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Bacterial adhesion and biofilm formation are significant challenges for medical devices and implants. Surface
modification to alter the surface properties of biomedical device surfaces to prevent the biofilm formation is an
important driving force for the development of anti-biofilm coatings. Here, a simple and feasible method to
fabricate antibacterial coatings that combines the adhesion properties of polydopamine (PDA) and the high drug
loading capacity of graphene oxide (GO). Tetracycline and green-synthesized silver nanoparticles were suc-
cessfully assembled onto the coating surface, endowing the coating an anti-biofilm effect and exhibit strong
inhibitory effect on S. aureus and E. coli biofilms by a factor of more than 1000 (3 log;o units). Kirby-Bauer
diffusion test, colony forming unit (CFU) counts, biofilm topography studies and live/dead staining were used
to evaluate the antibacterial activity of the coatings. This study is proposed that PDA/GO coatings loaded with
antibiotics or silver nanoparticles can be used as a potential approach to prevent infection associated with
implantable biomedical devices.

1. Introduction

Biofilm are considered a key factor over 65% of nosocomial in-
fections and 80% of all microbial infections.[1] Microbial cells in bio-
films adhere to each other and are surrounded by a self-produced
extracellular polymeric matrix (EPS). Bacterial cells in biofilms are
highly resistant to antibiotics compared to planktonic bacteria. EPS
slows the penetration of antibiotics and causes their enzymatic degra-
dation, which is considered a major cause of antimicrobial resistance.
[2,3] An important challenge for medical devices and biomedical im-
plants is the adhesion and colonization of pathogens, which in turn
forms resilient biofilm infections. This often results in implant failure,
patient suffering, and financial loss.[4] Hence, biofilms have been
recognized as important targets for bacteriostatic and antibacterial
therapy.[3,5,6] Three main strategies have been used to combat bio-
films: (1) surface modification technology to prevent bacterial adhesion
and colonization; (2) delivery of pharmaceutical systems to penetrate
biofilms and kill bacteria by releasing loaded drugs; (3) physical
removal of biofilm extracellular polymers to disrupt biofilm habitat.
There is a significant drive to develop antibiofilm coatings by surface
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modification to alter the surface properties of biomedical device surfaces
and prevent or minimize bacterial adhesion and growth. A variety of
coatings have been developed to render biomedical devices surfaces
anti-infective, where nanomaterials have shown great opportunities for
the development of antibiofilm coatings.[7-10].

Graphene is a two-dimensional carbon network composed of sp-
hybridized carbon atoms. Due to its excellent electrical, mechanical, and
photothermal properties, graphene has been extensively studied in
research fields such as biosensing and energy conversion.[11,12] In
addition, the antibacterial activity of graphene-based coatings has also
been reported.[13-15] The bacteria are physically punctured and killed
directly by the sharp edges exposed by the graphene aligned vertically
on the substrate surface. The bacteria can hardly develop resistance to
this killing mechanism. Graphene oxide (GO) is a derivative of gra-
phene, and has various functional groups including epoxy, hydroxyl,
and carboxyl. In addition, GO is easy to modify and has good chemical
stability and dispersibility in water.[16,17] GO materials with antibac-
terial effects have been attracting increased attention. Similar to gra-
phene, GO can kill bacteria by a direct contact with the sharp edges,
which leads to irreversible cellular damage.[18] In addition, bacteria
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can be killed by oxidative stress, caused by reactive oxygen species
(ROS) produced by GO.[19,20] Besides its direct antibacterial activity,
GO can be used as an effective nanocarrier, loaded with antibiotics or
other drugs, to achieve drug delivery and release.[21-24].

Dopamine, belonging to the class of catecholamines, can self-
polymerize and spontaneously deposit on almost any object as a poly-
dopamine (PDA) film, which makes it a good material for functional
coating applications.[25] It has been widely recognized that PDA-coated
surfaces can improve the stability of nanoparticles, GO, enzymes, and
other materials.[26-28] PDA assisted GO coatings have also been re-
ported.[29] The excellent adhesive properties of PDA can help GO to
firmly attach to the substrate during the process of dopamine poly-
merization. In addition, the secondary amine group on PDA can form an
amide group with the carboxyl group of GO and form hydrogen bonds
with hydroxyl groups, so that GO can be stably attached to the surface of
polydopamine.[30].

In addition to antibiotics, silver nanoparticles (AgNPs) have emerged
as the promising anti-infection agents.[31] There is an increasing
number of studies using plants or microorganisms for “green synthesis”
of biocompatible and environmentally safe AgNPs.[32,33] Unlike
AgNPs produced by chemical synthesis, “green” AgNPs contain a corona
layer wrapped on their surface. The corona can greatly reduce the AgNPs
toxicity, improve the stability and biocompatibility, facilitate internal-
ization in living cells (crossing the membrane), and improve the anti-
bacterial effect.[34] In addition, surface-active functional groups of
nanoparticles can be used to immobilize various biomolecules, and there
is also great potential in the field of drug delivery and human medical
applications.

