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Abstract: An ideal hernia mesh is one that absorbs drugs and withstands muscle forces after mesh
implantation. Polypropylene (PP) mesh devices have been accepted as a standard material to repair
abdominal hernia, but the hydrophobicity of PP fibers makes them unsuitable to carry drugs during
the pre-implantation of PP meshes. In this study, for the first time, one-step functionalization of PP
mesh surfaces was performed to incorporate bio-inspired polydopamine (PDA) onto PP surfaces.
All PP mesh samples were dipped in the same concentration of dopamine solution. The surface
functionalization of PP meshes was performed for 24 h at 37 ◦C and 80 rpm. It was proved by
scanning electron microscopic (SEM) images and Fourier Transform Infrared Spectroscopy (FTIR)
results that a thin layer of PDA was connected with PP surfaces. Moreover, water contact angle
results proved that surface functionalized PP meshes were highly hydrophilic (73.1◦) in comparison to
untreated PP mesh surfaces (138.5◦). Thus, hydrophilic PP meshes with bio-inspired poly-dopamine
functionalization could be a good choice for hernia mesh implantation.
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1. Introduction

A hernia is a defect in the abdominal wall due to the “protrusion” of an organ [1,2]. However,
repair of the hernia is a common practice to reinforce the operated muscles of the hernia to their
original place with biomaterial [3]. For this reason, numerous bio-materials have been used to repair
hernia [4], for example, gold sutures, silver wires, and nylon prosthetics, but the recurrence of hernia
has been a major problem due to the improper selection of material and its design [5]. However,
the suture repair of hernia was associated with a higher chance of hernia recurrence compared to mesh
implantation [6,7]. Nevertheless, patient pain and surgical site infection is still a major problem of
hernia repair [8–10]. Recently, a few synthetic mesh materials, such as polytetrafluoroethylene (PTFE),
polyethylene Terephthalate (PET), and polypropylene (PP), have been successfully used to reduce the
hernia recurrence rate [11–13] and among them, light weight PP mesh material has been considered an
effective material to reduce the hernia recurrence rate [14–16].
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However, PP mesh material is hydrophobic in nature and does not absorb drugs during mesh
implantation. In the literature, it is reported that standard PP mesh is not suitable for hernia repair due
to the reason that pre-operative prophylaxis during mesh implantation has failed [17–19]. Therefore,
there is an urgent need to surface functionalize and improve the surface wettability of PP meshes.

Thus, an ideal mesh may be one that is flexible and easy to place during a hernia operation,
does not show a prolonged inflammatory response after mesh implantation, does not degrade
easily, does not shrink after implantation, is free of adhesion formation or fistulas, and is resistant to
infection [20–25]. Faulk et al. coated PP meshes with non-biodegradable hydrogel and reported that
coated PP meshes did not demonstrate any sign of infection, foreign body response, and fibrosis [26].
Additionally, Perez-Kohler et al. reported that PP meshes coated with quaternary ammonium
compounds successfully resisted mesh infection [27]. Moreover, Bellon et al. stated that partially
absorbable PP mesh devices are superior to standard PP meshes in terms of more compliance, being less
rigid, being strong, good tissue ingrowth, and being resistant to the infection [28].

The prime objective of the preparation of medical devices is ensuring their biocompatibility [29,30].
Therefore, bio-inspired materials are given more attention, such as dopamine with self-polymerization
properties and generating poly-dopamine onto surfaces of any structure and material [31,32].

Dopamine surface functionalization of material is an easy method at around room temperature
and pH 8.5. Thus, the surface functionalization process with dopamine may be controlled with the
dopamine concentration or process reaction time [33,34]. Therefore, considering the surface properties
of chemically inert PP fibers and self-polymerization properties of bio-inspired poly-dopamine, it was
our objective to surface functionalize the PP surfaces using poly-dopamine (PDA) without changing
the bulk properties of PP mesh fibers.

