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Background: Bacterial skin infections, including Staphylococcus aureus, are a powerful and still not fully resolved problem. The aim
of this research was to determine the possibility of using a complex of graphene oxide (GO) encrusted with silver nanoparticles as an
effective antibacterial agent against S. aureus and to assess its pro-inflammatory properties.

Methods: The tests were carried out in vitro on EpiDerm™ Skin, an artificial skin model (MatTek in vitro Life Science Laboratories,
Slovak Republic), and the fibroblast cell line (HFF-2 from ATCC, USA). Both models were infected with S. aureus bacteria (ATCC
25923) and then treated with antibiotics or our experimental factors: silver nanoparticles (AgNPs, Nano-koloid, Poland), graphene
oxide (GO, NanoPoz, Poland), and complex AgNP-GO (hydrocolloid created by self-assembly).

Results: The antibacterial effectiveness of the AgNP-GO complex was equivalent to that of the antibiotic. In addition, an increase in
the level of pro-inflammatory cytokines was observed under the influence of antibiotic administration, in contrast to the effect of
AgNP-GO, which showed very limited pro-inflammatory activity.

Conclusion: Hydrocolloid of the AgNP-GO complex, administered in the form of a liquid dressing, may act as an antibacterial agent
and also reduce inflammation induced by S. aureus infection.
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Introduction
Staphylococcus aureus is one of the most difficult-to-treat hospital bacteria, and methicillin-resistant S. aureus (MRSA)
has become a major challenge in the fight against staphylococci.' Staphylococcal infections are the cause of various
diseases, and the most common are infections of the skin, digestive tract, joints, and bacteremia. These conditions can
range from mild pathology to sepsis and death.” Staphylococcus aureus is the most frequently diagnosed cause of skin
infection in the world, regardless of geo-climatic or human conditions." However, strains of S. aureus are constantly
becoming resistant to further antibiotics,® such as the emergence of community-acquired methicillin-resistant S. aureus
(CA-MRSA), causing skin infections.* Therefore, a search for an alternative treatment strategy to antibiotic therapy is
still necessary.

Silver nanoparticles (AgNPs) exhibit antibacterial properties;> ' however, their direct use on the skin as a biocide has
certain limitations. The first is the lack of adhesion of AgNPs to the skin and the risk of their rapid removal from the
skin’s surface (washing, wiping). As a result, the bactericidal effect of AgNPs is maintained for a very limited time, and
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AgNPs that have been washed off are quickly released into the environment, which is considered an adverse effect.'? In
previous studies, we proposed the creation of an AgNP complex with graphene oxide (GO)."® The role of GO is to form
a platform characterized by significant adhesion to the epidermis; at the same time, it is a carrier of AgNPs, which allows
it to be maintained at the place of application. Moreover, the non-covalent binding of GO and AgNP allows for the
gradual release of nanoparticles and a small amount of Ag" ions into the area of the infected skin. Therefore, the design
of the liquid/drying AgNP-GO dressing, applied by spraying at the site of skin infected with bacteria, can be a therapy
with prolonged action and easy application, especially in the case of drug-resistant strains of bacteria that are easily
transmitted by physical contact. The application of liquid and/or gel dressings is known, and new generation inventions
include the copolymers PEG/Ag/CNT-M-E hydrogel and carbon nanomaterials (nanotubes, graphene oxide reduced
nanosheets) decorated with Ag nanoparticles (Ag@rGO) as a material promoted the healing of skin lesions infected with
Staphylococcus aureus are still being investigated.'*'” However, our observations show that the adhesion of GO to the
skin is so strong that this gelling component of the copolymer may be unnecessary in some bacterial skin infections.

A certain problem with the use of AgNPs is their ability to penetrate skin cells and other tissues.'® Holding AgNPs in
the GO platform limits their movement to the tissues.'> Therefore, the creation of the AgNP-GO platform is a procedure
that reduces the potential harmfulness of AgNPs to the patient’s tissues.'® Moreover, as our previous research indicated,'”
GO itself may not show sufficiently effective antibacterial properties against Pseudomonas aeruginosa and
Staphylococcus aureus, while its composite with AgNPs has better biocidal activity than GO and AgNPs used separately.
However, the antimicrobial potential of GO remains a controversial and not fully explained issue.’>*' The biocidal
properties of GO depend on its physical characteristics (size, shape, lobe structure, amount of oxygen groups),”* which
are different and depend on production methodology, among other factors.

Since it is extremely important to look for a therapy that supports the antibacterial effect while lacking the pro-inflammatory
effect, the AgNP-GO complex may be used as a “liquid nanodressing”, which, when applied to the skin, allows for its effective
protection and the creation of a barrier that inhibits S. aureus transmission. Therefore, we conducted experiments using an
artificial epidermis model (EpiDerm™ Skin) infected with S. aureus and applied a thin layer of an aqueous colloid of the AgNP-
GO complex (sprayed). These studies are the first attempt to use the AgNP-GO colloid as a so-called liquid nanodressing
applied directly to the infected epidermis. Furthermore, we demonstrated the synergism of AgNPs and GO in terms of
suppressing inflammation induced by S. aureus activity, as opposed to the action of the antibiotic that generates inflammation.

The aim of this study was to determine the biocidal effect of the AgNP-GO complex on S. aureus against the
background of changes in epidermis inflammation related to the activity of AgNPs, GO, and antibiotics.

Materials and Methods

Experimental Factor Characterization
The GO flakes dispersed in ultra pure water at the 4 mg/mL concentration were bought from the NanoPoz Company
(Poznan, Poland). It was produced by a modified Hummers method with a 36% oxygen concentration. Before it was used
in the experiments and for material characterization, the GO solution was suspended in ultra pure water and a final
concentration was 5 mg/L.

Hydrocolloidal AgNPs were purchased from the Nano-koloid Company (Warsaw, Poland). It was produced by
a nonexplosive, high-voltage method, using a high-purity metal (99.9999%) and high-purity demineralized water (polish
patent no. 3883399). The final concentration used in the experiments and for characterization was 25 mg/L.

In the experiments, we also used a combination of AgNP and GO, in the same concentrations as when used alone
(AgNP 25mg/L and GO 5 mg/L). The AgNP-GO complex was obtained because of the self-organization process with the
use of the sonication method (ultrasonic bath, Bandelin Electronic, Berlin, Germany) described previously.?