Antimicrobial materials based on AgNPs, graphene oxide and PDA
materials have been investigated previously. For example, AgNPs were
synthesized on GO using a chemical reduction method to build nano-
composites.[35] AgNPs were synthesized in situ on the PDA function-
alized GO surface, where PDA acted as a reducing agent. The
nanocomposites exhibited excellent antibacterial properties.[35-37]
PDA/GO coating was self-assembled onto the cellulose membrane by
vacuum-assisted filtration and exhibited excellent antibacterial effi-
ciency against both Staphylococcus aureus and Escherichia coli.[38]
However, compared with previously studied GO nanocomposites, there
are only few studies on the construction of antimicrobial coatings via GO
and PDA. Combating biofilms on coated surfaces is more challenging
than inhibiting planktonic bacteria. The anti-biofilm coatings in this
study are fabricated by layer-by-layer assembly. Our coatings benefit
from a synergy of adhesion properties of PDA, high loading efficiency of
GO, and the activity of incorporated antimicrobial agents. The PDA
functionalized substrate surface can interact with GO to obtain PDA/GO
coatings for the immobilization of two kinds of antimicrobial agents:
commercially available tetracycline hydrochloride (TC) and home-made
AgNPs obtained by “green synthesis” from Pseudomonas putida extracts.
[39] The reported coatings are universal and can be easily applied to a
wide variety of substrates. The anti-biofilm activity of the coatings was
evaluated against biofilms of the opportunistic pathogens Staphylococcus
aureus and Escherichia coli. Our results demonstrate that the coating
obtained by immobilizing antimicrobial agents through the PDA/GO
layer is highly effective against pathogenic biofilms.

2. Experimental sections
2.1. Bacterial strains, chemicals, and materials

Ultra-highly concentrated GO was obtained from the Graphene su-
permarket (USA). Dopamine hydrochloride and tetracycline hydro-
chloride were purchased from Sigma-Aldrich (Sweden). The Escherichia
coli (E. coli) UTI89 and Staphylococcus aureus (S. aureus) CCUG10778
were used to evaluate the anti-biofilm activity.
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2.2. Coating preparations

15 mm diameter coverslip glasses were cleaned by acetone, ethanol,
and ultrapure H»O in order and dried with N3 flow. PDA/GO coating on
glass was performed in batches using Petri dishes containing one con-
centration and volume of dopamine and GO. The same volume and
concentration of AgNPs and TC were incubated on the PDA/GO surface
to obtain PDA/GO/TC and PDA/GO/Ag coatings. Glass slides surface
were first coated with PDA. It was immersed in Tris buffer (10 mM, pH
8.5) containing 2 mg/mL dopamine hydrochloride for 24 h at room
temperature with gentle shaking. Then, the surfaces were washed with
ultrapure H0 for 5 min under sonication, rinsed with a stream of H,0,
and dried with a Ny flow. The surface coatings were named PDA.

Immobilization of GO on the surface was achieved by immersing the
PDA-coated surfaces in GO (1.0 mg/mL) aqueous solution for 16 h at
50 °C. The slides were cleaned with ultrapure HpO and then baked at
150 °C for 2 h. The surface coatings were named PDA/GO.

Immobilization of TC on the PDA/GO surface was achieved by
immersing the PDA/GO samples in 1 mL of TC solution of different
concentration (0.5, 1 and 2 mg/mL) for 24 h at 4 °C. And then thor-
oughly washed with H0, dried with a N5 flow, and transferred to sterile
petri dish for further experiments. The coatings are named as PDA/GO/
TCos, PDA/GO/TC; and PDA/GO/TCy meaning that the assembled
concentration of TC is 0.5, 1 and 2 mg/mL, respectively.

A previously reported green method was used for the synthesis of
silver nanoparticles (AgNPs).[39] Immobilization of AGNPs on the PDA/
GO surface was achieved by immersing PDA/GO slides in a poly-
diallyldimethylammonium chloride (PDDA) solution (2 mg/mL) for 2 h,
rinsed with H20, and then dried under Ny. The PDDA modified PDA/GO
slides were coated with 300 uL of AgNPs at various concentrations of
13.5, 27, 54, and 108 pg/mL for overnight. And then thoroughly washed
with Hy0, dried with a N5 flow, and transferred to sterile petri dish for
further experiments. The coatings are named as PDA/GO/Ag;35, PDA/
GO/Agy7, PDA/GO/Ags4 and PDA/GO/Ag 0g meaning that the assem-
bled concentration of AgNPs is 13.5, 27, 54, and 108 pg/mL.