In this work, PP mesh materials were surface functionalized with PDA at room temperature.
PDA was incorporated for 12 and 24 h. The PDA functionalized PP meshes were analyzed using a
scanning electron microscope (SEM), Energy Dispersive X-ray Spectroscopy (EDX), Fourier Transform
Infrared Spectroscopy (FTIR), Contact angle (sessile drop method), Differential Scanning Calorimeter
(DSC), and X-ray diffractometer (XRD). The results confirmed the functionalization of PP meshes with
a thin layer of poly-dopamine (PDA). Moreover, the surface wettability of PDA treated PP meshes was
dramatically increased in comparison to un-treated PP meshes.

2. Materials and Methods

2.1. Materials

Polypropylene meshes of a light weight (27 g/m2) were used for surface functionalization with
polydopamine (PDA). These medical textile devices were obtained from Nantong Chemical fiber Co.
Ltd. China (Nantong, China). Dopamine hydrochloride and tris-(hydroxylmethyl aminomethane)
were received from Aladdin Chemicals Ltd Shanghai China.

2.2. Surface Functionalization of PP Meshes Materials with Polydopamine

The dopamine solution (10 mM) was prepared using 0.1 g of dopamine in 50 mL of tris- and
maintained at pH 8.5, as described in a recently published paper [33]. During preparation, the liquor
ratio of PP mesh materials to dopamine solution was 1:100. PP mesh devices were soaked in a prepared
solution of dopamine. The solution was stirred at 80 rpm in a controlled environment at 37 ◦C for
12–24 h. After the required duration time (12–24 h), PP mesh devices were taken out and hot rinsed
(50 ◦C) with distilled water several times and dried in an oven at 40 ◦C. All PP mesh devices were
functionalized with the same concentration of solution, but different time durations (12 and 24 h).
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3. Characterization

3.1. SEM & EDX

PP control and surface functionalized PP meshes were coated using platinum (pt). Platinum coated
PP meshes were scanned for surface morphology, using a scanning electron microscope (SEM,
Quanta SEM 250, and FEITM). Moreover, for element analysis, Energy Dispersive (ISIS 300, Oxfordshire,
UK) X-ray spectroscopy was used, while an EDX component was attached with SEM.

3.2. FTIR

PP control and dopamine surface functionalized PP meshes were analyzed using Fourier
Transform Infrared Spectroscopy (ATR) by Nicolet 6700, Waltham, MA, USA. The samples were
scanned in the range of 500–4000 wavenumber cm−1.

3.3. XRD and DSC Analysis

XRD was used to scan PDA functionalized and untreated samples in the range of 2θ (5◦–60◦).
Thus, an X-ray diffractometer made in Tokyo Japan (Rigaku D/MAX 2550/PC) was used at a scanning
rate of 0.02◦/min. Moreover, a differential scanning calorimeter (Pyris, Perkin Elemer 4000, Grove, IL,
USA) was used in the heating range of 25–250 ◦C to obtain the melting temperature of untreated and
PDA functionalized PP meshes.

3.4. Water Contact Angle

PP meshes were of a 0.1 mm fiber diameter and it was difficult to obtain the contact angle of
treated and untreated fibers. Therefore, nonwoven fabrics (melt blown, 23 g/m2) were used to measure
the contact angle of PDA treated and untreated fabrics. A dynamic contact angle method using a
sessile drop was used to measure the contact angle. Moreover, WCA 20 (software) was employed to
calculate the hydrophilic or hydrophobic water contact angle of PDA functionalized and untreated PP
fabrics. Each time, three drops (5 µL) were dispensed onto fabric and an average value was calculated.

3.5. Statistical Analysis

The standard deviation and error bars are presented in the figures with symbols (* and —).
One wayanalysis of variance (ANOVA) was employed to analyze the data. The data with *** is
less than 0.001 and mentioned as p < 0.001, while the data with (**) represents p < 0.01 and the
data displaying (*) means p < 0.05. Thus, the value of p (*) < 0.05 was selected as the confidence
interval value.

