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Abstract: The emergence of resistance to pathogenic bacteria has resulted from the misuse of antibi-
otics used in wound treatment. Therefore, nanomaterial-based agents can be used to overcome these
limitations. In this study, polycaprolactone (PCL)/gelatin/graphene oxide electrospun nanofibers
(PGO) are functionalized via plasma treatment with the monomeric groups diallylamine (PGO-M1),
acrylic acid (PGO-M2), and tert-butyl acrylate (PGO-M3) to enhance the action against bacteria cells.
The surface functionalization influences the morphology, surface wettability, mechanical properties,
and thermal stability of PGO nanofibers. PGO-M1 and PGO-M2 exhibit good antibacterial activity
against Staphylococcus aureus and Escherichia coli, whereas PGO-M3 tends to reduce their antibacterial
properties compared to PGO nanofibers. The highest proportion of dead bacteria cells is found on
the surface of hydrophilic PGO-M1, whereas live cells are colonized on the surface of hydrophobic
PGO-M3. Likewise, PGO-M1 shows a good interaction with L.929, which is confirmed by the high
levels of adhesion and proliferation with respect to the control. All the results confirm that surface
functionalization can be strategically used as a tool to engineer PGO nanofibers with controlled an-
tibacterial properties for the fabrication of highly versatile devices suitable for different applications
(e.g., health, environmental pollution).

Keywords: polycaprolactone; nanofibers; electrospinning; graphene oxide; plasma treatment;
antibacterial

1. Introduction

The rise of antibiotic-resistant bacteria has become a major concern in medical and
public health, particularly in controlling the spread of infectious diseases. According
to the Centre for Disease Control, CDC (2019), antibiotic-resistant bacteria have caused
at least 2,868,700 infections with 35,900 reported deaths [1]. The overuse and misuse of
antibiotics contribute to the development of these superbugs [2-5]. Thus, infectious diseases
are harder to treat as antibiotics become less effective, causing damage to the immune
system and leading to treatment failure [6,7]. This has led to the development of other
antimicrobial agents, such as carbon nanomaterials and anti-biofilm gel, as alternatives to
antibiotics to prevent bacteria resistance [8-10]. Carbon nanomaterials such as graphene
oxide (GO) have been widely used in biomedical applications due to their biocompatibility
and stability [11-13]. Graphene oxide is composed of linked sp?-hybridized carbon atoms,
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with several oxygen functional groups, hydroxyl, carbonyl, and epoxy, attached to its basal
plane, which increases its reactivity [14-16]. Previous studies have demonstrated a strong
antibacterial activity of chemically modified GO against Gram-positive and Gram-negative
bacteria and their capacity to cover bacterial cells and thus alter cell morphology [17-19].
Despite its remarkable antimicrobial activity, there are increasing concerns regarding GO’s
toxicity to human cells. Cytotoxicity studies found that GO increases cell oxidative stress,
leading to DNA damage, even at low concentrations (5 and 10 wt%), and further reduces
cell viability and proliferation [20,21]. In comparison, GO-loaded polymer nanofibers
showed no cytotoxicity effects on neural and keratinocyte cells at concentrations of up to
1.5 wt% [22]. These findings indicate that the toxicity of GO is dose dependent. Therefore,
it is vital to control its concentrations within a therapeutic range for human use.

In recent years, great efforts have been made in the fabrication of nanostructured scaf-
fold materials with antimicrobial properties [23]. In particular, the electrospun nanofibers’
properties, such as the fiber diameter, alignment, high surface area to volume, high porosity,
and interconnected pores, can be tailored to not only deliver antimicrobial agents locally to
an infected area but also kill bacteria [24-30]. In some cases, natural and synthetic polymer
scaffolds are combined in a design to further improve the biocompatibility, mechanical
strength, wettability, and degradation rates [31-33]. Polycaprolactone (PCL), a synthetic
polymer approved by the Food and Drug Administration (FDA), is frequently used in
biomedical applications due to its low-cost materials with high spinnability, good me-
chanical properties, and excellent biodegradability compared to other polymers [34-36].
However, the slow degradation rate and hydrophobic nature of PCL limit its ability to
mobilize and release therapeutic agents. Another material, gelatin, a natural hydrophilic
polymer obtained through the denaturation of collagen, is biocompatible, biodegradable,
non-toxic, and non-antigenic [37-41], but it has insufficient mechanical strength and is
difficult to electrospin. Hence, to overcome these issues, the two materials can be blended
to obtain nanofibers with better physicochemical properties [42-44]. PCL/gelatin blends
have been shown to improve the mechanical properties, hydrophobicity, and enhanced
thermal stability of nanofibers compared to pure PCL and gelatin [45-47].

Over the years, the electrospinning technique has been used to fabricate polymeric
nanofibers for various applications. The unique characteristics of nanofibers, such as their
high surface area, high porosity, and small pore size, make them suitable for biomedical
applications [48-51]. Nanofibers can also be attached to specific functional groups, such
as carboxylic acid, amines, and aldehydes, via plasma surface treatment. The different
structural and chemical properties possessed by the functional groups, such as polarity,
acidity, and charges, can highly influence the surface interaction between nanofibers and
bacteria cells [52-56]. For instance, the surface wettability of nanofibers can influence their
hydrophobicity [57], potentially leading to the strong adhesion of hydrophobic bacteria
such as S. aureus to their surfaces [58,59]. In contrast, a hydrophilic surface can effec-
tively inhibit the adhesion of the bacteria, as the surface bonding between the bacteria and
nanofibers is weak [60]. Positively charged cationic nanofibers have been shown to increase
antimicrobial potency, as they can attract negatively charged bacteria cells [61-63]. Post-
electrospinning surface treatments can be optimized to introduce suitable moieties on the
surface of nanofibers using several approaches, including wet chemical functionalization,
covalent grafting, physical adsorption, and plasma treatment [64—-68]. Among these meth-
ods, plasma treatment is favorable, as it is the fastest method for surface functionalization
with a high stability effect [69,70].

