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Supramolecular Fibrous Hydrogel Augmentation of
Uterosacral Ligament Suspension for Treatment of Pelvic

Organ Prolapse

Beverly Miller, Wiley Wolfe, James L. Gentry, M. Gregory Grewal, Christopher B. Highley,
Raffaella De Vita, Monique H. Vaughan,* and Steven R. Caliari*

Uterosacral ligament suspension (USLS) is a common surgical treatment for
pelvic organ prolapse (POP). However, the relatively high failure rate of up to
40% underscores a strong clinical need for complementary treatment
strategies, such as biomaterial augmentation. Herein, the first hydrogel
biomaterial augmentation of USLS in a recently established rat model is
described using an injectable fibrous hydrogel composite.
Supramolecularly-assembled hyaluronic acid (HA) hydrogel nanofibers
encapsulated in a matrix metalloproteinase (MMP)-degradable HA hydrogel
create an injectable scaffold showing excellent biocompatibility and
hemocompatibility. The hydrogel can be successfully delivered and localized
to the suture sites of the USLS procedure, where it gradually degrades over six
weeks. In situ mechanical testing 24 weeks post-operative in the multiparous
USLS rat model shows the ultimate load (load at failure) to be 1.70 + 0.36 N
for the intact uterosacral ligament (USL), 0.89 + 0.28 N for the USLS repair,
and 1.37 + 0.31 N for the USLS + hydrogel (USLS+H) repair (n = 8). These
results indicate that the hydrogel composite significantly improves load
required for tissue failure compared to the standard USLS, even after the
hydrogel degrades, and that this hydrogel-based approach can potentially
reduce the high failure rate associated with USLS procedures.

1. Introduction

POP affects ~50% of parous women!!l re-
sulting in the descent of pelvic organs
(vagina, bladder, uterus, small bowel, and
rectum) due to weakened anatomical sup-
port structures.l”] In a healthy state, the
pelvic floor organs are supported by the
pelvic floor muscles, the uterosacral lig-
aments (USLs), and cardinal ligaments,
which attach to the pelvis through con-
nective tissue, while distal structures of
the perineal body reinforce this support-
ive framework.>*! Due to the relatively
high failure rate of some native tissue re-
pairs, an estimated one-third of POP surg-
eries in 20100 relied on non-absorbable
lightweight polypropylene (PP) mesh. How-
ever, unacceptable post-surgical complica-
tions, such as mesh erosion, exposure, con-
tracture, and chronic pain, led the FDA to
remove transvaginal mesh kits from the
market in 2019.°) While PP mesh is still
used by many pelvic surgeons to perform
sacrocolpopexies, the current international
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climate and associated litigation surrounding the use of mesh
leads many patients and their surgeons to seek mesh-free treat-
ment options. The USLS procedure is a native tissue (suture only)
alternativel’] to mesh augmentation, but it is plagued by a failure
rate of up to 40%.5°] Therefore, there is an urgent clinical need
to develop regenerative medicine strategies to provide safe and
effective alternatives to mesh-based augmentation or suture only
surgical procedures for POP. However, the development of treat-
ment strategies for POP is hindered by the lack of funding for
women'’s health research, the lack of information regarding the
specific mechanisms of anatomical failure following USLS pro-
cedures, and lack of representative animal models.

Women’s health is an important area of research that has been
chronically underfunded and understudied.['®! For centuries the
male body was the default for medical research and advance-
ment due to the misconception that women’s menstrual cycles
would confound results. Increasing recognition of the unique as-
pects specific to women’s health!!!! has likely been influenced by
the National Institutes of Health revised guidelines.['?! The 1994
update required women be included in all NIH-funded clinical
studies while the 2016 revision extended the “sex as a biologi-
cal variable” requirement to animal studies. To address the sub-
stantial gaps in medical knowledge, researchers have leveraged
tissue engineering approaches to transform our understanding
of ovarian follicle development,!'*'*l endometriosis,[**! gyneco-
logical cancers,!'! and other disorders of the endometrium.[']
In addition, special journal issues focusing on engineering for
women’s health!’®20] and in-depth review articles!??] have in-
creased visibility for this body of work. However, improving the
quality of women’s health research cannot be done without in-
creasing government funding for female-specific disorders or
developing research methods that are specifically designed for
women.[?3] By investing in research and innovation in women’s
health, we can improve the quality of care and outcomes for
female-specific disorders such as POP.

