, GAgS 10, and GAgS
20 were reduced by 97.97 + 0.23, 98.86 + 0.08, 99.44 + 0.17,
and 99.70 + 0.11%, respectively; no statistically significant
difference was found among them. This suggests that GAgS
can significantly inhibit the initial adhesion of planktonic
bacteria.

Next, to assess the capacity of attached bacteria on various
substrates to mature into the biofilm after cellular proliferation
and EPS secretion (Figure 3a), we quantified the biomass of
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the biofilm using crystal violet staining after 12 and 24 h. As
depicted in Figure 3b, bacteria cultivated on glass coverslips as
the control group had successfully developed into a mature
biofilm within 12 h, which is consistent with our previous
findings.*® However, there was a noticeable delay in the biofilm
development for bacteria adhered to different GAg substrates.
This delayed effect became more pronounced with an
increasing GAg dosage. After culturing for 24 h, the control
biofilm entered the dispersal phase with a significant reduction
in biomass. Bacteria cultured on GAgS S approached maturity
similar to that observed at 12 h for the control biofilm. With
the exception of bacterial growth being completely inhibited
on GAgS 20, adhesive bacteria on all other GAgS exhibited
slow development within 24 h.

To observe the architecture of the biofilm grown on GAgS,
we used fluorescent SYTO9 (green) and Concanavalin-A Alexa
Fluor (red) probes to label live bacteria and EPS,
respectively.’® SYTO 9 has the ability to penetrate the cell
membranes of live bacteria and bind to their DNA molecules.
Concanavalin-A is commonly used as an EPS probe due to its
selective binding affinity toward polysaccharides. Figure 3c
illustrates that compared to the control biofilm, the biofilm on
the GAg substrate exhibited a lower bacterial count and a less
compact structure after 12 h. After 24 h, bacterial cells started
dispersing from the control biofilm; in contrast, GAgS §
displayed a dense and mature biofilm structure similar to the
control at 12 h. Only a few bacteria were observed on GAgS 20
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Figure 4. Structure of the biofilm observed by SEM. (a) Top and (b) lateral images of the biofilm on different substrates for 12 and 24 h. (c)

Quantification of biofilm thickness in lateral SEM images.

for the entire 24 h period, indicating significant inhibition in
biofilm development. Quantitative data showed that GAgS 5
had a higher total biomass than the control at the mature stage
(Figure 3d), not only in bacteria biomass (Figure 3e) but also
in the EPS biomass (Figure 3f), indicating its beneficial effect
on biofilm formation. Apart from the components of the
biofilm, GAgS S increased the thickness of the biofilm in the
mature stage (Figure 3g), suggesting that GAgS S also affected
the spatial structure of the biofilm. However, the biofilm
formation on the GAgS 20 was significantly inhibited due to
the high toxicity of GAgS 20 to bacteria (Figure 3d—g).
SEM images further confirmed the results from the confocal
analysis. As depicted in Figure 4a, the P. aeruginosa biofilm
formed on both a glass substrate and GAgS 5 exhibited a
typical multilayered structure, with rod-shaped bacteria
observed after 12 and 24 h cultures. In contrast, the adherent
bacteria in the GAgS 20 group displayed fracturing and
deformation (indicated by white arrows) with minimal
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proliferation. Lateral images revealed that the thickness of
the control group was significantly higher than that of the
GAgS S group at 12 h (Figure 4b), measuring at 6.68 + 1.52
and 1.01 = 0.14 pm, respectively (Figure 4c). Conversely, the
thickness of biofilms formed under these two conditions was
reserved at 24 h; a reduced thickness of the normal biofilm was
observed as it entered the dispersal stage. The mature biofilm
supported by GAgS S showed an increased thickness compared
to the control group after 12 h. Bacteria in the GAgS 20 group
were unable to form a three-dimensional (3D) biofilm
structure within 24 h. This finding is consistent with the
quantitative analysis of confocal images (Figure 3g).

