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A B S T R A C T

Post-operative adhesions, a common complication of surgery, cause pain, impair organ functionality, and often
require additional surgical interventions. Control of inflammation, protection of injured tissue, and rapid tissue
repair are critical for adhesion prevention. Adhesion barriers are biomaterials used to prevent adhesions by
physical separation of opposing injured tissues. Current adhesion barriers have poor anti-inflammatory and
tissue regenerative properties. Umbilical cord tissue (UT), a part of the placenta, is inherently soft, conforming,
biocompatible, and biodegradable, with antimicrobial, anti-inflammatory, and antifibrotic properties, making it
an attractive alternative to currently available adhesion barriers. While use of fresh tissue is preferable, avail-
ability and short storage time limit its clinical use. A viable cryopreserved UT (vCUT) “point of care” allograft
has recently become available. vCUT retains the extracellular matrix, growth factors, and native viable cells with
the added advantage of a long shelf life at −80 °C. In this study, vCUT's anti-adhesion property was evaluated in
a rabbit abdominal adhesion model. The cecum was abraded on two opposing sides, and vCUT was sutured to
the abdominal wall on the treatment side; whereas the contralateral side of the abdomen served as an internal
untreated control. Gross and histological evaluation was performed at 7, 28, and 67 days post-surgery. No
adhesions were detectable on the vCUT treated side at all time points. Histological scores for adhesion, in-
flammation, and fibrosis were lower on the vCUT treated side as compared to the control side. In conclusion, the
data supports the use of vCUT as an adhesion barrier in surgical procedures.

1. Introduction

Post-operative adhesions are a common complication of surgical
procedures. An estimated 90% of patients after gynecologic surgeries
and 93%–100% and 67%–93% of patients undergoing upper and lower
abdominal laparotomies, respectively, develop post-operative adhe-
sions [1–3]. Approximately, half of all readmitted patients suffer from
post-surgical adhesions and require adhesiolysis surgery. However,

adhesions often reoccur irrespective of the type of adhesiolysis proce-
dure or characteristics of the initial adhesions [3]. In the US, post-
surgical adhesions account for an estimated 303,836 hospitalizations
for adhesiolysis, corresponding to 846,415 days of inpatient care and
$1.3 billion in annual hospital and surgical care costs [4,5].

Sustained inflammation, increased exudate and fibrin deposition,
decreased fibrinolysis, and delayed tissue healing at a surgical site may
lead to adhesion formation between injured tissues [6,7]. Adhesion
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barriers are biomaterials that are commonly applied at a surgical site to
physically separate injured tissues [8]. Synthetic grafts that serve as a
physical barrier separating the opposing tissues are commonly used to
prevent adhesions [8,9]. Most recently several sprayable/liquid adhe-
sion barriers have been developed. Such sprays are easier to apply, they
are adhering and conforming to irregular and complex surfaces [10,11].
An ideal adhesion barrier would be biocompatible, nonimmunogenic,
anti-inflammatory, biodegradable, with a degradation rate synchro-
nized with tissue healing, and biomechanically strong for ease of ap-
plication. Currently, there are no biomaterials that possess all these
desired characteristics [8]. The search for ideal biomaterials to prevent
post-surgical adhesions is an ongoing effort.

Umbilical cord tissue (UT) is comprised of umbilical amnion and
Wharton's jelly [12]. UT is biocompatible, biodegradable, and non-
immunogenic, and has inherent anti-inflammatory, antifibrotic, anti-
microbial, analgesic, and angiogenic properties [12–14]. These prop-
erties are attributed to UT's 3-dimensional collagen and hyaluronic
acid-rich extracellular matrix, its native cocktail of cytokines and
growth factors, and tissue resident viable cells, including mesenchymal
stem cells [15–18]. Furthermore, UT is soft, conforming, and can be
sutured. The thickness, handling, and biomechanical properties make
UT a suitable graft for surgical applications. However, the use of fresh
UT tissue is limited by its short storage time. Advances in cryopre-
servation have allowed the development of viable cryopreserved um-
bilical cord tissue (vCUT), which retains all the characteristics of fresh
tissue with the advantage of long-term storage. vCUT is an “off-the-
shelf” point-of-care commercial placental tissue allograft that is cur-
rently being used clinically in the management of limb-salvage cases
and tendon and fistula surgical repairs [19–21]. The ease of surgical
application, in conjunction with the demonstrated inherent properties
of vCUT, prompted this study to further evaluate the use of vCUT for
the prevention of post-surgical adhesion in a rabbit abdominal adhesion
model.

2. Research design and methods

2.1. Tissue procurement and ethics statement

Human, normal, full-term placentas were provided by the National
Disease Research Interchange (Philadelphia, PA) and Cord Blood
America, Inc. (Las Vegas, NV) from eligible donors after obtaining
written informed consent. Tissue procurement and ethics statement
were provided by The National Disease Research Interchange and Cord
Blood America, Inc.