According to recent studies,[**] a woman’s current lifetime risk
of undergoing prolapse surgery is #20%,1>* and that number is
expected to rise in the coming years as the population ages. Ad-
ditionally, the high failure rate of the USLS procedure results in
up to a 33% reoperation rate to correct the recurrent prolapse. %]
Nevertheless, the specific mechanisms of anatomical failure fol-
lowing USLS are not well understood. Surgical repair of POP
via the USLS procedure utilizes the dense collagenous sacral re-
gion of the USL to restore the vagina and surrounding structures
to their anatomical positions in the abdominal compartment via
absorbable or non-absorbable sutures. In a recent study, Bowen
and colleagues showed that the primary mechanism of failure
after USLS is apical descent, with anterior vaginal wall length-
ening, inferior displacement of the perineal body, shortening of
the posterior wall, and increased introitus size with strain being
secondary factors associated with failure.l?’! However, data exam-
ining the specific mechanism of apical descent failed to identify
whether the apical descent was caused by suture failure, length-
ening or insufficiency of the ligaments themselves, inappropriate
healing of the vaginal/suture/ligament interface, or demographic
factors such as obesity, age, and hormonal status. It is likely that
the true mechanism of failure is multifactorial and involves many
of these components together. In this study, we hypothesize that
the primary mechanism of failure involves inappropriate healing
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of the vaginal-ligament interface, leading to a lack of mechanical
stability of the anatomical connections. With the demand for sur-
gical treatment of POP predicted to increase by nearly 50% by
2050,!%”] there is an urgent clinical need to develop regenerative
medicine and tissue engineering strategies to provide safe and
effective alternatives to the current standard of care.

Within the tissue engineering community, there is growing in-
terestin synthetic or biological materials to augment native tissue
repairs.?82°] Namely, biodegradable scaffolds made from decellu-
larized matrices or polymers engineered to interact with the host
tissue to promote constructive remodeling and integration[3%-33]
could be promising therapeutic platforms for prolapse repair,
and may address several potential mechanisms of prolapse re-
currence. Hydrogel biomaterials specifically provide an attractive
alternative to mesh-based treatments due to the variety of mate-
rial systems and chemistries available that can be tailored to the
pelvic floor microenvironment. The ideal biomaterial for use in
pelvic floor reconstructive surgeries is yet to be determined,**!
but refinement of animal models can assist in the develop-
ment of new materials. Several animal models including rats,
mice, rabbits, sheep, swine, and non-human primates have been
utilized®*] in the study of pelvic organ prolapse with rodent mod-
els being optimal due to low cost and general accessibility. De-
spite this, the first POP surgical treatment rodent model was only
recently established by our team.®®! Previous studies investigat-
ing materials for prolapse repair in rats have used an abdomi-
nal hernia repair model®”~*? due to the convenience of the es-
tablished animal modell***#! and perceived conservation of out-
comes between the abdominal wall and the pelvic floor.[*>#¢] Con-
versely, while abdominal wall studies have demonstrated benefi-
cial outcomes using increasingly stiff constructs,!2># pelvic floor
studies have found that increased stiffness is directly linked to
the deterioration of vaginal smooth muscle and the surround-
ing pelvic floor.**#8] This “stress-shielding” phenomenon has
also been seen in studies of bonel*! as well as tendons and
ligaments,[*%] where the stiffer material shields the adjacent tis-
sue from experiencing physiological loads,!] causing the less
stiff tissue to degenerate.**! Given this information, the abdom-
inal wall hernia repair procedure is not the proven “proof of con-
cept” modell*52! that it was once thought to be. This again high-
lights the importance of developing research methods tailored
to female anatomy and biomaterials that consider female tissue
structures.

