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Background: Hernia repair is a common surgical procedure with polypropylene
(PP) mesh being the standard material for correction because of its durability.
However, complications such as seroma and pain are common, and repair failures
still approach 15% secondary to poor tissue integration. In an effort to enhance
mesh integration, we evaluated the applicability of a squid ring teeth (SRT) protein
coating for soft-tissue repair in an abdominal wall defect model. SRT is a biologi-
cally derived high-strength protein with strong mechanical properties. We assessed
tissue integration, strength, and biocompatibility of a SRT-coated PP mesh in a
first-time pilot animal study.

Methods: PP mesh was coated with SRT (SRT-PP) and tested for mechanical
strength against uncoated PP mesh. Cell proliferation and adhesion studies were
performed in vitro using a 3T3 cell line. Rats underwent either PP (n = 3) or SRT-
PP (n = 6) bridge mesh implantation in an anterior abdominal wall defect model.
Repair was assessed clinically and radiographically, with integration evaluated by
histology and mechanical testing at 60 days.

Results: Cell proliferation was enhanced on SRT-PP mesh. This was corroborated
in vivo by abdominal wall histology, dramatically diminished craniocaudal mesh
contraction, improved strength testing, and higher tissue failure strain. There was
no increase in seroma or visceral adhesion formation. No foreign body reactions
were noted on liver histology.

Conclusions: SRT applied as a coating appears to augment mesh—tissue integration
and improve abdominal wall stability following bridged repair. Further studies in
larger animals will determine its applicability for hernia repair in patients. (Plast
Reconstr Surg Glob Open 2018;6:¢1881; doi: 10.1097/GOX.0000000000001881; Pub-
lished online 7 August 2018.)

INTRODUCTION
Hernia repair is one of the most common surgical pro-
cedures worldwide.! Approximately 400,000 procedures
are performed in the United States annually with associat-
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ed costs exceeding 3 billion dollars.? Hernias can be asso-
ciated with pain, discomfort, and weakness.* Furthermore,
they can result in intestinal obstruction and strangulation
requiring emergency surgery, leading to associated mor-
bidity and mortality.!

Reparative surgery utilizing mesh for abdominal wall
repair is often indicated, especially in complicated hernia
repairs.” It is estimated that one third of patients with a
recurrent ventral hernia repair experience an additional
failure, and with each subsequent repair, there is a step-
wise worsening of long-term outcomes.® Because Usher
widely introduced a plastic prosthesis for hernia repair
in 1955, nonabsorbable synthetic mesh, such as polypro-
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pylene (PP), has become widespread.” However, its intra-
peritoneal use has been questioned since Kaufman et al.?
first documented fistula formation in 1981 and has led to
legal concerns more recently.’ This has led to the develop-
ment of biologic and composite mesh, especially for use
in patients where an overlay or sublay repair cannot be
performed and the implanted material is in direct con-
tact with the viscera. The average cost of a biologic mesh
repair exceeds $85,000 per patient' with recurrence rates
>30%." Therefore, a major challenge is to develop an af-
fordable material, which can be utilized for strong and
definitive repair when fascial reapproximation is not pos-
sible and a bridged technique is required.

Our unique solution to this problem is a structural
protein, which offers high strength, biocompatibility, and
low production costs. Repetitive structural proteins such
as squid ring teeth (SRT) protein have mechanical prop-
erties that exceed most natural and synthetic polymers.'
They offer unique characteristics such as reversible assem-
bly of their physically cross-linked molecular structures,
and ultra-high energy absorbance, elasticity, and tough-
ness (capacity of a material to absorb energy and deform
up to the point of mechanical failure).”” Our previous
work on SRT has received attention for its thermoplastic-
ity and self-healing characteristics.'*'® However, SRT has
never been used in animal studies. The objective of this
pilot study was to evaluate the applicability of SRT protein
for soft-tissue repair in an abdominal wall defect model.
We hypothesized that SRT would offer superior abdomi-
nal wall integration and strength when used as a coating
compared with standard PP mesh.

