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Abstract: Mesh infection is a major complication of hernia surgery after polypropylene (PP) mesh
implantation. Modifying the PP mesh with antibacterial drugs is an effective way to reduce the
chance of infection, but the hydrophobic characteristic of PP fibers has obstructed the drug adhesion.
Therefore, to prepare antimicrobial PP mesh with a stable drug coating layer and to slow the
drug release property during the hernia repair process has a great practical meaning. In this work,
PP meshes were coated by bio-inspired polydopamine (PDA), which can load and release levofloxacin.
PP meshes were activated with cold oxygen plasma and then plasma activated PP fibers were coated
with PDA. The PDA coated meshes were further soaked in levofloxacin. The levofloxacin loaded
PP meshes demonstrate excellent antimicrobial properties for 6 days and the drug release has lasted
for at least 24 h. Moreover, a control PP mesh sample without plasma treatment was also prepared,
after coating with PDA and loading levofloxacin. The antimicrobial property was sustained only for
two days. The maximum inhibition zone of PDA coated meshes with and without plasma treatment
was 12.5 and 9 mm, respectively. On all accounts, the modification strategy can facilely lead to
long-term property of infection prevention.

Keywords: polypropylene; hernia meshes; antibacterial; drug release; polydopamine

1. Introduction

An abdominal wall hernia operation is the repositioning of the hernia contents within the
abdominal cavity using sutures or mesh materials. Abdominal closure or reinforcement of hernia
defects has been performed with numerous mesh materials. Indeed, mesh implantation for hernia
repair has reduced hernia recurrence rate, compared to suturing techniques [1]. Synthetic mesh
materials have been successful for hernia repair since the last decade. Nevertheless, among all these
materials, polypropylene (PP) mesh has been considered as one of the best materials for repairing
hernias, owing to its inherent characteristics including that it is inert, hydrophobic, has a strong
mechanical property, and is lightweight [2-4]. However, a significant complication of hernia repair
is PP mesh induced infection [5,6]. In addition, PP is a hydrophobic polymer which does not absorb
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drugs during pre-operative prophylaxis [7,8], thereby making the drug coating, to prevent infection,
infeasible for PP mesh. Mesh infection can be a serious problem if not solved in the initial stages of mesh
implantation. After infection, it is difficult to cure the infected surgical area because heavy antibiotic
doses to the body of the patient may cause side effects. Furthermore, the recurrence of the hernia
may cause the removal of the hernia mesh, which can be costly in terms of the wealth and health of
patients [9,10]. Therefore, creating an active surface of PP mesh and providing the binding sites for drug
loading during mesh implantation are the key factors to reduce PP hernia mesh infection [11]. Different
kinds of surface modifications of PP meshes have been performed to incorporate different antibiotics
for slow drug release [12,13]. Amongst those modification protocols, plasma treatment is considered
a crucial step to modify the hydrophobic surfaces of PP fibers [14,15], to incorporate the functional
groups, such as hydroxyl or carboxyl, on the surfaces of PP fibers [16], and those functional groups
were further utilized to graft host-guest molecules to capture antibiotics [17]. Surface functionalization
of PP fibers with cold oxygen plasma is a well-known technique [18,19]. Cold oxygen plasma at low
pressure has been especially considered as the most suitable plasma treatment, without changing their
bulk properties, for PP fibers [20].

The new advancement in the preparation of medical devices is focused on producing
biocompatible materials [21,22]. Thus, dopamine, a bio-inspired material, receives the attention of
researchers due to the properties of self-polymerization to polydopamine (PDA) and co-deposition onto
surfaces of the materials [23,24]. The PDA coating, or functionalization of material, is a straightforward
approach by dipping materials in pH 8.5. The dopamine self-polymerization can be controlled by
reaction time or concentration [25,26].