Nanomaterial Characterization

pH measurement: The pH stability of the ultra-pure water (solvent) and investigated nanomaterials was measured in
triplicate, at 21°C, with a CP-411 pH meter (Elmetron, Zabrze, Poland). The analysis was repeated at the selected time
points (0, 1, 3, 6, and 12 h).
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(-Potential and size distribution were determined for AgNPs, GO, and the AgNP-GO complex using the laser dynamic
scattering electrophoretic method and Smoluchowski approximation with a ZetaSizer Nano ZS model ZEN3500 (Malvern
Instruments, Malvern, UK). All measurements were performed in triplicate after stabilization at 25°C and 30 min after the
sonication process. The hydrodynamic diameter of the nanoparticles in water and their size distribution were measured with
dynamic light scattering (DLS) using a Nano-ZS90 Zetasizer (Malvern Instruments, Malvern, UK).

Nanomaterials visualization: All nanomaterials were visualized using a scanning electron microscope (SEM) Quanta
250 FEG SEM (FEI, Hillsboro, OR, USA), with application of backscatter detector (ETD-BSE, FEI, Hillsboro, OR,
USA) and scanning transmission electron microscopy detector (STEM, FEI, Hillsboro, OR, USA). Chemical purity
analysis of AgNPs was also performed with Quanta 250 FEG FEI, while using a transmission detector STEM and Energy
Dispersive X-ray (EDX) detector and copper square mesh TEM grids.

Raman measurements of GO and the AgNP-GO complex were carried out using a Renishaw InVia Raman micro-
scope equipped with an EMCCD detector. The Raman signal was acquired using laser radiation with a wavelength of 532
nm (27 mW). The laser beam was directed to the sample through a 100 x objective lens. The wavelength of the
instrument was calibrated using an internal silicon wafer, and the spectrum was centered at 520.5 cm ™.

The absorption spectra of AgNPs, GO and complex AgNPs-GO were measured at room temperature using a Lambda
650 UV-vis spectrophotometer (Perkin Elmer, Massachusetts, USA) in the 200-700 nm spectral range. Spectra were
measured in a quartz cuvette (1 cm optical path) and water was use as a reference sample.

Bacterial Culture

Staphylococcus aureus (ATCC 25923) was obtained from LGC Standards (Teddington, GB) in the form of a spore

suspension (20% (v/v) glycerol at —20°C). Before use in the experiments, bacteria were defrosted and washed with

distilled water to remove glycerol. Then, the bacterial strains were cultured in tryptic soy agar (TSA) at 37°C overnight.
The bacteria with the tested nanomaterials were visualized using a transmission electron microscope TEM-1220

(JEOL, Tokyo, Japan), operated at a voltage of 80 KeV.

Model Description and Experimental Design
The biocidal and inflammatory effects of the nanostructures were investigated with two experiments with different
models of human skin.

The EpiDerm™ Skin Model — First Experiment

EpiDerm™ Skin (EPI-200), which is a proven in vitro reconstructed human epidermal 3D model system for chemical,
pharmaceutical, and skin care product testing, was obtained from MatTek In Vitro Life Science Laboratories (Bratislava,
Slovak Republic; ISO 9001:2008 certified), part of MatTek Corporation (Ashland, USA). This patented model, without ethics
issues related to animal and human testing, consists of normal human-derived epidermal keratinocytes, cultured on specially
prepared tissue culture inserts, and exhibits human epidermal tissue structure and cellular morphology, as described previously.'?
Ethics approval was not required for this in vitro study.

Pre-preparation of the received skin samples at day 0 was performed according to the rules indicated in the MatTek In Vitro
Life Science Laboratories protocol. The next day, the EpiDerm™ Skin inserts were placed in the fresh antibiotic-free assay
medium (Dulbecco’s Modified Eagle’s Medium—DMEM) supplemented with 10% fetal calf serum (Thermo Fisher Scientific,
Waltham, MA, USA) and divided into 6 groups with 2 time periods (n=3; total N=36, due to two incubations with factors times).
The following groups were created: negative control (NC), treated without antibiotic and bacteria; positive control (PC), treated
with bacteria but without antibiotic; antibiotic (AB), treated with 10 mg/mL penicillin—streptomycin solution (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) and with bacteria; and 3 experimental groups treated both with bacteria and with AgNP
(concentration: 25 mg/L), with GO (concentration: 5 mg/L) and the complex with the same concentrations of AgNP-GO. After the
division, 100 pL of the bacterial suspension (OD=0.5) was added to the surface of the skin in almost all groups, except for the
negative control (NC), where 100 pL of pure Dulbecco’s phosphate-buffered saline (DPBS) was added instead of bacteria.
Thereafter, 300 pL of appropriate solutions (DPBS for NC and PC, antibiotic to AB, or nanomaterial solutions to the AgNP, GO,
and AgNP-GO groups) were added to the samples. The setup of this experiment is shown in Table 1.
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Table | The Setup of Experiment | with EpiDerm™ Skin and Experimental Factors: Bacteria
(Staphylococcus  Aureus), Antibiotic (10 mg/mL Penicillin—Streptomycin  Solution), Silver
Nanoparticles (AgNP, Concentration 25 mg/L), Graphene Oxide (GO, Concentration 5 mg/L),

and their complex (AgNP-GO)

Names of Groups — Exp. |
Factors NC PC AB AgNP GO AgNP-GO
Bacteria - - + + + +
Antibiotic - + + - - -
AgNP - - - + - +
GO - - - - + +

Abbreviations: NC, negative control; PC, positive control; AB, antibiotic; AgNP, silver nanoparticles; GO, graphene oxide;
AgNP-GO, complex of silver nanoparticles and graphene oxide.

Half of the samples were incubated for 3 h and the rest for 6 h at 37°C in a humidified atmosphere that contained 5%
of CO, using an incubator (BD 53 Binder, Binder GmbH, Tuttlingen, Germany). After a certain time period, the inserts
were then transferred into 10 mL of sterile 0.9% NaCl to rinse bacteria from the inserts and incubated for 1 h under
shaking conditions at 37°C. The EpiDerm™ Skin samples were deeply frozen at —80°C for further analysis of the
inflammatory state cytokine activity. The samples for further microbiological analysis were collected both from the
culture medium and from the physiological salt where the inserts were transferred.