4. Results and Discussion

4.1. Surface Functionalization of PP Mesh Fibers

PP meshes were surface functionalized with bio-inspired polydopamine (PDA). Thus, PP meshes
were soaked in a weak alkaline solution of dopamine and continuously stirred for 12–24 h at 37 ◦C.
However, PDA was expected to coat surfaces of PP mesh by self-polymerization. The process of
soaking and PDA structure are shown in Figure 1. According to the literature, PDA can form a thin
layer on the surface of any fiber [35]. Thus, we received similar results and PP mesh fibers were
successfully surface functionalized with PDA.
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patches along the whole sphere of fibers. In the past, carbon fibers have been successfully coated with 
PDA [33]. Herein, we also successfully obtained surface changes of PP meshes with a thin layer of 
PDA coating. Thus, it is proved that bio-inspired PDA can coat PP fibers at room temperature. 

Figure 1. Schematic of PP meshes soaking process in dopamine and PDA structure.

Moreover, PP meshes were soaked in the same concentration of dopamine solution, but for
different durations of time. We observed a marginal difference in the surface morphology and coating
efficiency between the 12 h soaking and 24 h soaking time. The PP meshes soaked for a 24 h dipping
time exhibited a rougher surface with more PDA compared to that of PP meshes dipped for 12 h.
However, there was not much difference in the yield. During the 12 h dipping duration, 0.2% of an
average weight was increased, while during the 24 h dipping time, 0.35% corresponding weight was
increased. It was really hard to record an accurate average weight increase; therefore, we considered
standard testing atmosphere conditions (37 ◦C and 65% humidity) and weighed the samples before
and after the surface functionalization of PP mesh fibers.

4.2. Surface Morphology of PP Meshes Fibers Before and After Surface Functionalization

Figure 2 displays SEM images of PDA surface functionalized and untreated PP meshes. It can
be seen that the PP control (Figure 2a,b) shows smooth surfaces before functionalization, but after
PDA treatment for 12 h, a thin layer of PDA coated the surfaces of PP fibers (Figure 2b,c). PDA treated
PP mesh surfaces displayed a dark grey color with a shiny surface, rather than a dull grey color.
Moreover, small spheres on the surfaces of treated fibers can be observed. PP mesh fibers treated for
24 h (Figure 2e,f) show gamut and thin layer of PDA coating, but have rougher surfaces and white
patches along the whole sphere of fibers. In the past, carbon fibers have been successfully coated with
PDA [33]. Herein, we also successfully obtained surface changes of PP meshes with a thin layer of
PDA coating. Thus, it is proved that bio-inspired PDA can coat PP fibers at room temperature.
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Figure 2. SEM imaged (a,b) untreated PP mesh fibers, (c,d) PDA treated PP meshes for 12 h,
and (e,f) PDA treated PP meshes for 24 h.

4.3. Surface Characterization of Polydopamine Functionalized PP Meshes

Figure 3 shows PP control and PDA functionalized PP meshes.
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Figure 3. EDX spectra (a) weight % of untreated PP mesh fibers and (b) after surface functionalization
with polydopamine (PDA-24).