In this work, we prepared antibiotic PP mesh materials functionalized with dopamine via cold
O, plasma treatment. PP mesh fiber surfaces were activated with oxygen plasma to create hydroxyl
or carboxyl groups and then plasma treated meshes were further modified with self-polymerized
dopamine for 12-24 h. The PDA incorporated PP meshes were soaked in levofloxacin (0.5%) for 24 h
to absorb water-soluble drugs for antimicrobial properties, as shown in Figure 1.
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Figure 1. The schematic illustration of PDA coating and subsequent loading levofloxacin on PP meshes.

The PDA coated PP meshes were evaluated for surface morphology, structural changes,
antimicrobial properties, and drug release. The results confirmed that dopamine was incorporated
on PP fiber surfaces and formed strong interfacial bonding between PP meshes and PDA. Moreover,
PDA coated and levofloxacin soaked meshes showed excellent antimicrobial inhibition zones and
demonstrated a controlled drug release.

2. Materials and Methods

2.1. Materials

Light weight (27 g/ m?) and large hexagonal pore (sized 3.5 mm x 2.5 mm) monofilament
polypropylene mesh devices were received from Nantong Newtec Textile and Chemical Fiber Co.,
Ltd., Nantong, China. Levofloxacin hydrochloride (98%) was purchased from Energy Chemicals,
Shanghai, China. Dopamine and tris(hydroxymethyl)aminomethane (Tris) were received from Aladdin
Chemicals Ltd., Shanghai, China.
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2.2. Surface Functionalization of PP with Oxygen Plasma

PP mesh samples of equal size (10 cm x 10 cm) were surface activated using an HD-300 cold
plasma machine (Changzhou Zhongke Changtai Plasma Technology Co., Ltd., Changzhou, China).
The samples were surface functionalized with oxygen plasma using optimized parameters of time
(300 s), power (45 W), and pressure (10 Pa). However, flow of oxygen gas was less than 0.2 bars.
PP samples after plasma treatment were named as PL-PP.

2.3. Coating of Polydopamine (PDA) on PP Meshes

Dopamine solution was prepared by dissolving 0.1 g of dopamine (2 mg/mL) in 50 mL of
Tris-HCl buffer (10 mM, pH 8.5) [25]. The liquor ratio of the PP meshes to the solution was 1:100.
Dopamine self-polymerization (non-plasma and oxygen plasma treated samples) was performed at a
temperature 37 °C, with continuous stirring (80 rpm) for 12-24 h. After 12-24 h samples were taken
out, rinsed several times with hot (50 °C) and cold deionized water, and dried at 50 °C in a vacuum
oven. All samples were coated with the same concentration, the only difference was time. PDA coated
samples after plasma treatment for 12 and 24 h were named PL-Dop-12 and PL-Dop-24, respectively.
Non-plasma treated samples of coated PDA were named Dop-12 and Dop-24.

2.4. Loading and Release of Levofloxacin

The PDA coated PP (0.5 g) meshes were soaked for 24 h in a 50 mL solution containing 0.3 g (0.6%)
levofloxacin. All samples were soaked in same concentration of levofloxacin for the same soaking time
of 24 h. After 24 h, loading samples were taken out and dried at 40 °C. Thus, after levofloxacin, loaded
samples were named Dop-LVFX-24, PL-Dop-LVFX-12, and PL-Dop-LVFX-24.

The drug release profiles of levofloxacin loaded samples (2 cm X 2 cm) were measured in a
centrifugal tube containing 8 mL of phosphate-buffered saline (PBS) and the PBS mixture with mesh
samples was shaken the for required duration at 70 rpm. The UV-spectrophotometry (TU-1901 Beijing
Purkinjie Co., Ltd., Beijing, China) was used at 37 °C for absorption measurements. During each
absorption measurement, 1 mL of the mixture solution of each sample was extracted and 1 mL of fresh
PBS was added into the mixture. Absorption of all samples was measured at 290 nm. The accumulative
levofloxacin release (%) was obtained as the ratio of levofloxacin release to the total drug loaded onto
the samples. Average absorption values were used to calculate the levofloxacin release (%).