In this work, we present what we believe is the first study to use
a rodent prolapse model to investigate a hydrogel biomaterial for
the treatment of POP. To address the need for alternative materi-
als and a suitable animal model to investigate prolapse repair, our
lab developed a hyaluronic acid (HA) based fibrous hydrogell>*!
as well as a rodent USLS model*® to investigate the augmenta-
tion of native tissue repair procedures. A multiparous rat model
was used due to its cost-effective nature and literature demon-
strating the similar USL anatomy, cellularity, and matrix compo-
sition between rodents and humans.®* Additionally, since fail-
ure of the native tissue repair is not well understood, the strength
of the USL structures were assessed in situ with their anatomi-
cal connections left intact to provide mechanical data about the
role the USL plays in USLS suspension. The central aim of this
study was to determine the impact of augmenting the USLS pro-
cedure with a degradable hydrogel on the mechanical stability
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of the vaginal-ligament interface. Our hypothesis was that the
hydrogel augmentation of USLS would improve tissue integra-
tion at the USL-vaginal vault junction, therefore improving sta-
bility of the repair compared to sutures alone. Using a mechan-
ical pull-off test,l>] procedures that included the hydrogel aug-
mentation demonstrated a significant increase in force required
for failure compared to the USLS repair alone. Additionally, we
report relative collagen and muscle fiber content for the exper-
imental groups, showing that hydrogel augmentation supports
collagen and muscle levels more similar to the native USL than
USLS alone. The findings of this research not only demonstrate
the potential of hydrogel biomaterials to augment the treatment
of POP, but also offer new mechanical and histological data for
the rodent pelvic floor following USLS surgery.

2. Results and Discussion

This study presents the experimental outcomes following in-
vestigation of a hydrogel biomaterial for augmentation of the
uterosacral ligament suspension (USLS) procedure in rats. We
utilized our lab‘s recently developed USLS rodent model*®) and
supramolecularly-assembled injectable and photocurable fibrous
hydrogell>®! as a potential therapeutic for the treatment of POP.
This is significant since there is an urgent clinical need for mate-
rials intended for the treatment of prolapse to be tested in pelvic
floor models. While the mechanisms of mesh adverse events are
not fully understood,*® it has become clear that the planes of fat,
muscle, and fascia of the abdominal hernia repair rat model/“¢!
do not properly represent the smooth muscle and mucosa of the
vagina and surrounding pelvic floor structures. Moreover, in ad-
dition to the USLS augmentation being more relevant for the
investigation of potential prolapse therapeutics, previous work
has demonstrated several similarities between rat and human
USLs, > further demonstrating the benefits of the rodent model.
The rodent model also allows researchers to control several vari-
ables, such as parity, which we controlled for in this study. To the
authors’ knowledge, this is the first study to investigate the use of
a hydrogel biomaterial for augmentation of the USLS procedure.

2.1. Preparation of the Injectable and Fibrous Hydrogel

2.1.1. Fabrication of the Guest—Host Assembled Hyaluronic Acid
Hydrogel Fibers

Of the many classes of materials that have been used in tissue
engineering, hydrogels have emerged as one of the most promi-
nent and versatile as they can provide a hydrated 3D environment
that mimics many native soft tissue properties.[*®! Polymeric
hydrogels are especially attractive biomaterial platforms due to
their tunable mechanical properties and ease of processing.[5”5]
Since mesh-based augmentation is associated with vaginal tis-
sue degeneration,!*®>% there is an urgent clinical need for ma-
terials that can mimic mechanical properties of the pelvic floor
tissues. We chose hyaluronic acid (HA) as our therapeutic bio-
material platform due to its hydrophilicity, degradability in vivo,
and its role in supporting tissue repair.°*! Here, the guest-host
assembled hyaluronic acid (HA) hydrogel nanofibers were en-
capsulated in a matrix metalloproteinase (MMP)-degradable HA
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hydrogel, creating a fiber-hydrogel composite that was delivered
to the suture sites of the USLS procedure (Figure 1). The guest
(adamantane, Ad) and host (f-cyclodextrin, CD) modified fiber
system leverages supramolecular chemistry that both enables
facile injection for minimally invasive delivery and stabilizes the
hydrogel post-injection. Both guest and host hydrogel fibers in-
cluded photocross-linkable methacrylate groups that were uti-
lized for stabilizing the fiber structure following electrospinning.
In addition to the photocross-linking of the hydrogel fibers fol-
lowing electrospinning, the final fiber-hydrogel composite was
also photocross-linked after injection at the suture site (Figure S1,
Supporting Information). When the hydrogel fibers are mixed,
the guest and host groups interact via hydrophobic non-covalent
associations, creating a solid hydrogel until shear forces during
injection disrupt the non-covalent interactions to create a “liquid-
like” state. In Figure 1C, delivery of the hydrogel following hys-
terectomy is schematically shown where the hydrogel is applied
over the sutures and surrounding tissue of the USL-vaginal vault
created during the USLS procedure. For added stabilization of the
self-assembling fibers within the abdominal cavity, the guest and
host fibers were encapsulated in methacrylated peptide-modified
HA (MePHA) engineered to be MMP-degradable, which allowed
for secondary cross-linking via UV light.