MATERIALS AND METHODS

Fabrication and Characterization

Squid ring teeth were extracted from suction cups in
the arms and tentacles of Loligo pealeii squid (see figure,
Supplemental Digital Content la—c, which displays SRT
protein, http://links.lww.com/PRSGO/A827). The rings are
composed of proteins ranging from 15 to 60 kDa (Supple-
mental Digital Content 1d). SRT samples were washed in
water and ethanol and then dried in ambient conditions.
They were dissolved overnight in 1,1,1,3,3,3-Hexafluoro-
2-propanol to a concentration of 50 mg/mL and purified
by centrifugation. Large pore monofilament PP mesh
(Bard; ref# 0112680; New Providence, N.J.) was cut into
2x5cm strips and dip coated with SRT/1,1,1,3,3,3-Hexa-
fluoro-2-propanol solution (Supplemental Digital Content
le). Coated strips were dried at room temperature and
washed in deionized water. The resulting SRT-coated PP
mesh strips (SRT-PP) had 15% + 5% of protein content
(w/w). Spectral data were collected (Thermo Nicolet IR)
under attenuated total reflection (ATR, diamond crystal)
mode using Norton-Beer apodization with 4 cm™ resolu-
tions. For each spectrum, 256 scans were coadded. Uni-
axial tensile testing of SRT-PP and uncoated PP mesh
(control) was performed in a TA 800Q DMA instrument.
Thin film fixtures were used to clamp the specimens, and
strain ramp measurements were performed at a strain rate
of 5% /min.
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Cell Preparation and Adhesion Assay

3T3 fibroblasts (ATCC, Manassas, Va.) were cultured
in Dulbecco’s modified eagle’s medium (Corning Cellgro;
Manassas, Va.) supplemented with 10% fetal bovine serum
(FBS) (Life Technologies, Grand Island, N.Y.), 100 U/mL
Penicillin G, and 100 pg/mL streptomycin (Life Technolo-
gies). Cells were maintained at 37°C in 5% CO,. Meshes
were soaked in 70% ethanol for 5 minutes and washed in
phosphate-buffered saline, then 3T3 media, and placed
into individual wells of a 24 well plate. Cells were seeded
at a concentration of 2x10° in 300 pL. 3T3 media. Plates
were incubated for 6 hours; then an additional 150 pL of
media was added and incubated overnight. Mesh was trans-
ferred to new wells in a cell-repellent plate. Culture medi-
um was changed every 2 days over a 7-day period. Meshes
were imaged with an EVOS FL Auto inverted microscope
(ThermoFisher, Pittsburgh, Pa.). They were then stained
to determine adhesion at 3 time points (1, 4, and 7 d). At
each time point, 3 SRT-PP and PP meshes were rinsed with
Dulbecco’s phosphate buffered saline (DPBS; Life Tech-
nologies). Four hundred microliter of DPBS with 2 pM cal-
cein-AM (Invitrogen, Carlsbad, Calif.) and 4 pM ethidium
homodimer (Life Technologies) was added. Plates were
protected from light and incubated for 30 minutes and
then rinsed again. Four representative areas of each mesh
were randomly selected for imaging. Adhesion was quanti-
fied using Image] (National Institutes of Health, Bethesda,
Md.). After 7 days of culture, meshes were fixed overnight
with 4% paraformaldehyde (Sigma-Aldrich; St. Louis, Mo.)
at 4°C. Constructs were washed in DPBS. Permeabilization
was performed with 0.25% Triton X-100 (Sigma-Aldrich)
and 1% bovine serum albumin (RPI Corp., Mount Pros-
pect, Il1.) diluted in DPBS and incubated for 1 hour. Meshes
were double stained with Alexa Fluor 568 Phalloidin 1:100
and 5 pg/mL 4’,6-diamidino-2-phenylindole DAPI. Samples
were washed and imaged on a confocal laser scanning
microscope (Olympus FV10i; Tokyo, Japan).