It can be observed that untreated PP meshes (Figure 3a) displayed a complete peak height and
100% weight of carbon (C) atom within 0.3 keV. Nevertheless, in Figure 3b, PDA functionalized PP
meshes demonstrate an additional peak of the oxygen (O) atom within 0.4 keV, and show a 9.95%
oxygen atomic weight increase. However, the carbon (C) atom peak is at a similar position, but the
weight % of carbon atom is reduced to 90.05%. Thus, it is proved that PP meshes were successfully
functionalized with PDA.
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The FTIR (ATR) spectra of polydopamine (PDA) functionalized and untreated PP meshes fibers are
shown in Figure 4. The untreated PP meshes demonstrate peaks at 2951 cm−1, 2917 cm−1, 1451 cm−1,
and 1377 cm−1 [36,37]. Nevertheless, PDA functionalized PP meshes for 12 h exhibit an additional
peak of hydroxyl (OH) at 3220 cm−1. Moreover, identical vibration peak bands can be observed at
1624 cm−1 (amide I) and 1535 cm−1 (amide II). Thus, these peaks may be due to the C=O stretching
vibrations and C-N stretching and N-H bending. Furthermore, PDA functionalized PP meshes for 24 h
also show similar structural results and vibration peaks (1624 cm−1, 1535 cm−1) were observed at a
similar wavenumber cm−1.
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Figure 4. FTIR (ATR) spectra without treatment (PP control), PP meshes functionalized with
polydopamine (PDA) for 12 h and 24 h.

4.4. Structural and Thermal Properties

Figure 5a displays the crystal structure of untreated and dopamine functionalized PP meshes.
The PP control shows five peak (14.20, 17.13, 18.90, 21.41, and 25) lattices within 2θ [38]. Thus,
polydopamine (PDA) functionalized PP fibers maintained same peaks. The crystallinity of PP
untreated, PDA treated for 12 h (PDA-12), and PDA treated for 24 h (PDA-24) was 61.2%, 61.31%,
and 61.42%, respectively. Therefore, it can be summarized that PDA treatment had no significant effect
on the crystallinity of PP fibers.

Figure 5b shows the thermal properties of PP meshes before and after polydopamine treatment.
The melting temperature of untreated, and polydopamine functionalized (PDA-12) and (PDA-24)
samples were 147.8 ◦C, 147.6 ◦C, and 147.9 ◦C, respectively. It can be noticed that there was
no significant change in the melting temperature of treated and untreated mesh samples. Thus,
thermal properties before and after treatment were almost similar. The reason for this may be that
dopamine functionalized PP meshes had a very thin layer which may not have had a significant impact
on the thermal properties.
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4.5. Water Contact Angle

The water contact angles of polydopamine (PDA) functionalized and untreated PP meshes were
revealed (Figure 6) by the sessile drop method. As presented in Figure 6A, the water contact angle of
PP before surface functionalization was 138.9◦, but after 12 h treatment (PDA-12) in dopamine solution,
the contact angle decreased to 90.7◦.
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Moreover, the contact angle of PP fabric treated with PDA for 24 h (PDA-24) dramatically
decreased up to 74.1◦. Thus, an average contact angle difference of untreated (Figure 6B) to PDA-12
and PDA-24 was 34.65% and 47.22%, respectively. However, these results of the contact angle of
PDA functionalization are in accord with a recently published paper on polydopamine coating [31].
The reason for contact angle reduction is mainly based on the surface amount of PDA on the PP
surfaces. As the functionalization efficiency increased, the contact angle decreased. This is due to
the fact that PP was functionalized with PDA and many hydrophilic groups (OH) are present on the
surfaces of PP fibers.

5. Conclusions

Polypropylene mesh devices were successfully surface functionalized with polydopamine (PDA).
FTIR results evidenced that bio-inspired PDA functionalized the PP mesh surfaces. It was proved by
XRD patterns and thermal properties (DSC) that there was no impact of PDA surface functionalization
on PP meshes. Thus, the melting temperature and their structure were very similar before and after
surface functionalization.

Moreover, surface functionalized PP devices were found to be highly hydrophilic, which is
an advantage of PP mesh hernia devices as they absorb soluble antimicrobial drugs during mesh
implantation. Thus, PP meshes modified with bio-inspired polydopamine could be a valuable addition
to hernia mesh implantation.

Author Contributions: N.S. and F.W. conceived and designed the experiments; N.S. and X.S. performed the
experiments; M.P., A.H., and N.S. analyzed the data; N.S. and L.W. wrote the paper.
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