2.1.2. Mechanical Characterization and Cross-Linking of the
Injectable Fibrous Hydrogel

HA is an advantageous polymer choice in hydrogel design be-
cause it can be modified with reactive cross-linking groups to en-
able control of material biophysical properties (i.e., stiffness) and
electrospun to create extracellular matrix (ECM)-like nanofibers
mimicking native tissue.[*!-%] However, replicating host tissue
properties following prolapse surgery is challenging due to the
limited literature on biomechanical properties. Studies done
on the human prolapsed vagina report viscoelastic mechanical
properties!® and an elastic modulus range of 2 — 13 MPa.[%] The
few studies that have investigated rodent pelvic support fixed the
entire pelvic region and reported a linear stiffness of 3 N mm™!
for parous rats.[°%”] To our knowledge, there have been no exper-
imental studies conducted on the mechanics of the pelvic floor
tissues following surgical treatment of POP, likely due to lack
of available tissue samples and lack of prolapse repair animal
models. Ideally, the hydrogel augmentation should enhance the
properties of the structurally impaired vaginal tissue. Therefore,
this study utilized our lab‘s recently developed fibrous hydrogel
platform(>3] to better understand the ideal biomaterial design for
augmenting prolapse repair. Oscillatory shear rheology (Figure 2)
confirmed the hydrogel had robust mechanical properties under
low strain conditions and underwent reverse gelation at higher
strains mimicking injection prior to UV cross-linking. This is
shown via a storage modulus that is higher than the loss modulus
of 3.85 + 0.61 kPa versus 0.65 + 0.11 kPa respectively in condi-
tions of low strain and a storage modulus that is lower than the
loss modulus of 0.17 + 0.01 kPa versus 0.53 + 0.03 kPa respec-
tively (n = 3). Importantly, the hydrogels showed full recovery
of their viscoelastic properties after cyclic straining (Figure 2A).
Once UV light was applied to the material, the storage mod-
ulus rapidly increased to 4.91 + 0.51 kPa, demonstrating the
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Figure 1. Schematic presentation of the composition of the fibrous injectable hydrogel system and uterosacral ligament suspension (USLS) augmenta-
tion process. A) Hyaluronic acid (HA) was modified with either i) the guest (adamantane, Ad) or ii) host (8-cyclodextrin, CD) molecules to create guest
and host hydrogel fibers. Both guest- and host-modified HA also contained methacrylate groups to enable fiber stabilization via photocross-linking after
electrospinning. Separately, HA was functionalized with iii) a matrix metalloproteinase (MMP)-degradable photocross-linkable peptide for encapsulat-
ing the fibers to produce B) a “solid-like” composite hydrogel capable of shear-thinning for injectable delivery to C) the sutures of the USLS procedure
following hysterectomy. In situ photocross-linking produced a mechanically stabilized biomaterial (shear modulus ~4 kPa) that was fully degraded, as
were the sutures, by the end of the study (24 weeks post-operative). Schematics created with BioRender.com.
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Figure 2. The mechanical properties of the fibrous hydrogel were measured using oscillatory shear rheology, showing A) a five-step strain sweep of low
strain (0.5%, 100 s) and high strain (250%, 100 s) to illustrate the shear-thinning and self-healing properties of the hydrogel. Guest-host interactions
between the fibers produced a solid-like material shown by the higher storage moduli than storage moduli at low strain. With the liquid-like behavior
at high strain, shown by the storage moduli being lower than loss moduli, the material demonstrated shear-thinning and self-healing properties. B) In
the presence of LAP photoinitiator, 2 min of UV light exposure (365 nm, 10 mW cm~2) increased the storage modulus of the material, indicating the
cross-linking of the free methacrylates of the encapsulating MePHA hydrogel. All tests were performed at 37 °C, n = 3.
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Figure 3. In vitro cytocompatibility and hemocompatibility tests. A) Metabolic activity, measured via an Alamar blue assay, of human mesenchymal
stromal cells (hMSCs) after 3 (left) and 5 (right) days of culture. Cells were seeded at 30000 cells per well. h(MSC culture was performed in the presence
of hydrogel components, while cells cultured in the presence of PBS were used as the negative control. Number of cells were calculated using a standard
curve created at the time of cell seeding. n = 4. B) Percentage of rat red blood cell (RBC) survival following incubation with hydrogel components, PBS
(neg control), and Triton-X100 (pos control). n = 4. ns represents no statistically significant differences between experimental groups. The data were
statistically analyzed by one-way ANOVA followed by Tukey-Kramer multiple comparisons testing.