2.3. Characterization of coatings

The surface topography of coatings was monitored using atomic
force microscopy (AFM, NT-MDT Spectrum Instruments, Russia). Tests
were recorded in semi-contact mode with images at 512 x 512 pixels at
a scan rate of 0.5 Hz.

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR)
was recorded on Bruker’s Alpha spectrometer using diamond crystal as
the refractive element. Spectra were acquired from the average of 256
scans at a resolution of 4 cm ™.

Raman spectra were recorded using a WITec alpha300 confocal
Raman spectrometer with 100 x objective, 532 nm laser and 600 g/mm
grating. Spectra were acquired from the range 500-3000 cm ™' and 0.5 s
integration time.

The surface chemistry was studied by means of a PHI VersaProbe III
X-ray photoelectron spectroscopy (XPS) instrument using mono-
chromatized Al Ko (1486.6 eV) X-ray source. The take-off angle was 90°
relative to the surface. The data analysis was performed with CasaXPS
software.

The UV-Vis spectrum was acquired on an Agilent Cary 60 spectro-
photometer in the range of 300-800 nm. Dynamic light scattering (DLS)
(Zetasizer Nano ZS, Japan) was used to study the zeta potential of Ag
nanoparticles. Nanoparticles were analyzed for shape and size by
transmission electron microscopy (TEM), using a FEI Tecnai T20 G2
instrument operating at 200 kV.

2.4. Antibiofilm assays

The zone of inhibition in Kirby-Bauer disk diffusion test was per-
formed to assess the antimicrobial activity of the coatings. The
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experiments were performed with PDA, PDA/GO, PDA/GO/TC, PDA/
GO/Ag coatings. Each coating was addressed in one quadrant of the agar
plate with S. aureus or E. coli, which were incubated at 37 °C for 96 h.
The diameters of the zone of inhibition were measured every 24 h.

For the antibiofilm assay activity studies, one very common path-
ogen was selected from the group of Gram-negative (E.coli) and Gram-
positive (S. aureus) bacteria.[40,41] Infections caused by E.coli and
S. aureus pose a serious threat to human health. S. aureus is mainly
responsible for food poisoning, toxic shock syndrome, endocarditis and
postoperative wound infection. E. coli is present in the human gut and
can cause urinary tract infections, colonic bursitis, or sepsis. In addition,
they are also prone to multidrug resistance to antibiotics.

The coatings were evaluated for biofilm inhibition properties against
S. aureus and E. coli. Bacteria grown overnight were diluted in nutrient
medium for obtaining the final inoculum of 2-5 x 10® CFU/mL. A 250
uL volume of the inoculum was inoculated onto the coatings and incu-
bated statically at 37 °C to form a biofilm. After 24 h, the inoculum was
removed and the coating was rinsed with sterile HoO to wash the loosely
attached bacterial cells. Then, the biofilms were collected from the
coatings in 5 mL of 0.89% NaCl buffer and homogenized by sonication.
The homogenized biofilm suspension was serially diluted into 0.89 %
NaCl and plated on agar plates. After incubation at 37 °C for 24 h, the
number of colonies was counted.

The morphology change of biofilms were studied by scanning elec-
tron microscopy (SEM). The S. aureus and E. coli biofilm formed on
coatings were fixed using 3% of glutaraldehyde for 2 h. Then, the
coatings were dehydrated using graded ethanol (40%, 50%, 60%, 70%,
80%, 90% and 100%) for 20 min. Dried dehydrated biofilms were
imaged on a SEM (JEOL 7800F Prime). Biofilms were stained with SYTO
9 and potassium iodide (Live/Dead BacLight Viability kit L13152) and
were imaged on a fluorescence microscope (Zeiss Axio Imager Z2m,
Germany).

To assess long-term potential of coatings to inhibit biofilm formation,
biofilms were grown on the coatings for 3 days. A volume of suspension
containing the bacterial inoculum was inoculated on the coatings, which
were incubated at 37 °C for 3 days. The culture medium was replaced at
24 h intervals. The biofilms for each day were collected and homoge-
nized and plated on agar plates to count the colonies.

2.5. TC release assessment

To test the TC release from the coatings, the coated matrix was
placed to a capped tube containing 1 mL of phosphate-buffered saline
(pH 7.4) at 37 °C to allow 24 h of release of TC. The buffer was collected
and freshly buffer added every 24 h until 5 days. The collected buffers
were quantified by using UV-Vis spectrum. TC concentration calibration
curve was established using serially diluted TC solutions ranging from
0.001 to 0.1 mg/mL.