HFF-2 Cell in vitro Model — Second Experiment

To confirm the influence of the tested factors and bacteria on inflammatory status, we utilized a second biological model, similar to
human skin, which was human foreskin fibroblasts (HFF-2) (ATCC, Manassas, VA, USA). The cells before incubation with
experimental factors were maintained in Dulbecco’s Modified Eagle’s medium (DMEM) (Life Technologies, USA) supplemen-
ted with 10% fetal bovine serum (Life Technologies, Houston, TX, USA) and 1% penicillin/streptomycin (Life Technologies,
Houston, TX, USA) under standard conditions (at 37°C in a humidified atmosphere of 5% C0,/95% air in a Memmert ICO
150med incubator (Memmert, Germany) in a T75 culture flask (Thermo Scientific, Waltham, MA, USA). On day 0 of the
experiment, the cells were transferred to new flasks with a concentration of 5x10° per dish and maintained in the medium
described previously but without antibiotic supplementation. On day 1, 0.5 mL of the bacterial (S. aureus (ATCC 25923))
suspension (OD=0.5) was incubated with 0.5 mL of analyzed factors for 10 minutes, resulting in the following groups: negative
control (NC) (without bacteria, without antibiotics), first positive control (PC1) (without bacteria, with antibiotics), second
positive control (PC2) (with bacteria, without antibiotics), antibiotic (AB) (with bacteria, with antibiotics), and three experimental
groups: AgNP (treated both with bacteria and AgNP colloid — final concentration 25 mg/L), GO (treated both with bacteria and
with GO solution — final concentration 5 mg/L), and AgNP-GO complex (with the complex of two described before, and with
bacteria) (Table 2).

Table 2 The Setup of Experiment 2 with HFF-2 Cell Line and Experimental Factors: Bacteria (Staphylococcus

Aureus), Antibiotic (10 mg/mL Penicillin—Streptomycin Solution), Silver Nanoparticles (AgNP, Concentration 25
mg/L), Graphene Oxide (GO, Concentration 5 mg/L), and and their complex (AgNP-GO)

Names of Groups - Exp. 2
Factors NC PCI PC2 AB AgNP GO AgNP-GO
Bacteria - - + + + + +
Antibiotic - + - + - - -
AgNP - - - - + - +
Go - - - - - . .

Abbreviations: NC, negative control;
ticles; GO, graphene oxide; AgNP-GO,

PCI, first positive control; PC2, second positive control; AB, antibiotic; AgNP, silver nanopar-
complex of silver nanoparticles and graphene oxide.
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After incubation of the experimental factors with bacteria, 1 mL of prepared solutions were mixed with 9 mL of DMEM
(supplemented with 10% fetal bovine serum but without antibiotic) and added to cell cultures. Incubation was then performed
in standard conditions for 3 and 6 h. The final concentrations of the analyzed factors were diluted 10 times in cell cultures.
Subsequently, the cells were detached with trypsin and centrifuged at 1200 rpm for 5 min. Whole-cell protein extracts were
prepared, as described by Sosnowska et al, 2021,%* using an ice-cold radioimmunoprecipitation assay. The achieved total
protein samples were deeply frozen at —80°C for further analysis of the inflammatory state cytokine activity.

Tests and Analyses

Microbiological Test

The microbiological test was performed using the surface spread plate method with serial dilutions. On the same day, 10-
fold dilutions up to 10® were made and spread over the nutrient agar plates (Biomaxima, Lublin, Poland). The plates
were incubated for 24 h at 37°C in a microbiological incubator (NUAire, Plymouth, MN, USA). Thereafter, colony
forming units (CFU) per mL were determined as a mean of three repetitions of the number of visible colonies formed (in
a countable range) multiplied by the appropriate dilution factor. The results were transformed to a logarithmic scale.

Activity of Inflammatory State Cytokines

To evaluate the impact of experimental factors on the protein expression of proinflammatory cytokines in
EpiDerm™, a Human Inflammation Antibody Array—Membrane for 40 targets (Abcam ab134003, Cambrige,
UK) was performed as described previously, directly following the manufacturer’s protocol.'® Briefly, after
extraction and standardization of the obtained protein samples, 250 pg of total protein from each sample diluted
in 1 mL of blocking buffer was added per array membrane. After washing, antibodies conjugated with biotin and
incubation with streptavidin conjugated with horseradish peroxidase steps, the membranes were finally visualized
using a ChemiDoc imaging system (Bio-Rad, Hercules, USA). Densitometric analysis of the signal was
performed using the Protein Array Analyzer tool for ImageJ software (Research Services Branch, National
Institute of Mental Health, Bethesda, USA).>> To normalize the array data, the calculations were performed
following the manufacturer’s instructions. The heatmaps of the obtained results were prepared using Excel 365
Microsoft software.

Statistical Analysis

The data are presented as the mean =+ standard deviation. The results were analyzed using GraphPad Prism 9 (version
9.2.0, San Diego, CA, USA) by one-way analysis of variance with a post-hoc Tukey’s test (HSD). Statistically significant
differences were reported as: <0.01 (**), <0.001 (***), and <0.0001 (****),

Results

Characterization of Experimental Factors
To evaluate and characterize the morphometry of the tested nanomaterials and the possible interactions in the created
AgNP-GO complex, several analyses were performed.

TEM visualizations of nanostructures with ETD and STEM detectors are presented in Figure 1. AgNPs (Figure 1a, d, g and j)
showed regular and spherical shapes. In turn, the GO flakes had an irregular shape with sharp edges and a tendency to form folds
(Figure 1b, e, h and k). Structural analysis of the AgNP-GO complex showed that AgNPs adhered very well to the GO flakes,
which was also related to the interaction of intermolecular forces (van der Waals forces) (Figure 1c, f, i and 1). AgNPs arranged
themselves in the depressions and bends of the GO flakes, creating a network. We also observed shape differences (less regular) in
the image visualization of AgNPs in the complex compared to pure AgNPs. This is an interesting phenomenon and is probably
caused by AgNPs’ attachment in places of unevenness in the GO flakes, so that the visible transmission image includes not only
the outline of nanoparticles but also a small GO fragment.

