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Conjugation of gold nanoparticles to polypropylene mesh

for enhanced biocompatibility
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Abstract Polypropylene mesh materials have been uti-
lized in hernia surgery for over 40 years. However, they
are prone to degradation due to the body’s aggressive
foreign body reaction, which may cause pain or compli-
cations, forcing mesh removal from the patient. To mitigate
these complications, gold nanomaterials were attached to
polypropylene mesh in order to improve cellular response.
Pristine samples of polypropylene mesh were exposed to
hydrogen peroxide/cobalt chloride solutions to induce
formation of surface carboxyl functional groups. Gold
nanoparticles were covalently linked to the mesh. Scanning
electron microscopy confirmed the presence of gold
nanoparticles. Differential scanning calorimetry and
mechanical testing confirmed that the polypropylene did
not undergo any significantly detrimental changes in
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physicochemical properties. A WST-1 cell culture study
showed an increase in cellularity on the gold nanoparticle—
polypropylene mesh as compared to pristine mesh. This
study showed that biocompatibility of polypropylene mesh
may be improved via the conjugation of gold nanoparticles.

1 Introduction

A hernia is described as a weakness or hole in the mus-
culature resulting from a breakdown in the connective
tissue or fascia covering the abdominal muscles. The
weakness causes the muscular wall to become susceptible
to protrusions of internal tissue or organs. The original
method of hernia repair was a tension repair method in
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which the tissue surrounding the herniation was
re-approximated and sutured to keep the protrusion con-
tained. This primary repair method caused many compli-
cations, specifically recurrence, due to the tension occurring
at the suture site in the already weakened tissue [1]. Because
of this, tension-free repair using a synthetic mesh patch has
become the standard in hernia repair surgeries with over one
million implantations per year worldwide [1-5]. In 1958
Francis Usher introduced polypropylene hernia mesh which
remains as one of the most widely used hernia repair
materials today. Use of synthetic mesh patches, such as
polypropylene, have been shown to be successful in hernia
repair and reducing the risk for recurrence; however, the
implantation of synthetic materials have also been found to
elicit strong foreign body responses resulting in lack of
biocompatibility and material inertness in vivo [4, 6].

Complications arising from polypropylene mesh may be
due to its susceptibility to oxidation [7]. Costello et al. [8]
reported that heavy weight polypropylene hernia mesh
undergoes significant oxidation during its tenure in vivo.
Others have reported shrinkage and migration problems with
polypropylene mesh [9-12]. These complications limit the
effectiveness and thus the performance of the material and, in
some cases, require the removal of the mesh. Chemical
surface treatments or modifications have been performed in
order to enhance the biocompatibility of polypropylene. For
example, functionalizing the polypropylene surface and/or
changing its chemical properties may enhance biocompati-
bility according to Bhattacharyya et al. [13]. In another
study, polypropylene was modified with star-configured
polyethylene oxide based molecules [sP(EO-stat-PO)] and
electrospun nanoweb of poly-lactide-co-glycolide with
integrated sP(EO-stat-PO) [14]. Their in vivo results dem-
onstrated good biocompatibility compared to the unmodified
polypropylene mesh.

