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creates a defect that intra-abdominal contents may protrude through.[1] The most
common types of hernias are incisional,
inguinal, femoral, umbilical and hiatal
hernias.[2] Hernia repair for many defects
is performed by the surgical implantation
of a prosthetic mesh to firmly support and
reinforce the damaged abdominal wall and
facilitate the healing process (Figure 1A,B).
Each year, over 400 000 incisional hernia
repair surgeries are performed with a cost
of ≈$15 billion in US healthcare expenditures.[3–5] Prosthetic hernia mesh implants
are developed using synthetic, biologic,
and coated materials.[6,7] Despite their specific advantages, these mesh implants are
not very effective in minimizing potential
adverse postsurgical complications.[8] Surgical hernia repair with mesh implants
mostly fail due to the formation of visceral
adhesions, hardening, and shrinking of
the mesh after its implantation. Visceral
adhesions are fibrous tissues developed
from the underlying serosal membrane
of stomach, intestine or colon, that attach
to the implanted mesh.[9] These adhesions are mainly composed of collagen and fibroblasts that
grow on the mesh and adhere to the nearby tissue, nerves and
organs.[10] The mesh shrinks as the adhesions grow and scar
tissue hardens, thus forming a hard, fibrous mass that may
cause chronic pain, bowel obstruction, enteric fistula, infertility,
poor quality of life, and failure of the surgical hernia repair.[11–13]
To remove the failed hernia mesh, a complicated surgery needs
to be performed, wherein the mesh must be peeled off bladder,
stomach, intestine, colon, or a major blood vessel, that may
adversely affect the clinical outcomes.[14] To minimize adhesions formation, graft contraction, and foreign body reactions,
absorbable and biological meshes have been developed. However, these meshes are not significantly effective because of very
high hernia recurrence rates.[15–17] Causative factors for adverse
complications arising due to surgical mesh implantation are
chronic inflammatory responses, poor mesh-tissue integration, rapid degradation of the materials, surface chemistry
and topochemical design of the mesh.[18,19] We herein present
the development of an intrinsically inflammation modulating
3D-fabricated biomaterial scaffold (bioscaffold) for soft tissue
repair and demonstrate its in vivo efficacy in a rat ventral hernia

Development of inflammation modulating polymer scaffolds for soft tissue
repair with minimal postsurgical complications is a compelling clinical need.
However, the current standard of care soft tissue repair meshes for hernia
repair is highly inflammatory and initiates a dysregulated inflammatory
process causing visceral adhesions and postsurgical complications.
Herein, the development of an inflammation modulating biomaterial
scaffold (bioscaffold) for soft tissue repair is presented. The bioscaffold
design is based on the idea that, if the excess proinflammatory cytokines
are sequestered from the site of injury by the surgical implantation of a
bioscaffold, the inflammatory response can be modulated, and the visceral
adhesion formations and postsurgical complications can be minimized. The
bioscaffold is fabricated by 3D-bioprinting of an in situ phosphate crosslinked
poly(vinyl alcohol) polymer. In vivo efficacy of the bioscaffold is evaluated
in a rat ventral hernia model. In vivo proinflammatory cytokine expression
analysis and histopathological analysis of the tissues have confirmed that the
bioscaffold acts as an inflammation trap and captures the proinflammatory
cytokines secreted at the implant site and effectively modulates the local
inflammation without the need for exogenous anti-inflammatory agents. The
bioscaffold is very effective in inhibiting visceral adhesions formation and
minimizing postsurgical complications.
Soft tissue injury occurs due to weakening or disruption of
muscle or connective tissue. Most commonly manifested soft
tissue injuries include hernias.[1] A hernia results from the
weak, defective, and injured areas of the abdominal wall. This
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Figure 1. Bioscaffold design and surgical hernia repair. A) Schematic depicting protrusion of internal organs through an abdominal hernia. B) Surgical implantation of a mesh to strengthen the abdominal wall. A,B) Reproduced with permission from Baylor College of Medicine. C–E) Schematic depicting mechanism
of modulation of peritoneal adhesions formation by the bioscaffold. C) Damage to the mesothelial layer of the peritoneum wherein positively charged proinflammatory cytokines have been secreted. D) Adhesions formation by the mesothelium connecting the peritoneal layer and the visceral organs. E) Implantation of a negatively charged bioscaffold to capture the positively charged proinflammatory cytokines from the damaged peritoneum after surgical trauma.

model. Surgical trauma to the peritoneal epithelium triggers a
strong inflammatory response and an unregulated inflammatory process causes visceral adhesions formation.[20–22] This
inflammatory response involves the secretion of positively
charged proinflammatory cytokines such as IL-1β, IL-6, and
TNF-α.[23–27] In clinical studies, an increase in the concentrations of IL-1β, IL-6, and TNF-α were detected in the peritoneal fluid within 48 h of the hernia repair surgery patients
and consequent adhesions formation.[28] IL-1β has a molecular
weight of 17.5 kDa and is mainly produced by macrophages
and IL-6 is a 20 kDa protein, also secreted by monocytes, macrophages, endothelial cells, and fibroblasts for stimulating the
immune response.[29] TNF-α is a proinflammatory cytokine
with a molecular weight of 17.0 kDa and it is secreted by macrophages, lymphocytes, and fibroblasts. TNF-α has a positively
charged heparin-binding domain.[26] These cytokines contain
the amino acids arginine (Arg, pKa 12.48) and lysine (Lys, pKa
10.79) in their peptide sequences that impart positive charge.