Moreover, to show the purity of the hydrocolloid AgNPs, elemental composition analysis was performed by the
simultaneous use of STEM and EDX detectors (Quanta 250 FEG FEI Hillsboro, OR, USA). In Figure 2, the presence of
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AgNP-GO
C

Figure | Transmission electron microscopy visualization of the nanostructures: silver nanoparticles (AgNP), graphene oxide (GO), and complex of both of them (AgNP-
GO) with Everhart—Thornley backscatter detector (ETD) (a—c) and scanning transmission electron microscopy detector (STEM) (d—i).

STEM EDX
a

Figure 2 Silver nanoparticles (AgNP) hydrocolloid elemental composition analysis with scanning transmission electron microscopy (STEM) (a and d) and energy dispersive
X-ray (b, c, e and f) detectors. Copper (Cu) visualization (c, f) is the mesh contour.

Ag in AgNPs (Figure 2b and e) and Cu in the TEM mesh (Figure 2¢ and f) (EDX detector) was observed. Figure 2a and d show
the analyzed spots with STEM detector visualization.

We also confirmed the nanostructures size by the DLS size distribution (ZetaSizer Nano ZS model ZEN3500
(Malvern Instruments, Malvern, UK)) (Figure 3a). For AgNPs the size range was 67.05 + 10.4 nm, and the size
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a
Item AgNP GO AgNP-GO
Average hydrodynamic
diametor (DLS) [ 67.05 (+ 10.4) > 1000 594.67 (+ 71.2)
Size (ETD) [nm] 50 — 90 12 — 200 x 103 X
{ - potential value [mV] -35.97 (+ 1.79) -15.4 (+ 2.59) -44.1 (£ 1.51)
pH of solution 6.35 ( 0.08) 6.46 (+ 0.12) 6.51 (£0.04)
b C 0.50
G
10 D 0.40 1 —GO
—AgNP-GO —GO 0.35 —AgNPs
0.8 _ —AgNPs-GO complex
2 E % —AgNPs+GO sum of spectra
é 0.6 g 0.25
~(_§ o4 2020
§ 0.15
02 o
“00 o0 1100 1300 1500 1700 190 2100 230 230 2700 2600 3100 "

Raman shift [cm-1
[ ] 200 300 400 500 600 700

Wavelength [nm]

Figure 3 The physicochemical characterization of the experimental factors. (a) Size, Zeta potentials and pH measurements of the evaluated nanomaterials. (b) Raman
spectrum of graphene oxide (GO) and AgNP-GO complex; the spectrum is characterized by the occurrence of the following bands: 1359 cm! (D band), 1602 cm! (G
band), 2720 cm™' (2D band), and 2950 cm ™. (c) UV-Vis absorption spectra of AgNP, GO and AgNP-GO complex in aqueous solution.

of the GO flakes was between 12 and 200 pm. The manufacturer’s declaration regarding the size of the GO
flakes was >3 um. The resulting discrepancies may result from the overlap of individual flakes as a result of
physisorption, ie, physical adsorption. To confirm the nature of the bonds existing between AgNPs and GO in the
formed complex, zeta potential analysis (Figure 3a) and RAMAN analysis were performed (Figure 3b) and UV-
Vis absorbance spectra (Figure 3c) were performed. Analysis of the stability of aqueous colloids indicated that
the AgNP-GO complex material was the most stable of all verified samples (—44.1+1.51 mV), while the reading
values for AgNPs and GO were —35.97+1.79 mV and —15.442.59 mV, respectively. Furthermore, the Raman
technique was used to identify the structure of the obtained material. In the Raman spectrum of GO, a typical
spectral pattern was observed. The spectrum was characterized by the occurrence of the following bands:
1359 cm ™' (D band), 1602 cm™' (G band), 2720 cm ' (2D band), and 2950 cm'. The tested GO was of good
quality and purity, as the obtained spectrum was consistent with the reference literature.”® The analysis of the
complex showed no changes in the spectral pattern (GO compared to AgNP-GO) (Figure 3b), indicating that
AgNPs do not affect the chemical structure of the examined GO. The UV-vis spectra of GO, AgNPs, AgNPs-GO
complex and for comparison sum of GO and AgNPs spectra (AgNPs+GO) are depicted in Figure 3c. In the GO
sample, a prominent absorption peak is observed at 230 nm, attributed to the m — n* transitions within aromatic
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C-C bonds, while the n— n* transitions of C=0 bonds contribute to the shoulder at 300 nm.>’” The AgNPs
sample exhibit broad absorption band in 320—-600 nm spectral range, arising from the surface plasmon resonance,
and at 210 nm corresponding to the inter-band transition of electrons in silver nanoparticles.”®** However, when
analyzing the shape of the spectra of the AgNPs-GO complex and the sum of the spectra AgNPs and GO, it can
be noticed that the absorption corresponding to interband transitions in silver nanoparticles is still visible, which
proves the presence of nanoparticles in the complex mixture, while the band corresponding to the plasmon
resonance has disappeared, which most likely indicates the adsorption of nanoparticles on the graphene surface.

pH measurement was also performed. At point 0, the pH (Figure 3a) values were 6.44 (+£0.10) for UP water, 6.35
(+0.08) for AgNPs, 6.46 (+0.12) for GO, and 6.51 (+0.04) for AgNP-GO. Over time, the measurements did not change
significantly and were in the pH range of 6.4-6.6 at the last point of measurement, which confirmed the stability of the
tested solutions.

Visualization of S. Aureus Morphology After Co-Incubation with AgNPs, GO, and the
AgNP-GO Complex

Visualization of the bacteria with the tested nanomaterials and antibiotic (positive control) showed the anti-
bacterial effects of AgNPs and the AgNP-GO complex at the analyzed concentrations. As shown in Figure 4, the
co-incubation of S. aureus and AgNPs damaged the bacterial cell membrane and caused leakage of the cytoplasm
(marked by an orange arrow in Figure 4b). GO itself mainly affected the trapping of bacterial cells on its
surface, causing some losses in the bacterial population (Figure 4c). In turn, after incubation of the bacteria with
the tested complex, cells were trapped on their surface in various stages of degeneration (from cytoplasm leakage
to complete cell lysis) (Figure 4d).