2.6. Biocompatibility

Huh7 human hepatoma cell line was used for this study. The bare
glass, PDA/GO, PDA/GO/TC;, PDA/GO/Ag1¢g coatings samples were
kept on 24 well plates and cells at a density of 8 x 10* cells per well were
seeded onto 24-well plates and cultured for 24 h. Then, the cells were
incubated with medium containing 1 x alamarBlue (Thermo Scientific)
staining solution for 3 h. The signal from the cells was detected using an
OPTIMA BLUE Fluostar plate reader (BMG Labtech, Ortenberg, Ger-
many) and the results were normalized to the medium control.

2.7. Statistical analysis

All measurements were performed in triplicate and all data are
expressed as mean + standard deviations. A one-way analysis of vari-
ance (ANOVA) with a post hoc multiple comparison (Tukey) test was
used. P-value < 0.05 was considered statistically significant.
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3. Results and discussions

3.1. Surface characterization of the PDA/GO/TC and PDA/GO/Ag
coatings

PDA/GO/TC and PDA/GO/Ag coatings were prepared by layer-by-
layer assembly. Atomic force microscopy (AFM) images showed the
topography of the coatings. The SEM images of the coatings are shown in
Figure S1. Surface features of bare glass surface were generally flat and
smooth, with the root mean square (rms) roughness values of 0.28 nm
(Fig. 1a). After PDA formation on the surface (Fig. 1b), differences in the
surface morphology were observed with typical small polydopamine
aggregates appearing on the surface with increased rms roughness to
0.95 nm.[42] After the GO assembly on PDA, the surface rms roughness
slightly increased to 1.23 nm due to the presence of GO nanosheets. The
surface of the PDA/GO coating shows the presence of GO sheets, as
shown by the irregular tile-like features in Fig. 1¢. GO attachment on the
PDA surface can occur via the cross-linking reaction of the secondary
amine group on PDA with carboxyl group on GO or via hydrogen
bonding interactions with the hydroxyl group on GO.[30,43] After TC
was loaded onto the GO, the morphology of the coatings did not change
significantly (Fig. 1d), and the shape of the coating is not affected by the
TC concentration. The self-assembly of AgNPs onto the GO surface is
aided by the cationic polyelectrolyte poly(diallyldimethylammonium
chloride) (PDDA). The morphology and rms roughness of the PDDA-
modified GO surface did not change significantly (Fig. 1e). This may
be due to the small amount of PDDA modified on GO.[44] The size range
of AgNPs is 15-40 nm. The surface of AgNPs is negatively charged,
which could be effectively adsorbed on the surface of cationic polymer
PDDA. TEM images, Zeta potential, and UV-Vis spectrum results of
AgNPs are shown in the supplementary materials (Fig. 52-4). After as-
sembly of AgNPs, the rms roughness of the coating surface was found to
increase to 11 nm, and a large number of nanoparticles were observed
(Fig. 1f), which is consistent with the TEM images results.

Raman spectroscopy was performed to assess the level of “disorder”
in the sp? hybrid structure of the prepared functionalized materials.[45]
The Raman spectra of glass, PDA, PDA/GO, PDA/GO/TC and PDA/GO/
Ag coatings are shown in Fig. 2. The Raman spectra of bare glass is
assigned to the Si-O stretching vibration.[46] After PDA coating, the
bands of glass were disappeared instead of the main band features of the
sp2 carbon material. The G band (1585 cm™!) is attributed to the in-
plane vibrations of sp? bonded carbon atoms, while the D band (1350
cm™) is attributed to the out-of-plane vibrations. The relative signal
intensities (ID/IG) of the D and G bands provide information to assess
the surface defect density of carbon materials.[47] PDA coating showed
two bands at about 1358 and 1588 cm™! that are associated to the
stretching vibration and deformation of catechol groups. The D and G
typical bands for the graphene derivatives overlap with the PDA.[48]
However, higher intensity D and G bands (ID/IG) were observed when
GO was assembled on PDA, which may be due to the increased defects
on GO and the formation of new chemical bonds between GO and PDA.
[48] For the PDA/GO/TC and PDA/GO/Ag coatings, the ID/IG is lower
than that of PDA/GO, which may be because the TC and AgNPs loaded
on GO cover some defects on the surface. For all the GO loaded coatings,
weak 2D peak at about 2700 em™! was observed, confirming the
multilayered state of the GO flakes.[49].

XPS was performed to characterize the elemental composition and
molecular structure of coatings. Fig. 3a shows full XPS spectra of bare
glass, PDA, PDA/GO, PDA/GO/TC and PDA/GO/Ag coatings. The
atomic percentages of PDA, PDA/GO, PDA/GO/TC and PDA/GO/Ag
coatings are shown in Table S1. Besides the expected Si, O, Na, Ca and K
peaks, a Cls peak is observed in the bare glass sample due to the
adsorption of hydrocarbon impurities.[50] The surface elements of PDA
coating contains only three elements: C, N, and O. The intensity of the
Cls peak is significantly increased, which indicates that the surface of
bare glass is successfully coated with a PDA coating. In the spectrum of



~

Zhang et al.