For example, IL-1β is positively charged because of the presence
of polybasic domains in the peptide sequences: KQYPKKK and
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KLILKKK that are rich in Lys (K) moieties.[30] In IL-6, amino
acid sequences rich in Arg are present that impart positive
charge to it.[31] The isoelectric point pH of Arg and Lys are 10.76
and 9.74, respectively. Since the pH of the tissue at the implant
site and peritoneal fluid ranges from ≈7.5 to 8, these amino
acids present in IL-1β and IL-6 will remain mostly positively
charged.[32] The bioscaffold design is based on the idea that,
if the excess positively charged proinflammatory cytokines are
sequestered from the site of peritoneal injury by the surgical
implantation of a negatively charged bioscaffold, the inflammatory response can be modulated, and visceral adhesions formation can be minimized. The bioscaffold acts as an inflammatory
cytokine “trap” and captures the proinflammatory cytokines
secreted at the surgical hernia repair site to modulate the local
inflammation effectively (Figure 1C–E). The bioscaffold is thin
and pliable with tensile strength programmed to match that
of the normal, intact abdominal wall. This study also demonstrates the rational design and control of surface chemistry
and charge on the bioscaffold to modulate inflammation and
limit adhesions formation without compromising the healing
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Figure 2. Bioscaffold fabrication and characterization. A) PVA crosslinking reaction with STMP to form phosphate crosslinked X-PVA. B) 3D-printed
bioscaffold. C–E) 3D-printed bioscaffold demonstrating its pliability. F) A plot depicting the elastic moduli of ten layered bioscaffold-10, eight layered
bioscaffold-8, and six layered bioscaffold-6 were fabricated using 10% PVA and 15% STMP solution. G) Consistent suture retention capacity of the
bioscaffold-8 after several stress–strain cycles. H) A plot depicting the zeta potentials of bioscaffolds containing different phosphate crosslinking densities. Highly crosslinked Bioscaffold-A was fabricated using 10% PVA and 15% STMP solution, medium crosslinked Bioscaffold-B was fabricated using
10% PVA and 10% STMP solution, and lowly crosslinked Bioscaffold-C was fabricated using 10% PVA and 7.5% STMP solution.

process in a rat ventral hernia model. The bioscaffold prevents
postoperative visceral adhesion formation without the need
for exogenous anti-inflammatory therapeutics. The bioscaffold used for surgical implantation is designed to enhance the
soft tissue healing process and reduce postoperative morbidity,
chronic pain, and implant related complications.
A bioscaffold with in situ phosphate crosslinked poly(vinyl
alcohol) polymer (X-PVA) was fabricated by 3D-printing. X-PVA
was synthesized by the reaction of PVA with sodium trimetaphosphate (STMP) at room temperature (Figure 2A). PVA
is a hydrogel forming synthetic polymer that is commonly
used as a pharmaceutical excipient and in the fabrication of
drug delivery systems.[33] STMP is a nontoxic cyclic triphosphate used to crosslink polysaccharides. STMP crosslinks the
hydroxy groups of the polysaccharides via the phosphate ester
groups.[34] Bioscaffold fabrication by 3D-printing involves
layer-by-layer printing of the PVA and STMP solution and in
situ crosslinking, hence the thickness and elastic modulus can
be tightly controlled in a reproducible fashion by optimizing
array design, line thickness, and the number of layers printed
(Figure S1, Supporting Information). The mechanical properties of the 3D-printed bioscaffold were optimized by modifying
the printing parameters such as needle gauge, needle pressure,
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array design, and the number of layers printed. For bioscaffold
fabrication in this study, we have used a 32-gauge needle with
an inner diameter 0.15 mm, length 6.35 mm, needle pressure
0.17 MPa, and a cartridge volume of 10 mL. Bioscaffolds of 4, 6,
8, 10, and 12 layers were printed and tested their elastic modulus. Based on these studies, a bioscaffold of eight layers was
used for the in vivo experiments.
The bioscaffold is soft, pliable, and easy to handle during
its surgical implantation (Figure 2B–E). Using this method,
fibrous bioscaffolds of a series of mechanical strengths were
fabricated by additive 3D-printing strategy. The maximum
intra-abdominal pressure developed in a healthy individual is
≈20 kPa while jumping or coughing and the elastic modulus
of the abdominal wall is ≈80 kPa.[10,11] Hence, the bioscaffold
should be able to withstand the maximum abdominal pressure
repeatedly without any deterioration of its mechanical strength
for several months. Rapid deterioration of the mechanical
strength of the mesh could potentially lead to hernia recurrence or a poor functional result. The bioscaffold thickness and
X-PVA crosslinking density was optimized to possess an elastic
modulus ≥80 kPa to provide effective and long-term functional
support to the hernia site. In this study, three bioscaffolds of 6,
8, and 10 printed layers were fabricated by additive 3D printing
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and referred to as: bioscaffold-6, bioscaffold-8, and bioscaffold-10. The elastic moduli of bioscaffold-6 was ≈400, bioscaffold-8 was 700, and bioscaffold-10 was 1000 kPa (Figure 2F). In
Figure 2F, the graph illustrates the elastic nature of the sample
and the final point in the curve is where we observed the fracture point. To calculate the elastic modulus, we considered the
stress and strain at this point with respect to the initial point.
The suture retention ability of the bioscaffold is very important for its use in surgical hernia repair. To evaluate the suture
retention capacity, knots were sewed into the bioscaffold-8 with
surgical sutures and a stress–strain test was performed until
the sutures tore through the bioscaffold.[35] This study revealed
that the bioscaffold-8 could retain the sutures for up to 100 kPa
without failure, which is ≈5 times that of the maximum intraabdominal pressure (20 kPa) developed in healthy individuals
(Figure 2G). These studies have demonstrated the tunability of
elastic modulus and suture holding capacity of the bioscaffold
by optimizing the number of printed layers in the bioscaffold.
Immunogenic and inflammatory responses to surgical materials strongly depend on surface properties such as surface
charge, surface chemistry, and roughness of the implanted biomedical prosthetic, which influence the adsorption of proteins,
growth factors and cellular elements migrating or growing into
the area of repair.[36] The surface charge on the bioscaffold plays
an important role in the modulation of inflammatory response
after its implantation.[37] The zeta potential measurement of the
bioscaffold provides insights into the effect of surface charge on
the in vivo immunogenic and inflammatory responses. Since
the phosphate crosslinking groups are negatively charged, by
adjusting the phosphate crosslinking density, the surface charge
of the bioscaffold can be programmed. For this study, we have
fabricated three different bioscaffolds by varying the STMP
crosslinker concentration (15%, 10%, and 7.5%). Bioscaffold-A
was fabricated by using 10% PVA solution (10 mL) containing
15% STMP (750 µL) to introduce a high degree of negatively
charged phosphate crosslinking groups in the PVA. In Bioscaffold-B, a 10% PVA solution (10 mL) containing 10% STMP
(750 µL) was used, while Bioscaffold-C was fabricated by using
a 10% PVA solution (10 mL) containing 7.5% STMP (750 µL). In
these three bioscaffolds, PVA content was kept constant while
the phosphate crosslinking STMP concentration was varied.