Antibacterial Effect of the Tested Nanostructures Using the EpiDerm™ Model
The potential bactericidal effect was investigated using the surface spread plate method with serial dilutions. Two
types of samples from two time periods (3 and 6 h) were used for inoculation: culture fluid in which the
EpiDerm™ inserts were kept (hereinafter referred to as “medium”) and sterile 0.9% NaCl into which the
EpiDerm™ inserts were transferred after 3 and 6 h of culture (hereinafter referred to as “insert”). The results
are presented on a logarithmic scale in Figure 5.

After 3 h of incubation of the bacteria and nanostructure, no significant antibacterial effect was observed on the
number of S. aureus colonies in the medium samples (Figure 5a). The logarithmic values of CFU/mL decreased 1.72,

Antibiotic + S. aureus AgNP + S. aureus GO + S. aureus AgNP-GO + S. aureus
a b c d
- N || § ] 3 e
° Y &k 3
v ® . w o . o O 3 7 Vi
e ;
X ® " % 'Y e ; < X‘”‘ :
° . 2 : ' .c AW . e
® - . . - 23 o ; ORI
& — W e L) —— || P A

500 nm 500 nm

Figure 4 Transmission electron microscopy visualization of bacteria (Staphylococcus aureus) after incubation with (a) antibiotic (positive control), (b) silver nanoparticles
(AgNP), (c) graphene oxide (GO), and (d) their complex (AgNP-GO). The blue arrow indicates AgNPs, and the red arrow indicates examples of dead bacterial cells. The
orange arrow shows cytoplasm leakage from the bacterial cell.
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After 3 h of incubation After 6 h of incubation

@
@
@

log [CFU/mL]
IS

log [CFU/mL]
I

~
log [CFU/mL]
-~

"
log [CFU/mL]

N

&

O O
< v S Yg‘gp
Medium after 3h Insert after 3h Medium after 6h Insert after 6h

Figure 5 Mean CFU/mL (log) for Staphylococcus aureus after treatment with antibiotics (AB) and nanostructures (silver nanoparticles (AgNP), graphene oxide (GO), and their
complex (AgNP-GO)). (a) the results after 3 h of medium incubation, (b) the results after 3 h of insert incubation, (c) the results after 6 h of medium incubation, (d) the results after
6 h of insert incubation. “Medium” — the samples from medium in which the experiments were performed; “Insert” — the samples from the artificial skin; PC is the positive control
sample, and the results are the mean * standard deviation. Statistically significant differences were reported as: <0.01 (*¥), <0.001 (*¥¥), and <0.0001 (¥¥¥).

0.45, and 1.78 times after AgNP, GO, and AgNP-GO treatment, respectively, compared to PC. However, the insert
incubation results showed a trend to reduce the number of bacteria after the use of the tested AgNP and Ag-GO factors,
and we noticed a 3.1 and 2.9 times decrease in relation to PC (Figure 5b).

After 6 h of incubation of the bacteria and tested factors, we observed a significant decrease in the number of
bacterial colonies after AgNP and AgNP-GO treatment, both in the analyzed medium and in the insert samples,
compared to PC (Figure 5c and d). In the medium, the levels were 5.39 and 5.62 times decreased, respectively.
In the inserts group, they were 4.39 and 4.61 times decreased, respectively. No changes were observed in the
GO-treated group.

Effect of S. Aureus and Nanomaterials on the Proinflammatory State

An analysis of the expression of 40 cytokines’ expression was performed using a protein array for both
investigated models. In the first experiment (with the EpiDerm™ model), we considered all groups (NC, PC,
AB, AgNPs, GO, and AgNP-GO complex). The results presented in Figure 6 show the changes in the protein
expression level in relation to the NC and PC results after normalization with Imagel software. In the heatmaps,
we included only those cytokines from the 40 available at the membrane that were expressed. Both after 3 and 6
h of contact incubation of the skin with bacteria, we observed increased cytokine activity. After 3 h of
incubation, the tissue with bacteria contacting itself (PC) induced the response of cytokines, such as IL-la,
IL-1pB, IL-6, IL-6sR, IL-8, IL-15, EOTAXIN-1, EOTAXIN-2, ICAM-1, IP-10, MIP-1B3, PDGF-BB, RANTES,
TNFp, sTNFR1, and TIMP2. Additionally, after other treatments (AB, AgNPs, AgNP-GO complex), we observed
the release of the same cytokines, except for IL-10, which was expressed only after antibiotic treatment.

After 6 h of incubation, the observed reaction was largely silenced. In the groups treated with GO and the
complex, the cytokine was usually zero or close to zero. However, after treatment with AgNPs, we observed
a further cytokine response, which was especially evident in the expression of IL-la, IL-8, IP-10, PDGF-BB,
TNFB, and TIMP-2.

The cellular response to the penicillin-streptomycin antibiotic (group AB) caused long-term inflammation with low or
medium intensity, which was not observed in the group treated with the AgNP-GO complex.
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EOTAXIN-2
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IP-10
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Inserts after 3 h of incubation

Cytokine NC PC AB AgNP GO AgNP-GO
IL-1a
IL-8
EOTAXIN-1
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ICAM-1
IP-10
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MIP-18
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TNFB
TIMP-2

Inserts after 6 h of incubation

Figure 6 Effect of Staphylococcus aureus bacteria, antibiotics (AB), and nanostructures (silver nanoparticles (AgNP), graphene oxide (GO), and their complex (AgNP-GO))
on the protein expression of proinflammatory cytokines in EpiDerm™ 3 and 6 h after treatment. The results were normalized to the negative control (NC) group. Images
were created with Image] software. The expression of cytokines is also presented as heatmaps, where the 0 expression level is presented as dark green, and the highest
observed expression (1.5 O.D.) is indicated in red.

Analysis of the induction of the pro-inflammatory state due to S. aureus and the tested antibacterial agents was also
carried out using another biological model, HFF-2 cells.