Herein, GO is synthesized and blended with PCL/gelatin nanofibers, functionalized
by monomer moieties (i.e., diallylamine, acrylic acid, and tert-butyl acrylate), and optimized
to validate its antibacterial activity against S. aureus and E. coli. The surface functionaliza-
tion is realized with the support of plasma treatment. The functionalized nanofibers are
characterized by scanning electron microscopy (SEM), Fourier transform infrared spec-
troscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and thermogravimetric analysis
(TGA). The contact angle is measured via the drop method to determine the wettability of
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the nanofibers. In addition, the antibacterial activity and cell viability of the functionalized
nanofibers are evaluated.

2. Materials and Methods
2.1. Materials

Polycaprolactone, PCL (MW = 80 kDa), gelatin from bovine skin (CAS 9000-70-8), and
tert-butyl acrylate were purchased from Sigma Aldrich, Milan, Italy. Graphite, sulfuric acid,
phosphoric acid, hydrogen peroxide, hydrochloric acid, chloroform, methanol, 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP), acrylic acid, diallylamine, nutrient broth, nutrient agar, and
sodium chloride (NaCl) were purchased from Merck, Darmstadt, Germany. Potassium
permanganate was obtained from Bendosen Laboratory Chemicals, Johor Malaysia. The
Live/Dead Baclight Bacterial Viability Kit (L7007) was purchased from Thermo Fisher
Scientific, Bleiswijk, The Netherlands. The bacterial strains of S.aureus (ATCC 25293) and
E.coli (ATCC25922) were received from the Department of Biotechnology, Kulliyah of
Science, International Islamic University, Pahang, Malaysia.

2.2. Synthesis and Characterization of Graphene Oxide (GO)
2.2.1. Synthesis of GO

Graphene oxide (GO) was synthesized using the modified Hummers method with
slight modifications [71,72]. Briefly, 3 g of graphite powder was added to a mixture of
sulfuric acid (HSO4) and ortho-phosphoric acid (H3POy) at a 9:1 (v/v) ratio and stirred for
2 h until homogeneous in an ice bath. Then, 6 g potassium permanganate (KMnO,) was
added slowly with continuous stirring for 1 h. The solution was sonicated for 15 min until
homogeneous. Next, 80 mL of deionized water was added and the solution was stirred at
40 °C for 30 min. Then, the solution was stirred for another 40 min at 80 °C to speed up
the rate of reaction. The solution was left to cool to room temperature before 100 mL of
hydrogen peroxide (H,O;) was added to the solution to stop the reaction and the solution
was stirred vigorously. The obtained solution was separated by decantation, followed by
several steps of centrifugation for 7 min at 5000 rpm. The solid residue was re-suspended
three times in 40 mL of 20 % (v/v) hydrochloric acid (HCI) and another three times in
distilled water and further centrifuged for purification. The obtained graphene oxide was
kept at —80 °C and then freeze-dried for 24 h and stored in a desiccator for further analysis.

2.2.2. Characterization of GO

The morphology of the GO sheets was examined using transmission electron mi-
croscopy, TEM (Carl Zeiss Libra 120, Oberkochen, Germany). A small amount of GO
was dispersed in distilled water and dropped on the grid. The sample was viewed using
TEM at 10,000 x magnification. The morphological surface features and roughness of
the graphene oxide were studied using atomic force microscopy (NX-10, Park Systems,
Suwon, Korea) at 5 and 10 pm dimensions. The images obtained were analyzed using XEI
software (Version 4.3.1., Park Systems, Suwon, Korea). The possible chemical interactions
of the GO samples were analyzed using attenuated total reflection Fourier transform in-
frared (ATR-FTIR, Perkin Elmer, Waltham, MA, USA), spectroscopy at a spectral range of
600-4000 cm™!. The Raman spectra of the GO were measured at room temperature with
a DXR Raman microscope at an excitation wavelength of 532 nm and a Raman shift range
of 1000-30000 cm™ to study the structural properties of the GO sheets including the layer,
disorder, and defect level.

2.3. Fabrication of Blended PCL/Gelatin/GO Nanofibers

Briefly, 10% w/v PCL was dissolved in chloroform: methanol (3:1 v/v) solution and
stirred for 24 h at room temperature [73,74]. Meanwhile, 10% w/w gelatin was dissolved in
HFIP and stirred for 24 h. The PCL/gelatin (PG) solution was mixed at a 1:1 (v/v) solvent
ratio and stirred for 24 h. Next, 1.0% (w/v) of GO, was added to the solution and stirred
for another 24 h before electrospinning. The electrospinning of the polymer solution was
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performed using a custom-built electrospinning setup consisting of KD Scientific Flow
Rate apparatus and ES 50P-10W Gamma High Voltage (ES 50P-10W) with pre-optimized
parameters at a 0.8 mL/h flow rate, 15 kV voltage, 12 cm tip-to-collector distance with
a 20 G (0.91 mm) needle.

2.4. Surface Functionalization of Nanofibers

The surface functionalization of the nanofibers was performed by direct current plasma
treatment method or glow discharge plasma. This modified the fibers” surfaces for grafting
three different kinds of monomers—diallylamine (M1), acrylic acid (M2), and tert-butyl
acrylate (M3)—with a recognized ability to influence bacteria attachment to polymer
surfaces [75,76]. Three different monomers were introduced to investigate the effects of
different functional groups on the wettability of the nanofibers, as well as the bacterial
attachment ability of each functional group. A custom-built plasma system was set up
consisting of a two-electrode cathode (voltage) and an anode (ground collector), which
operated with atmospheric-pressure air. Nitrogen gas was supplied through a glass tube
to create a plasma discharge. The nanofiber samples were placed on the anode near the
plasma discharge. The monomers’ vapors were sprayed using an automatic mist sprayer
in between the cathode and anode at a 10 mm distance, 10 L /min flow rate, and 15 kV
voltage for 30 s. The plasma-treated samples were labeled PGO-M1, PGO-M2, and PGO-
M3 respectively.