H »
5 .

Applied Surface Science 626 (2023) 157221

Fig. 1. AFM morphologies of bare (a), PDA (b), PDA/GO (c), PDA/GO/TC (d), PDA/GO/PDDA (e) and PDA/GO/PDDA/Ag (f) coatings with a scanning area of 5 x

5 pm.
e PDA/GO/Ag
3
E_ d PDA/GO/TC
2
(7]
c
8
-
b PDA
1000 1500 2000 2500 3000

Raman shift (cm™)

Fig. 2. Raman spectra of PDA (a), PDA/GO (b), PDA/GO/TC (c) and PDA/GO/
Ag (d) coatings.

the PDA/GO coating, the intensity of N1s decreased and that of Cls
increased compared to PDA, indicating successful GO assembly. In the
spectrum of PDA/GO/Ag coating, the appearance of Ag peak clearly
indicated the successful assembly of AgNPs.

Peak fitting of high-resolution spectra of Cl1s can be used to study the
chemical state of layer-by-layer coating formation. The Cls spectra of
PDA coating could be deconvoluted into components with binding en-
ergies at 284.6, 285.8, 287.2, 288.6, and 290.7 eV which are assigned to
C-C, C-N, C-0, O = C, and n-n bonds, respectively (Fig. 3b).[51,52] As to
PDA/GO coating, the Cls spectra could be deconvoluted into different
components at 284.6, 285.7, 286.8, 288.5, and 289.8 eV, which corre-
spond to the aromatic C-C, C-N, C-O, O = C, and O = C-O bonds,
respectively (Fig. 3c). The ratio for oxygen-containing groups increases
from 14.85 % to 27.13 % while the ratio for C-N bond decreases from
28.48 to 13.71 %. This is mainly attributed to the fact that the GO sheets
were assembled on the PDA surfaces. In addition, GO is reported to be
partially reduced due to the polydopamine coating. [23,48] Upon PDA/
GO/TC coating, the ratio for C-N bond increases from 13.71 to 23.38 %
(Fig. 3d). It indicated the successful assembly of TC. Additionally, after
AgNPs assembled on PDA/GO surface, the contributions of

deconvoluted Cls peaks maybe partially result from the biological
corona on the surface of nanoparticles (Fig. 3e).[53,54] Fig. 3f shows
the core level spectrum of Ag3d, the signals at binding energies of
367.89 and 374.08 eV were ascribed to the Ag3ds,» and Ag3ds/» of
metallic silver.[55] The high resolution of spectra of Ols results are
shown in the supplementary materials (Figure S5).

The assembly of TC and AgNPs on GO was indicated by FTIR spectra.
As shown in Fig. 4a, GO exhibits the following characteristic features:
the peak at 1619 cm ™! corresponds to the stretching vibration of C = C
in the unoxidized graphitic domain, and the stretching vibration of
carboxyl C = O and bending vibration of O-H in the oxidized surface
domain are evident at 1731 and 1388 cm ™!, respectively. The band at
1053 cm™! corresponds to the stretching vibration of C-O group, while
the broad band at 3369 cm™! corresponds to the —-OH vibration
stretching.[56] The spectrum of free TC shows absorption band at 3380
em ™! attributed to O-H stretching. The bands at 1648 and 1582 cm ™
are characteristic of amide carbonyl and carbonyl groups. The bands at
1448 and 1227 cm ™! are characteristic of C = C (aromatic ring) and N-H
bonds, respectively.[57] After TC was assembled on GO, there was no
characteristic peak at 1731 cm™! in the spectrum. However, bands at
1581, 1454 and 1226 em ! correspond to C = O vibration of amide, and
C = C vibration of TC aromatic ring.[21] Therefore, IR spectra further
affirm that TC was successfully loaded onto GO. The IR spectra of PDDA
and AgNPs assembled GO was shown in Fig. 4b. For the free PDDA
spectra, the peaks at the 1474 at 1640 cm™! were attributed to the
deformation vibration of C = C.[58] For the PDDA modified GO, the
peak at 1731 cm ™! was decreased and shifted to 1724 cm ™', The bands
at 1635 and 1466 cm ™! correspond to the PDDA, indicating the presence
of PDDA on the surface of GO.[59,60] After AgNPs assembled, the bands
at 1645, 1527 and 1044 cm™! were appear, corresponding to the C = O,
C =C, and C-O stretching vibration of the biological corona group on the
surface of green AgNPs.[39,61,62] The FTIR spectra of AgNPs is shown
in the supplementary materials (Figure S6).