After 3 h of treatment, increased expression occurred for IL-6, IL-8, IL-11, IL-12p70, ICAM-1, 1IP-10, MCP-
1, MIP-1B, MIP-15, and TIMP-2 in the AgNP group, IL-la, IL-3, IL-6, IL-6sR, IL-8 (the highest result
compared to other groups), IL-10, IL-11, IL-12p70, ICAM-1, IP-10, MCP-1, MIP-1B, MIP-14, and TIMP-2 in
the GO group; and II-6, IL-6sR, IL-8, 11-11, ICAM-1, IP-10, MCP-1, MIP-1B, and TIMP-2 in the AgNP-GO
group.

After 6 h of incubation, the observed response of cells to experimental factors was changed, and AgNPs
decreased the expression of MIP-18 and IL-12p70 and increased the expression of IL-1f, IL-3, IP-10, MCP-I,
RANTES, TNF-B, sTNF RI, and TIMP-2. The expression was maintained for cytokines, such as IL-6, IL-8, IL-
11, ICAM-1, and MIP-1B. In the GO-treated group, we observed decreased cytokine expression for IL-1a, IL-6
(almost 10-fold), IL-6sR, IL-10, IL-12p70, and ICAM-1. The expression of cytokines, such as IL-3, IL-11, and
MIP-1f, did not change over time. Additionally, in this group, the expression of the following cytokines
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increased: IL-8, IP-10, MCP-1, and TIMP-2 (2 folds up). The following were expressed for the first time after
GO treatment: IL-15, RANTES, TNF-B, sTNF RI, and sTNF RII.

In contrast, in the group treated with the complex, the expression of most cytokines decreased significantly or
completely. A particularly pronounced response was seen in IL-6 expression (a decrease of almost 20-fold). Only in the
case of TIMP-2 did the result remain but at a relatively low level (the lowest compared to all other groups). Cytokine

expression in this experiment is presented in Figure 7.

Min Max

Cytokine NC PC1 PC2 AB  AgNP GO AgNP-GO
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IL-2
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IL-6
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IP-10
MCP-1
MCP-2
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MIP-18
MIP-13
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sTNF RII
TGF-1
TIMP-2

HFF-2 after 3 h of incubation

Cytokine ~ NC PC1 PC2 AB AgNP GO AgNP-GO
IL-1B
IL-3
IL-6
IL-6sR
IL-8
IL-10
IL-11
IL-15
EOTAXIN-1
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MCP-1
MCP-2
MIP-18
PDGF-BB
RANTES
TNF-B
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TIMP-2

AgNP-GO

HFF-2 after 6 h of incubation

Figure 7 Effect of Staphylococcus aureus bacteria, antibiotics (AB), and nanostructures (silver nanoparticles (AgNP), graphene oxide (GO), and their complex (AgNP-GO))
on the protein expression of proinflammatory cytokines in HFF-2 culture cells, 3 and 6 h after treatment. The results were normalized to the negative control (NC) group.
Images were created with Image] software. The expression of cytokines is also presented as heatmaps, where the 0 expression level is presented as dark green, and the
highest observed expression (1.9 O.D.) is indicated in red.
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Discussion

Nanostructure Properties

GO is a structure of a single layer of carbon atoms containing oxygen functional groups, such as carboxyl, carbonyl,
epoxyl, or hydroxyl,*® which was also confirmed by our analyses. These groups make GO hydrophilic, and they are also
responsible for their adsorbent properties, especially toward metal ions, through electrostatic interaction and
coordination.”’ The strong sorption properties of GO toward positively charged particles are explained by electrostatic
interactions, H-bonding, and 7-m interaction.>? We used these features of GO to create the AgNP-GO complex as the so-
called “liquid dressing”. The method of combining GO and AgNPs is crucial for the application of the AgNP-GO
complex because strong covalent bonds between Ag and GO can limit the activity of AgNP and its ions, while the lack of
AgNP-GO interaction can prevent the formation of the complex through a clean, fast, and cheap method of self-assembly.
Thus, because of electrosonically forced self-assembly, we obtained a relatively stable ({-potential —44.1 mV) colloidal
AgNP-GO solution.

The main advantage of the obtained complex was its purity, which was confirmed by EDS analysis. However, the
greatest advantage of the method used is the incrustation of GO with AgNPs in a way that does not limit the activity of
oxygen groups, which was confirmed by Raman analysis. The Raman spectra of GO and AgNP-GO were very similar. In
this way, we obtained a “liquid dressing” that was a stable physicochemical solution, with active oxygen groups, AgNP
exposure, biocompatibility, and the ability to form a stable layer (GO).'* The stability of the AgNP-GO layer on various
materials and the antibacterial properties of such a layer applied to medical textiles were tested by our team against the
bacteria P aeruginosa and S. aureus.'® Therefore, in subsequent experiments, we checked the biological effects of the
AgNP-GO dressing and, above all, its antibacterial effectiveness, as well as its potential anti-inflammatory properties.

Antibacterial Properties of Nanostructures
Exposure of artificial skin inserts to S. aureus (control group) resulted in infection, where both the EpiDerm™ samples
and the medium in which they were incubated contained active bacteria capable of forming colonies, as observed after
only 3 h of incubation (control group). The epidermis is a key protective barrier against bacterial infection, and this
observation supports research by other authors on the high virulence of S. aureus, which is the cause of 80—90% of skin
infections.> Moreover, this bacterium, internalized in keratinocyte cells, is resistant to most antibiotics, and the key
problem seems to be the search for a drug that can easily penetrate host cells.>* The administration of AgNPs to the
medium resulted in a significant reduction in the number of bacterial colonies after 3 h and a very strong reduction in
their number after 6 h. The antimicrobial activity of AgNPs is known and has been studied by many authors, including
our team.** 7

The S. aureus bacterium, like most of these microorganisms, has a negative charge, which is mainly due to the
presence of teichoic acid.*® GO has a negatively charged surface, which has been confirmed by many authors.***" In the
research conducted by our team on the interaction of graphene materials, such as pristine graphene (pG), GO, and
reduced GO (rGO), with bacteria (Salmonella enterica and Listeria monocytogenes), we observed that regardless of the
type of bacteria, they adhered to pG and rGO near the edges, while they did not adhere to GO at the edges of the petals
but were evenly located on its surface.”® The current study of S. aureus confirmed this observation. Nevertheless, the
adhesion of bacteria to GO takes place despite the mutual repulsion of the two bodies with negative charges. An
interesting study was conducted by Romero-Vargas Castrillon et al,*' who in studies using atomic force microscopy,
confirmed that the physical interactions of GO with bacteria are repulsive, and other mechanisms should be investigated.
Moreover, the authors pointed out that, in the case of GO, there is no mechanical damage, but rather oxidative stress, in
bacterial membranes at the sharp edges of GO. Our visualization of the GO-S. aureus interaction also showed that the
first step is probably the active movement of bacteria to the GO surface, which may be the result of chemotaxis toward
-OH groups (similar to glucose), and the second step is their immobilization, probably related to oxidative stress.**
However, even after 6 h, we did not observe GO toxicity to S. aureus.