Another mechanism that has been investigated to
improve biocompatibility is the conjugation of gold nano-
particles (AuNPs) to the polymer surface. For example,
functionalizing poly(ether)urethane (PU) with AuNPs has
been shown to reduce oxidation [15, 16]. After a 19 day in
vivo pig study, histological analysis of explanted PU with
AuNPs showed a significant reduction in the number of
infiltrated inflammatory cells [16]. Macrophages and other
phagocytes produce highly reactive oxygen species during
inflammation that may initiate oxidation via free radicals.
Thus, a reduction in inflammatory cells could decrease the
oxidation of implants and thus improve the efficacy of the
material. Additional benefits of incorporating AuNPs
include enhancement of the antimicrobial properties of
polymers [17]. Glass slides coated with AuNPs embedded
in PP-g-PEG (polypropylene-polyethylene glycol) graft
copolymers displayed significantly decreased numbers of
bacteria colony forming units of E. coli and S. aureus [17].
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Other studies have shown that proteins important for cell
adhesion adsorb at higher concentrations on nanomaterials
than on conventional materials [18]. Properties unique to
nanomaterials such as increased surface energy due to
increased grains at the surface may promote the adsorption of
these proteins and lead to an improvement in cell adhesion.
These properties may also lead to greater influence over
subsequent cellular signaling cascades, differentiation, and
gene expression [19-21]. Studies have shown that nanoto-
pology/nanostructures can manipulate cellular behavior and
it is well known that all biological systems are governed by
molecular interactions at the nanometer length size [22-26].
For example, ECM (extracellular matrix) nanodots (100 nm?%)
were utilized as focal adhesion points [22]. Nanoscale
islands were also synthesized using poly dimethyl siloxane
with heights varying from 10 to 100s of nm [27]. The
researchers discovered that a nanoscale island height
of ~13 nm induced significant cell spreading and prolifer-
ation rates.

For this study, the surface of polypropylene mesh was
chemically modified in order to conjugate amine-func-
tionalized 20 nm gold nanoparticles for the purpose of
enhancing surface biocompatibility. It was hypothesized
that the addition of gold nanoparticles would result in
increased cellularity without adversely altering the struc-
tural properties of the mesh.

2 Materials and methods
2.1 Materials

Polypropylene hernia mesh (Ultraprom) was obtained from
Ethicon (Somerville, NJ). Unconjugated 20 nm gold col-
loids were purchased from Ted Pella, Inc. (Redding, CA).
N-hydroxysuccinimide (NHS) was obtained through Pierce,
a division of Thermo Fisher Scientific (Rockford, IL).
Cobalt chloride (CoCl,), 2-mercaptoethylamine (MEA),
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochlo-
ride (EDC), acetone, phosphate buffer (PBS), and hydrogen
peroxide (H,O,) were obtained from Sigma-Aldrich (St.
Louis, MO). L-929 murine fibroblasts (CCL-1), culture
medium (Eagle’s Minimum Essential Medium, horse
serum, penicillin—streptomycin), and Dulbecco’s Phosphate
Buffered Saline (DPBS) were purchased from American
Type Culture Collection (ATCC, Manassas, VA). The
water soluble tetrazolium (WST-1) reagent was purchased
through Roche Diagnostics (Indianapolis, IN).

2.2 Material preparation

Seven pristine polypropylene mesh pieces were cut into
rectangles approximately 4 x 10 cm. The samples were
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placed into 200 ml beakers of distilled/deionized water
(ddH,0) and boiled for approximately 10 min to clean the
surface. Once the boiling process was complete the sam-
ples were dried in a desiccator for 2 days. After being
thoroughly dried, FT-IR spectra were obtained for each of
the pristine polypropylene samples. Next, six of the mesh
pieces were exposed to the cobalt chloride/hydrogen per-
oxide solution. Of the six mesh pieces, three of the mesh
were further conjugation to gold nanoparticles as described
in the following sections.

2.3 Cobalt chloride/hydrogen peroxide treatment

Following a procedure similar to Christenson et al. [28], a
hydrogen peroxide solution containing cobalt chloride was
prepared by combining 50 ml ddH,O, 50 ml of 50% (v/v)
H,0, and 1.29 mg of CoCl, (~ 0.2 mM). This CoCl,/H,O,
solution was then added to a 200 ml Erlenmeyer flask
containing a polypropylene mesh to promote formation of
carboxyl functional groups on the surface of the mesh (one
mesh per flask). The flask was placed on a shaker table set
at 150 rpm for 72 h. After this time, the samples were
removed, rinsed in ddH,O and allowed to dry for 2 days.
FT-IR scans were then obtained to determine the presence
of carboxyl groups, which will be utilized to promote
bonding to the amine functionalized AuNPs. It was desir-
able to functionalize the surface with carboxyl groups in
order to provide attachment sites for the AuNPs. However,
the process to achieve this is an oxidation process (free
radical generation) and thus has the possibility of affecting
the mechanical properties of the mesh. To ascertain that
this process avoids adverse effects on the mesh, charac-
terization studies were performed as described in Sect. 2.5.