The PVA crosslinking reaction with STMP was monitored
by Fourier transform infrared (FT-IR) spectroscopy study on
the bioscaffold samples.[38–40] In this study we used a neat PVA
cast film as a control. The FT-IR spectra of bioscaffolds and
neat PVA film showed the typical PVA bands corresponding to
the hydrogen bonded OH groups at 3290 cm−1 and a CH2
stretching band at 2930 cm−1 from the alkyl backbone of the
polymer. The crosslinking phosphorylation reaction was confirmed by the presence of OPO stretching band at 1272 cm−1
and PO bending at 1020 cm−1. These bands are characteristic of the polymer crosslinking by STMP.[37–39] These bands
became weaker as the crosslinked density decreased. As can be
seen from the Figure S2 (Supporting Information), the OPO
stretching band at 1272 cm−1 and PO bending band at 1020 cm−1
are visible with Bioscaffold-A and Bioscaffold-B and it is
faintly visible in Bioscaffold-C. These bands are absent in neat
PVA film. These results confirmed the phosphate crosslinking
of the PVA.
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The three bioscaffolds thus fabricated were used in the zeta
potential measurements. At pH 7, the average zeta potential
values of bioscaffold-A is −4.2 mV, bioscaffold-B is −2.5 mV,
and bioscaffold-C is −1.9 mV (Figure 2H). An X-PVA composition with 10% PVA (10 mL) and 15% STMP (750 µL) yielded the
lowest zeta potential of −4.2 mV at pH 7. This PVA and STMP
composition was used to fabricate the bioscaffolds. This study
has demonstrated the tunability of the bioscaffold zeta potential by varying the negatively charged phosphate crosslinking
groups in X-PVA.
To determine the swelling capacity of the bioscaffold
with time, dry bioscaffolds samples (2 cm × 2 cm squares,
n = 3) were weighed and incubated in PBS (at 37 °C and pH
7.4) under constant shaking. The samples were weighed at
regular time intervals to determine the swelling capacity
[(sample weight − initial weight)/initial weight]. A plot of
swelling capacity with time revealed that after the initial hydration at 0.5 h time point, no significant increase in weight or
swelling of the bioscaffold was observed even after 144 h of
incubation (Figure S3, Supporting Information). For the rat in
vivo studies, we hydrated the bioscaffolds in sterile PBS for 24 h
(37 °C and pH 7.4) prior to their implantation. An in vitro degradation study was conducted as a measure of change in elastic
modulus to determine the rate of degradation of bioscaffold
with time by incubating the bioscaffold samples in sterile PBS
(at pH 7.4 and at 37 °C). The elastic modulus was measured at:
1-, 30-, and 60-day timepoints. As can be seen from the Figure S4
(Supporting Information), no significant change in the elastic
modulus was observed. These results indicate that the bioscaffolds did not degrade under in vitro conditions within the
testing time period.
The cytotoxicity of X-PVA bioscaffold was evaluated in cell
culture models. To determine the effect of bioscaffolds on cell
viability, human dermal fibroblasts (HDF) and human microvascular endothelial cells (HMEC) were cultured in the presence of bioscaffolds for 72 h. The cell viability/proliferation was
measured by MTT assay. Compared with cells cultured without
the bioscaffold, both HDF and HMEC cultured with bioscaffold
did not show significant decrease in cell viability (Figure S5,
Supporting Information). These results indicated that the
bioscaffolds did not exhibit cytotoxic effect on HDF and HMEC.
The bioscaffold was evaluated for its ability to capture the
positively charged proinflammatory cytokines by a bead-based
bioassay as depicted in Figure 3A.[41] A small piece of bioscaffold (5 mm × 5 mm) was incubated in a cytokine solution followed by rinsing with water. The cytokine treated bioscaffold
was then incubated with cytokine antibody coupled fluorescent
beads followed by thorough rinsing. The bioscaffold was then
subjected to fluorescence imaging. This study revealed that the
proinflammatory cytokines TNF-α, IL-1β, and IL-6 were bound
to the bioscaffold surface. Figure 3B–G presents the overlay of
the brightfield and fluorescence images present the cytokine
bound bioscaffold surface. For clarity, the fluorescence images
were presented next to the overlay images. The antibody beads
did not bind to the bioscaffold in the absence of cytokines on
the bioscaffold surface (Figure 3B). The TNF-α antibody coupled beads selectively bound to the TNF-α adsorbed on the
bioscaffold surface (Figure 3C). Similarly, IL-1α, IL-6, and
MIP-1α antibody coupled beads also selectively bound to the
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Figure 3. Bioscaffold acts as an inflammatory cytokine capturing surface. A) Schematic presenting the in vitro strategy for the inflammatory cytokine
capture by the bioscaffold. B–G) Overlay of bright-field and fluorescence, and fluorescence confocal microscopy images demonstrating: B) nonbinding
of the antibody beads in the absence of cytokines on the bioscaffold surface; C) TNF-α antibody beads binding to the TNF-α adsorbed on the bioscaffold; D) IL-1α antibody beads bound to the IL-1α bound to the bioscaffold surface; E) IL-6 antibody beads bound to the IL-6 adsorbed on the bioscaffold surface; F) MIP-1α antibody beads bound to the MIP-1α adsorbed on the bioscaffold surface; and G) VEGF antibody beads bound to the VEGF
adsorbed on the bioscaffold surface.

corresponding IL-1α, IL-6, MIP-1α, and vascular endothelial growth factor (VEGF) adsorbed on the bioscaffold surface
(Figure 3D–G). This study confirmed the intrinsic ability of
bioscaffold to capture inflammatory cytokines.