Scanning Electron Microscopy

Field emission scanning electron microscopy (Nova
NanoSEM 630; FEI, Hillsboro, Ore.) was used to inves-
tigate surface topography. Meshes were fixed overnight
with 4% paraformaldehyde (Sigma-Aldrich) at 4°C. Con-
structs were washed in DPBS and dehydrated using graded
ethanol solutions (25-100%). Meshes were further dried
in a critical point dryer (CPD300; Leica EM; Wetzlar, Ger-
many), sputter coated with iridium (K557X Emitech Sput-
ter Coater, Tex.) and observed at an accelerating voltage
of 10keV.

Vertebrate Animal Procedures

Animals were monitored and cared for by the Depart-
ment of Comparative Medicine, and studies were per-
formed in AAALAC-accredited facilities. Veterinary care
was administered in accordance with guidelines in The
Guide for Care and Use of Laboratory Animals, 8th edition.

In Vivo Implantation
Anesthesia and postoperative analgesia were admin-
istered under Penn State institutional animal protocol
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#47197. Nine 10-week-old Sprague Dawley rats (4 male
and 5 female) were anesthetized with inhalational isoflu-
rane and a subcutaneous injection of carprofen (5mg/
kg) was administered. A warm water blanket was used to
prevent excessive heat loss and a sterile surgical field was
created. Ethylene oxide was used for mesh sterilization. A
2x5cm full-thickness segment of anterior abdominal wall
was excised to allow for mesh placement. The fascia and
muscle layers were repaired with a bridging technique (no
mesh overlap with muscle). After randomization, 3 males
and 3 females received SRT-PP mesh, whereas 2 females
and 1 male received PP mesh. Mesh was secured using 4-0
monocryl sutures in an interrupted fashion, and the over-
lying skin was closed with subcuticular 4-0 monocryl. Post-
operatively, animals were examined daily for the first week
and then three times per week thereafter for weight loss,
pain, hernia development, or other complications.

In Vivo Magnetic Resonance Imaging

At day 60, animals underwent magnetic resonance
imaging (MRI). Inhalational isoflurane was used for anes-
thesia. Animals were placed inside a holder (Acrylic Glass
animal cradle equipped with a nosecone and adjustable
bite bar) and then into the MRI (7-Tesla 300MHz 70/20as
Bruker Biospec MRI system; Bruker Biospin, Ettlingen,
Germany). A respiration monitor (PC-SAM Model 1025;
SA Instruments, Stony Brook, N.Y.) was used, and isoflu-
rane was adjusted in response to monitored breaths per
minute. After the initial localizer scan was performed, a
2D T2-weighted scan rapid acquisition with relaxation
enhancement (RARE) was acquired with the following
parameters: TR/TE = 4101/12.0ms, 8 averages, 1 echo,
256 x 256 matrix, 6.0x6.0cm FOV, RARE factor = 8, and
slice thickness 1 mm (40 slices). Total acquisition time of
the scan (respiratory-gated) was approximately 30 min-
utes. Immediately after MRI, anesthetized animals were
sacrificed. Image analysis was conducted using Image].

Histology

The anterior abdominal wall was opened widely along 3
sides of the mesh allowing for hinged exposure of the intra-
abdominal contents. Digital photographs were taken and
adhesions were scored macroscopically by 2 blinded observ-
ers using a b-point scoring system that accounted for extent
(percentage of mesh involved), type (flimsy or dense), and
tenacity (how difficult to dislodge) as previously described.'®
A 3cm rim of surrounding abdominal wall was excised along
with the mesh. Two specimens from each rat were prepared
for histological analysis. Tissue was fixed with 10% formalin,
processed in paraffin, sectioned, and stained with either he-
matoxylin and eosin (H&E) or Masson’s trichrome. Slides
were scored for inflammatory cell infiltrates, neovasculariza-
tion, necrosis, and hemorrhage as previously described.'® A
section of liver was also prepared for H&E staining.