3.2. Antimicrobial activity of the PDA/GO/TC and PDA/GO/Ag coatings

The antimicrobial activity of the coatings was assessed using disc
diffusion method (Kirby Bauer method).[63,64] Parallel experiments
were conducted with the PDA, PDA/GO, PDA/GO/TC, and PDA/GO/Ag
coatings, respectively. Coatings are named PDA/GO/TC; and PDA/GO/
TCy meaning that the assembled concentration of TC is 1 and 2 mg/mL,
respectively. The coating is named PDA/GO/Ag;0s meaning that the
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Fig. 4. (a) FTIR spectra of GO, TC and GO/TC; (b) FTIR spectra of GO, PDDA, GO/PDDA and GO/PDDA/Ag.

assembled concentration of AgNPs is 108 pg/mL. The antibacterial ac-
tivity can be assessed by the zone of inhibition (Fig. 5a, b). Zones of
inhibition appeared around the PDA/GO/TC and PDA/GO/Ag coatings
on the agar plates during the first 24 h, indicating that bacteria around
these coatings were inhibited or eliminated. However, no zone of inhi-
bition was exhibited around the PDA and PDA/GO coatings on the agar
plates, indicating that PDA and GO were not effective against S. aureus
and E. coli growth in the present study. The results suggest that the
antibacterial activity of the PDA/GO/TC and PDA/GO/Ag coatings
came from TC and AgNPs loaded on GO. When TC was directly loaded
on the glass without PDA/GO coating, it was found that TC could not be
loaded on the glass surface, and the glass had no antibacterial effect,
which further confirmed the effectiveness of the layer-by-layer assembly
coating. Moreover, the statistical study of the disk diffusion was
explored (Fig. 5¢, d). From 24 to 96 h, the diameters of zone of inhi-
bition remained unchanged over time, indicating that the PDA/GO/TC
and PDA/GO/Ag coatings could maintain high antibacterial activity
against E. coli and S. aureus bacteria.

3.3. Biofilm inhibition by PDA/GO/TC and PDA/GO/Ag coatings

Biofilms are considered a key factor in medical devices and
biomedical implants.[65] Advances in the design and development of
anti-biofilm coatings provide opportunities to produce biofilm resistant

devices.[66] The prepared PDA/GO/TC and PDA/GO/Ag coatings are
expected to prevent biofilm formation for protecting the surfaces of
biomedical devices. To investigate the anti-biofilm activity, two patho-
gens, gram-negative bacteria E. coli and gram-positive bacteria S. aureus
were incubated with PDA/GO/TC coatings. Bacterial biofilms were
grown on TC loaded coating PDA/GO/TC for 24 h. Viable bacterial were
counted (Fig. 6a, b). Compared with the control sample, the PDA and
PDA/GO coatings, scarcely showed antibiofilm effects. These results are
consistent with previous reports.[15,18] The parallel oriented GO
coating does not produce sharp edges for puncturing bacterial cells. This
surface-parallel coating has been reported to have adsorption capacity,
and in fact facilitates bacterial cell adhesion and promotes biofilm
growth.[6768] In addition, most of the bactericidal effects of GO are
reflected in the planktonic environment. Bacterial cells in biofilms are
harder to fight than planktonic bacteria and the anti-biofilm effect may
be also related to the cell incubation time.[6970] Here, the effects of
PDA/GO were extremely limited during the 24-hour process of bacterial
attachment, colonization and biofilm dispersion on the coating. How-
ever, the PDA/GO/TC coatings inhibited the formation of S. aureus and
E. coli biofilms by a factor of more than 1000 (3 log( units). The results
indicate that TC on the coated surface contributes to the inhibition of
biofilm. Notably, when TC was directly assembled on the surface of PDA
without the help of GO, the coatings did not exhibit any inhibitory effect
on biofilms (Figure S7). The loading of TC on the PDA coating surface
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Fig. 5. The zone of inhibition of coatings in the Kirby-Bauer diffusion test. PDA, PDA/GO, PDA/GO/TC and PDA/GO/Ag coatings are placed on a lawn of S. aureus
(a) and E. coli (b) on an agar medium plate. The columns demonstrate the zone of inhibition diameters for different coatings in S. aureus (c) and E. coli (d).
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0.05, **P < 0.005.

was not observed as quantified by UV-vis spectroscopy. In addition to
that, no changes in the chemical state of the elements in XPS spectra
before and after loading TC suggests that the loading of TC on the PDA
modified surface is extremely limited. The high loading capacity of GO