In contrast to GO, both AgNPs and AgNP-GO significantly reduced the number of S. aureus colonies both in the
post-culture fluid and present on the 3D skin implants. A trend of higher killing activity was also observed for the AgNP-
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GO “liquid dressing” complex compared to AgNPs. The antimicrobial activity of AgNPs is known. Scientific research,
including proteomic research, has proven that because of the destruction of the outer cell membrane, the function of the
cytoplasmic membrane is disturbed by the accumulation of envelope proteins, loss of proton driving force and collapse of
the membrane potential, and consequently a drastic reduction in the level of ATP.**** In this research, TEM visualization
also allowed us to observe the degradation of the cell wall and membrane and the shrinkage of the cytoplasm until the
complete destruction of the bacterial cell, from which only the so-called shading effect occurred.*’ Interestingly, the
mechanism is similar for Ag" ions and Ag nanoparticles, and the difference concerns only the level of antibacterial
effectiveness, which is lower for nanoparticles.*®*’ Our visualization of the interaction between S. aureus and AgNP-GO
showed that the AgNPs are visible as elements encrusting GO rather than being present inside the bacterial cell. It can
therefore be assumed that Ag" ions participate in killing bacteria.

Anti-Inflammatory Properties of Nanostructures

Despite its antibacterial function, “liquid dressing” should also be non-toxic to human skin and even shows anti-
inflammatory activity and has a positive effect on the regeneration of the epidermis. Therefore, 40 proteins responsible
for inflammation were analyzed in skin implants. In short contact with the skin (3 h), S. aureus increased the level of all
markers of inflammation (IL-1a, IL1-1B, IL-6, IL-6sR, IL-8, IL-15, EOTAXIN-2, ICAM-1, IP-10, MIP-1B, PDGF-BB,
RANTES, TNFB, sTNFR-1, and TIMP2). This rapid and temporary cytokine burst, which occurred under the influence of
S. aureus, was further increased in several cases using antibiotics (RANTES, IL-15, sTNFR-1). RANTES (CCL5) and
IL-15 are among the key pro-inflammatory factors, with the former being responsible for the degradation of collagen in
the epidermis via the activation of MMP-1 and MMP-13.*® Treatment with AgNPs, the AgNP-GO complex, and
especially GO reduced the level of this interleukin.

However, the most important observation was made after 6 h, when only a few proteins were upregulated by the
presence of S. aureus—IL-1a, IL-8, ICAM-1, IP-10 (CXCL-10), MIP-1pB, and TIMP-2. CXCL-10 is a key chemokine in
S. aureus infections, especially MRSA, because these bacteria can bind CXCL-9 and CXCL-10 and suppress the immune
response through a simple capture mechanism, reducing the amount of chemokines and consequently reducing
chemotaxis.*” Unfortunately, CXCL-10 was not reduced by AgNPs, GO, AgNP-GO, or antibiotic treatment. Similar
trends were observed regarding the level of IL-1a; however, attention should be paid to its increased expression under the
influence of antibiotics, in contrast to the AgNP-GO complex. This indicates that the antimicrobial activity of AgNP-GO
generates less inflammation activation than that of antibiotics. IL-8, a strong marker of inflammation in the skin region,
also under the influence of AgNP-GO administration, decreased to the level of the control group (without bacteria),
confirming the beneficial antimicrobial effect of the complex compared to the antibiotic. ICAM-1 - intercellular adhesion
molecule was also increased upon incubation with S. aureus. The interaction of the ICAM-1 protein with its specific
ligands is the source of signals that stimulate T-cell proliferation.’' Increased expression of ICAM-1 in keratinocytes may
occur as a result of atopic dermatitis®® as a manifestation of a local inflammatory response. ICAM-1 was not silenced by
the antibiotics or AgNPs but was decreased by GO and AgNP-GO. A decrease in ICAM-1 levels in contact with GO was
also observed by Domenech et al’® in research on Caco-2/HT29 cells, defining GO as a mildly anti-inflammatory
material. Moreover, in studies on macrophage immune cells (RAW 264.7), the activation of ICAM-1 production was not
observed under the influence of GO.>* Therefore, it can be concluded that GO, as well as AgNP-GO, in terms of
observing the level of inflammatory proteins, such as IP-10 and IL-1a, show effectiveness similar to that of an antibiotic.
However, considering the marker of inflammation, ICAM-1, the anti-inflammatory effect of AgNP-GO is stronger than
that of antibiotics.

Interestingly, 6 h of skin incubation with S. aureus did not affect the activation of the protein secretion of
inflammation markers (RANTES, TGFp, TNFa, TNFfB, EOTAXIN1, and 2, MCP-1), while the presence of these proteins
increased with antibiotics. The antimicrobial activity of antibiotics occurs not only by killing them but also by causing
the release of various bacterial compounds that increase inflammation.” In our study, S. aureus-infected skin was treated
with a penicillin—streptomycin mixture, which, while effective in killing bacteria, caused an inflammatory response. In
addition, other authors have observed that streptomycin increases the inflammatory tone of the intestinal mucosa.>®
Antibiotic therapy against S. aureus, associated with the disruption of thymidine synthesis and elevated levels of cyclic
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diAMP, induces inflammation in the host as a side effect.’” An important result of our research is the fact that these 7
proteins were not activated using GO or AgNP-GO. This result indicates that the toxicity of AgNPs, in terms of
inflammation induction, is suppressed by forming a complex with the GO flake, what is documented in Figure 3.
Reducing the toxicity of Ag by creating a AgNP-GO complex was found in previous studies.'* It can be assumed that the
adhesion of AgNP to GO by limiting the mobility of AgNPs reduces their toxic/pro-inflammatory effect.