Biomechanical Testing of Explants

Mesh specimens were prepared as 1cm wide by 5cm
long (3cm abdominal wall and 2cm mesh) strips and
placed in 0.9% sodium chloride. An Instron 5966 tensile
testing device (Norwood, Mass.) was used to perform uni-

axial tensile testing. The specimens were fixed on upper
and lower gripers using metal sutures and rigidly held by a
1kN load-cell platform. The lower gripper held the tissue
and the upper gripper held the mesh side of the explant.
Specimens were manually loaded until positive tension
was reached. The length of the reduced section was mea-
sured, and tensile loads were applied at a loading rate of
500mm/min until failure was observed. Tensile stress,
strain, peak stress, and strain at break were recorded.

Statistical Analysis
Student’s ¢ test was used to compare paired results with
P < 0.05 considered statistically significant.

RESULTS

In vitro results showed that the composite SRT mesh
has strong mechanical properties. In vivo implantation
showed SRT-PP mesh to be biocompatible and having
superior tissue integration compared with the uncoated
control. We chose rats for this pilot study because they rep-
resented the smallest accepted animal model for abdomi-
nal wall repair.

In Vitro Testing of SRT Mesh

Mesh thickness, measured with a micrometer, was
slightly increased after SRT coating (70-92 pm; Fig. 1A,
B). Coating was verified by Fourier-transform infrared
spectroscopy. Fourier-transform infrared spectroscopy
spectrum of PP mesh showed characteristic absorption
bands of PP (Fig. 1C)."” SRT showed bands characteristic
of proteins or polyamides.'”® SRT-PP mesh showed absorp-
tion bands from both PP and SRT, indicating coating was
successful. Mechanical comparisons were then made be-
tween the 2 groups. PP mesh showed a linear response
with strain until failure at 50% strain (unweaving at the
edges) at a tensile stress of 2.0+0.5MPa (Fig. 1D). Howev-
er, composite SRT-PP mesh showed a clear increase in the
tensile load for the same deformation (increase of 6 N),
followed by a linear region similar to the PP mesh (tensile
stress of 3.6+0.7MPa).

Cell Seeding, Count, and Adhesion

3T3 cells accumulated within the woven areas of the
mesh. Cell density on SRT-PP mesh increased significantly
over time and more than 3-fold by day 7 (8.17 cells/mm?
on day 1, 13.02 cells/mm? on day 4, and 29.99 cells/mm?
on day 7), whereas the density on control mesh remained
relatively unchanged (around 8 cells/mm? Fig. 2A). The
difference between cell content is shown on the confocal
images (Supplemental Digital Content 2), where cells on
composite SRT-PP mesh demonstrated increased fluores-
cent intensity compared with PP mesh (Fig. 2B, C) (see
figure, Supplemental Digital Content 2, which displays
SEM, hitp://links.lww.com/PRSGO/A828).

In Vivo Implantation and Radiographic Evaluation

In our studies, all rats had appropriate weight gain and
no systemic signs of distress after implantation, indicat-
ing biocompatibility of the material. We did not observe
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Fig. 1. In vitro testing of SRT mesh. A, Uncoated PP mesh. B, Composite SRT-PP mesh after coating. C,
Fourier-transform infrared spectroscopy spectrum of PP mesh, SRT protein, composite SRT-PP mesh,
and composite SRT-PP mesh after washing. D, Uniaxial tensile testing of composite SRT-PP and control
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Fig. 2. Cell seeding, count, and adhesion. A, Cells/mm? mesh after 1, 4, and 7 days. B, Immunofluorescence with DAPI and Phalloidin of
SRT-PP mesh. C, Immunofluorescence with DAPI and Phalloidin of PP mesh. * statistical significance.

any clinical evidence of infection, seroma, or hernia de-
velopment during the implantation period. MRI of the
abdominal cavity for composite and control mesh studies
demonstrated no occult seroma or hernia development
(see figure, Supplemental Digital Content 3, which dis-
plays MRI, http://links.lww.com/PRSGO/AS829).