In the peritoneal fluids of hernia repair surgery patients, and
increased concentration of proinflammatory cytokines IL-1β,
IL-6, and TNF-α were detected and the consequent visceral
adhesions formation.[28] Hence, reducing the concentration of
these proinflammatory cytokines in the hernia repair site is
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important in modulating the local inflammation and visceral
adhesions formation. To test the efficacy of the bioscaffold to
capture the proinflammatory cytokines, the bioscaffolds were
implanted in mouse skin wound model and compared with
PROLENE mesh (Figure 4A–C). For this study, female Balb/c
mice (10 weeks old) were randomly divided into two groups
(n = 6) and 1 cm diameter skin wounds were created by a
biopsy punch. The first group was implanted with PROLENE
mesh (1 cm diameter) and the second group with bioscaffold
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Figure 4. Bioscaffold captures proinflammatory cytokines from the wound tissue in a mouse skin wound model. A–C) Photographs presenting an
untreated skin wound (A), a skin wound implanted with a PROLENE mesh (B), and skin a wound implanted with a bioscaffold (edges of the bioscaffold
were lifted with a forceps to show the presence of the bioscaffold in the skin wound) (C). D) RT-PCR analysis of the cytokine concentrations demonstrating a significantly high efficacy of the bioscaffold to capture proinflammatory cytokines compared to the PROLENE mesh. All error bars represent
standard deviation from the mean (*P ≤ 0.05, ***P ≤ 0.001).

(1 cm diameter). After 5 days of implantation, the bioscaffolds and PROLENE meshes were retrieved and homogenized
to extract the captured cytokines into solution. The extracted
cytokine solutions were subjected to real-time polymerase
chain reaction (RT-PCR) analysis. This study confirmed the
ability of bioscaffold to capture the proinflammatory cytokines
IL-1β, IL-6, and TNF-α in significant concentrations compared
to PROLENE mesh (Figure 4D). The bioscaffold was ≈3 times
more effective in capturing the proinflammatory cytokines
IL-1β, IL-6, and TNF-α than the PROLENE mesh. At this point,
we hypothesize that sequestration of the proinflammatory
cytokines by the bioscaffold from the wound site could possibly
modulate the local inflammation. Encouraged by these results,
we tested the bioscaffold efficacy on inflammation modulation
in the tissue surrounding the implant site and inhibiting visceral adhesions formation in a rat ventral hernia model.
To evaluate the efficacy of this novel bioscaffold in preventing adhesions formation, it was implanted in a rat ventral
hernia model.[42] To compare bioscaffold efficacy, a commercial polypropylene (PROLENE) mesh was used as a control,
since it is in extensive clinical use for surgical hernia repair.[43]
For this study, Sprague–Dawley rats were randomly divided
into two groups (n = 6) and the first group was implanted
with PROLENE mesh and the second group with bioscaffold.
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The animals exhibited no discomfort, altered behavior, or
decreased food and water intake during the experiments.
The bioscaffolds were retrieved from the rats after autopsy at
2- and 4-week timepoints and examined for visceral adhesions
formation on them. The PROLENE mesh triggered an extreme
level of intraperitoneal adhesions formation to the mesh and
within the abdominal cavity at both the 2- and 4-week time
points (Figure 5A–C). Two weeks after implantation, the
PROLENE mesh was completely covered with adhesions and
the sutures and mesh were not visible (Figure 5B). At the
4-week timepoint, the PROLENE mesh, in addition to being
completely covered by firm adhesions, was densely attached
to the underlying omentum, liver and bowel. These adhesions
were extensive and densely neovascularized. Sharp dissection
was required to detach these adhesions from the PROLENE
mesh (Figure 5C). In the case of retrieved bioscaffolds from
rats, no adhesions formation was observed at the 2- and 4-week
timepoints. The margins of the bioscaffold and the sutures are
clearly visible (Figure 5D–F). At this point, we investigated if
the adhesion prevention property of the bioscaffold arises from
the polymer chemistry or the 3D-printed morphology. For this
study, we have fabricated a X-PVA coated PROLENE mesh
and implanted it in a rat ventral hernia model and evaluated
its efficacy in preventing adhesions formation. After 4-weeks
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Figure 5. Efficacy of the bioscaffold in preventing visceral adhesions formation after its surgical implantation in a rat ventral hernia model. A) PROLENE
mesh, B,C) PROLENE meshes retrieved after 2 and 4 weeks of implantation demonstrating extensive visceral adhesions formation. D) Bioscaffold,
E&F) Bioscaffolds retrieved after 2 and 4 weeks of implantation. G) H&E stained cross section of PROLENE mesh after 2 weeks of implantation. Black
arrows pointing the location of the implanted mesh and the red arrows pointing the visceral adhesions. H) H&E stained cross section of the bioscaffold
after 2 weeks of implantation. Black arrows pointing the location of the implanted bioscaffold and the blue arrows pointing the absences of visceral
adhesions and new peritoneal layer formation. I,J) High-magnification images of H&E stained cross sections of bioscaffold explants after 2 and 4 weeks
demonstrating the formation of peritoneal layer on the bioscaffold surface.

of implantation, the X-PVA coated PROLENE meshes were
retrieved from the rats and examined for visceral adhesions
formation. On these retrieved meshes, no adhesions formation was observed, and the sutures are clearly visible even after
4 weeks, thus confirming that the adhesion prevention is a
property specific to the X-PVA polymer (Figure S6, Supporting
Information). These results confirmed that the bioscaffold is
very effective in preventing visceral adhesions formation to
this novel hernia repair material.
To further evaluate the efficacy of this bioscaffold in preventing adhesions formation, histological analysis of the
retrieved mesh sections was performed by hematoxylin
and eosin (H&E) staining. The PROLENE mesh developed
thick visceral adhesions attached to it (Figure 5G), while the
bioscaffold did not develop any visceral adhesions on its surface (Figure 5H). Furthermore, a new peritoneal layer formation was observed on the bioscaffold surface after 2 weeks of
implantation and became thicker with multiple cell layers after
4 weeks (Figure 5I,J). Formation of new peritoneal layer on the
bioscaffold prevents the visceral adhesions formation and is a
first step in bioscaffold integration with the surrounding tissue.
Histological analysis of the retrieved X-PVA coated PROLENE
mesh sections did not develop any peritoneal surface adhesions (Figure S6, Supporting Information), thus confirming
the potential of this bioscaffold in preventing visceral adhesions
formation after surgical hernia repair.
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The bioscaffold did not hinder abdominal wall healing
after surgical hernia repair in the rat ventral hernia model
(Figure S7, Supporting Information). Clinical grading of the
extent, tenacity, and type of postsurgical adhesions formation at 2- and 4-week timepoints revealed that the bioscaffold
and the X-PVA coated PROLENE mesh did not form adhesions in comparison to the PROLENE mesh (Figures S8–S10,
Supporting Information). These studies have demonstrated the
ability of the bioscaffold to inhibit visceral adhesions, and we
observed no seroma or hematoma formation in the surgical
implantation site. Analysis of the bioscaffolds retrieved from
the rats after autopsy indicated that the bioscaffolds did not
shrink or curl after one month of implantation and retained
their original shape and elastic modulus (Figure S4, Supporting
Information). Based on these results, the bioscaffold has the
potential to prevent visceral adhesions, minimize chronic pain,
and improve the clinical outcomes compared to currently available hernia repair meshes.