Table 1. Values from in vitro biocompatibility tests with mean + standard deviation. A) Cytocompatibility values reported as thousands of cells (n = 4)
and B) Hemocompatibility values reported as percentage red blood cell (RBC) survival, calculated using Equation (1) (see Experimental Section). (n = 4).

A) Cytocompatibility (thousands of cells)

B) Hemocompatibility (% RBC survival)

Day 3 Day 5

PBS — ctrl 752+29 102.8 + 4.0

Ad-MeHA (A) 740+3.4 103.2 + 12.2 Ad-MeHA (A) 99.0 +0.1%
CD-MeHA (Q) 79.8 £6.5 105.4 +9.0 CD-MeHA (C) 98.9 +0.2%
MePHA (M) 792 +5.1 112.7 +£5.7 MePHA (M) 99.1+0.1%
A+M 74.0+29 107.1+9.7 A+M 98.7 +0.2%
C+M 793 +5.7 110.7 + 7.4 C+M 99.0 +£ 0.2%
A+C+M 79.7+£6.3 108.7 + 6.0 A+C+M 98.9 +0.2%

stabilization of the hydrogel that would form over the suture
tissue interface for the USLS augmentation (Figure 2B). Cross-
linking was carried out with 365 nm light at an intensity of
10 mW cm~2 for 2 min.

2.2. In Vitro Biocompatibility

Hydrogels formed from natural materials such as HA offer inher-
ent biocompatibility, making them ideal candidates for tissue en-
gineering applications.[®*%8] Nevertheless, it is crucial to demon-
strate in vitro biocompatibility of any developed material system
before proceeding with in vivo studies. As such, we conducted cy-
totoxicity and hemocompatibility assays to evaluate the biocom-
patibility of our fibrous hydrogel composite.

2.2.1. Cytocompatibility

Figure 3 shows the cytotoxicity of each hydrogel component (Ad-
MeHA(A), CD-MeHA(C), and MePHA(M)) and hydrogel com-
posite mixture when exposed to human mesenchymal stromal
cells (hMSCs) in culture. Cytotoxicity results are summarized in
Table 1A. hM SCs were chosen for this evaluation because of their

Adv. Healthcare Mater. 2023, 12, 2300086 2300086 (5 0f14)

multipotent differentiation capacity, which allows them to differ-
entiate into various cell types, including smooth muscle cells and
fibroblasts, that are relevant to pelvic floor tissue regeneration.
The cytocompatibility evaluation was also performed on mouse
myoblast C2C12 cells to demonstrate broader biocompatibility
(Figure S2 and Table S1, Supporting Information). No statisti-
cally significant differences were observed in cell metabolic activ-
ity between the polymer groups and the control group incubated
in media with PBS after 3 and 5 days of culture. These cytocom-
patibility results align with previous findings using the fibrous
hydrogel system, where hMSC viability remained above 85% fol-
lowing injection and after 7 days of culture.>3]