2.4 Gold nanoparticle crosslinking treatment

A crosslinking procedure was developed in order to attach
the 20 nm diameter AuNPs to the surface of the polypro-
pylene material [29, 30]. Gold nanoparticles were first coated
with 2-mercaptoethylamine (MEA) in order to functionalize
them with amine groups to promote covalent bonding to the
chemically modified polypropylene. The optimal concen-
tration of MEA was previously determined through the use of
UV-Vis spectroscopy before and after the addition of an
electrolyte (10% NaCl) [29, 30]. The optimal concentration
was defined as the concentration of MEA that stabilized the
AuNPs, preventing aggregation and maintaining dispersion
even after the addition of 10% NaCl [31]. Ultimately,
functionalization of the AuNPs in this study was performed
by mixing 500 pl of the aqueous gold colloid solution (pH
5.5) with 50 pl of concentrated (15 pM) MEA solution.
The crosslinking solution consisted of a 50:50 (v/v)
solution of acetone and PBS (pH 7.5) with a final

concentration of 5 mM NHS and 2 mM EDC, a non-toxic,
zero-length crosslinker. Because it is a “zero-length”
crosslinker, EDC does not become part of the crosslink.
For this reason, there is very little threat of a cytotoxic
reaction since none of the crosslinking chemicals remain
within the mesh [32].

Three of the mesh pieces were conjugated to AuNPs.
The CoCl,/H,O, treated polypropylene samples were
placed in individual 100 ml of crosslinking solution for
20 min. After 20 min, the crosslinking solution was
removed from the individual polypropylene samples. Then
the functionalized AuNP solution (~ 10 ml) was added to
completely cover the material surface and the samples were
stirred via an orbital shaker table for 20 min. The con-
centration of the AuNPs was 7 x 10'" particles/ml. The
solution was then removed and replaced with PBS, where it
was stirred via an orbital shaker table for 24 h in order to
rinse the materials. After 24 h, the PBS was then removed
and the samples were allowed to dry for 2 days. The mesh
pieces were then cut to size for the characterization studies.

2.5 Characterization
2.5.1 Morphology

Scanning electron microscopy (SEM) and energy disper-
sive spectroscopy (EDS) were performed to determine if
the AuNPs were attached to the surface of the modified
polypropylene samples. Micrographs of the samples were
obtained using a field emission scanning electron micro-
scope (QuantaTM 600, FEI Company, Hillsboro, OR) and an
energy dispersive spectroscopy (EDS) system (Thermo
Scientific NORAN System Six, Thermo Fisher Scientific,
Waltham, MA). These micrographs were analyzed with the
NIH image software program, ImagelJ, to determine the
average AuNP density on the polypropylene specimens
[33]. Four AuNP-PP samples and one pristine sample were
analyzed, and no preparation of the mesh was necessary
prior to SEM imaging.

2.5.2 Surface chemical characterization

A Nicolet 6700 FT-IR spectrometer (Thermo Scientific,
Waltham, MA) was utilized to collect spectra by averaging
32 scans with a resolution of 4/cm at ambient temperature
to determine the presence of carboxyl and carbonyls groups
(1,740 and 1,350/cm range). These peaks would indicate
functional groups, which will allow conjugation of the
functionalized AuNPs. The ATR (attenuated total reflec-
tance) crystal was utilized in order to perform surface
scans, which have a penetration depth of 2—4 pum. Three
separate locations were scanned for each specimen. Three
specimens of pristine were scanned and three specimens of
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the chemically-treated polypropylene were scanned. FT-IR
scans were performed in order to make a comparison
between the polypropylene mesh samples to note the
addition of new functional groups to the material surface.