2.5. Characterization of Nanofibers

The surface morphologies of the nanofibers before and after treatment were examined
using scanning electron microscopy, SEM (Carl Zeiss S.E Asia/ZEISS Evo 50, Oberkochen,
Germany). Briefly, a small section of a nanofiber sample was mounted on a brass stub using
double adhesive tape and sputter-coated with a gold—palladium mixture under vacuum
using a Sputter Coater (Leica EM SCDO005, Wetzlar, Germany). The samples were analyzed
at 2000 x magnification. The diameters were measured from 100 nanofibers randomly using
Image] Software (Version 1.52a, National Institute of Mental Health, Bethesda, MD, USA).
The functional groups of the nanofiber samples were identified using ATR-FTIR (Perkin
Elmer, Waltham, MA, USA) at a spectral range of 600-4000 cm™!. The wettability of the
nanofibers was determined by water contact angle measurements using the drop method,
where deionized water was dropped onto the nanofibers’ surfaces. The measurements were
performed in triplicate and the average contact angle was determined. The elemental scan
of XPS was performed to study the surface chemistry of the nanofibers using a Kratos Axis
Ultra DLD. The spectra were scanned at the range of 0-1200 eV and survey scans of Cls,
Ols, and N1s were obtained. The atomic ratios were analyzed and calculated using Casa
XPS Software (Version. 2.3.25). The thermal stability of the nanofibers was examined by
thermogravimetric analysis using 2-5 mg nanofibers at a temperature range of 35-500 °C
and a heating rate of 10 °C/min under a nitrogen atmosphere. The mechanical properties
of the functionalized nanofibers were measured by an axial tensile testing machine (Omron
ZR-RX25 Ver1.06). The sample was cut into 20 x 20 mm and mounted between two clamps.
The gauge length was measured over time until the total failure of the sample at room
temperature. The stress—strain curve of the sample was obtained using Sigmaplot software
(ver.14.5).

2.6. Antibacterial Assay
2.6.1. Plate-Counting Assay

The E. coli and S. aureus bacteria were cultured overnight for five consecutive days to
obtain a single colony of bacteria. The isolated colony was then transferred into a 10 mL
nutrient broth of a 0.5 McFarland standard. The optical density of OD 600 nm was obtained
at 0.0870. Next, 1000 pL of the bacteria suspension was transferred into 9 mL fresh broth
to make up a total of 10 mL of bacteria suspension. The nanofiber sample was sterilized
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under a UV light for 30 min before being added to the bacterial suspension and incubated
at 37 °C for 24 h.

After 24 h, the sample was taken out and rinsed three times with sterile phosphate
buffer saline (PBS, pH 6.8) to remove the excess suspension and unattached bacteria. The
sample was immersed in a 10 mL sterile PBS solution. The suspension was further diluted
by transferring 100 pL of the cultured PBS solution to a 9.9 mL sterile PBS solution to
make 1072, 1074, and 107° serial dilutions. Each tube was vortexed for 1 min and incubated
at 37 °C for 15 min before being diluted. Afterward, 100 pL of the 107 solution was
transferred to the nutrient agar plate and spread using a sterile cotton swab. The agar was
incubated at 37 °C for 24 h and the colonies formed on the plate were counted using the
Formula (1),

@

CFU Total number of colonies x dilution factor
Colony counts =

mL Volume of culture plate (mL)
where the dilution factor is 107 and the volume of the culture plate is 2 mL [77].

2.6.2. Bacterial Attachment Study

The live/dead bacteria cell assay was performed to study the bacterial attachment
on the different surface chemistries of the plasma-treated nanofibers. Briefly, the bacteria
were sub-cultured for five consecutive days to obtain a single colony. The single colony
was transferred from the agar plate to a 5 mL sterile nutrient broth and incubated at 37 °C
for 24 h. The ODggonm of the bacterial suspension was taken using a UV-Vis spectrometer
at 600 nm (ODggonm = 0.3). Then, 100 pL of the broth culture was spread on the agar plate
using a sterile cotton swab. The plate was incubated at 37 °C for 18 h until the entire plate
was covered with bacteria biofilm. After 18 h, the sterile nanofiber sample was incubated
on the plate facing down for another 1 h at 37 °C. After the incubation, the sample was
rinsed with a sterile 0.85% NaCl solution to remove unattached bacteria for further staining
and characterization [78].

The staining solutions were prepared according to the manufacturer’s instructions.
Briefly, two dyes, SYTO 9 dye with 1.67 mM/Propidium iodide and 1.67 mM (component
A) and SYTO 9 dye with 1.67 mM/Propidium iodide and 18.3 mM (component B), were
used for staining. The two components (A and B) were mixed thoroughly at a 1:1 ratio in
a microfuge tube. Then, 6 uL of the pre-mixed staining solution was added into 2 mL of
sterile 0.85% NaCl solution. Afterward, the nanofiber sample was immersed in the staining
solution for 30 min at 37 °C in a dark room. The staining was removed and the sample
was rinsed once with a 0.85% NaCl solution and viewed under a fluorescence microscope
(Olympus BX53) at 40 x magnification. Selected filters were used: UMWB2 (excitation at
460-490 nm) and UMWG?2 (excitation at 510-550 nm).

The morphological characteristics of the attached bacteria were studied using SEM
analysis. Briefly, the samples were incubated with bacteria using the same method de-
scribed in Section 2.6.1. After incubation, the samples were washed thrice with a sterile
0.85% NaCl solution to remove any unattached bacteria. Then, the samples were immersed
in a 2 mL formaldehyde solution in a PBS solution (3.4% ©v/v) for 30 min for bacterial
fixation [78]. Afterward, the samples were rinsed once with 0.85% NaCl and immersed in
three subsequent ethanol aqueous solutions at increasing concentrations (50, 70, 90%) for
dehydration. Then, the samples were mounted on the stub and further coated for viewing.