2.2. vCUT processing

Placental tissues were aseptically processed in a biological safety
cabinet within 36 h after collection. The human UT was separated from
the amnion, chorion, and decidua by blunt dissection. The UT was cut
to expose the blood vessels and all vessels were removed using blades
and forceps, washed with saline, and mechanically cleaned to remove
residual blood. The UT was then incubated in Dulbecco's modified
Eagle's medium (DMEM) (GE Healthcare Life Sciences, Piscataway, NJ)
containing an antibiotic cocktail of gentamicin (Fresenius Kabi, Lake
Zurich, IL), vancomycin (Hospira, San Jose, CA), and amphotericin B
(Sigma-Aldrich, St. Louis, MO) for 18–48 h at 37 °C and 5% CO2 in a
humidified atmosphere. Residual antibiotics were removed by washing
with Dulbecco's phosphate-buffered saline (DPBS) (Life Technologies,
Carlsbad, CA), and the UT was cut into 5 cm2 pieces. Cryopreservation
of UT was performed by freezing UT in a bag with a dimethyl sulfoxide
(DMSO) (Mylan Inc., Canonsburg, PA) containing cryoprotectant solu-
tion at a controlled 0.4 °C/minute cooling rate established with a
temperature probe. Viable cryopreserved UT (vCUT) was stored at
−80 °C prior to the experiments.

2.3. vCUT thawing procedure

Viable cryopreserved UT was thawed by placing the frozen bag in a
water bath at 37 °C for 5–15min and immediately transferred into a
basin with sterile phosphate-buffered saline (PBS).

2.4. Assessment of vCUT cell viability

Umbilical tissues from 6 donors were used for all experiments as-
sessing cell viability of the tissue. LIVE/DEAD viability/cytotoxicity kit
(Life Technologies, Carlsbad, CA) was used following manufacturer's
instructions. Briefly, samples were incubated in a 1:1000 dilution of
calcein acetoxymethyl (cAM) and ethidium homodimer-1(EtHd-1) for
30min and analyzed using a fluorescent microscope (Eclipse TE300;
Nikon). Viable cells within the tissue were identified by green fluor-
escent cAM staining, whereas dead cells were stained with red fluor-
escent EtHd-1. Images acquired in green and red channels were merged
using ImageJ (National Institute of Health, Bethesda, MD).

Outgrowth of cells from vCUT explants was used to confirm the
presence of viable cells within the tissue. Thawed vCUT was cauterized
onto a 10 cm Petri dish and incubated in DMEM with 10% fetal bovine
serum (FBS) (Life Technologies, Carlsbad, CA) and 1× antibiotic-anti-
mycotic (Life Technologies, Carlsbad, CA) for 7–14 days. Outgrowth of
cells from vCUT onto the Petri dish was analyzed microscopically, and
images were taken with an Olympus IX70 inverted microscope
equipped with a digital camera (Olympus, Waltham, MA).

Fresh UT samples, from the same donors as vCUT, were used as a
positive control for cell viability and cell outgrowth assessments.

2.5. Detection of growth factors and cytokines present in vCUT

Umbilical tissue from 6 donors was used for evaluation of growth
factor and cytokine profiles. Five cm2 samples of fresh UT and vCUT
were prepared from placentas derived from the same donors. The vCUT
was thawed prior to experiments as described under “vCUT thawing
procedure”. Tissue extracts were prepared by homogenizing fresh UT,
or vCUT in a T-PER buffer (Thermo Fisher Scientific, Waltham, MA)
supplemented with a protease inhibitor cocktail (Sigma, St. Louis, MO)
using a gentleMACS Dissociator (Miltenyi Biotec, Auburn, CA). Tissue
extracts were clarified by centrifugation (Eppendorf, Hauppauge, NY)
at 14,000 revolutions per minute (rpm) for 15min. Clarified tissue ex-
tracts were analyzed using a multiplex growth factor panel kit
(LXSAHM-15, R&D Systems, Minneapolis, MN) and Bio-Plex MAGPIX
(Bio-Rad, Hercules, CA). The test panel included interleukin 10 (IL-10),
interleukin-1 receptor antagonist (IL-1RA), platelet-derived growth
factor BB (PDGF-BB), basic fibroblast growth factor (bFGF), stromal
cell-derived factor 1 alpha (SDF-1α), angiopoietin-1 (ANGPT1), an-
giogenin (Ang), angiopoietin-2 (ANGPT2), epidermal growth factor
(EGF), hepatocyte growth factor (HGF), tissue inhibitor of metallopro-
teinases-1 (TIMP-1), insulin-like growth factor binding protein-1
(IGFBP-1), vascular endothelial growth factor-D (VEGF-D), platelet-
derived growth factor AA (PDGF-AA), and placental growth factor
(PIGF).