Biocompatibility of GAgS

To evaluate the potential application of GAg as an
antimicrobial coating in biomedicine, the toxic effects of
GAgS on osteoblast precursor MC3T3-E1 cells were examined
by an MTT assay and live/dead cell staining. The viabilities of
cells grown on GAgS 2.5, GAgS 5, GAgS 10, and GAgS 20

https://doi.org/10.1021/jacsau.4c00008
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hemolysis as compared with positive control (***P < 0.001).

were 123.6, 115.7, 105.6, and 90.4% compared to the coverslip
(Figure Sa), respectively. Except for high toxic GAgS 20, the
number of cells grown on other GAgS was higher than that in
the control group due to a slight roughness of GAgS, which
was more conducive to cell adhesion and growth.””*’ To
further evaluate cellular viability, the Calcein-AM probe was
utilized for labeling live cells due to its facile internalization
into the cell and subsequent hydrolyzation by intracellular
esterase, resulting in strong green fluorescence emission.
However, the red fluorescent PI can only penetrate damaged
cell membranes to bind to nucleic DNA, serving as a probe for
dead cells. No discernible red fluorescence was observed in any
GAgS groups (Figure Sb(i) and Figure S4), indicating that
GAgS does not exhibit cytotoxicity. The morphology of the
MC3T3-El cells was examined using SEM and immuno-
fluorescence staining. There were minimal differences in
cellular morphology among all groups (Figure Sb(ii)).
ActinGreen with green fluorescence labels cellular actin
(microfilaments), while blue DAPI labels intracellular DNA
within the nucleus. As shown in Figure Sb(iii), compared with
the control group, there were no significant differences in
microfilaments or synapses of cells grown on GAgS. This
suggests that GAg substrates have a negligible effect on
preosteoblast growth.

In addition, a hemolysis assay was conducted to further
examine the biocompatibility of GAgS. As depicted in Figure
Sc, compared to the approximately 100% hemolysis rate of
Triton (positive control), the hemolysis rate of GAgS did not
exceed 10% after 1.5 h of incubation with blood cells. These
findings strongly suggest that the GAg substrates exhibit
excellent biocompatibility and hold great potential as a coating
material for medical devices.
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Biofilm infections on medical implants and devices have
seriously threatened public health globally."” Instead of relying
on antibiotics and surgery to eliminate the formed biofilm, it is
crucial to develop a bactericidal coating to prevent planktonic
bacteria from developing into a biofilm."*'® There is no doubt
that the GAg composite is one most famous biocides to
fabricate antimicrobial coating to prevent biofilm infection.****
Previous studies mostly focused on whether GAg inhibits
biofilm formation or eradicates formed biofilms. GAg with
more stable and superior biocidal activities has been reported
and used to fight against various microorganism biofilms.”**
In fact, it is equally important to investigate how GAg affects
the process of biofilm formation, which involves adhesion of
planktonic bacteria, bacterial proliferation and EPS production,
biofilm maturation, and dispersal for initiating new gener-
ation."” In this study, we employed a facile deposition method
to fabricate GAg and successfully generated diverse antimicro-
bial coatings with varying densities of AgNPs and interfacial
roughness. The results indicated that GAgS had an excellent
ability to hinder the attachment of planktonic bacteria. The
surface roughness of the substrate plays a crucial role in
bacterial adhesion,*®*' but it does not lead to bacterial
inactivation. GAgS 2.5, containing 2.5 ug/ cm? for GAg,
demonstrated unprecedented antibacterial efficacy by effec-
tively inactivating over 97% of free and attached bacteria
within 2 h. However, the enhanced inhibitory efficacy of GAg
against bacterial adhesion with increasing concentrations of
GAg modification at the interface was not observed here. The
findings of our study suggest that the interfacial roughness and
GAg concentration are unlikely to be significant factors in
inhibiting bacterial adhesion. We hypothesized that the high
density of Ag particles per unit area was responsible for the
remarkable inhibitory efficacy of GAgS 2.5. SEM images
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showed approximately 47 particles/um?® on the surface of
GAgS 2.5 (Figure 1b,d). When a bacterium attached to GAgS
2.5 in parallel, it was estimated to come into contact with
approximately 50 Ag nanoparticles under our experimental
conditions. The strong direct interaction between immobilized
AgNPs and bacteria can compromise bacterial integrity,””*
leading to the presence of numerous dead bacteria in the
culture medium (Figure 2c). As a result, only a limited number
of bacteria can survive and settle in GAgS (Figure 2d).
Attached bacteria proliferate and produce EPS, ultimately
forming a 3D biofilm. Bacterial daughter cells expand laterally
and vertically, which is influenced by ambient conditions like
interfacial properties and bactericides.” Surviving adhesion
bacteria on GAgS interact not only with Ag nanoparticles but
also with GO sheets during biofilm formation. The entire
process is influenced by all components within the GAg
composite, rather than any individual component. In addition,
there exists a critical threshold of GAgS (20 ug/cm?) that
determined the transition from adherent bacteria to mature
biofilm. Below this threshold, bacteria have the ability to adapt
to the harsh environment (antimicrobial GAgS) by activating
stress response mechanisms such as temporary dormancy and
excessive production of EPS."*® This is the reason why
bacteria can still form a biofilm on GAgS 5, albeit with delayed
growth and increased EPS (Figure 3e—f). In contrast, GAgS 20
effectively inhibits biofilm development, potentially attributed
to the physical and oxidative damage mechanisms of GAg."**°
Both graphene and AgNPs induce the generation of reactive
oxygen species, resulting in bacterial inactivation or metabolic
dysfunction that inhibits bacterial division.*”** Moreover, it
cannot be ruled out that a bactericidal effect occurs due to the
release of silver ions from AgNPs. Although these toxic factors
also induce apoptosis and death in mammalian cells, their
larger size and complex physiology compared to micro-
organisms enable them to tolerate effective concentrations of
antimicrobial agents.”*> Therefore, the favorable biocompat-
ibility of GAgS has further confirmed previous reports.*’