2.7. In Vitro Tests

To evaluate the biological response of the nanofibers, L.929 cells derived from mice
(Sigma Aldrich, St. Louis, MO, USA) were used. The L929 cells were cultured in 75 cm?
cell culture flasks containing Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, St.
Louis, MO, USA), 2 mM L-glutamine, and antibiotic solution (streptomycin 100 pg/mL
and penicillin 100 U/mL, Sigma-Aldrich, Milan, Italy). The cell cultures were incubated
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in a 100% humidified environment at 37 °C in 95% air and 5% CO;. Before the biological
assays, the nanofibers were placed in a 96-well culture plate and sterilized with 70% ethanol
solution for 30 min. After sterilization, the nanofibers were rinsed with PBS three times
and air-dried.

The cell viability of L929 onto nanofibers was analyzed after 1, 3, 7, and 14 days of
culture. First, the viability was verified by the XTT assay (Roche) based on the cleavage of
the yellow tetrazolium salt XTT to form an orange formazan dye by metabolically active
cells. The concentration of the formazan product is directly proportional to the number
of metabolically active cells. The 1.929 cells were seeded at 5 x 103 cells/well onto the
nanofibers. During the experimental time, the culture medium was exchanged every
third day. After the prescribed time points, the culture media was changed by 100 uL
of fresh medium containing 50 puL of XTT working solution and incubated for 4 h under
standard conditions. Then, the supernatant was removed and placed in a microplate reader
(ELISA) and the absorbance was quantified by spectrophotometry (Wallac Victor3 1420,
PerkinElmer, Boston, MA, USA) at 450 nm.

2.8. Statistical Analysis

All data in this study are expressed as average =+ standard deviation. Data analysis was
performed using OriginPro Software (Version 8.5.0, Northampton, Massachusetts, USA),
and CasaXPS (Version 2.3.25PR1.0). Image] Software (Version 1.52a, National Institute of
Mental Health, Bethesda, MD, USA) was used to measure the average fiber diameters.
For the cell viability tests, the results are presented as the mean =+ standard error (n = 3).
Analysis of variance (ANOVA) with Tukey’s post hoc test was used to detect the differences
between the groups. A value of p < 0.05 was considered to determine the statistically
significant differences.

3. Results and Discussion
3.1. Characterization of GO

A major recent study of carbon materials, i.e., nanotubes, nano blades, and nano spikes,
concentrated on the development of an antibiotic-independent treatment for antibiotic-
resistant bacteria [79-81]. The antimicrobial activity of carbon materials such as graphene
oxide (GO) is highly dependent on its properties including the sheet size, concentration,
number of layers, and density of functional groups. GO with a small sheet size, high density
of wrinkles and edges, high thickness and surface roughness, as well as large number of
hydrophilic oxygen-containing groups (i.e., epoxy, carboxyl, and hydroxyl), has proven to
be effective in killing bacterial strains [17,19,82]. The specific requirements of GO properties
can be controlled during its synthesis [83]. GO can be synthesized using various established
methods such as the Brodie, Staudenmaier, or Hummers methods [84,85]. These methods
involve the oxidation of graphite by strong acids and oxidants such as phosphoric acid,
sulfuric acid, nitric acid, potassium permanganate, and potassium chlorate [86,87]. The
Hummers method is commonly used as it is fast, easy, and can produce GO with higher
oxidation and hydrophilic properties [88,89].

In this study, the GO was synthesized from pure graphite using a modified Hummers
method as a green approach to prevent the release of toxic gases [90-92]. The surface
morphology and properties of GO were studied using TEM, AFM, FTIR, and Raman spec-
troscopy. The TEM (Figure 1a) revealed thin, wrinkled, highly transparent, and multi-layer
sheets of GO [93-95]. The average size of the GO sheets obtained was 133 & 82 nm. The
AFM topographic images (Figure 1b,c) show the GO sheets with sharp surfaces with several
spikes and roughness (Ra) of 1.9 & 2.8 nm. The average thickness of the GO sheets of around
3.7 & 2.2 nm suggests the presence of multi-layer sheets. The morphological results indicate
the obtained multi-layer sheets of GO formed were small, with high surface roughness and
spike intensity, which may contribute to effective antimicrobial activity [96,97].
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Figure 1. (a) TEM image of GO nanosheets at 10,000 magnification (scale bar: 1000 nm); (b) 2D
AFM lateral images of GO at 5 pm (scale bar: 1 um); (c¢) 3D AFM lateral images of GO at 5 um;
(d) ATR-FTIR spectrum of GO nanosheets; (e) Raman intensity of GO nanosheets.

The FTIR spectra of the GO sheets (Figure 1d) show a band at 3141 cm™!, which
corresponds to the OH stretching vibration, whereas the band at 1713 cm™ indicates the
C=0 vibration of the carbonyl group. The absorption band at 1616 cm~! represents the
C-C graphitic backbones of GO, whereas the peak at 1395 cm ™! represents the C-OH of
carboxylic groups. The appearance of the C-O-C epoxy groups is shown at 1221 cm™~!,
and the band at 1029 cm ! represents the C-O vibrations [98,99]. The results confirmed
the presence of chemical groups in the GO sheets such as hydroxyl (OH), carbonyl (C=0),
carboxyl (COOH), and epoxide (COC) moieties. The Raman spectrum of the GO shows the
presence of a characteristic D band at 1380 cm ! due to the disorder of the carbon lattice and
a graphitic G band at 1589 cm ™! due to the stretching sp? carbon atoms (Figure 1e) [100,101].
The intensity ratio between the D and G bands (Ip /1) is used to quantify the defect density
in the graphene sheets [102]. The Ip /I ratio for the GO was 0.93 (Ip /I < 1), indicating the
reduction in the sp> domain of the GO surface due to the high contact potential difference
between the GO and carboxyl functionalities on its surface [103]. The number of graphene
layers increased as the intensity ratio increased, whereby the monolayer graphene had an
intensity ratio of 0.28 [104]. These findings indicate that the GO synthesized using this
method has the potential to exhibit bactericidal effects against bacteria cells [19,105,106].