2.6. Evaluation of biomechanical properties

Biomechanical testing was performed by Community Tissue
Services (Dayton, OH). For uniaxial tension and suture retention, nine
(n= 9), vCUT strips in the parallel and perpendicular directions from 4
grafts were obtained. For the ball burst test, nine (n=9), specimens
from 7 grafts were selected without regard to fiber direction.

2.6.1. Uniaxial tension testing to failure
A gage length of 27mm was set for all samples, and 3 thickness

measurements within this gage length were obtained using the laser
micrometer. All samples were tested at a displacement controlled rate
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of 5mm/s. Load and displacement data were recorded by the material
testing system's (ElectroPuls E3000; Instron, Norwood, MA) 100 N load
cell (Instron 2530-427, Instron, Norwood, MA) and integrated actuator
position sensor, respectively. Maximum stress was calculated as the
maximum load divided by the average cross-sectional area for each
specimen. Strain at maximum stress was the displacement value cor-
responding to the maximum stress value divided by the gage length.
Stiffness was taken as the slope of a linear regression of the points on
the respective diagram.

2.6.2. Suture retention
Suture retention specimens (2 cm×4 cm) were tested with both

parallel and perpendicular oriented fibers. The specimens were
clamped in the pneumatic grips with a 2.0 cm tab hanging from the top
clamp. A 25.4 cm long segment of wire was placed through the tab
1.0 cm away from the free end, centered in the width of the specimen.
The wire was secured to the base of the materials testing system with a
custom grip base and post system. The wire was wrapped around a post
and twisted around itself in such a way that it would not unwind with
the extension of crosshead. The specimen was pulled at a displacement
controlled rate of 25.4mm/s. Load and displacement data were re-
corded by the material testing system's (ElectroPuls E3000; Instron,
Norwood, MA) 100 N load cell (Instron 2530-427, Instron, Norwood,
MA) and integrated Linear Variable Differential Transformer (LVDT)
position sensor, respectively.

2.6.3. Ball burst test
An average of 3 thickness measurements obtained in each fiber di-

rection using the laser micrometer was calculated. Each specimen was
then “sandwiched” between two 220 grit sandpaper rings and clamped
between the plates of the ball burst fixture. Tests were conducted at a
displacement rate of 305mm/min, per American Society for Testing
and Materials.

(ASTM) Standard D6797 – 021. Load and displacement data were
recorded by the material testing system's (ElectroPuls E3000; Instron,
Norwood, MA) 100 N load cell (Instron 2530-427, Instron, Norwood,
MA) and integrated LVDT position sensor, respectively. Displacement
was defined as the indenter travel perpendicular to the plane of the
umbilical tissue, with zero located on the specimen's top surface.

2.7. Animals

New Zealand White rabbits (Charles River, Inc., Wilmington, MA)
were housed at the Noble Life Sciences vivarium in Sykesville, MD. All
experimental protocols were approved by the Noble Life Sciences’
Institutional Animal Care and Use Committee. All rabbits were fed
Harlan Teklad Global High Fiber Rabbit Diet #2031 (Harlan, Madison,
WI) ad libitum.

2.8. Rabbit abdominal adhesion model

Prior to surgery, the rabbits were anesthetized with ketamine
(20–40 mg/kg) and xylazine (4–6 mg/kg). Additionally, buprenorphine
(0.02–0.05 mg/kg) was administered by an intravenous (IV) catheter in
a marginal ear vein and an endotracheal tube was placed. Hair was
removed from the rabbit's abdomen using Nair (Church & Dwight Co.,
Inc., Ewing, NJ). During surgery, the rabbit was maintained under
anesthesia with 1%–3% isoflurane + 1–2 Lt O2. Fluid was provided as a
10mL/kg/h saline IV infusion. A pulse oximeter was used to monitor
heart rate and oxygenation. Temperature was monitored every 15min.
Prior to initiation of the procedure, the surgical field was aseptically
scrubbed with Nolvasan scrub solution (Zoetis Services LLC,
Parsippany, NJ) and rinsed with 70% ethanol. A 10 cm midline lapar-
otomy was made, and the cecum and bowel exposed. The surface of the
cecum adjacent to the sidewall defect was abraded with sterile gauze
for 15min until petechial hemorrhage was observed. The surface of the