2.5.3 Mechanical characterization

A standard uniaxial tensile test was performed on five
pieces of each of the pristine polypropylene and chemically
modified polypropylene in order to determine if any
changes in mechanical strength occurred. The mesh was
cutdown toa?2 x 10 cm size and a v-shaped notch was cut
into both sides of the central region of each specimen to
reduce the width by 40%. The intent was to create a stress
concentration at the center of the specimen and prevent a
failure of the mesh in the grip. A template was utilized to
prepare each specimen to ensure the reproducibility of
these notches, and the thickness of each specimen was
measured using digital calipers prior to uniaxial tensile
testing. The specimens were gripped 10 mm at each end
with pneumatic grips set to 52 psi and an Instron 5864
Universal Testing Machine (Norwood, MA) was utilized to
strain the specimens at a rate of 0.2 mm/s until failure. All
specimens were strained in the direction parallel to the
major weave direction of the polypropylene mesh. The
ratio of the grip-to-grip length versus the reduced width at
the center of the specimen was 4:1. Instron Bluehill soft-
ware was utilized to calculate the mechanical properties.
The tensile stress at maximum load and Young’s modulus
were determined for both the pristine and chemically-
treated polypropylene specimens.

2.5.4 Thermal characterization

The samples were subjected to modulated differ-
ential scanning calorimetry (DSC) using a Q2000 DSC (TA
Instruments, New Castle, DE) to ramp the temperature from
—90 to 220°C at a rate of 5°C per min with a modulation
of £0.64°C every 80 s. The total heat flow signal was
analyzed to obtain the heat of fusion, onset temperature, and
melt temperature. Six specimens of AuNP—polypropylene
and six specimens of the pristine polypropylene were cut
into 3 mm by 3 mm squares. Each specimen was placed in
an aluminum pan and sealed with a hermetic lid. The heat of
fusion, onset temperature, and melt temperatures of the
AuNP—polypropylene specimens were analyzed and com-
pared to the pristine polypropylene to determine if the
materials thermal properties were adversely altered by the
CoCl,/H,0,; chemical treatment. The thermal properties are
not expected to change; however, the presence of AuNPs
may influence the heat of fusion due to the heat absorption
by the gold nanoparticles.
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2.5.5 Seven day WST-1 assay study

A 7 day WST-1 cell culture assay study was performed in
order to examine the response of the L-929 cells to the
AuNP-polypropylene as compared to the pristine polypro-
pylene. This colorimetric assay allows for the assessment of
the cellularity of the culture exposed to the specimens as well
as the cytotoxicity of the AuNPs. Specifically, the WST-1
assay involves the cleavage of tetrazolium salts into forma-
zan via mitochondrial dehydrogenases. Absorbance mea-
surements at 450 nm with a Model 680 Microplate Reader
(Bio-Rad Laboratories, Philadelphia, PA) indicate the levels
of formazan in the cell culture and thus, the number of
metabolically active cells in the culture. Cell culture medium
with the WST-1 assay reagent, but without cells, was used as
a blank.

L-929 murine fibroblast cells were cultured in Eagle’s
minimum essential medium supplemented with 10% horse
serum and 200 units/ml penicillin—streptomycin. The cells
were incubated at 37°C under a 5% CO, atmosphere. When
the cells in the culture flask reached approximately 80%
confluency, they were subcultured. To subculture, the cells
were trypsinized, centrifuged, and then re-suspended in sterile
culture medium. To avoid deviations, the passage numbers of
cells utilized in these studies ranged from 30 to 40.