The inflammatory response to implanted mesh plays a crucial role in hernia repair surgery outcomes. An unregulated
inflammatory response can stimulate visceral adhesions formation, fibrosis, and disrupt the healing process, thus leading to
adverse complications that require symptom management or
even a revision surgery.[23] As a response to surgical trauma,
various positively charged proinflammatory cytokines, such as
interleukins IL-1β, IL-6 and TNF-α are locally released.[24–28]
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Figure 6. Bioscaffold effectively modulates the concentration of proinflammatory cytokines in the hernia repair site in a rat ventral hernia model.
RT-PCR studies presenting the expression levels of proinflammatory cytokines. All error bars represent standard deviation from the mean (*P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001).

VEGF is a potent angiogenic cytokine and is directly involved in
early inflammatory responses.[23] These cytokines interact with
the fibrinolytic pathway and contribute to the remodeling of
the extracellular matrix (ECM). Unmodulated control of ECM
remodeling is responsible for the formation of adhesions after
peritoneal injury.[21,22] Hence, inflammatory response to this
bioscaffold was evaluated by measuring the expression levels
of the pro-inflammatory cytokines IL-1β, IL-6, IL-8, TNF-α,
profibrotic TGF-β, and proangiogenic VEGF-A and was then
compared with that of the PROLENE mesh by RT-PCR analysis 7 days after their implantation in the rat ventral hernia
model. As can be seen from the Figure 6, the bioscaffold was
very effective in reducing the concentration levels of IL-1β, IL-6,
IL-8, TGF-β, TNF-α, and VEGF in the surrounding tissue. On
the other hand, PROLENE mesh initiated a strong inflammatory response and caused severe adhesions formations. These
studies have confirmed that, in comparison to the PROLENE
mesh, the bioscaffold is noninflammatory, nonimmunogenic,
and acts as an efficient adhesion barrier after its implantation
in a rat ventral hernia model.
To evaluate the effect of surface charge on adhesion formation, bioscaffolds of three different surface charges were fabricated: 1) bioscaffold with negatively charged surface, 2) bioscaffold with neutral surface, and 3) bioscaffold with positively
charged surface. As prepared by our layer-by-layer 3D-printing
method, the bioscaffold has a net negative surface charge
because of the phosphate groups. A neutral bioscaffold was prepared by soaking the material in HCl (1 m, 30 min) to convert
the negatively charged phosphate groups to phosphoric acid
groups. Positively charged bioscaffold was prepared by soaking
it in poly-l-lysine hydrobromide solution (0.1 mg mL−1, 1 h) to
form a poly-l-lysine monolayer on its surface. An important
point to note is a change in the surface charge also altered
the surface chemistry. To evaluate the effect of surface charge
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on postsurgical adhesion formation, these bioscaffolds were
implanted in the rat ventral hernia model and compared with
PROLENE mesh (Figure 7A). The negatively charged bioscaffold did not elicit any adhesion formation on its surface and the
sutures are clearly visible (Figure 7B). In the case of the neutral bioscaffold, extensive peritoneal adhesions formation was
observed, possibly because of the acid groups on the surface
(Figure 7C). In the case of positively charged poly-l-lysine coated
bioscaffold, again extensive fibrotic adhesions formation was
observed (Figure 7D). At this point, we were curious to see the
effect of fibronectin and gelatin coated bioscaffolds on adhesion
formation. Fibronectin is a positively charged ECM glycoprotein
that plays a key role in early wound healing and tissue repair.
The fibronectin and gelatin coated bioscaffolds also triggered
adhesions formation within 2 weeks, although not as severe as
poly-l-lysine coated bioscaffold (Figure 7E,F). To evaluate the
effect of surface charge on inflammation and visceral adhesion
formation at the molecular level, the tissue surrounding the
implant site was analyzed for the expression levels of the proinflammatory cytokines IL-1β, IL-6, TNF-α, TGF-β, and VEGF
and compared with the PROLENE mesh by RT-PCR analysis.
This study revealed that the expression levels of proinflammatory cytokines in the case of neutral and positively charged
bioscaffolds were as high as those observed for PROLENE
mesh. On the other hand, the negatively charged bioscaffold
elicited negligible inflammatory response and the expression
levels of proinflammatory cytokines were minimal (Figure 7G).
Taken together, the positively charged and neutral bioscaffolds
triggered extensive adhesions formation that were as significant as seen with the PROLENE mesh (Figure 7A,C,D). This
study clearly demonstrates the importance of negative charge
on the bioscaffold surface in preventing postsurgical visceral
adhesion formation. A mild alteration of the surface charge on
the bioscaffold by the adsorption of a monolayer of positively
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Figure 7. The effect of bioscaffold surface charge on adhesion formations. A) PROLENE mesh, B) Bioscaffold, C) neutral bioscaffold, D) polylysine
coated positively charged bioscaffold, E) fibronectin coated bioscaffold, and F) gelatin coated bioscaffold. G) RT-PCR analysis of the expression levels
of proinflammatory cytokines. All error bars represent standard deviation from the mean (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0. 0001).

charged polylysine or fibronectin produced significantly higher
levels of inflammatory cytokine expression resulting in the formation of vascularized adhesions that covered the bioscaffold
and connected the implanted material to the liver and intestine.
These results confirm the important considerations of surface
chemistry and surface charge in bioscaffold design.