cecum facing the rest of the bowel was abraded for 5min. Saline was
applied to the bowel and serosa to prevent drying. A 3×3 cm square of
the peritoneum and the abdominal transverse muscle was removed
from the right lateral abdominal wall. Each animal had 2 surgical sites;
at one site, vCUT was sutured to the injured abdominal wall, whereas
the other site served as an internal control. At the end of the surgery,
the bowel was placed back into the abdominal cavity, and the muscle
wall of the rabbit was closed with intracutaneous running suture (Safil,
B. Braun, Bethlehem, PA). The skin was then closed with intracutaneous
running suture or skin adhesive surgical glue. Following recovery from
anesthesia, long-term post-operative care was performed twice daily for
at least 10 days following surgery. Seven, 28, and 67 days post-surgery,
animals were euthanized via an IV overdose of sodium pentobarbital
while under ketamine/xylazine anesthesia. Gross evaluation of the
surgical sites for the presence of abdominal adhesions and strength of
the adhesions was performed. Adhesions were scored according to
previously reported scoring system: Score 0= no adhesions; score
1=filmy adhesions, adhesions that would separate with gravity; score
2= stronger adhesions, adhesions easy to separate by blunt dissection;
score 3= strong adhesion, lysis possible but by sharp dissection only;
score 4= very strong adhesions, lysis possible by sharp dissection only
(organ strongly attached with severe adhesions and damage of organs
hardly preventable) [22]. Tissue samples collected from surgical sites
were used for histological analysis.

2.9. Histological evaluation

Fresh UT, vCUT, and animal tissue samples collected from surgical
sites were fixed in 10% formalin for 24 h and then transferred to
ethanol. Samples were embedded in paraffin, sectioned at 5 μm, and
stained with hematoxylin and eosin (H&E), hyaluronan binding protein
(HABP) (Abcam #ab176959, Cambridge, MA), Masson's trichrome
(MT) stain, CD68 (Abcam #955, Cambridge, MA), inducible nitric
oxide synthase (iNOS) (Abcam #ab3523, Cambridge, MA), and CD163
(Abcam #111250, Cambridge, MA). Heat induced epitope retrieval was
performed prior to primary antibody incubation. Rabbit IgG was used
as secondary for iNOS.Mouse IgG was used as secondary for CD163 and
CD68. DAB was used as the substrate. Standard protocols at Histoserv,
Inc. (Germantown, MD) were used to perform staining. Histological
scoring of samples was performed by a blinded pathologist at Noble Life
Sciences.

2.10. Statistical analysis

Results are presented as mean ± standard deviation (SD). Student
T-test was used for statistical analysis, and p < 0.05 was considered
significant.

3. Results

3.1. Evaluation of structural and cellular integrity of vCUT

Visually, vCUT appears as an ∼1–3mm thick off-white-colored
graft (Fig. 1A). Variable thickness across the tissue is mostly due to the
presence of grooves after removal of blood vessels. The groove areas are
the thinnest area in vCUT (Fig. 1A, labeled by asterisks). Results of
biomechanical testing of vCUT are summarized in Fig. 1B. Results are
consistent with biomechanical properties of soft connective tissue, in-
cluding fresh UT as reported in the literature [23–25].

The structural integrity of the extracellular matrix in vCUT was
evaluated histologically using hematoxylin and eosin (H&E) staining,
and immunohistochemical staining for hyaluronic acid binding protein
(HABP). When compared to fresh UT, vCUT showed no changes in
tissue architecture (Fig. 1C). The presence of epithelial cells in the
umbilical amnion and sparsely distributed stromal cells and fine col-
lagenous fibers in the Wharton's jelly (WJ) were revealed by H&E
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staining (Fig. 1C top panel). There was no difference in hyaluronic acid
(HA) amount or its distribution across the tissue between vCUT and
fresh UT (Fig. 1C bottom panel).

vCUT extracts were assayed to determine the impact of cryopre-
servation on growth factors that are important for tissue repair and
regeneration and compared to levels in fresh UT. No significant dif-
ference in levels of EGF, HGF, bFGF, PDGF-AA, PDGF-AA, placenta
growth factor (PIGF), ANG, ANGPT1, angiopoietin-2 (ANGPT2), VEGF-
A, VEGF-D, SDF-1α, IL-10, and TIMP-1 was found between vCUT and
fresh UT (Fig. 1D).

The presence of viable cells in vCUT and fresh UT was demonstrated
using the LIVE/DEAD viability/cytotoxicity assay. A qualitative com-
parison showed that the majority of cells were viable in both vCUT
post-thaw and fresh UT (Fig. 1E top panel). Analysis of a large number
of stained sections of umbilical tissue showed high variability of cell
distribution within the tissue. Viable cells were observed across at least
70% of the tissue. There was no difference in cell viability between
fresh and cryopreserved umbilical tissues (Fig. 1E). Furthermore, via-
bility of cells in vCUT post-thaw was confirmed by observed outgrowth
of cells that migrated from vCUT and proliferated in vitro, similar to
fresh UT (Fig. 1E bottom panel).

3.2. vCUT prevents adhesion in a rabbit model of abdominal adhesion

The study design (Table 1) and a schematic description of the rabbit
model of abdominal adhesion, with in-surgery photographs, are shown
in Fig. 2. Adhesions in rabbits were induced on both sides of the ab-
domen. Following abrasion of the cecum (Fig. 2A), a portion of the
peritoneum and abdominal transverse muscle was removed (Fig. 2B).
vCUT was applied to the injured area and sutured to the abdominal wall
(Fig. 2C) at one surgical site. A second surgical site on the same animal
did not receive a graft, to serve as an internal control.