In summary, we prepared GAg-modified substrates with
various densities of AgNPs and systematically investigated
their effect on biofilm development. Our results indicate that
the high density of AgNPs in GAgS is the key factor in
inhibiting the initial attachment of planktonic bacteria
compared to other factors, such as the GAgS concentration
and interfacial roughness. Subsequent biofilm development
from adhesive bacteria on GAgS is determined by the GAgS
dosage. The 20 ug/cm* GAg substrate can completely inhibit
biofilm formation. Below this concentration, compared to the
control group, GAgS only induce the delayed biofilm
formation and trigger more EPS production in mature biofilms.
Notably, GAgS exhibits no cytotoxicity and hemolysis effect
even at the highest concentration of GAg used in this study.
These findings demonstrate that GAg substrates have good
antibiofilm effects and biocompatibility, indicating significant
potential for application as antimicrobial coatings to prevent
biofilm-associated infection.

GAg composites were prepared and characterized in our previous
study.’® To fabricate the GAg substrate, 200 L of GAg solution was
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dropped onto the surface of a circular coverslip with a diameter of 12
mm uniformly and subsequently dried under vacuum at 60 °C for 12
h. By adjustment of the concentration of GAg, various densities of
AgNPs on GAg substrates were achieved.

Surface morphologies were examined using scanning electron
microscopy (SEM, LEO 1530vp, Germany) equipped with energy-
dispersive spectroscopy (EDS, Oxford) for elemental composition
analysis. Four replicate samples were prepared, and more than eight
distinct regions were selected from each sample’s SEM images to
determine the Ag density of GAgS. The contact angle of GAgS was
measured using a contact angle measurement (Attension Theta). The
surface roughness of GAgS was determined by using a 3D measuring
laser microscope (Olympus Lext OLS4100). The amount of Ag
element (C Ag/GAg) in the GAg solution was determined using
inductively coupled plasma mass spectrometry (ICP-MS; Thermo
Elemental X Series). The concentration of the Ag element contained
in GAgS ( Cag /GAgS) was calculated using the following formula:

VCAg/ GAg

CAg/GAgS = S

where Cyg/gag represents the concentration of Ag in the GAg solution
modified at the interface; V is the volume of GAg solution used for
modification; S corresponds to the surface area covered by GAg on
the interface.

Gram-negative P. aeruginosa was employed as a model microorganism
for biofilm formation. Fresh bacteria were grown on an LB plate and
stored at 4 °C. Prior to biofilm growth, a single colony of P. aeruginosa
was selected and cultivated in an LB medium at a shaker (220 rpm, 37
°C). After overnight incubation, P. aeruginosa cells in the logarithmic
growth phase were harvested by centrifugation at 10,000 rpm for 1
min and suspended in PBS for subsequent biofilm experiments.

The sterile coverslip, with or without GAg, was placed in a 24-well
plate. Bacteria cells of 1 X 10° CFU/mL in the LBNS medium (3%)
were added to each well and cultured at 37 °C for 2 h. Subsequently,
the culture medium was collected, and the substrate was gently
washed three times with PBS to remove reversibly adherent bacteria.
PBS washes were also collected and combined with the culture
medium. Finally, adherent bacteria were scraped off from the
substrates and collected. The quantity of both unattached (free)
and attached bacteria was determined using a plate-counting method.