3.2. Characterization of Functionalized PGO Nanofibers

The resulting GO was loaded into the blended PG nanofibers. The surface morpholo-
gies of the PG and PGO (1% GO) nanofibers (Figure 2a,b) show the formation of homoge-
neous, uniform, and bead-free nanofibers, with average fiber diameters of 391 + 171 nm
and 410 & 143 nm, respectively (Figure 2c). Several studies reported that the addition
of GO causes an increase in solution conductivity, leading to an increase in fiber diame-
ters [77,107,108]. Our study also showed similar results, whereby the addition of 1% w/v
GO increased fiber diameters by 5%, signifying that the GO is well blended with the PG
nanofibers. The increase in the fiber diameters may be due to the increase in the solution’s
viscosity due to the interaction of GO with PCL/gelatin. In addition, the agglomeration of
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Figure 2. SEM images of (a) PCL/gelatin (PG); (b) PGO nanofibers; (c) average diameters of PG and
PGO nanofibers; (d) PGO-M1; (e) PGO-M2; (f) PGO-M3 nanofibers at 2000 magnification (scale bar:
2 um).

The surfaces of the nanofibers were functionalized with amino (-NH), carboxyl (-COO),
and hydroxyl (-OH) groups of monomers by glow-discharge N plasma treatment to im-
prove the wettability of the nanofibers’ surfaces for bacterial attachment [111]. The treat-
ment was performed in a gaseous phase, whereby the plasma discharge, which ionized
the gas with positive and negative charges, was introduced into the monomer vapor and
sample surfaces. The plasma discharge caused fragmentations in the active precursor
molecules of the monomers, leading to the deposition of monomers on the nanofibers’
surfaces [112,113]. Three monomers with different functional groups were used, i.e., di-
allylamine (M1), acrylic acid (M2), and fert-butyl acrylate (M3). The SEM images of the
PGO nanofibers’ surfaces functionalized with the three monomers (Figure 2d,f) show the
swelling and merging of the nanofibers after the treatment due to the grafting layers of
the monomers on the surfaces of the nanofibers [113]. The morphology changes after the
plasma treatment clearly indicate the successful deposition of monomers on the nanofibers’
surfaces [114].

The IR spectra of the functionalized nanofibers and the PG, PGO, PGO-M1, PGO-M2,
and PGO-M3 nanofibers are shown in Figure 3. The PG ad PGO nanofibers had similar
important bands observed at 3292 cm ™! (hydroxyl group), 2944 cm~! (CH? stretching),
1720 cm™~! (carbonyl stretching), 1642 cm~! (C=C alkene), 1545 cm~! (N-H stretching),
and 1169 cm~! (asymmetric C-O-C stretching), corresponding to the functional groups
possessed by PCL, gelatin, and GO [77,115]. The intensities of the hydroxyl, alkene, and
secondary amide peaks were higher in the PGO than in the PG nanofibers due to the
interactions between the GO and the PG nanofibers, confirming the loading of GO into the
nanofibers” matrices [116].

After the treatment with M1, two new bands were observed at 1692 cm™' and
1210 cm ™!, corresponding to imine (C=N) and ether (C-O) stretching, respectively. The
results indicate that M1 was covalently bonded to the PGO nanofibers via the interaction
between the secondary amine in diallylamine and the PGO, forming imine and enamine
bonds, as illustrated by the reaction mechanism in Figure 4a. We propose that during the
treatment, the electron pair of nitrogen in diallylamine reacts with the carbonyl group of
the PGO nanofibers, forming a covalently bonded imine (C=N), which tautomerizes to
enamine (C=C-N) [117-119]. For the PGO-M2 spectrum, the narrow peak at 1721 cm !

1
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(carbonyl group) and the observed 1641 em~ ! (C=C stretching) band confirm the presence
of acrylic acid. The peak intensity at 1720 cm ! and 1169 cm ! increased slightly due to the
hydrogen bonding interactions between the COOH and COC functionalities of the acrylic
acid and PGO nanofibers (Figure 4b) [120]. The absorption bands at 1800 cm ! (carbonyl
group) and 1210 em ! (C-O stretching) in the PGO-M3 spectrum (Figure 3e) indicate the
attachment of the fert-butyl acrylate monomer to the nanofibers. Similar bands were ob-
served in the PGO-M3 spectrum due to the similar functional groups present in both the
monomers and PGO nanofibers. Nonetheless, there was a marked increase in the intensity
of the peak, especially at 3200 cm ! (O-H stretching), 1640 cm ! (C=C conjugated alkene),
and 1545 cm~! (N-H stretching) due to the strong hydrogen bonding interactions between
the carbonyl group of the tert-butyl acrylate and the N-H bonds in the PGO nanofibers
(Figure 4c) [121].

450 -
J©
400
350 (d)
300
{(©

% T
N
S

(C=0)  (c=) (C-0-C)

T T T T T T
4000 3500 3000 2500 2000 1500 1000

-1
Wavenumber (cm )
Figure 3. FTIR spectra of (a) PG; (b) PGO; (c) PGO-M1; (d) PGO-M2; and (e) PGO-M3 nanofibers.

The wettability of the functionalized nanofibers was analyzed by water contact angle
measurements (Figure 5). The water contact angle of the PGO nanofibers was 78 + 1.4°,
indicating high wettability due to the incorporation of gelatin and graphene oxide. The
improved hydrophilicity of the nanofibers was mainly due to the incorporation of gelatin
and graphene oxide containing -COOH and -OH groups, rendering the PGO nanofibers
with high water affinity compared to pure PCL, which is hydrophobic in nature, with
a water contact angle of 118 £ 6° [122,123]. The water contact angle of PGO-M1 was
72.6 & 1.3°, which contained the polar and hydrophilic N-H group of diallylamine [124].
The PGO-M2 nanofibers functionalized with acrylic acid gave a water contact angle of
51.05 £ 1.9°. The -COOH group of acrylic acid contributed to its miscibility in water,
giving the lowest wettability among the three samples [125]. However, the PGO nanofibers
functionalized with M3 (tert-butyl acrylate) displayed a water contact angle measurement
of 127.03 &= 17.5° due to the hydrophobic surface provided by the tert-butyl acrylate [126].
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Figure 5. Contact angle [°] measurements of functionalized nanofibers.