Twelve of the 12 (100%) control sites developed adhesions, whereas
the sites treated with vCUT showed no adhesions at all time points
(Figs. 3–5). By day 7, internal control site had already developed grade
3 adhesions, suggesting that adhesion formation between injured tis-
sues is a very rapid process (Fig. 3A). In contrast, the vCUT treated
surgical site did not develop adhesions between the abdominal wall and
cecum (Fig. 3B). Histological evaluation showed microscopic morpho-
logical changes in the tissue at the internal control site seven days post-
surgery. The H&E stained internal control site tissue sections displayed
the presence of cecal mucosa, submucosa, and muscularis externa
connected to the abdominal wall by fibrous bands (Fig. 3C). The band

of fibrous tissue between the cecal layer and abdominal wall was not
detected at the vCUT-treated sites. The vCUT graft remained present on
the abdominal wall at the surgical site (Fig. 3B and D, fig. S1A). The
presence of fibrous bundles of collagen deposition between injured
tissues was found in tissue sections from internal control sites via MT
staining (Fig. 3E). Collagen deposition was not detected at the vCUT
treated sites (Fig. 3F, fig. S1B). To assess inflammation at the surgical
site tissue sections collected at day 7 were immunohistochemically
stained for CD68 (macrophage marker), iNOS (M1 macrophage marker)
or CD163 (M2 macrophage marker). CD68 and CD163-positive cells
were detected in neither control nor vCUT-treated tissue sections (Figs.
S2A, B, E, F). Both control and vCUT-treated tissue sections had iNOS
positive cells (Figs. S2C and D), however these cells were not macro-
phages as the tissue sections had no CD68-positively stained cells (Figs.
S2A and B). Higher abundance of iNOS positive cells were observed in
controls than was seen on vCUT treated site. In controls, iNOS dis-
tribution was present throughout the cecum and abdominal wall
whereas vCUT treatment showed patches of iNOS in the cecum and
very little presence in vCUT (Figs. S2A and B).

A second group of animals was evaluated at 28 days post-surgery.
Gross visual scoring for the presence and severity of adhesions between
abdominal wall and cecum was performed during necropsy (Table 2).
Grade 3 adhesions between the cecum and abdominal wall were ob-
served at internal control sites, whereas no adhesions were observed in
vCUT treated sites (Fig. 4A and B, and Table 2). At the treated sites, a
partial resorption of vCUT graft was observed with the thinner graft
remaining on the abdominal wall (Fig. 4B). The presence of fibrosis
between abdominal wall and cecum, and abdominal wall and vCUT
tissue section were scored by a blinded third-party pathologist
(Table 2). The incidence of inflammation was determined by the pre-
sence of inflammatory cells (Table 2). A thick layer of grade 3 fibrous
tissue between the cecum and abdominal wall present at internal con-
trol sites 28 days post-surgery was revealed by H&E staining (Fig. 4C,
Table 2). Adhesions were not detected upon histological evaluation in
samples from vCUT treated sites (Fig. 4D and fig. S1C). However, lower
grade 2 fibrosis between vCUT and the abdominal wall was detected
histologically (Fig. S1C, Table 2). Also, a small number of inflammatory
cells in the vCUT graft were detected by H&E staining (Fig. 4D, fig. S1C:
marked by asterisk, Table 2). Highly unaligned bundles of dense col-
lagen fibers were detected in the region of adhesions in the MT stained
internal control site tissue sections (Fig. 4E, arrows). The penetration of
collagen fibers into the cecal muscle and abdominal muscle layers was
histologically confirmed by the formation of tight adhesions (Fig. 4E,
arrows). In vCUT treated sites, no collagen deposition was detected on
MT stained tissue sections. vCUT was still present at the site, and it was
attached to the abdominal wall with minimal collagen fibers and fi-
broblast infiltration (Fig. 4F, fig. S1D).

67 days post-surgery, internal control sites had grade 3 adhesions
similar to those found on day 7 and 28. (Fig. 5A). Treated surgical sites
had no adhesions, with the healed abdominal wall containing remnants
of vCUT (Fig. 5B). Histologically, a complete “fusion” between the
abdominal wall and cecum was observed for the internal control sites,
but not at the vCUT treated sites (Fig. 5C–F). By day 67 post-surgery,
the vCUT graft was almost completely resorbed, and both the abdom-
inal wall and cecum were healed normally without attachment to each