Considering that after 6 h, the AgNP-GO complex showed biocidal effectiveness against S. aureus similar to that of the
antibiotic, and at the same time did not affect the activation of inflammation in terms of the assessment of most inflammation
proteins, it can be concluded that the AgNP-GO colloid as a “liquid dressing” showed biocidal properties against S. aureus but
also counteracted the inflammatory reaction that occurred when an antibiotic was used. When analyzing the ICAM-1 protein
concentration, the AgNP-GO complex showed anti-inflammatory activity. These studies showed, for the first time, the
antimicrobial effectiveness of the AgNP-GO complex and its anti-inflammatory nature in experiments on a 3D epidermal
model. Moreover, the AgNP-GO complex, used as a type of “liquid dressing”, had a more beneficial effect than the antibiotic,
in this case, streptomycin. The AgNP-GO complex can effectively kill S. aureus, mainly due to Ag activity, but additionally
inhibit inflammation through the adhesion of the remains of killed bacteria on the GO surface, which could be a source of
a pro-inflammatory signal, although these assumptions require experimental confirmation.

To confirm the obtained results, in terms of both the antibacterial and anti-inflammatory effects of the AgNP-GO
complex, we conducted tests on a fibroblast cell line, HFF-2. A group was also introduced in which the antibiotic was
used alone, without bacteria, to demonstrate the potential pro-inflammatory effect of the antibiotic.

Analyzing the results of the tests carried out on the cell line, different sensitivities were observed in the cells grown
in vitro compared to the organized tissue (EpiDerm™ Skin). After 3 h, a large number of pro-inflammatory cytokines in
the tissue were differentiated under the influence of the agents used, while after 6 h, their levels returned to normal, and
in general, regardless of the agent used, inflammation was suppressed. Observing the reaction of the unorganized
population of fibroblast cells, the opposite tendency was observed, with greater activation of pro-inflammatory proteins
after 6 h compared to 3 h. In addition, the cytokine concentration in the EpiDerm™ tissue was generally lower, especially
after 6 h (no red color on the heatmap), compared to the response of the cells after both 3 and 6 h. This observation

1.>® Moreover, it

confirms the thesis of a different response to experimental factors depending on the research mode
indicates greater resistance of the organized tissue structure to various stress factors. It can also be seen that the
mechanism of response to the applied stimulation also differed; for the tissue, after early cytokine activation, the
cytokines were silenced over time. The cells increased their inflammatory response over time.

Interesting results were obtained after antibiotic administration. The use of the antibiotic alone (PC1) increased the
level of 18 proteins after 3 h and 9 proteins after 6 h, compared to the non-treated control group. The antibiotic most
significantly increased the levels of IL-6, IL-8, ICAM-1, MCP-1, and TIMP-2 after 3 and 6 h of incubation.

IL-6 is a multi-target pleiotropic cytokine, but its primary role is to activate the acute inflammatory response.>® Moreover,
the level of this cytokine actively changes depending on the severity of inflammation, which allows it to be used as a marker in
sepsis therapy.®® In addition, human studies have shown that some antibiotics stimulate the immune system, affecting the
synthesis of IL-6 produced by monocytes.®' In our study, however, IL-6 production was observed in fibroblasts, indicating the
pro-inflammatory nature of streptomycin in the skin. This observation was confirmed by the level of IL-8. This chemokine,
produced by many cells, is the strongest chemotactic factor in humans; it stimulates the migration of immune cells, neutrophil
adhesion, histamine release, and angiogenesis. Another cytokine whose level increased under the influence of the antibiotic
compared to the control group was MCP-1. This chemokine is produced, among others, in human fibroblasts®* and is one of
the key chemokines regulating the migration and infiltration of monocytes/macrophages responsible for immunological
processes, as well as for the formation of inflammation.> Additionally, TIMP-2 is a protein whose increased expression is
associated with inflammation; moreover, it is observed during psoriasis and associated skin lesions.®* The antibiotic also
significantly increased the level of ICAM-1 compared to the control group after 3 and 6 h. ICAM-1 is associated with severe

inflammation,®® and some authors suggest a pro-cancer function of ICAM-1.%°

However, ICAM-1 has been shown to promote
skin wound healing, and its absence inhibits keratinocyte migration and impairs wound healing.®” Nevertheless, in our studies,
high levels of ICAM-1 were observed in healthy cells treated only with antibiotics and AgNPs, but not in the AgNP-GO

complex group.
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Comparing the effect of the antibiotic and the equivalent AgNP-GO complex due to its antibacterial properties, the
complex increased only 8 inflammatory proteins after 3 h and 5 inflammatory proteins after 6 h, compared to the control
group. Comparing the effect of the antibiotic and the AgNP-GO complex, after 3 h, only IL-6 and IL-8 showed an
increased concentration compared to the cells treated with the antibiotic, although after 6 h, their levels decreased and
were close to the control group. The increased levels of IL-6 and IL-8 were probably the effect of GO, which may be

68

related to the pro-angiogenic nature of this nanostructure. IL-8 is associated with angiogenesis,”~ while the pro-

angiogenic features of GO have been demonstrated in our previous studies.®’

Conclusions

Although dermatological antibiotic therapy is a necessary action in many diseases, including bacterial skin infections, it is
accompanied by strong activation of inflammation in skin cells, which may be associated with permanent pathological
activation of inflammation, leading to cancer. In the conducted research, we obtained a complex of GO encrusted with AgNPs,
characterized by high purity and biocompatibility, as well as exposure of oxygen groups on the GO surface. The AgNP-GO
complex, applied to a 3D skin model, showed antibacterial efficacy against S. aureus, comparable to that of an antibiotic.
Comparing, however, the pro-inflammatory activity of the antibiotic and AgNP-GO, the level of pro-inflammatory cytokines
(IL-6, MCP-1, TIMP-2, and ICAM-1) was significantly higher in the epidermis treated with the antibiotic than in the complex.
Thus, comparing the antibacterial effect of the antibiotic and AgNP-GO, the mechanism of activity differs, and the action of
the AgNP-GO complex is less involved in the activation of the host’s immune system / inflammation.
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