Necropsy and Adhesion Scoring

Upon necropsy, we observed that the mesh repair
was completely intact in both the SRT-PP and PP control
groups. However, the PP group (n = 3) had significant cra-
niocaudal mesh contraction, whereas the SRT-PP group
(n = 6) had no contraction (2.27 versus 0.08 cm, P = 0.05;
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Fig. 3A, D). Despite the 3-fold increase in mesh contrac-
tion, there was no statistically significant difference in vis-
ceral adhesion formation between SRT-PP and PP groups
(3.17 versus 3.0, P= 0.78; Fig. 3G). This was graded using
an accepted method used in previous hernia studies.'® In
the SRT-PP group, 1 rat had grade 2 adhesions, and 1 had
grade 5 (colonic serosa was adherent to the mesh), where-
as the rest had grade 3 (Fig. 3B, C). All of the control rats
had grade 3 adhesions (Fig. 3E, F).

Histology
H&E staining showed chronic lymphoplasmacytic
inflammation was identical in both groups (SRT-PP 3.3
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Fig. 3. Necropsy and adhesion scoring. A, SRT-PP rat at necropsy showing no contraction. B, SRT-PP rat with grade 5 adhesion (colonic
serosa attached to mesh). C, SRT-PP rat with grade 2 adhesions. D, PP rat at necropsy showing vertical mesh contraction. E and F, PP rats
with grade 3 adhesions. G, Qualitative adhesion scores for composite SRT-PP and control PP.

versus PP 3, P = 0.4; Fig. 4). Congruent inflammation be-
tween groups seemed to indicate a foreign body reaction
to the mesh without any adverse effects from the SRT coat-
ing. Despite similar inflammation parameters, the SRT-PP
group demonstrated increased fibrosis and collagen de-

position ventral (toward the skin) to mesh placement as
demonstrated on trichrome staining (SRT-PP 168 pm ver-
sus PP 52 pm, P=0.005).' This was consistent with our in
vitro study of cell proliferation where SRT coated meshes
were characterized by a 3-fold increase in cell prolifera-
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). B, Trichrome staining

of SRT-PP rat abdominal wall+mesh (10x). C, H&E staining of PP rat abdominal wall + mesh (40x). D,
Trichrome staining of PP rat abdominal wall+mesh (10x). Arrows pointing to anterior fibrosis, bars (\)
showing thickness, and asterisks (*) showing mesh fibers.

A 16

1.2

0.8+

0.4+

Ultimate strength (MPa)

0.

SRT-PP PP

B oo0-
504
40+
30+

20+

Failure strain (%)

10

0..

SRT-PP PP

Fig. 5. Biomechanical testing of explants. A, Ultimate strength and (B) Failure strain of tissue explants
seized from rats that have composite SRT-PP and control PP mesh.

tion compared with uncoated PP mesh. Liver histology
demonstrated normal architecture and no foreign body
granulomas (See figure, Supplemental Digital Content 4,
which displays Liver Histology, http://links.lww.com/PRS-
GO/A830).

Biomechanical Testing of Explants

Biomechanical testing of mesh-tissue explants showed
that tissue explants from SRT-PP mesh tended toward
greater adhesion strength (0.99MPa versus 0.82MPa, P
= 0.61) than the PP group. Additionally, SRT-PP explants
had greater failure strain (41% versus 33%, P = 0.62;

6

Fig. 5) due to increased integration at the mesh—tissue
interface (ie, SRT protein coating increases integration).
Secondary to the limited number of animals used in this
study, these results failed to reach statistical significance.