Six pristine polypropylene specimens and six AuNP-
polypropylene specimens were cut to a size of 5 mm by
5 mm. All specimens were autoclaved for 35 min at 121°C
prior to being placed into individual wells of a 24-well
culture plate in a non-random order. To each well con-
taining AuNP-polypropylene mesh and pristine polypro-
pylene mesh, 1 ml of cell suspension with a cell
concentration of 1.5 x 10* cells/ml was added. A blank
was also created that contained no mesh, only culture
medium. The well plate was covered and then placed in the
incubator at 37°C and 5% CO, for 7 days. To assure proper
cell growth, the culture medium was changed on the third
and fifth days of the assay by carefully removing 0.5 ml of
medium from each well and replacing with 0.5 ml of fresh
culture medium.

After 7 days of incubation, 0.5 ml of media was with-
drawn from each well and WST-1 reagent was added at a
1:10 ratio of WST-1 to culture suspension and again
incubated for 1 h at 37°C and 5% CO,. Then the 24-well
plate was removed from the incubator and 100 pl of
solution from each scaffold well and the blank was trans-
ferred to a well in a 96-well microplate. The formazan dye
produced from the reduction of WST-1 by viable cells was
measured by reading the absorbance with a microplate
reader. The number of viable cells was correlated to the
absorbance measurements by subtracting the blank absor-
bance from the raw absorbance values to account for any
absorbance encountered from the culture medium.



J Mater Sci: Mater Med (2011) 22:2803-2812

2807

2.6 Statistics

Statistical analyses were carried out using GraphPad Prism
version 4.0 (GraphPad Software, Inc., San Diego, CA). A
one-way ANOVA was performed, followed by a Tukey all
pair-wise multiple comparison test with significance set at
P < 0.05.

3 Results
3.1 FT-IR analysis of polypropylene surface

Figure 1 displays a representative FT-IR scan of a pristine
polypropylene specimen and an FT-IR scan of CoCl,/H,0,
treated polypropylene specimen. The results showed that
the solution was capable of modifying the polypropylene
surface by introducing functional groups to the surface;
thus, providing conjugation sites for the amine-function-
alized AuNPs. There are noticeable peaks around the 1,740
and 1,350/cm range for the CoCl,/H,0, treated polypro-
pylene that are not prominent in the pristine mesh. These
specific changes demonstrate the addition of functional
groups such as carbonyls and carboxyl groups on the
material surface, which will allow conjugation of the
functionalized AuNPs. Reproducible results were obtained
with all of the CoCl,/H,O, treated specimens.

3.2 SEM characterization

SEM was utilized to determine if the AuNPs were immo-
bilized onto the polypropylene surface and if so, at what
surface density. Also, it was desirable to determine if the
surface of the material underwent adverse morphology

Fig. 1 FT-IR spectra of pristine
polypropylene (blue) and
AuNP-polypropylene meshes
(red). There is carbonyl
formation near 1,740/cm
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changes such as pitting and/or cracking due to the CoCl,/
H,0, chemical treatment. The EDS allowed for the
determination of the composition of the immobilized par-
ticles to ascertain that they were AuNPs.

Figure 2a displays an SEM micrograph of a pristine
polypropylene mesh while Fig. 2b displays a CoCl,/H,0,
treated polypropylene. At 913 x magnification, agglomer-
ations of AuNPs appear etched onto the surface of the
polypropylene fibers. Also, the longitudinal extrusion lines
of the individual polypropylene fibers are seen. At a higher
magnification as shown in Fig. 2c, it does not appear as if
the fibers suffered any cracking or pitting. It appears as if
the AuNPs are covalently attached to the surface in small to
large agglomerations. As determined from Image J soft-
ware analysis, the AuNPs covered an area of ~26.4 umz
on the mesh surface totaling 764.5 pm® This equals a
surface coverage of 3.45% or 0.0345 pm?* of AuNPs per
square micrometer of mesh. Four SEM mesh micrographs
were analyzed and the results were averaged.