There is an unmet clinical need for the development of an
efficacious hernia repair mesh that elicits minimal inflammatory response and prevents postsurgical visceral adhesions formation without compromising the healing process. Surgical
trauma to the peritoneal epithelium triggers a strong inflammatory response and an unregulated inflammatory process causes
visceral adhesions formation.[29] This inflammatory response
involves the secretion of positively charged proinflammatory
cytokines such as IL-1, IL-6, IL-8 TNF-α, and VEGF.[28–31] Our
novel bioscaffold design is based on the idea that if the locally
secreted positively charged pro-inflammatory cytokines are
sequestered from the site of peritoneal injury by the surgical
implantation of a negatively charged bioscaffold, the inflammatory response can be modulated, and visceral adhesions
formation can be minimized.[29] The bioscaffold can sequester
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the proinflammatory cytokines secreted at the surgical hernia
repair site and effectively modulates local inflammation. The
proinflammatory cytokines bound to the bioscaffold surface
will be degraded over time into inactive or antagonistic derivatives by the matrix metalloproteinases (MMP) secreted at the
hernia repair site.[44–47] This study has demonstrated successful
bioscaffold fabrication by additive 3D-printing approach using
in situ crosslinked X-PVA polymer with precise control over
bioscaffold thickness, tensile strength and surface charge.
The bioscaffold is soft and pliable, and no discomfort, altered
behavior, or decreased food and water intake was observed in
the animals during the experiments.
The bioscaffold, because of its intrinsic noninflammatory
nature and optimal mechanical attributes can minimize the
mesh-related complications after surgical hernia repair and
reduce postoperative morbidity. The bioscaffold can potentially reduce hernia recurrence and revision surgery rates and
improve clinical outcomes. By optimizing the negative charge
density on the bioscaffold surface, the inflammatory responses
can be modulated. This bioscaffold needs to maintain its
mechanical properties without fail for at least two years, by
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then the damaged abdominal wall (hernia site) is expected to
regain strength and heal completely. 3D-fabrication strategy
also enables the development of customized bioscaffolds with
specific areas as reinforced suture points to hold the sutures
well without tearing. This bioscaffold is unique and designed
to improve outcomes and reduce acute and long-term complications and symptoms associated with hernia repair and will fulfill
a major unmet need. Currently, there is no such multifunctional composite surgical mesh available and development of a
broadly applicable bioscaffold would be a major advancement in
the surgical repair of hernia and other soft tissue defects.

Experimental Section
Chemicals and Reagents: PVA, STMP, sodium hydroxide, were
purchased from Sigma-Aldrich Chemical Co. PCR reagents were
obtained from Applied Biosystems, Thermo Fisher Scientific, USA.
Synthesis of X-PVA Polymer for 3D Printing: PVA (10 g) was dissolved
in 100 mL of distilled water and stirred until complete dissolution. Once
PVA was completely dissolved, 10 mL of PVA solution was transferred
into a glass vial and 750 µL of 15% (w/w in water) STMP solution was
added to the vial. The PVA and STMP solution was constantly stirred
to obtain a homogeneous mixture. Then 300 µL of sodium hydroxide
(30%; w/w in water) was added to PVA-STMP solution drop wise under
constant stirring. The solution was let stand for 30 min before using for
the bioscaffold fabrication.
Bioscaffold Fabrication: The bioscaffold was fabricated using a
3D-bioprinter (3DDiscovery; regenHU, Switzerland) and the design of
the bioscaffold was created by BioCad (regenHU, Switzerland; Figure S1,
Supporting Information). The mechanical properties of the 3D-printed
bioscaffold were optimized by modifying the printing parameters such
as needle gauge, needle pressure, array design, and the number of layers
printed. For bioscaffold fabrication in this study, a 32-gauge needle with
an inner diameter 0.15 mm, length 6.35 mm, needle pressure 0.17 MPa,
and a cartridge volume of 10 mL was used. The bioscaffold was printed
in contact mode, 0.01 mm above surface as the PVA-STMP solution was
directly dispensed layer by layer on a glass plate with a collector velocity
10 mm s−1 until the desired dimension was achieved. After printing, the
bioscaffold was dried overnight and rinsed thoroughly with ultra-pure
water. Bioscaffolds of 4, 6, 8, 10, and 12 layers were printed and tested
their elastic modulus. Based on these studies, a bioscaffold of 8 layers
was used for the in vivo experiments.
Mechanical Testing and Bioscaffold Suture Holding Capacity: All
mechanical testing of the bioscaffold was performed using the ARES-G2
rheometer (TA Instruments; New Castle, DE, USA). To determine the
elastic modulus, the bioscaffold was cut into a rectangular shape (length
30 mm × width 10 mm × thickness 0.3–0.5 mm). The exact dimensions
of the bioscaffold were measured with a caliper prior to tensile testing
performed at a speed of 0.1 mm s−1. The stress–strain curve was
obtained and used to calculate the elastic modulus. In Figure 2F, the
graph illustrates the elastic nature of the sample and the final point
in the curve is where the fracture point was observed. To calculate the
elastic modulus, the stress and strain were considered at this point with
respect to the initial point.
In another study, the top and bottom of the bioscaffold was sutured
with a PROLENE suture to evaluate its suture holding capacity. The
sutures were inserted into the tension clamps and tensile testing was
performed at a speed of 0.1 mm s−1 until 70% strain was reached up to
five cycles.
Synthesis of X-PVA Polymer for Zeta Potential Measurements: For
this experiment, three different types of X-PVA polymer solutions of
varying phosphate crosslinker contents were prepared for bioscaffold
fabrication.
Bioscaffold-A—PVA (10 g) was dissolved in 100 mL of distilled
water and stirred until complete dissolution. 10 mL of PVA solution
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was transferred into a glass vial and 750 µL of 15% (w/w in water)
STMP solution was added to the vial. The PVA and STMP solution
was constantly stirred to obtain a homogeneous mixture. Then 300 µL
of sodium hydroxide (30%; w/w in water) was added to PVA–STMP
solution drop wise under constant stirring. The solution was let stand
for 30 min before using for the bioscaffold fabrication.
Bioscaffold-B—PVA (10 g) was dissolved in 100 mL of distilled
water and stirred until complete dissolution. 10 mL of PVA solution
was transferred into a glass vial and 750 µL of 10% (w/w in water)
STMP solution was added to the vial. The PVA and STMP solution was
constantly stirred to obtain a homogeneous mixture. Then 300 µL of
sodium hydroxide (30%; w/w in water) was added to PVA-STMP solution
drop wise under constant stirring. The solution was let stand for 30 min
before using for the bioscaffold fabrication.
Bioscaffold-C—PVA (10 g) was dissolved in 100 mL of distilled
water and stirred until complete dissolution. 10 mL of PVA solution
was transferred into a glass vial and 750 µL of 7.5% (w/w in water)
STMP solution was added to the vial. The PVA and STMP solution was
constantly stirred to obtain a homogeneous mixture. Then 300 µL of
sodium hydroxide (30%; w/w in water) was added to PVA-STMP solution
drop wise under constant stirring. The solution was let stand for 30 min
before using for the bioscaffold fabrication.