determines the effective adsorption and release of the drug. In the same
way, E. coli and S. aureus were incubated with PDA/GO/Ag coatings.
Bacterial biofilms were grown on AgNPs assembled coating PDA/GO/Ag
for 24 h (Fig. 6¢, d). It can be seen that PDA/GO/Ag coatings inhibited
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the formation of E. coli biofilms by a factor of more than 100000 (5 logio
units) at all AgNPs adsorption concentrations (13.5, 27, 54, and 108 ng/
mL). It is worth noting that the inhibitory effect of AgNPs coating on
E. coli biofilm was stronger than that of TC coating. However, the PDA/
GO/Ag coatings inhibited the formation of S. aureus biofilms only at
high adsorption concentrations (108 ug/mL). It was found that
concentration-independent inhibition of biofilm formation was
observed against E. coli. It was observed that the PDA/GO/Ag coating
had a weaker biofilm inhibition efficiency against S. aureus. Our previ-
ous study showed that the green AgNPs in this work completely
inhibited the bacterial growth of the Gram-negative bacterium Pseudo-
monas aeruginosa at 1 ug/mL.[39] While the minimum inhibitory con-
centrations of AgNPs against E.coli and S. aureus were 6.25 pg/mL and
100 pg/ml, respectively. Thus, it was obvious that PDA/GO/Ag coatings
were not effective against S. aureus.

Several factors affect the antimicrobial activity of green AgNPs, such
as size, shape, surface charge, and most importantly, the corona sur-
rounding the AgNPs.[71] The corona is formed while synthesizing the
AgNPs. During antimicrobial treatment, the thickness of these corona
layers increases due to the addition of proteins or components released
from pathogens, which facilitates the internalization of AgNPs. The
corona layer interacts with the pathogen’s membrane and helps the
AgNPs to function.[39] The main difference in antimicrobial efficacy
against these two bacteria could be attributed to differences in the
surface of the bacteria.[72,73] Gram-positive bacteria have a thick
coating (20-80 nm) composed of negatively charged peptidoglycan,
which may hinder the penetration of AgNPs and weaken the activity of
silver ions, resulting in a weaker overall antibacterial effect. In contrast,
the thinner cell envelope (8-12 nm) of Gram-negative bacteria renders
bacterial cells more susceptible to the AgNPs treatment.[74] Another
contributing factor may be the total charge on the bacterial cell surface.
The surface of Gram-negative bacteria generally has a lower isoelectric
point (pH 2) compared to the surface of Gram-positive bacteria (pH
3-4). Gram-positive bacteria may have a better ability to neutralize the
charged functional groups in the coating of AgNPs, thereby reducing
their ability to interact with target cells.[75] Although the bacterial

Live Dead
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20 um
o --
PDA/GO/TCI --
o - -

S. aureus
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growth inhibitory effect of our AgNPs on Gram-positive bacteria was
lower compared to Gram-negative bacteria, they still had an inhibitory
effect on biofilm formation at certain concentration. The release and
accumulation of silver ions can penetrate bacterial cells by binding to
thiol groups present in enzymes, which may inhibit the growth of bio-
films by increasing reactive oxygen species, altering gene expression and
metabolic activities, or inhibiting quorum sensing within biofilms.[76]
In addition, the antibacterial effect of green-synthesized AgNPs and
chemically synthesized AgNPs may be different due to the presence of
corona layer. The next step of this work will consist in performing the
loading and release of AgNPs on PDA/GO/Ag coatings and the study of
the mechanisms underlying the difference in inhibition of Gram-positive
and Gram-negative bacteria.

The reduction in CFU counts of biofilms could result from the
inhibitory effect of coatings on bacterial adhesion or result from the
bactericidal activity of released drugs from the coating. The ability of the
coatings to resist biofilm formation was also determined by live/dead
fluorescence images (Fig. 7). No dead cells and no loss of bacterial
adhesion was found on the coatings without TC and AgNPs. However,
dead cells (stained red) were observed on the PDA/GO/TC and PDA/
GO/Ag coatings and the overall number of living cells is lower. This
shows that these coatings not only kill bacteria, but also effectively
prevent the adhesion of bacteria on the surface.

Furthermore, to visualize the morphological changes of the biofilm
cells on the antimicrobial coating, the biofilms were examined by SEM
imaging (Fig. 8). Similar trend of antibiofilm efficiency was observed
from SEM analysis compared to live/dead staining. The control coating
and the PDA/GO coating surface had a dense biofilm structure with
some exopolysaccharide matrix. The biofilms on the PDA/GO/TC and
PDA/GO/Ag coatings showed a significant degree of morphological
alteration. Few bacterial cells were detected, and no complete biofilm
was formed. Judging from the fact that the PDA/GO coating did not
significantly inhibit the bacterial biofilm, the anti-biofilm properties
were mainly due to the contribution of TC and AgNPs. TC form a
reversible combination with the 16S rRNA of the 30S subunit of the
ribosome of the bacterial cell to inhibit protein synthesis and play an

Live Dead

E. coli

Fig. 7. Live/dead fluorescent staining of S. aureus and E. coli. Biofilm on the coatings. Green indicates live bacteria and red indicates dead bacteria.
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E. coli

Fig. 8. Representative SEM images of S. aureus and E. coli biofilms grown on the PDA/GO/TC and PDA/GO/Ag coatings.

antibacterial effect. Here, the released TC from PDA/GO/TC coatings
could inhibit bacterial protein synthesis efficiently.[77] The green
AgNPs used in this study inhibited biofilm formation, possibly due to the
bacterial membranes contacting and attaching to the nanoparticles on
the coating surface and causing cell lysis. It is also possible that endo-
cytosis or engulfment of AgNPs by cells leads to various effects, such as
ROS production, DNA damage, inhibition of proteins and ribosomes
functions.[39].