To determine the composition of the agglomerations,
EDS was utilized. Four different targets were selected for
analysis as shown in Fig. 2d. The fourth target was a blank
target for control. Targets 1 through 3 demonstrated the
presence of gold as noted in the EDS scan shown in Fig. 2e
along with the presence of the carbon (C) peaks and the
oxygen (O) peaks, which are representative of the chemi-
cally treated polypropylene material. Target 4, the control
target, only demonstrated the presence of the carbon and
oxygen peaks, as expected.

3.3 Mechanical analysis results

The results of the uniaxial tensile test are depicted in
Fig. 3 in which the mean tensile stress at maximum load
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Fig. 2 a Secondary electron
SEM image of a pristine
polypropylene mesh [working
distance of 12.3 mm, and a
chamber pressure of 0.45 Torr.
(scale bar 100 mm)];

b Secondary electron SEM
image of AuNP-polypropylene
mesh showing distribution of
particles along the surface
[working distance of 12.3 mm,
and a chamber pressure of
0.45 Torr (scale bar 50 pm)];
¢ Back-scatter SEM image of
AuNP-polypropylene mesh
showing charged particles of
various sizes scattered across
the surface [working distance of
11.3 mm, and a chamber
pressure of 0.49 Torr (scale bar
10 pm)]; d Surface image of
polypropylene using SEM with
points selected for composition
analysis using EDS. e EDS
analysis of point 2 (from

Fig. 2c) on the surface. Points
1-3 all showed similar results

is plotted & the standard error. The pristine specimens
displayed a mean tensile stress of 16.59 £ 1.08 MPa
while the mean tensile stress of the chemically-treated
polypropylene specimens was 18.13 £ 2.59 MPa. There
was no significant difference (P = 0.5745) in tensile
stress at maximum load indicating that the CoCl,/H,0O,
chemical treatment did not adversely affect the polypro-
pylene specimens. The Young’s modulus of the speci-
mens was also determined as noted in Fig. 4. The pristine
specimens displayed a significantly higher modulus
(P = 0.0202) than the chemically treated-polypropylene
specimens. The pristine specimen display a mean modu-
lus of 123.5 £ 6.98 MPa while the mean modulus of the
chemically treated-polypropylene specimens was 84.42 +
12.8 MPa.
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3.4 Thermal analysis results

DSC was utilized to analyze the thermal transitions of the
AuNP-polypropylene specimens. These results were then
compared with pristine specimens. Table 1 displays the
onset temperature, melt temperature, and heat of fusion for
the AuNP-—polypropylene specimens as compared to the
pristine specimens. The mean onset and melt temperatures
are reported in units of °C =+ standard error while heat of
fusion is reported in units of J/g + standard error. Results
from the pristine specimens were similar to the AuNP-—
polypropylene specimens for onset and melt temperatures
and thus these values were not significantly different. The
mean onset temperature + standard error for pristine and
AuNP-polypropylene specimens were similar with
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Fig. 3 Uniaxial testing results showing tensile stress at maximum
load for pristine and chemically treated-polypropylene mesh
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Fig. 4 Uniaxial testing results showing modulus of elasticity for
pristine and chemically treated-polypropylene mesh

160.0 £ 1.159°C and 157.8 + 1.088°C (P = 0.9955),
respectively. The mean melt temperature & standard error
for pristine and AuNP-polypropylene specimens were
166.9 £ 0.7814°C and 167.8 £ 0.4528°C (P = 0.2139),
respectively. However, AuNP-polypropylene specimens
resulted in a significant increase (P = 0.0036) in heat of
fusion relative to pristine specimens with 37.34 £ 2.681
and 14.83 £ 4.851 J/g, respectively.

3.5 Cellularity results

Cellularity of L-929 fibroblasts and cytotoxicity of AuNPs
conjugated to polypropylene mesh were simultaneously
assessed using the WST-1 assay. Absorbance readings
were obtained after 1 h incubation of WST-1 reagent with
the 7 day cell/scaffold culture and are summarized in
Fig. 5. It can be seen from the graph that much higher

absorbance values were measured for the AuNP—polypro-
pylene specimens, whereas the pristine polypropylene
specimens showed significantly lower absorbance values
(P =0.0117).