Fig. 1. vCUT characterization. (A) Visual appearance of vCUT post-thaw. Asterisks show the thinner grooves in the tissue after removal of umbilical blood vessels.
(B) Biomechanical properties of the vCUT. (C) Hematoxylin and Eosin (H&E, top panel) staining and staining with hyaluronan binding protein (HABP)-horseradish
peroxidase (HRP) conjugate (bottom panel) of fresh umbilical tissue (UT) (left images) and vCUT (right images). (D) Presence of angiogenin (ANG), angiopoietin-1
(ANGPT1), angiopoietin-2 (ANGPT2), vascular endothelial growth factor A (VEGF-A), vascular endothelial growth factor D (VEGF-D), stromal cell derived factor-1α
(SDF-1α), epidermal growth factor (EGF), hepatocyte growth factor (HGF), basic fibroblast growth factor (bFGF), platelet derived growth factor AA (PDGF-AA),
platelet derived growth factor BB (PDGF-BB), placenta growth factor (PIGF), interleukin 10 (IL-10) and tissue inhibitor of matrix metalloproteinases-1 (TIMP-1) in
vCUT. Levels of growth factors are shown in % (mean ± SD) relatively to the levels of corresponding growth factors in fresh UT for 6 donors. (E) Cell-viability
assessment by staining of fresh UT (top left image) and vCUT post-thaw (top right image) with calcein AM (green-stained viable cells) and ethidium homodimer-1
(red-stained dead cells). Representative images for 1 out of 3 tested donors (bottom panel) show cell outgrowth after placing fresh UT (bottom left image) or vCUT
(bottom right image) in culture medium for 10 days.

Table 1
Study design.

Experimental Group Time points & number of
animalsa

Treatment type applied to
each injury site

Day 7 Day 28 Day 67

1 1 1 1 Control/Control
2 1 1 1 vCUT/vCUT
3 2 2 2 vCUT/Control

a Each animal had two injury sites.
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other (Fig. 5).
The effect of vCUT was also evaluated in a more severe experi-

mental setup (Fig. S3), in which the injured cecum was sutured to the
peritoneal wall to force formation of adhesions (Fig. S3D). The study
design is presented in Table S1. Due to severity of this experimental
setup each animal had only one surgical site. At day 7, animals that had
the cecum sutured to the injured abdominal wall developed grade 3
adhesions (Fig. S4A). There were no adhesions present when vCUT was
placed between the sutured abdominal wall and cecum (Fig. S4B).
Grade 2 adhesions were found only at small areas at the edges of the
surgical site where vCUT was not covering the injured tissues (Fig.
S4B). Grade 4 adhesions developed in control animals by 28 days post-
surgery (Fig. S4C). Similar to day 7, at 28 days post-surgery, grade 2
adhesions were found only in areas where vCUT was not covering

injured tissues (Fig. S4D). Lower grade fibrosis and inflammation in the
vCUT treated versus control animals was confirmed by histological
scoring 28 days post-surgery (Table S2). Similar to day 28, at day 67
post-surgery, grade 4 adhesions were present only in control animals
(Figs. S4E and F).

4. Discussion

Placental membranes and umbilical cord tissue have anti-in-
flammatory, anti-oxidant, antifibrotic, and proangiogenic properties
that support the natural healing processes of injured tissues [26–30].
However, one of the biggest limitations of fresh tissue is its short sto-
rage time. Recent advances in tissue preservation led to the develop-
ment of commercially available cryopreserved placental tissue that

Fig. 2. Rabbit sidewall defect-cecum abrasion model. Study design is described in Table 1, and a schematic representation of the surgical procedure is shown to
the left of A-C. Each animal had two injury sites. Photographs 2A-C show key steps of the surgical procedure: (A) Cecum was abraded for 15min on one side, resulting
in profuse bleeding. The surface of the cecum facing the rest of the bowel was also abraded for 5min. (B) Abdominal wall was abraded by removal of a portion of the
abdominal wall muscle layer from the abdominal cavity to induce bleeding and inflammation. (C) vCUT was sutured to the injured abdominal wall. No vCUT was
used at the control sites. Abdomen was closed.
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Fig. 3. Gross and histological evaluation of peri-
toneal adhesions at day 7 post-surgery. (A)
Abraded abdominal wall directly opposed to the
cecum showed early adhesion formation at control
sites. Adhesions involved multiple bowel segments.
(B) In the presence of vCUT, there were detectable
adhesions. Localized bleeding was observed at the
site as a result of surgical intervention. (C, D) H&E-
stained tissue sections of control (C) and vCUT-
treated injury (D) sites. Arrows show an adhesion
band at the control site. (E, F) Masson's trichro-
me–staining shows the presence of fibrous tissue
between the cecum and abdominal wall in control
sites (E) and no fibrosis present at vCUT-treated sites
(F). AD, adhesion; AW, abdominal wall; B, blood; C,
cecum; S, suture; vCUT, cryopreserved placental
tissue.