2.5. Characterization of Modified PP Meshes

PDA coated and levofloxacin loaded samples were coated with platinum (Pt) and observed with
a Scanning Electron Microscope (SEM) (Quanta SEM 250, FEI™ Waltham, MA, USA). Moreover,
an Energy Dispersive X-ray spectrometer (EDX) (ISIS 300, Oxford Instruments, Oxfordshire, UK) was
connected with the SEM for element analysis of the PDA-modified and untreated PP samples. Fourier
Transform Infrared Spectroscopy (FTIR) (Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA)
of Attenuated Total Reflection (ATR) mode was used to characterize all modified and control samples.
All samples were analyzed in the wavenumber range of 5004000 cm~! with resolution of 4.0 cm 1.
An atomic force microscope (AFM) (Technologies 5500, Keysight, Santa Rosa, CA, USA) was used to
analyze the roughness of the different surfaces.

2.6. Antibacterial Properties

Qualitative Analysis

The agar diffusion test method was performed to assess the antibacterial properties of the
dopamine coated and levofloxacin loaded samples described in our recently published paper in
Polymers [27]. 400 uL of 1 x 108 CFU/mL bacterial suspension was spread on agar plates. Sterilized
swabs were used to evenly spread the bacteria. Two types of bacteria namely Escherichia (E.C) (ATCC®
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25922™, Shanghai, China) and Staphylococcus aureus (S.A) (ATCC® 25923™, Shanghai, China) were
used for antibacterial analysis of the modified meshes. Modified and untreated samples (1 cm x 1 cm
square) were placed in the center of agar plates containing bacteria (S.A and E.C). The agars plated
with samples were incubated in a standard oven, maintaining 37 °C for 24 h. The zone of inhibition of
each sample was measured with a digital vernier caliper and all results from the inhibition zones were
measured in 4 directions and reported as the average values. The zone of inhibition was measured
using the following formula: X = (Y — Z)/2, where X = the inhibition zone, Y = the inhibition zone
measured after 24 h incubation, and Z = the inhibition zone before incubation.

Furthermore, we observed the antibacterial properties of the modified and untreated PP samples
in a controlled environment of 37 °C. After each day, samples were taken out of the oven and transferred
to fresh agar plates containing bacteria. The zone of inhibition was measured to see the change in
antibacterial properties according to the number of days.

3. Results and Discussion

3.1. Polydopamine Coated and Levofloxacin Loaded

Polypropylene (PP) warp knitted meshes were soaked in a weak alkaline solution of dopamine.
It was expected that dopamine (PDA) would self-polymerize and co-deposit onto PP meshes. Two steps
were performed in the surface modification of PP meshes. In the first step, PP meshes were activated
with oxygen plasma and in the second step more PDA was adhered to oxygen plasma activated PP
meshes via hydrogen bond.

Plasma treated and untreated PP meshes were coated in the same concentration of dopamine
and at the same temperature (37 °C) for 12 and 24 h and we received a marginal difference between
oxygen plasma treated and untreated coating amounts. The weight increase of oxygen plasma treated
and untreated meshes, for 12 and 24 h, is shown in Figure 2. The corresponding weight of the Dop-12
and Dop-24 is 0.3% and 0.5%, respectively. However, the average weight increase of PL-Dop-12 and
PL-Dop-24 is 2.81% and 3.75%, respectively. Moreover, after 24 to 36 h soaking times there was no
change in the amount of dopamine coating.
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Figure 2. The weight increase (%) of untreated and plasma treated PP meshes after PDA and
levofloxacin coating.