An XPS survey analysis was performed to further confirm the deposition and chemical
bonding between the PGO and the monomers (Figure 6). The nanofibers’ spectra exhibited
Cls, Ols, and N1s peaks at 285, 531, and 398 eV, respectively [127,128]. The atomic
concentrations and ratios obtained from the deconvolution of the survey analysis are
summarized in Table 1. It was possible to recognize six component peaks retained in the
curve fitting at 284.5 eV (C-C), 285.9 eV (C-O), 288.5 eV (C-N), 531.1 eV (C=0), 532.4 eV
(O-H), and 398.0 eV (N-H). Only slight changes were detected in the atomic concentration
of the PGO nanofibers after the plasma treatment. The M1 and M3 coatings of PGO showed
a significant increase in the Cls concentration and a decrease in the Ols concentration. The
increase in carbon atoms in the nanofibers’ backbones may reduce their hydrophilicity
(Figure 5). The plasma treatment of M1 resulted in nanofibers rich in N with an N/C ratio
of 0.36 compared to PGO nanofibers, confirming the formation of imine and enamine, as
illustrated previously (Figure 4). Meanwhile, the N/C concentration in the M3 coating was
reduced slightly in the PGO nanofibers, indicating the deposition of tert-butyl acrylate on
the nanofibers. Hence, the higher concentration of the polar N atom in PGO-M1 makes
it slightly more hydrophilic compared to the PGO-M3 nanofibers, which agrees with the
contact angle measurement (Figure 5).
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Figure 6. XPS survey scans of PGO, PGO-M1, PGO-M2, and PGO-M3 nanofibers.

Table 1. Atomic concentrations (%) of functionalized nanofibers based on deconvolution of

XPS spectra.
Atomic Concentration (%)

Sample
Cls O1ls Ni1s o/C N/C
PGO 37.61 49.85 12.53 1.30 0.33
PGO-M1 41.58 43.26 15.16 1.04 0.36
PGO-M2 37.79 53.90 8.30 1.43 0.22
PGO-M3 43.42 44.99 11.59 1.04 0.27

In contrast, the C1s concentration of the M2 coating showed a retention of carbon on
the surfaces of the PGO nanofibers, whereas the Ols concentration increased and the N1s
concentration decreased on the PGO-M2 nanofibers, thus confirming the oxygen binding
on the fibers’ surfaces [110]. It is worth noting that the higher concentration of oxygen
further increased the hydrophilicity of the nanofibers. Overall, the results of the XPS survey
are in agreement with the results of the wettability analysis, confirming that a copious
amount of monomers was deposited on the PGO nanofibers’ surfaces [79,127,129].

The thermal stability of the nanofibers was examined using TGA and DTG analyses
(Figure 7). The thermal degradation of the PGO and PGO-M2 nanofibers took place in
three ranges: 30-170, 180-380, and 400-500 °C. Meanwhile, the thermal degradation of
the PGO-M1 nanofibers occurred at 30-60, 90-360, and 400-500 °C, and for the PGO-M3
nanofibers, at 30-230, 270-370, and 400-500 °C. After 500 °C, the total weight losses for
PGO, PGO-M1, PGO-M2, and PGO-M3 were 67.97, 86.1, 79.32, and 62.25%, respectively.
The initial weight loss of the nanofibers was due to the loss of volatile components such
as moisture through evaporation [130-132]. Significant weight losses for PGO, PGO-M1,
PGO-M2, and PGO-M3 occurred at 180, 100, 180, and 270 °C, respectively. The thermal
stabilities of PGO-M1 and PGO-M2 were reduced compared to the PGO nanofibers, which
may be related to the morphological changes in the PGO when treated with M1 and M2, as
shown in the SEM images (Figure 2) [131]. The treatment further increased the surface area
of the PGO nanofibers, thus providing a greater area for water adsorption and reducing its
thermal stability [132]. In contrast, PGO-M3 showed an increase in thermal stability as it
started to degrade at higher temperatures, with a smaller weight loss (%) compared to the
PGO nanofibers. The strong hydrogen bonding interactions between the PGO nanofibers
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and M3 may have contributed to the results, as a higher temperature was required to
break the bonds [133,134]. Our results showed that PGO-M1 provided the best thermal
degradation and stability, followed by PGO-M2, PGO, and PGO-M3.

(@) 100+

TG (%)
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Figure 7. (a) TGA and (b) DTG of functionalized nanofibers.

The tensile properties of the functionalized PGO nanofibers were measured to de-
termine their durability and elasticity. A tensile stress—strain curve of the functionalized
nanofibers was obtained, and the tensile strength, strain break, as well as Young’s modulus,
were calculated from the curve [135,136]. Figure 8 shows the elastic deformation of the
functionalized nanofibers. As the deformation increased, the sample entered the yield stage
or elastic limit, where the material was deformed and beyond recovery [137]. The tensile
strength is the maximum value of stress (y-axis), whereas the strain break is the maximum
point of strain (x-axis), obtained from the curve. The Young’s modulus of the functionalized
nanofibers was obtained from the initial slope or gradient of the stress—strain curve. The

results are summarized in Table 2.

6

Tensile Strength (MPa)
w
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Figure 8. Stress—strain curve of the functionalized nanofibers.
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Table 2. Tensile properties of the functionalized PGO nanofibers.
Nanofibers Tensile Strength (MPa) Strain Break (%)  Young’s Modulus (MPa)
PGO 2.87 £0.13*% 2622 £2.13* 66.96 £ 6.42 %
PGO-M1 486 £1.57* 36.60 = 8.62 * 4691 £1.04*
PGO-M2 212 +£0.63 % 12.60 + 1.66 * 65.46 £9.32 %
PGO-M3 221 +1.15* 9.80 £9.89 * 7494 +5.05*

* p value is < 0.001, the data are considered statistically significant (p < 0.05).