Fig. 4. Gross and histological evaluation of peri-
toneal adhesions at day 28 post-surgery. (A)
Multiple sections of the cecum have tight adhesions
to the abdominal wall. (B) In the presence of vCUT,
adhesions were not detected. No signs of bleeding at
both control and vCUT-treated injury sites. Partially
resorbed vCUT was detected at the injury site. (C, D)
H&E-stained tissue sections of control (C) and vCUT-
treated injury (D) sites. Arrows show an adhesion
band at the control site. (E, F) Masson's trichro-
me–staining shows the presence of fibrous tissue
between the cecum and abdominal wall at the con-
trol site (E), and no fibrosis observed at the vCUT-
treated site (F). AD, adhesion; AW, abdominal wall;
C, cecum; S, suture; vCUT, cryopreserved placental
tissue. Peritoneal adhesion scoring is summarized in
Table 2.
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retains all native components and properties of fresh tissues, but in
contrast to fresh tissue, have long shelf life [31–33].

Results of our characterization studies of vCUT confirm that it re-
tains all the inherent components of the fresh UT. Our studies show that
the tissue extracellular matrix (ECM), growth factors, and the en-
dogenous viable cells are all preserved in vCUT (Fig. 1). Both fresh UT
and vCUT contain high levels of HA, a natural biopolymer molecule,
that possesses anti-inflammatory and antioxidant properties [15,34].
Further, we found that various classes of growth factors native to fresh
UT are also present in vCUT (Fig. 1D). Key growth factors-regulators of
cellular activities, angiogenic and anti-inflammatory factors that are
essential in tissue repair and regeneration were compared in fresh UT
and vCUT. Data showed similar levels of growth factors that regulate
cell migration, proliferation, and maturation including EGF, HGF,
bFGF, PDGF-AA, PDGF-AA, and PIGF. Angiogenic factors of fresh UT
such as ANG, ANGPT1, ANGPT2, VEGF-A, VEGF-D, and SDF-1α that
promote neovascularization of the damaged tissue are also retained in
vCUT. Furthermore, presence of anti-inflammatory IL-10 and inhibitor
of proteases TIMP-1 were detected in vCUT. We also showed that vCUT
retains endogenous viable cells. The importance of retaining viable cells
along with tissue matrix and a plethora of growth factors after tissue
preservation has been previously reported in multiple scientific and

clinical studies [31,33,35–38]. Accumulated data suggest that pre-
servation of all tissue components is required to retain the full spectrum
of biological activities of the fresh tissue [30,31,33,36].

The tissue thickness and vCUT's biomechanical and handling prop-
erties make it easy to apply in various surgical procedures. Contrary to
most of the currently available synthetic adhesion barriers, vCUT is a
viable biological allograft containing all the components needed to
serve as an effective adhesion barrier. Collagen- and HA-rich ECM
makes vCUT a durable and biodegradable graft. Furthermore, the in-
hibitory effect on both proliferation and migration of fibroblast, re-
sponsible for adhesion formation, is a result of the intrinsic negative
charge of HA [11]. Also, positive clinical outcomes of vCUT's surgical
use indicate that the tissue allograft has anti-inflammatory properties
and supports tissue repair processes [19,21]. The components and
properties of vCUT described above suggested its potential benefits for
post-surgical adhesion prevention. Hence, the key purpose of this study
was to evaluate vCUT as a biological adhesion barrier.

The in vivo rabbit model of abdominal adhesion was used to eval-
uate the effect of vCUT on post-surgical adhesion formation. vCUT's
biomechanical properties allowed for ease of handling and suturing
onto the abdominal wall. Over the course of the study, the absence of
adhesion in all the animals treated with vCUT (with either nonsutured
or sutured cecum to abdominal wall) established its effectiveness as an
anti-adhesive barrier. Persistence of vCUT at the surgical site allowed
control of inflammation and healing of the injured tissue. Furthermore,
the rate of degradation of vCUT was gradual and synchronous with the
healing of injured tissue. Analysis of tissue sections showed that in-
flammatory cells were present at the surgical sites, however, these cells
are not macrophages (Figs. S2A and B). The abdominal wall and cecum
tissue sections were positively stained for iNOS, however, there were no
difference between control and vCUT-treated samples (Fig.S2 C, D).
Data in the literature suggests that those cells might be smooth muscle
cells or T- and B-lymphocytes [39].

There are many different types of adhesion barriers; however, none

Fig. 5. Gross and histological evaluation of peri-
toneal adhesions at day 67 post-surgery. (A)
Sections of the cecum have tight adhesions to the
abdominal wall at the control site. (B) In the pre-
sence of vCUT, adhesions were not detected. Most of
vCUT was resorbed with only vCUT residuals visible
on the abdominal wall. (C, D) H&E-stained tissue
sections of control (C) and vCUT-treated injury (D)
sites. Arrows show an adhesion band at the control
site. (E, F) Masson's trichrome–staining shows the
presence of fibrous tissue between the cecum and
abdominal wall in control sites. (E) No inflammation
and fibrosis were observed at the vCUT treated site
(F). AD, adhesion; AW, abdominal wall; C, cecum; S,
suture; vCUT, cryopreserved placental tissue.