All modified PP meshes were soaked in the same concentration (0.6%) of levofloxacin for 24 h.
Plasma treated and PDA coated PP meshes were weighed before and after loading levofloxacin.
From Figure 2, PL-Dop-LVFX-12 and PL-Dop-LVFX-24 increase the corresponding weights by
0.6% and 0.9%, respectively. Moreover, samples without plasma treatment (Dop-LVFX-12 and
Dop-LVFEX-24) increase corresponding weight by only 0.2%. Therefore, non-plasma treated samples
(Dop-24, Dop-LVFX-24) and plasma treated samples (PL-Dop-LVFX-12 and PL-Dop-LVFX-24) were
prepared for further characterization.
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3.2. Surface Morphology of Modified PP Meshes

Surface roughness of PP control and PL-PP meshes were observed using an AFM (Figure 3).
Prior to oxygen plasma activation the surface of untreated mesh fibers is smooth with obvious mark
lines. After oxygen plasma modification, the surface of PP fibers becomes rougher and the surface
piles are more visible, instead of line marks. Moreover, after the oxygen plasma treatment, Sqand S,
parameters of the modified meshes are increased by 55.5% and 21.2%, respectively, showing a rougher
surface as compared to the PP control fibers. Therefore, oxygen plasma functionalization significantly
changes the surface of PP meshes, which is consistent with the literature [28].

L
* Sa=42 nm
Sq=40 nm

PL-PP
Figure 3. AFM of PP control and PL-PP.

Figure 4 shows SEM images of the modified PP samples. It can be observed that the PP control
displays identical sharp and thin lines before oxygen plasma treatment (Figure 4al,a2). Nevertheless,
after plasma treatment a fuzzy and slightly dark appearance, without cut and lines (Figure 4b1,b2) shows
a rougher surface of PP mesh. Moreover, for Dop-24 (Figure 4c1,c2), PDA can be observed on the surfaces
of fibers with small beads, but PP mesh fibers are still not fully covered with PDA. On the other hand,
PL-Dop-12 (Figure 4d1,d2) shows a more PDA coated area of PP fibers. This may be because, after plasma
treatment, —OH groups on the PP surface enhanced the adherence of PDA more effectively via hydrogen
bond, compared to non-plasma treated meshes. Moreover, PL-Dop-24 (Figure 4el,e2) shows remarkably
increased coating with wider beads, which covered whole spherical fiber area.

Figure 4. SEM images as follows: PP control (al,a2), PL-PP (b1,b2), Dop-24 (c1,c2), PL-Dop-12 (d1,d2),
PL-Dop-24 (el,e2), and PL-Dop-LVFX-24 (£1,£2). Top row (al—f1) x250 and bottom row (a2—£2) x1000.
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Furthermore, PL-Dop-LVFX-24 (Figure 4f1,f2) shows a more swollen and brighter structure,
which may be due to levofloxacin absorbed by PDA coated meshes via catechol and hydrogen
bond. Above all, plasma treated meshes could be effectively coated with PDA. This is due to the
plasma surface modification of PP fibers, which increases surface wettability [29] as well as surface
adhesion [30] for PDA coating.

3.3. Chemical Characterization of Modified PP Meshes

Figure 5 displays the element analysis of PP control and modified meshes using Energy Despersive
EDX. Figure 5a shows only the carbon (C) atom peak within 0.5 keV, which confirms PP fibers. PL-PP
meshes show additional oxygen atom (O), which confirms oxygen-containing groups, generated on
the surface of PP meshes after oxygen plasma treatment, as shown in Figure 5b. Furthermore, Figure 5c
displays carbon (C), oxygen (O), and an additional nitrogen (IN) atom between the oxygen and carbon
peaks, which confirms that the PP meshes were coated by PDA and that the oxygen atoms’ weight (%)
increased from 2.85% to 7.89%. Moreover, after levofloxacin loading, the presence of fluorine (F) atom
is displayed within 0.6 keV (Figure 5d). Thus, it proves the existence of levofloxacin on the surface of
PDA coated PP meshes. These results are similar to our recent published paper, except for a different
weight (%) of each element [27].
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Figure 5. EDX spectra and weight of element (%) (a) PP control; (b) PL-PP; (c¢) PL-Dop-24;
and (d) PL-Dop-LVFX-24.