To examine the biocompatibility of the antibacterial coatings, the
Huh7 human hepatoma cell were cultured with bare glass, PDA/GO,
PDA/GO/TC;, PDA/GO/Ag10g coatings samples. The result of the ala-
marBlue assay is shown in Figure S8. Compared with the bare glass
samples, no significant difference in cell viability is observed in the
PDA/GO sample. Slightly decreased cell viability is found on the PDA/
GO/TC; and PDA/GO/Ag10s samples compared with the bare glass
samples, but still higher than the medium control. These results indicate
that the antibacterial coatings prepared in this study are biocompatible.

Whether antibiofilm effects of the PDA/GO/TC coating would persist
for longer time periods were tested. Viable counts were recorded for 3
days. The culture medium was replaced every 24 h. The biofilms after
each day were collected, serially diluted and homogenized and plated on
agar plates to count the colonies. The results of antibacterial persistence
were included in Figure S9. No obvious increase of viability of biofilms
was seen in the CFU results of 3 days. The antibiofilm activities remained
strong with a 1000-fold (3 log; units) reduction in viable cell count. It
comes from the inhibitory effects during the release of TC, which can
effectively prevent the growth of biofilm for a long time. The cumulative
TC release amount from the PDA/GO/TC; coating were determined. The
total amount of TC loaded onto the PDA/GO coating was around 90 pg.
The cumulative release percentage of TC reached the maximum after
around three days that nearly 89 % of TC was released from the coating
(Figure S10). The burst release of TC from the PDA/GO/TC coating was
observed on the first day and the amount of released TC became grad-
ually lower on the next several days, indicating the near-complete
release of the TC in around three days. When the drug without a car-
rier is exposed to a liquid medium, the release rate is unavoidably fast.
[78,79] The drug release from the coating is due to gradual drug

diffusion through the coating matrix.[80,81] Although the prolonged
release is preferred for drug delivery for the treatment,[82] the coating
in this work acts as an antibiofilm coating due to the burst release effect
which can ensure high drug concentration in a localized area in a short
time, thus preventing the bacterial colonization to biomedical devices.

The versatility, ease of preparation, and durability of coatings are
important for application to biomedical devices. Various techniques
have been developed to fabricate coatings including electrochemical
deposition, sol-gel techniques, chemical vapor deposition (CVD) and
spraying.[83] These technologies can improve tissue integration, drug
delivery and promote wound healing. Substrate selectivity of the surface
coating, preparation conditions, process cost, reproducibility and sta-
bility are all factors to be considered to develop ideal biomedical coat-
ings. The PDA coating requires only facile and versatile processing
conditions and exhibits unique stability, mechanical properties and
strong adhesion to a variety of organic and inorganic matrix materials.
[84,85] The PDA is very beneficial to the subsequent material assembly.
There is reason to suggest that our coatings have the potential to be
applied to a variety of medical device materials, such as coatings for
dental, orthopedic, and cardiovascular implants. Although, broad-
spectrum antibiotics and green Ag nanoparticles were used in this
study, more anti-biofilm inhibitors such as antimicrobial peptides
(AMPs) and enzymes are worth trying on this coating.[86] Grafting
coatings to the surface of medical materials such as medical catheters
are the next focus, and the duration and stability of coatings in vivo are
also worth investigating.[87].

4. Conclusions

Summarily, in this work, anti-biofilm coatings of PDA/GO/TC and
PDA/GO/Ag were developed by layer-by-layer assembly. This is the first
time to load TC and AgNPs as antibacterial agents onto PDA/GO
multifunctional coatings. These coatings benefit from the adhesion
ability of PDA and the high loading capacity of GO. The successful
loading and release of antibiotic and green synthesized AgNPs on the
surface of GO ensure that the coating has excellent anti-biofilm prop-
erties. This anti-biofilm coatings have several advantages. PDA can be
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adsorbed on the surface of almost all substances to form a film, which
constitutes the basis for the versatility of this antibacterial coating. GO
has a super-strong surface loading capacity, which provides diversity for
the loading of various functional antibiotics and other agents such as
peptide or AgNPs. Green-soft methods and highly biocompatible mate-
rials are used in the preparation of the coating, which could be a po-
tential approach to prevent bacterial adhesion and infection of
implantable biomedical devices in vivo.
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