2.2.2. Hemocompatibility

Materials implanted in vivo will encounter the surrounding tis-
sue as well as bodily fluids, such as blood. Assays that investi-
gate how red blood cells (RBCs) react with the scaffold provide
useful information about possible consequences of biomaterial-
blood interactions.!®) While the fibrous hydrogel is designed to
mimic the native ECM and support tissue function, interactions
between the biomaterial and blood were evaluated prior to im-
plantation. Figure 3B shows the hemocompatibility results for
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Figure 4. Schematic presentation of the uterosacral ligament suspension (USLS) surgical process and hydrogel augmentation (USLS+H). A) Removal
of the uterine horns creates the vaginal vault structures with the USLs seen directly adjacent to the cervix. B) The USLS procedure secures the vaginal
vault high on the USLs via a single suture such that the vaginal vault is elevated toward the sacrum. C) For hydrogel augmentation, 20 L of hydrogel
per side was administered such that the suture at the USL-vaginal vault interface was completely covered prior to 2 min of UV cross-linking (365 nm) to

further stabilize the hydrogel. Schematics created with BioRender.com.

each component using freshly collected rodent RBCs. Values for
each group are summarized in Table 1B. After incubation with
the material components, the RBCs showed no obvious hemol-
ysis when compared to the Triton-X100 group (positive control).
The low hemolysis ratio indicates that the fibrous hydrogel scaf-
fold possesses satisfactory blood compatibility. Together, these in
vitro experiments demonstrated biocompatibility of the fibrous
hydrogel composite.

2.3. Augmentation of Rodent USLS

The overall body of tissue engineering literature for prolapse re-
pair is dominated by mesh-based augmentation, with the impli-
cation that native tissue and mesh-based repairs are of the few
suitable treatment options for POP. With this narrow focus on
mesh-based therapeutics, it is unsurprising that the search for
ideal tissue remodeling materials for urogynecological repair is
ongoing. A lack of accessible, and surgically accurate, animal
models is at least partially to blame for the lack of non-mesh
biomaterial investigation. In fact, just last year Bickhaus and col-
leagues were the first to use a rodent model to investigate a new
polycarbonate urethane mesh for pelvic reconstruction via im-
plantation in the vagina.[”%l However, this study still focused on a
mesh construct and used a surgical method not used in humans
when repairing prolapse. By contrast, our rodent USLS proce-
dure mimics the surgical method used in humans, establishing
this work as the first study to investigate biomaterial hydrogel
augmentation for prolapse repair in a surgically accurate rodent
model.

In this study, we aimed to investigate the efficacy of our fibrous
hydrogel composite using our established rat USLS surgery

Adv. Healthcare Mater. 2023, 12, 2300086 2300086 (6 of 14)