FTIR spectra of untreated and treated samples are shown in Figure 6. The PP control shows
peaks at 2950, 2916, 1452, and 1376 cm~ ! [17]. Thus, except for the PP control, PL-PP meshes display
additional peaks at 3264 cm~!, which is due to the hydroxyl (—OH) on the surface of PP meshes.
Moreover, it can be observed that Dop-24 shows slight vibration peaks at 1626 and 1532 cm ™!, which is
due to the establishment of v C=0O and & NH, respectively. Furthermore, C-H (v CH) stretch can be
observed at 1290 cm~!. PL-Dop-24 shows similar peaks of 1626 and 1532 cm~!. More intensity of the
absorbance band is found, which shows hydrogen bonding between PDA and PP meshes. Moreover,
PL-Dop-LVFX-24 shows similar peaks as PDA coating peaks because levofloxacin was just loaded on
the layer and did not react with PDA.
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Figure 6. FTIR spectra (ATR) of PP control, PL-PP, Dop-24, PL-Dop-24, and PL-Dop-LVFX-24.
3.4. Antibacterial Activity

Antibacterial activity of PP meshes at different stages of modification was performed by the
agar diffusion method, as shown in Figure 7. It can be observed that the PP control did not
display antibacterial properties. Nevertheless, PP meshes activated with oxygen plasma have slight
antibacterial properties. Dop-LVFX-24 showed good antibacterial properties. The average inhibition
zone for E.C and S.A was 9.6 and 8.5 mm, respectively. With plasma treatment, PL-Dop-LVFX-12
performed better and showed an average inhibition zone of 12.5 and 12 mm for E.C and S.A,
respectively. PL-Dop-LVFX-24 demonstrated excellent antibacterial properties with an inhibition
zone of 15 and 14.5 mm for E.C and S.A, respectively.

PP control PL-PP Dop-LVFX-24 PL-Dop-LVFX-12 PL-Dop-LVFX-24

Figure 7. Inhibition zone diameter of PP control, PL-PP, Dop-LVFX-24, PL-Dop-LVFX-12,
and PL-Dop-LVFX-24. All samples in the top row = E.C and the bottom row = S.A.

Moreover, antibacterial release properties of modified PP meshes (Figure 8) were determined
after each 24 h. It can be observed that Dop-LVFX-24 exhibited antibacterial properties for only two
days, as shown in Figure 8a. This may because less levofloxacin was adhered on the surface due to less
PDA coating. However, PDA coated PP meshes, after plasma treatment for 12 h and soaked in the
levofloxacin (Dop-LVFX-12), showed good antibacterial properties for 5 days, with a reduced regular
inhibition zone throughout 5 days. The minimum inhibition zone on 5th day was 3 and 2.5 mm for
E.C and S.A, respectively (Figure 8b). A bigger average inhibition zone was displayed by samples
using E.C during the entire 5 days. Moreover, PDA coated meshes, for 24 h and soaked in levofloxacin
(Dop-LVEFX-24), demonstrated a more sustained antibacterial release for 6 days (Figure 8c). It was
also observed that the inhibition zone of E.C was greater, in comparison to S.A, for an entire 6 days,
but on 4th day almost the same inhibition zone was shown for the two types of bacteria. The minimum
inhibition zone for E.C and S.A was 2.99 and 2.05 mm respectively.
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Figure 8. Antibacterial release properties of (a) Dop-LVEX-24, (b) PL-Dop-LVFX-12, and
(c) PL-Dop-LVFX-24.