The PGO nanofibers recorded a strength, strain break, and Young’s modulus of
2.87 + 0.81 MPa, 26.22 & 7.31%, and 66.96 & 6.42 MPa, respectively. The value of Young's
modulus indicates the high stiffness of the samples, which is inversely proportional to the
elasticity. The blending of GO further improved the tensile strength of the PG nanofibers
due to the hydrogen bonding interactions between GO and the nanofibers [22,135,136,138].
PGO-M1 showed the highest tensile strength and strain break compared to the PGO
nanofibers. The covalently bonded M1 may contribute to the improved elasticity of the
nanofibers. The high surface area of the PGO-M1 nanofibers provides support against the
stress applied on the nanofibers’ surfaces, thus improving their mechanical properties [139].
In contrast, the PGO-M2 and PGO-M3 nanofibers showed reductions in tensile strength
and elongations of the strain break. This may be due to the acidic properties of the acrylic
acid (M2) and tert-butyl acrylate (M3), which can affect the nanofibers’ elasticity [140,141].

3.3. Antimicrobial Response
3.3.1. Plate-Counting Assay

The plate-counting assay was performed to evaluate the antimicrobial efficiency of the
nanofibers against S. aureus and E. coli before and after the plasma surface treatment, with
the PG nanofibers as the control. The results are represented in Table 3. The PG nanofibers
did not exhibit antimicrobial activity against both bacteria strains. After incubation with
the PGO nanofibers, there was no E. coli colony growth observed on the plate, whereas
a small amount of S. aureus colonies (9.0 x 10 CFU/mL) were detected on the agar
plate. Previous studies reported that the sharp edges of GO in nanofibers could induce
membrane stress and destroy the phospholipid bilayers of bacteria, leading to physical
damage to the bacterial membrane integrity [142-144]. Nevertheless, the PGO nanofibers
were more effective in killing the Gram-negative bacteria E. coli compared to the Gram-
positive bacteria S. aureus. This may be due to the rigid cell walls of Gram-positive bacteria,
which prevent GO from penetrating the bacterial membrane [145,146].

The nanofibers retained their antibacterial activity after being treated with M1 and M2,
with a slightly increased effectiveness against S. aureus. However, the PGO-M3 antibacterial
activity was reduced, with the highest colony count compared to PGO, PGO-M1, and
PGO-M2. The presence of a positively charged amino group in M1 may have induced
toxicity to the bacteria cells [78,147]. On the other hand, although the acrylic acid, M2, was
negatively charged, the antibacterial effect of the nanofibers was attributed to the acidic
nature of M2, which reduced the cytoplasmic pH level of bacteria cells [148] and disrupted
the ion-exchange mechanism of the cell membrane, resulting in cell lysis [149]. As for M3,
the acrylate group was reported to have a significantly high bacterial attachment due to its
polarity and linear structure [150]. However, the coating of the PGO-M3 nanofibers reduced
the antibacterial activity of GO, which may have been due to the strong hydrogen bonding
interactions between M3 and the PGO nanofibers, as shown in Figure 3, thus limiting the
direct interaction of GO and bacteria, including the ability to kill them [150-153].



Nanomaterials 2023, 13, 488

14 of 26

Table 3. Antimicrobial activity of nanofibers against S. aureus and E. coli (average CFU/mL).

Nanofibers E. coli S. aureus
PG (control)
PGO
PGO-M1
5.0 x 1077 CFU/mL 5.0 x 1077 CFU/mL
PGO-M2
2.5 x 10~ CFU/mL
PGO-M3

8.5 x 107 CFU/mL 5.5 x 107> CFU/mL

3.3.2. Bacterial Attachment on Functionalized Nanofibers

To gain insight into the influence of the monomers on bacterial attachment, the
nanofibers’ surfaces were investigated after incubation with S. aureus (Figure 9) and E. coli
(Figure 10) via fluorescence microscopy and SEM (Figure 11), with the PGO nanofibers as
the control. Our study found that the attachment of S. aureus to the nanofibers’ surfaces
(Figure 9) was higher compared to E. coli. This was due to the size of the nanofibers,
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Live

which influenced the attachment of the bacteria. Previously, Abrigo et al. reported that
bacterial adhesion and attachment to fibers” surfaces are influenced by the fibers’ diameters,
whereby the bacteria tend to adhere to fibers that are closer to their size [154]. S. aureus
has an average size of 0.5-1.5 um, whereas E. coli has an average size of 1.0-3.0 um. Since
the functionalized nanofibers’ sizes were below 1000 nm, the attachment of S. aureus was
higher compared to E. coli. The green fluorescence of the nanofibers” surfaces indicated
a live bacteria cell, whereas red fluorescence indicated a dead cell. For the PGO nanofibers,
there was a small amount of E. coli attachment observed compared to S. aureus. The slightly
hydrophobic PGO nanofibers may have been more attracted to the hydrophobic S. aureus
than the E. coli [58,155]. Large clusters of live S. aureus cells were found on the nanofibers’
surfaces compared to E. coli cells, indicating that graphene oxide was more effective in
killing E. coli than S. aureus, as discussed previously.

Dead Merged

Figure 9. Fluorescence microscopy images of S. aureus attachment on (a) PGO; (b) PGO-M1;
(c) PGO-M2; and (d) PGO-M3 nanofibers at 40 x magnification (scale bar: 50 um).
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Live

Dead Merged

Figure 10. Fluorescence microscopy images of E. coli attachment on (a) PGO; (b) PGO-M1;
(c) PGO-M2; and (d) PGO-M3 nanofibers at 40 x magnification (scale bar: 50 um).

The positively charged PGO-M1 strongly attracted the negatively charged S. aureus,
thus promoting attachment to the nanofibers’ surfaces [78,156]. A small number of live
S. aureus colonies were attached to PGO-M1 compared to PGO nanofibers, indicating that
the diallylamine coating improved the antimicrobial efficiency of PGO nanofibers against
S. aureus. On the other hand, the highest number of dead E. coli colonies was found attached
to the PGO-M1 nanofibers. The increase in surface wettability of the PGO-M1 nanofibers
promoted the adhesion of E. coli colonies to their surfaces compared to the other samples.
The distorted rod-shaped morphology of E. coli indicates that the functionalized nanofibers
changed the bacterial conformation, leading to cell death (Figure 11b).