4 Discussion

For over 40 years, polypropylene (mono-filament polypro-
pylene and dual filament polypropylene) has been the pre-
dominant mesh used for hernia repair [1]. For hernia mesh,
semi-crystalline polypropylene fibers are extruded and then
are woven into particular monofilament or multi-filament
mesh designs. Unfortunately, polypropylene mesh has been
shown to oxidize and degrade in vivo [34]. Oxidation occurs
when the C—H bonds are compromised; creating a free rad-
ical that will bind with oxygen. Chain scission and/or
crosslinking may occur and this “embrittlement” may
change the physicochemical properties of the polypropylene.
For example, polypropylene mesh may become stiff and/or
can shrink, which can result in pain or recurrence of the
hernia in some patients. To improve the overall efficacy of
the polypropylene mesh, gold nanoparticles were conjugated
to the surface and then characterized.

Previous studies have demonstrated the ability of
AuNPs to act as free radical scavengers [15, 16]. During an
inflammatory response, highly reactive oxygen species,
such as free radicals, are produced by the phagocytes,
which can lead to oxidation of the polypropylene material.
Gold nanoparticles are electron deficient therefore they will
bind with extra electrons. Thus, the capture of free radicals
by the AuNPs can reduce the incidences of oxidation of the
mesh material during their tenure in vivo.

SEM images demonstrated the presence of the AuNPs
on the polypropylene surface while also providing visual-
ization of the surface structure of the modified polypro-
pylene fibers. The charged AuNPs are abundant on the
AuNP-polypropylene scaffold surfaces as seen in Fig. 2b
suggesting successful crosslinking of the amine-function-
alized AuNPs to the carboxyl groups. Image analysis
demonstrated 3.45% coverage of AuNPs on the surface as
well. The presence of AuNPs was confirmed via elemental
analysis with EDS, which displayed a surface composition
scan of carbon, oxygen, and gold peaks.

The SEM micrographs also displayed some interest-
ing surface morphology. The surface was analyzed for

Table 1 Results of onset temperature, melt temperature, and heat of fusion of the pristine and AuNP—polypropylene mesh

Specimen Onset temperature (°C) Melt temperature (°C) Heat of fusion (J/g)
Polypropylene 160.0 £+ 1.159 166.9 £+ 0.7814 14.83 £+ 4.851
AuNP-polypropylene 157.8 + 1.088 167.8 + 0.4528 37.34 £+ 2.681

@ Springer



2810

J Mater Sci: Mater Med (2011) 22:2803-2812

3.5 7

3.0 1

2.5

2.0

absorbance
P
1

1.0

0.5

0.0

T T
Polypropylene AuNP-Polypropylene

Fig. 5 Absorbance values obtained with the WST-1 assay for the
pristine polypropylene and AuNP-polypropylene mesh following a
7 day cell culture and 2 h incubation with the WST-1 reagent.
* Indicates mean significantly higher than the pristine (P = 0.0117)

evidence of degradation due to the CoCl,/H,0, treatment.
No obvious stress cracking or breaks in the polypropylene
fibers were found; however, it appeared as if the AuNPs
had a tendency to agglomerate. In the low magnification
image, a polypropylene fiber is visible that contains
~20 um long AuNPs “ribbons” that are scattered
throughout the surface of the fiber. Upon higher magnifi-
cation, AuNP clumps are evident as well as smaller, scat-
tered AuNPs. Because of this unusual surface morphology,
uniaxial testing and thermal testing were performed to
ascertain any changes in the polypropylene’s physio-
chemical structure.