The bioscaffolds A, B, and C with varying phosphate crosslinker
contents were used for zeta potential measurements.
FT-IR Spectroscopy: The chemical structure of X-PVA polymer was
analyzed using Thermo Scientific Nicolet iS50 FT-IR spectrometer
equipped with ATR accessory. A mercury–cadmium–tellurium detector
was used. 120 scans with a resolution of 2.0 cm−1 were recorded.
Baseline correction, smoothening, and normalization of scale and
frequency were done using OMNIC correction ATR software.
Zeta Potential Measurements: The surface zeta potential of the
bioscaffold was measure using the SurPASS electrokinetic analyzer
(Anton Paar. Graz, Austria) equipped with an adjustable gap cell. The zeta
potential of the bioscaffold is determined by measuring the streaming
current or streaming potential. Using a clamping cell, the bioscaffold
was loaded on one side of the electrolyte channel. The surface zeta
potential was determined as a function of pH in KCl electrolyte solution.
For the measurements, 5 × 10−3 m KCl solution was used as the source
of electrolyte and purged with nitrogen throughout the experiment. The
pH of electrolyte solution was adjusted by the addition of 25 × 10−3 m
HCl or 25 × 10−3 m NaOH solutions through the instrument’s automatic
titration unit. In between measurements, the sample was rinsed twice
with the electrolyte solution. Separate couples of samples were used for
the acidic and basic titrations in order to avoid artifacts due to surface
reactions during the measurement. Four measurements were carried out
for each pH point.
In Vitro Bead-Based Assay for Cytokine Binding Study: Preparation
of cytokine solution: To prepare the cytokine solution, mouse
cytokine quality control-2 (MXM6070-2) from Luminex assay kit
(MCYTOMAG-70K, EMD Millipore) was prepared in sterile water
(pH 7) as per the given instructions. In brief, the contents in the vial
was reconstituted with 250 µL MilliQ water and thoroughly mixed.
The vial was allowed to sit for 5–10 min at room temperature and then
transferred to a 15 mL polypropylene tube. The cytokine solution was
then constituted to 10 mL (1:40 dilution) using MilliQ water.
Preparation of Antibody Beads: Mouse Cytokine/Chemokine
Antibody-Immobilized Magnetic Beads for IL-1β (MIL1B-MAG), IL-6
(MCYIL6-MAG), VEGF (MVEGF-MAG), TNF-α (MCYTNFA-MAG),
and MIP-1α (MMIP1A-MAG) from Luminex assay kit (EMD Millipore)
were used for the study. The antibody beads were prepared as per
the instructions given in the kit. In brief, each antibody-bead vial was
sonicated for 30 s followed by vortex for 1 min. Using the assay buffer
provided in the kit, 60 µL of each antibody bead solution was diluted to
bring the final volume to 3.0 mL and mixed well.
In Vitro Cytokine Binding Assay: The 3D printed bioscaffold was cut
into small pieces (0.5 cm × 0.5 cm), placed one in each well of a 24-well
plate and allowed to hydrate in 1 mL of sterile 1× PBS overnight. After
removing the PBS from each well, bioscaffold pieces were washed three
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times with MilliQ water. From the prepared cytokine solution (IL-1β, IL-6,
VEGF, TNF-α, and MIP-1α), 300 µL was added to each well containing
a small bioscaffold piece except to the control well. In the control well,
300 µL of MilliQ water was added. The 24-well plate was then covered
and incubated for 72 h at 37 °C in an orbital shaker to allow the binding
of cytokines on to the mesh. After incubation, the cytokine solution
was removed, and each well was rinsed three times with MilliQ water.
Then 300 µL of prepared antibody-bead solutions were added to each
well, covered with aluminum foil and incubated for 24 h in dark. After
incubation, the antibody solution was removed, and wells were rinsed
three times in MilliQ water. The bioscaffold were carefully removed from
the wells, placed on a clean slide and covered with a glass cover slip. The
prepared slides were allowed to dry overnight and imaged and analyzed
using 10× objective of Nikon Eclipse Ti inverted microscope equipped
with differential interference contrast (DIC) imaging and fluorescence
(widefield) microscopy (Far Red – 640 filter). Each experiment was done
in triplicates (n = 3).
Evaluation of Cell Viability by MTT Assay: All reagents used in this
study were obtained from Thermo Fisher Scientific, USA. The in vitro
cytotoxicity of the bioscaffold was evaluated in cell culture models
using the MTT assay (Vibrant MTT Cell Proliferation Assay Kit). For
this study, human dermal fibroblasts (HDF) and human microvascular
endothelial cells (HMEC) were used as cell models. HDF and HMEC
were maintained in supplemented Medium 106 and supplemented
MCBD 131, respectively and passages between 4 and 6 were used. X-PVA
bioscaffolds were cut into 3 mm diameter circles, sterilized in ethanol,
and thoroughly rinsed with PBS before placing in each well in a flat
bottom well plate. HDF and HMEC were added to wells, with or without
bioscaffolds, at a density of 5 × 104 cells mL−1 in their respective media.
HDF and HMEC cultured without bioscaffolds were used as a control.
The cells were kept at 37 °C with 5% CO2 throughout the study. The
cell viability was measured at 72 h by MTT assay using a plate reader
(CLARIOstar BMG LABTECH GmbH, Germany).