The attachment of S. aureus and E. coli was decreased in the PGO-M2 nanofibers
compared to the PGO nanofibers, which may be due to the negatively charged acrylic acid
under a neutral pH, which repelled the negatively charged bacteria cells [73]. The dead
bacteria cells were attached to the PGO-M2 surface due to the acidic property of M2, which
triggered the bacteria attachment. Similarly, Wu et al. (2018) found that a large number of
dead E. coli and S. aureus colonies were attached to multi-layered dopamine—polyacrylic
acid and chitosan quaternary ammonium salt polymer grafting when the pH level of
the surface decreased, indicating that bacteria attachment can be triggered in an acidic
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environment [157]. For the PGO-M3 nanofibers, a small number of E. coli and a large
number of S. aureus colonies were observed on the nanofibers’ surfaces. This may be due
to the hydrophobicity of M3 attracting the hydrophobic S. aureus colonies better than the
E. coli colonies [158]. As we can see in Figure 11d,e, S. aureus was attracted and attached to
the smaller-sized fibers compared to E. coli [159]. Although it had a better attachment to
the nanofibers, we can see the large clusters of live bacteria cells that were attached to the
nanofibers (Figures 9d and 10d), indicating that the contact-killing action of the PGO-M3
nanofibers toward the killing bacteria was low. In addition, there were no changes in
the S. aureus and E. coli morphologies (Figure 11d), indicating that the live bacteria cells
were attached to the sample. These findings correlate with the results from the previous
plate-counting assay (see Table 3). Based on these findings, the attachment of bacteria can
be influenced by several factors; thus, further studies to investigate the influence of these
factors are imperative for the proper design of effective antimicrobial functional materials.

S. aureus

4/

VARV T
s/ |

Figure 11. SEM images of bacteria attachment on (a) PGO; (b) PGO-M1; (c) PGO-M2; and (d) PGO-M3
nanofibers at 2000 magnification. Red indicates bacteria colonies (Scale bar: 2 pum).
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3.4. In Vitro Studies

The interaction of the cells and nanofibers after 48 h is shown in Figure 12. In the PGO
fibers, clusters of cells and slightly flattened morphology can be observed (Figure 11a). The
nanofibers with diallylamine monomer (M1) cells presented a more elongated morphology
and marked cytoplasmatic prolongations (Figure 12b), which may be related to the presence
of the amine group that allowed the electrostatic interaction with the cells [160], unlike
PGO-M2 (Figure 12c). On the other hand, the cells were able to interact with PGO-M3
nanofibers due to the polarity of the tert-butyl acrylate favoring cell adhesion (Figure 12d).

Il PGO
15- W PGO_M1 z
s PGO_M2 T
L=
Il PGO_M3 o,
.
1.0 o] gy Y L=

XTT assay
(abs 450 nm)

o
o
1

0.0
1 3 7 14
Days in culture

Figure 12. SEM images of 1929 cells onto PGO (a), PGO-M1 (b), PGO-M2 (c), and PGO-M3
(d) nanofibers. Scale bar: 40 um. (e) XTT assay for biocompatibility of nanofibers at 1, 3, 7, and
14 days. Results are presented as the average + standard error of the mean. * Represents statistical
significance (* p < 0.05, ** p < 0.01, *** p < 0.001).

The biocompatibility of biomaterials refers to the ability of the material to avoid
causing a cytotoxic response. Moreover, biomaterials should provide a favorable microen-
vironment involving physical and chemical properties [161]. PCL and gelatin nanofibers
have been widely studied showing good biocompatibility due to the improvement of
hydrophilicity and the affinity of the cell to gelatin, favoring cell adhesion, proliferation,
and differentiation [162-166]. The current results show that the presence of GO in the
nanofibers caused a cytotoxic effect by decreasing the metabolic activity based on the XTT
assay, despite the presence of gelatin (Figure 12e). The chemistry and surface charge of
materials influence biocompatibility and cellular processes. In particular, GO can interact
with the lipid tail of phospholipids in the cell membrane, removing cholesterol molecules
and leading to membrane damage [167]. In this work, PGO nanofibers were further func-
tionalized and analyzed in terms of biocompatibility. The PGO nanofibers functionalized
with a positively charged group (M1) reduced the hydrophobicity and allowed cell activity
over time. On the other hand, a further increase in surface hydrophilicity in the case of the
acrylic acid treatment (PGO-M2) generated an excess of negative charges onto the surface
that promoted electrostatic repulsion, leading to cell damage. Lastly, the polar tert-butyl
acrylate (M3), in combination with the negative charge of GO, decreased the metabolic
activity of cells.

4. Conclusions

GO-PCL/gelatin electrospun nanofibers were successfully functionalized by grafting
diallylamine (M1), acrylic acid (M2), or tert-butyl acrylate (M3) via plasma treatment to
improve the surface properties of antibacterial nanofibers. The fabrication of the functional-
ized nanofibers was confirmed by SEM, FTIR, XPS, wettability measurements, TGA studies,
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and tensile strength measurements. The functional groups possessed by each monomer
affected the surface wettability, with PGO-M2 as the most hydrophilic and PGO-M3 as the
most hydrophobic. The hydrophilic behavior of the surfaces, strictly related to the chemical
functionalization on the nanofibers, significantly influenced in vitro cell and antibacterial
properties: higher S. aureus colony growth was observed in PGO-M3 than in PGO-M1 and
PGO-M2. Meanwhile, L929 tended to better adhere and proliferate to PGO-M1. Accord-
ingly, it was found that antimicrobial activity against E. coli bacteria was the highest in
PGO-M1, followed by PGO-M2 and PGO-M3, thus confirming the selective interaction of
functional groups and different bacteria populations.

Further studies could create a better understanding of the mechanisms and efficiency of
bactericidal interaction. This may pave the way for the design of innovative non-antibiotic
treatments that are suitable for efficiently reducing the formation of biofilms, leading to the
development of new solutions for current health and environmental problems.
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