The primary goal of synthetic hernia mesh is to provide
mechanical support in order to prevent hernia recurrence.
For example, an important criterion is that the mesh must
have the necessary tensile strength to withstand the maxi-
mum intra-abdominal forces, which is estimated to be
approximately 170 mmHg (~22 kPa) during coughing
[35]. While current commercial meshes possess very high
tensile strength and burst pressures, they are potentially
over engineered for most people. In this study, the tensile
stress at maximum load for the chemically treated AuNP—
polypropylene mesh was not statistically difference from
the pristine. Both types of mesh demonstrated high tensile
stress, indicating that the chemically-treated mesh, as well
as the pristine, have more than sufficient strength to
withstand intra-abdominal forces. However, the elastic
modulus of the pristine mesh was significantly different
from the chemically-treated mesh. The pristine mesh dis-
played a higher modulus while the chemically treated mesh
was more compliant. It is unclear why the chemically-
treated mesh had a lower modulus while maintaining the
high tensile strength. One reason could be that the chemical
treatment allowed rearrangement or displacement of the
polymeric chains resulting in a more compliant property of
the material structure. This could be considered evidence
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of mesh damage; however, possessing more compliancy
while maintaining strength may result in better overall
biocompatibility. For instance, the optimal stiffness of a
hernia repair material would be one that matches the tissue
properties. By having a more compliant mesh or better
matched mesh, it is possible that there may be less
inflammatory response and better integration of the sur-
rounding tissue. However, a hernia mesh that is too com-
pliant could result in recurrence of the hernia.

Analysis of the thermal properties demonstrated that the
onset and melt temperatures for the pristine and chemi-
cally-treated mesh were not significantly different. Inter-
estingly, the heat of fusion was significantly higher for the
chemically-treated mesh. This may be due to the gold
nanoparticles, which can absorb energy, causing the heat of
fusion to be higher. As a precaution, DSC scans were
repeated on just the chemically-treated mesh without
AuNPs. The results showed that the heat of fusion was not
significantly different from pristine, indicating that the
presence of AuNPs caused an increase in the heat of fusion.
Therefore, our analysis of chemically-treated polypropyl-
ene and the pristine mesh demonstrated no significant
differences in onset temperature, melt temperature, or heat
of fusion, suggesting that the bulk material properties were
retained during the chemical treatment procedures.

The mesh surface properties and interactions with the
surrounding tissues will define its biocompatibility and
long-term efficacy [36]. There are many assays Kkits avail-
able that can test the cytotoxicity or the biocompatibility of
a material, such as MTT assays, direct contact assays, and
WST-1 assays. The results from the WST-1 assays per-
formed in this study demonstrated a significant increase in
absorbance in solutions exposed to the AuNP-—polypro-
pylene mesh as compared to the pristine polypropylene.
The WST-1 assay is based on the reduction of tetrazolium
to formazan dye which occurs due to the metabolic activity
in viable cells. The amount of formazan dye produced is
measured by a UV/Vis spectrometer, and thus, greater
amounts of formazan dye correlate to higher metabolic
activity of the cells during incubation. This then correlates
to enhanced cellularity. Based on the results of the WST-1
assay, polypropylene mesh conjugated to gold nanoparti-
cles demonstrated significantly greater viability of 1.-929
fibroblasts over pristine polypropylene mesh.

5 Conclusion

The results obtained from this study demonstrated that
conjugation of gold nanoparticles to chemically-modified
polypropylene mesh increased the cellularity without
adversely affecting the structural properties. The FT-IR
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results demonstrated successful chemical treatments, which
generated new functional groups on the surface. Uniaxial
tensile testing and DSC results demonstrated that the
CoCl,/H,0, chemical treatment did not adversely affect its
physicochemical properties and may improve the interface
between tissue and mesh via a reduction in mesh stiffness.
A cell culture assay, WST-1, demonstrated the effective-
ness of the AuNPs to increase cellularity. Attaching gold
nanoparticles to mesh scaffolds may be a viable option for
improving the efficacy of polypropylene hernia mesh.
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