Mouse Skin Wound Creation and Bioscaffold Implantation: For the
purpose of this study, PROLENE mesh and bioscaffolds were cut into
small circles (1 cm diameter). Female Balb/c mice (10 weeks old) were
randomly divided into two groups (n = 6). A skin excision wound was
created with a biopsy punch in the dorsal region of each mouse. The
mice in one group were implanted with PROLENE mesh and the other
group with bioscaffold. After 5 days of implantation, the bioscaffolds and
PROLENE meshes were retrieved and homogenized in TRIzol (Ambion,
Carlsbad, CA) to extract the captured cytokines into solution. Genomic
DNA was removed from the samples using TURBO DNA-free kit
(Ambion, Carlsbad, CA). RNA was quantified, and quality was assessed
using Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific,
USA). First-strand cDNA was synthesized from 1.0 µg of RNA with ReadyTo-Go You-Prime-First-Strand Beads (GE Healthcare, Princeton, NJ)
and random hexamers (Applied Biosystems, Thermo Fisher Scientific,
USA). Equal amounts of synthesized cDNA were then used to measure
specific gene expression by RT-PCR using a TaqMan Fast Advanced
Master Mix (Applied Biosystems, Thermo Fisher Scientific, USA) for
specific primers—IL-1β (Mm00434228-m1), IL-6 (Mm00446190-m1), and
TNF-α (Mm99999068-m1) from Applied Biosystems on Quantstudio 5
Real-time PCR system (Applied Biosystems, Thermo Fisher Scientific,
USA). The fold change value of relative gene expression was calculated
using the ΔΔCT quantification method with GAPDH (Mm99999915-g1)
as reference gene and healthy untreated control as reference sample.
Animal Experiments: Animal experiments were performed as per the
animal research protocol approved by the Institutional Animal Care and
Use Committee of Baylor College of Medicine (AN-7729) and Animal
Welfare Assurance number D16-00475.
Study Design: Sample size justification for the study was performed
using power analysis. Sample sizes for all groups were calculated using
a formal sample size calculation, assuming a type I error (false positive)
rate = 0.05 and power = 0.8 on a two-sided T-test. Based on preliminary
data and literature data, using expected mean values and variation
within groups, as well as the expected change in the means (≈30% for
PCR), a sample size of 6 animals per group was needed as estimated.
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The power of the study for sample size calculation was done using a
priori test of the power analysis.
This study aimed to evaluate the bioscaffold as a final treatment
for the repair of abdominal wall hernias while proving its capability
to prevent the development of adhesions, its mechanical strength
to withstand abdominal wall forces, and its ability to reduce hernia
recurrence rates. In vivo studies included 3 groups and 2 different time
points. All study subjects underwent ventral hernia creation and repair
surgery. In the first group, hernias were repaired using commercially
available polypropylene mesh. In the second group, bioscaffolds were
used to repair hernias, while X-PVA coated polypropylene meshes were
used for the third group. Endpoints (2 and 4 weeks) were chosen to
evaluate early adhesion formation and mesh contraction. Samples were
collected for molecular and histological analysis.
Ventral Hernia Rat Model Creation and Repair: For the purpose of
the study, all animals were maintained and used in accordance with
an IACUC approved animal protocol by Baylor College of Medicine and
the American Association for Laboratory Animal Science (AALAS). Male
Sprague–Dawley rats of 9–12 weeks of age and ≈300 g weight (Charles
River Laboratories, Houston, TX, USA) were used for in vivo studies.
Pre- and post-operative, weight-based analgesia was given to all study
subjects. Anesthesia was induced and maintained by using inhaled
isoflurane gas. After preparation of the surgical site, in supine position
and observing sterile technique in order to minimize the contamination
of the surgery site, all animals underwent ventral hernia creation and
repair surgery. A 3 cm skin flap was raised through the avascular
prefascial plane. After performing skin dissection, a 2 cm midline
laparotomy incision was then made using the Linea Alba as the surgical
mark. After assuring hemostasis of the surgical site, an intraperitoneal
underlay repair was performed. The mesh was placed between the
contents of the abdominal cavity and the abdominal wall, using a 0.5 cm
overlap of each mesh with the respective fascial edge of the abdominal
tissue. The mesh was anchored at multiple equidistant points using 4-0
PROLENE sutures. Wound clips and skin adhesive were used for skin
closure.
Tissue Harvesting: Once the study subjects reached their respective
endpoint, animals were humanely euthanized following the Animal
Welfare Act guidelines. After skin dissection, an abdominal muscle wall
flap was created in order to expose the hernia repair site and to evaluate
the presence of adhesions. Samples for histology were taken and fixed in
formalin prior to processing, paraffin embedding, and sectioned using a
microtome for H&E staining. Molecular analysis samples were stored in
RNAlater Stabilization Solution (Ambion, Carlsbad, CA, USA) and stored
at room temperature and processed within 24 h of sample collection.
Histology: For H&E staining, the paraffin embedded tissue samples
were sectioned at 10 µm using an Accu-Cut SRM microtome (Sakura,
Japan) and collected on a glass slide. The tissue section-mounted glass
slides were stained with hematoxylin for 4 min and eosin for 1 min
followed by dehydration and clearing in ethanol and xylene. The glass
slides were then mounted using Permount Mounting medium (Thermo
Fisher Scientific, USA) and sealed with a glass coverslip. The sections
were imaged and analyzed using Nikon eclipse TE2000-U microscope.
Quantification of Inflammatory Cytokines by RT-PCR: Total RNA from
the samples were extracted using TRIzol reagent (Ambion, Carlsbad,
CA, USA) and stored at −80 °C. Genomic DNA was removed from the
samples using TURBO DNA-free kit (Ambion, Carlsbad, CA, USA).
RNA was quantified, and quality was assessed using Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, USA). First-strand cDNA
was synthesized from 1.0 µg of RNA with Ready-To-Go You-PrimeFirst-Strand Beads (GE Healthcare, Princeton, NJ, USA) and random
hexamers (Applied Biosystems, Thermo Fisher Scientific, USA).
Equal amounts of synthesized cDNA were then used to measure
specific gene expression by RT-PCR using a TaqMan Fast Advanced
Master Mix (Applied Biosystems, Thermo Fisher Scientific, USA) for
specific primers—IL-1β (Rn00580432-m1), IL-6 (Rn01410330-m1), IL-8
(Rn02130551-s1), TNF-α (Rn01525859-g1), TGF-β (Rn00676060-m1),
and VEGF (Rn01511602-m1) from Applied Biosystems on Quantstudio
5 Real-time PCR system (Applied Biosystems, Thermo Fisher Scientific,
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USA). The fold change value of relative gene expression was calculated
using the ΔΔCT quantification method with GAPDH (Rn01775763-g1) as
an internal reference.
Statistical Analysis of RT-PCR Results: Data in figures are presented as
mean ± SD.
Normal data distribution was assessed by Levene test, and statistical
differences and significances between groups were measured by
unpaired T-test (two-tailed P-value) and Bonferroni–Sidak method
using GraphPad Prism 8.0 software (GraphPad Incorporation, San
Diego, CA, USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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