In our previous work, we prepared PP meshes with a one-step coating of PDA, without plasma
treatment [31]. Herein, we found better results with PDA coating using oxygen plasma. Thus,
we compared antibacterial performance of PDA coating without plasma and PDA coating with oxygen
plasma. Overall, plasma treated and PDA coated PP meshes, PL-Dop-LVFX-12 and PL-Dop-LVEX-24,
displayed more sustained antibacterial properties than non-plasma treated PP meshes (Dop-LVFX-24).
This may because plasma treatment improved the coating efficiency of PDA onto PP fibers with
increased corresponding weight and strong bonding, which may hold more levofloxacin and release
antibacterial properties for a longer duration of time compared to non-plasma treated PP meshes.

3.5. Drug Release Profile of PDA Coated and Levofloxacin Loaded PP Meshes

The average accumulative drug release (%) of three samples (Dop-LVFX-24, PL-Dop-LVFX-12,
and PL-Dop-LVFX-24) was performed in a neutral environment using a PBS solution. From Figure 9
and Table 1, it can be observed that Dop-LVFX-24 showed fast drug release and about 100% of the
drug was released within first 6 h, though a major portion (80%) of the drug was released within
3 h. Moreover, PL-Dop-LVFX-12 displayed a sustained drug release profile. In first 3 h, 65% of drug
was released; after 6 h, the accumulative drug release was 78.8%; and after 12 h, 91.9% was released.
Further sustained drug release (99.1%) continued up to 24 h. Moreover, PL-Dop-LVFX-24 displayed
more sustained levofloxacin release compared to PL-Dop-LVEX-12. In the first 3 h, an accumulative
60.88% of the drug was released. After 6 h, 72.2% of levofloxacin was released. At 12 h, 86.3% of
the drug was released and a total of 93.3% of drug was released at 24 h. Thus, PL-Dop-LVFX-24
samples showed sustained accumulative drug release. Drug releases of all three samples can explain
antibacterial activity performance. The PL-Dop-LVFX-24 sample could be a suitable product and may
be used for hernia mesh implantation.
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Figure 9. Drug release curves of PDA coated and levofloxacin loaded PP meshes.

Table 1. The average accumulative drug release of three samples.

Time (h) Dop-LVFX-24 (%) PL-Dop-LVFX-12 (%) PL-Dop-LVFX-24 (%)

0 0 0 0

1 56 + 1.3 47+ 1.5 41+16
3 80+1.2 65+1.3 61 =15
6 100 £ 1.5 79+13 72+13
12 - 92 £1.5 86 £ 1.4
24 - 99 £1.0 93 +1.6

In our previous study, cyclodextrins were used to capture levofloxacin HCL for antibacterial
and drug release properties. The release of the drug was observed for at least 24 h [32]. Herein,
polydopamine (PDA) coated PP meshes were soaked in the levofloxacin HCI solution and modified
PP meshes showed a better antibacterial inhibition zone than PP meshes modified with cyclodextrins,
but cyclodextrins had released the drug for a longer duration of time than polydopamine. The reason
for this could be that cyclodextrins have cavities which releases the drug slowly.

Moreover, commonly used drug carriers, such as cyclodextrins [33-35] and chitosan [36,37],
may release drugs for longer durations of time, compared to polydopamine, but the inhibition zones
may be smaller. Overall, PDA modified PP meshes released levofloxacin HCL for 24 h and showed
excellent antibacterial inhibition zones of 15 and 14.5 mm for E.C and S.A, respectively. Considering
the burst release of drugs, a hernia mesh infection is necessary to control in the initial stages of mesh
implantation [32,38]. Thus, the PDA and levofloxacin HCL coated PP meshes with good drug release
properties could be useful for prevention of hernia mesh infections.

4. Conclusions

Bio-inspired PDA coated antimicrobial PP meshes for hernia repair were successfully prepared.
The oxygen plasma treated PP meshes show better results of PDA coating than the raw one. It is
proved that PDA coated PP meshes, after oxygen plasma treatment, can absorb more levofloxacin
and release the drug for a longer suitable time, which demonstrates reasonable antimicrobial release
properties. Thus, plasma treated PP meshes coated with PDA and loaded with levofloxacin may be a
good choice for prevention of hernia mesh infections.
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