Table 2
Peritoneal adhesion scoring.

Parameters Score at day 28

Control vCUT

Adhesion between wall and cecum (gross evaluation) 3 0
Fibrosis (histological evaluation) 3 2a

Inflammation (histological evaluation) 3 3a

Grading scale: 0= normal; 1=minimal; 2=mild; 3=moderate; 4= severe.
a Areas between abdominal wall and vCUT with no adhesion to cecum.
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of them have all necessary characteristics and properties desired for
prevention of post-surgical adhesions [8]. Both natural (hyaluronic
acid, chitosan, trehalose, pullulan, phospholipid, and gelatin) and
synthetic polymer (expanded polytetrafluoroethylene (ePTFE), and
poly [lactic-co-glycolic acid]) (PLGA) materials have been tested for
preventing adhesion [11]. Every material has its own drawbacks, which
can be divided into three major categories: manufacturing challenges,
material oxidation and/or pro-inflammatory properties, or rapid de-
gradation. Some of the materials—such as chitosan, pullulan, and tre-
halose—have a complex manufacturing process with low yield and high
cost. Others, including PLGA and phospholipids, are susceptible to
oxidation and trigger inflammation in the host tissue. Biomechanical
properties and persistence time post-application are critical character-
istics for adhesion barriers. Materials such as gelatin are prone to fric-
tion and could cause further tissue damage at the surgical site. Rapid
degradation is known drawback of hyaluronic acid, whereas ePTFE is
non-biodegradable [11].

Current adhesion barriers used in surgeries primarily function as a
physical obstruction separating opposing tissues at the surgical site, but
have low potential to control inflammation and support tissue re-
generation [8]. A direct comparison of commercially available adhesion
barriers in a rat model of adhesion showed that adhesion-free incidence
was 20% for Seprafilm (Sanofi-Aventis, Bridgewater, NJ) and Intercoat
(FzioMed Inc, San Luis Obispo, California), 3% for SprayGel (Confluent
Surgical, Inc., Waltham, MA), and 0% for Adept (Baxter, San Juan, PR)
or the control animals without the use of adhesion barrier [40]. Se-
prafilm is a thin film composed of hyaluronic acid and carbox-
ymethylcellulose that directly applied on the injured tissue to prevent
adhesions. Adept, an icodextrin adhesion reduction solution, provides a
temporary separation of peritoneal surfaces by hydroflotation. Inter-
ceed is a woven fabric adhesion barrier that composed of oxidized re-
generated cellulose. Animal studies showed that oxidized regenerated
cellulose gelates within approximately 8 h and degrades within 4 days.
Seprafilm, Adept, and Interceed are the only three U.S. Food and Drug
Administration (FDA)–approved products and are widely used for ad-
hesion prevention [8].

The use of human placental membranes and umbilical cord tissue
for a broad variety of surgical applications is well documented in the
literature [19,41,42] The anti-inflammatory, antifibrotic and anti-
bacterial properties of placental tissues make them an attractive option
for many clinical applications [43–45]. The low immunogenicity of
placental tissues allows allogeneic use of placental grafts without
matching between donors and recipients [46,47]. Cellular composition
of placental membranes and umbilical tissue includes neonatal epi-
thelial cells, fibroblasts and mesenchymal stem cells that are low im-
munogenic cells [14,48]. Lack of vasculature and nerves within pla-
cental membranes and umbilical tissue together with production of
anti-inflammatory factors by endogenous placental cells contribute to
placental membranes and umbilical tissue low immunogenicity
[14,44]. Date above supports that composition and properties of pla-
cental tissue allows the use of tissue allografts with viable cells. In our
study, using a clinically relevant rabbit abdominal adhesion model,
vCUT application led to 100% adhesion-free incidence. vCUT is a
human tissue graft, and vCUT is a xenogeneic tissue for rabbits, which is
a more severe mismatch in comparison to the allogeneic use. However,
even in the xenogeneic settings vCUT prevented post-surgical adhesions
in rabbits without triggering an inflammation and rejection. Results of
our study support that vCUT, in addition to being a physical barrier,
controls inflammation and supports rapid tissue healing. Control of
inflammation and rapid tissue healing are critical for adhesion pre-
vention [5,49]. Being a native tissue, the main limitation of vCUT is its
sizes. Sizes of vCUT are limited to the size of the umbilical cord tissue,
meaning it cannot be scaled up like sizes of synthetic barriers.

In conclusion, this study shows that vCUT reduces post-operative
adhesion formation in vivo. Future clinical studies confirming the ad-
vantages of vCUT as adhesion barrier are further warranted.
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