After 2 h of culture, unattached bacteria were removed, and attached
bacteria on the substrate were cultured with the LBNS medium
(100%) to form the biofilm. Following incubation of either 12 or 24 h,
the development of the biofilm on GAgS was assessed by crystal violet
staining, confocal imaging, and SEM imaging.

The biofilm adhered to the GAgS was gently rinsed three times with
PBS and air-dried for 3 min. Then, the biofilm was stained with 300
uL of 0.1% (w/v) CV at room temperature for 15 min followed by
gentle washing with PBS three times. The biomass of the biofilm was
quantified using a microtiter plate reader at ODsys after dissolving the
CV-stained biofilm in 95% ethanol. All measurements were performed
in triplicate.

Cultured biofilms were gently rinsed three times with PBS and
subsequently stained with SYTO9 (6 ug/mL, green fluorescence) for
15 min in the dark at room temperature to label live bacterial cells.
After gentle washing to remove residual SYTO9, the samples were
further stained with a solution of the concanavalin-A—Alexa Fluor 647
conjugate (SO pg/mlL, red fluorescence, labeled EPS) for 15 min.
Bacteria and EPS production were visualized by confocal laser
scanning microscopy (CLSM, Leica TCS SP8, Germany). The
excitation/emission wavelengths of SYTO9 and Alexa Fluor 647 were
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480/500 and 650/668 nm, respectively. Stack images of the biofilm
were acquired by scanning along the Z axis at intervals of 1.8 ym
followed by analysis using COMSTAT software.*

Biofilms on the GAgS were gently washed three times with PBS
followed by fixing with 2% glutaraldehyde at 4 °C for 2 h.
Subsequently, the fixed samples were dehydrated through freeze-
drying for 24 h. Finally, the samples were coated with gold and
observed by using SEM (LEO 1530vp, Germany).

MC3T3-El cells were cultured in minimum essential medium o
(MEMa) supplemented with 10% FBS, 1% streptomycin/penicillin,
and 1% nonessential amino acid in 5% CO, at 37 °C. Sterile
coverslips with and without GAg were placed in 24-well plates.
MC3T3-El cells were seeded into the wells at a density of 5 x 10*
cells/well and incubated for 24 h. Cell viability was assessed using the
MTT assay. Cell morphology was observed through CLSM and SEM.
After the initial culture of 24 h, on one hand, the cells were stained
with Calcein-AM (2 pug/mL) and PI (3 pg/mL) for 1S min before
being observed using CLSM. The excitation/emission wavelengths of
Calcein-AM and PI were 495/515 and 490/635 nm, respectively. On
the other hand, the cells were fixed with 2.5% glutaraldehyde
overnight at 4 °C and subjected to gradient dehydration with ethanol.
All samples were sprayed with gold and observed by SEM (LEO
1530vp, Germany). Additionally, immunofluorescence staining
facilitated the visualization of the cellular microfilaments and cell
nuclei. The cells were initially fixed with 4% glutaraldehyde followed
by ActinGreen staining for microfilaments (300 yL, 2 drops/mL) and
DAPI staining for nuclei (300 pL, 1 ug/mL). Subsequently, the
samples were observed using CLSM. The excitation and emission
wavelengths used for ActinGreen and DAPI were 496/516 and 406/
460 nm, respectively.

The hemolysis assay was conducted using sheep blood, which was
diluted with PBS (1:20) and centrifuged at 1000g for 8 min to remove
the serum. The collected red blood cells (RBCs) were washed three
times with PBS before being added to various concentrations of GAg
solution in a 24-well plate. Triton-100 and Tris buffer served as the
positive (+) and negative (—) control, respectively. The plate was
gently shaken and incubated at 37 °C for 1.5 h. After centrifugation,
RBCs were collected, and the absorbance of the supernatant was
measured at 570 nm by using a UV—vis spectrometer (Hitachi, U-
3010, Japan). The percentage of hemolysis was calculated according
to the following formula:

)
hemolysis(%) = ————
Aw ~ 40

O

X 100

where Ay, Ay, and A(,) are the absorbances of GAgS, Tris buffer, and
Triton-100, respectively.

Data were presented as mean + standard deviation. A comparison was
made between the values of the experimental groups and control
groups. Statistical significance was analyzed by Student’s t test to
identify any statistically significant differences (p < 0.05). All
experiments were repeated at least three times.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00008.

Materials used in this work; contact angle of GAgS; 3D
measuring laser images of GAgS; SEM image of the GO-
coated substrate (PDF)
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