DISCUSSION
Our study demonstrates that a thin SRT coating ap-
pears to increase the strength of the mesh—tissue interface
in a bridged abdominal wall repair without any increase
in inflammation. SRT binds to abdominal wall proteins,
while not relying on the typical inflammatory process of
scar formation.?” High mechanical properties (ie, elastic
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modulus of 2-4 GPa and strength of 50-100 MPa) and sig-
nificantly less craniocaudal shrinkage were seen compared
with uncoated PP mesh. These unique properties may al-
low it to function better than other synthetic and biologic
meshes, which can experience significant shrinkage?' or
increased recurrence rates,? respectively, as demonstrated
in both animal studies and clinically.* Mesh shrinkage has
been associated with significant postoperative pain in pa-
tients.** Furthermore, although it failed to reach statisti-
cal significance, SRT demonstrated the ability to enhance
abdominal wall integration when utilized as a composite
coating on PP mesh. Histologically, this appeared as an in-
crease in collagen deposition anterior to the mesh and was
corroborated by increased ultimate strength. The colla-
gen-rich scar formation led to the increase in mechanical
strength, as has been previously cited for other meshes.®
These characteristics allowed for similar complication
rates, with regard to visceral adhesions, when compared
with PP mesh.

Our findings suggest that SRT coating can be used to
increase mesh-tissue integration without any significant
adverse effects, both locally and systemically. Although the
material strength of synthetic mesh is adequate to restore
abdominal wall integrity, either a sublay or onlay repair is re-
quired to protect the viscera from unwanted inflammatory
effects. This leads to a paucity of durable options in patients
where fascial reapproximation is not possible. Composite
meshes are currently used in this population and typically
consist of a PP or polyester base, which are covered with a
protective membrane/film to prevent against visceral adhe-
sion or fistula formation.” However, by limiting tissue inte-
gration, these coatings may limit the strength of the final
repair, especially when used in a bridged position as only
the mesh periphery has fascial contact. Recurrent mesh fail-
ures have led toward the investigation of total abdominal
wall transplantation® in certain instances. Furthermore,
composite meshes have a substantially higher material cost
when compared with PP ($2000 versus $250 for 12x8cm).*
Biologic meshes are even more costly with prices exceeding
$5000 for a similarly sized piece and are prone to recur-
rences.” Therefore, in patients requiring bridged repair, a
standalone SRT mesh may have the potential to improve
outcomes while minimizing material costs.

Despite promising results of the pilot study, there are
several limitations. We used a small rodent model and sam-
ple size to demonstrate safety and biocompatibility, which
allowed us to keep research costs to a minimum. We recog-
nize that larger animals may offer a better representation
of human abdominal wall functionally and are in the plan-
ning stages of pig studies. Although PP mesh is not used in
a bridged position clinically, we again did not want to in-
cur the high expenses of a composite or biologic material
in a first-time animal study. For future studies, we will plan
for direct comparisons between an SRT-standalone, SRT-
PP, SRT-biologic, synthetic-composite, and biologic mesh.
Likewise, future studies will evaluate bridged, sublay, and
onlay placement, which will allow for better assessment
in all types of abdominal wall repairs that are being done
clinically. In addition, some animals will be evaluated for
longer time periods to assess for development of entero-

cutaneous fistulas. Further analyses will include models of
abdominal wall component separation where mesh plays
a major role in both anterior and posterior approaches.

CONCLUSIONS

This first-time animal pilot study showed that high-
strength SRT protein is biocompatible, and its coating on
PP does not show increased cellular signs of inflammation
above uncoated PP. In addition, composite SRT-PP mesh
showed superior abdominal wall integration compared
with standard PP mesh. Because SRT is a biologically de-
rived material and provides high strength, it may prove
useful in hernia repair. When combined with its relatively
low cost of production, it offers potential as a mesh coat-
ing, and future studies will evaluate its potential as a stand-
alone mesh material. In either scenario, it may be poised
to significantly improve the mesh armamentarium.
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