model.?! All animals were maintained and treated under the
approval of the University of Virginia Institutional Animal Care
and Use Committee. All rats were multiparous, meaning that
they had delivered prior litters (two in our study). Thirty Lewis
rats (Charles River Laboratories) between 4 and 6 months of
age were used to accommodate the two-litter requirement. De-
tailed surgical instructions with reproducible steps are published
elsewhere.[®] Briefly, following anesthetization using isoflurane
and aseptic preparation of the surgical site, a vertical midline skin
incision was made down the linea alba and the muscle layer un-
derneath. Removal of the uterine horns (hysterectomy) created
the vaginal vault structure with the intact USLs directly below
(Figure 4A). Ovaries were left in situ. The USL-vaginal vault in-
terface was created by suturing the remaining vaginal vault tis-
sue to the USLs (Figure 4B). Animals were randomly assigned to
one of the following experimental groups: sham surgery with no
prolapse repair (USL; n = 8), prolapse repair (USLS; n = 8), or
prolapse repair with hydrogel augmentation (USLS+H; n = 8).
For the animals randomly assigned to the USLS+H experi-
mental group, the injectable fibrous hydrogel was administered
and then UV cross-linked to stabilize the material over the suture
(Figure 4C). Prior to delivery, the fibrous hydrogel composite was
prepared using sterile technique. Each component (Ad-MeHA
fibers, CD-MeHA fibers, MePHA) was sterilized by overnight
lyophilization followed by germicidal UV irradiation for 2-3 h.
Additionally, the LAP photoinitiator stock solution was sterile fil-
tered before use. The supramolecular nature of the guest-host
fibers kept the 20 pL of hydrogel delivered to each suture site, to-
tal of 40 uL per animal, localized while the UV cross-linking fur-
ther stabilized the material. We chose UV photopolymerization
for in situ stabilization as it is a commonly used technique for
covalent cross-linking of hydrogels.”'-73] Hydrogel delivery and
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Figure 5. In vivo fibrous hydrogel degradation. A) Methacrylated peptide conjugated with sulfo-maleimide cyanine 7.5 (Cy7.5-Me). The methacrylated
peptide was first synthesized via solid-phase synthesis and then the Cy7.5 was tethered via maleimide-thiol click chemistry. The methacrylate on the
peptide allowed for covalent conjugation of the Cy7.5 dye to the HA backbone via photocuring before scaffold formation. B) Arrows point toward the
Cy7.5-labeled hydrogel following delivery. Erosion of the fibrous hydrogel, as represented by the C) serial in vivo optical images, was D) quantified by

Cy7.5 signal decay (n = 4) showing an exponential one-phase decay (R? =

suture site UV stabilization is depicted in Figure S1C (Support-
ing Information). However, to utilize the minimally invasive ca-
pabilities of the fibrous hydrogel in another animal model or in
human treatment, alternative in situ stabilization mechanisms
such as redox-initiated polymerization would potentially need to
be explored. Delivery of the hydrogel was not minimally invasive
in this study, but the benefit of the self-healing property of the
material cannot be overstated. The syringe and needle delivery
allowed for precise placement and minimized migration of the
material prior to UV stabilization. Material migration is a known
issue when implanting biomaterials in vivo.*®! Given the expo-
sure of the implanted material to the abdominal cavity, the USLS
model is no different. Further, while the injectability was used to
augment the suture site in a “wound dressing” manner, the in-
jectable delivery could allow for tissue bulking in addition to aug-
mentation in future studies. With these concepts in mind, other
self-healing biomaterials may be good candidates for prolapse re-
pair due to the benefits of localized and minimally invasive deliv-

ety.

2.4. In Vivo Assessment of Hydrogel Degradation

In developing materials for pelvic floor applications, biodegrad-
ability has been identified as a key consideration.[?4] In vivo
erosion of the fibrous hydrogel scaffold was investigated by co-
valently attaching a near-infrared (NIR) dye to the supramolec-
ular hydrogel fibers and monitoring the corresponding loss in
signal intensity over a 6 week period (Figure 5). In addition, the
results from the fluorescent imaging confirmed sustained place-
ment of the hydrogel at the suture sites. A maleimide-modified
cyanine 7.5 fluorophore (Cy7.5, Lumiprobe Corporation, Figure
S3, Supporting Information) was conjugated to a methacrylated
peptide (Figure S4, Supporting Information) to enable UV light-
mediated methacrylate cross-links to covalently attach the Cy7.5-
labeled methacrylated peptide (Cy7.5-Me, Figure S5, Support-
ing Information) to the hydrogel material. In Figure 5B the la-
beled hydrogel covers the sutures of the USLS procedure with
Figure 5C showing serial in vivo optical images. The fibrous in-
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0.953).

jectable hydrogel scaffold demonstrated faster erosion over the
first week (losing >50% of the NIR signal) and ~95% degra-
dation after six weeks, showing an exponential (one-phase) de-
cay erosion trend as shown in Figure 5D. The rapid degrada-
tion is hypothesized to be due to the small amount of material,
the exposure to abdominal movements (physical) and fluid ero-
sion (convective fluid movement), and cell-mediated enzymatic
degradation. It is unclear if this degradation rate is ideal as there
is a limited understanding of the remodeling rate at the USL-
vaginal vault junction. General tendon and ligamental remodel-
ing has a known timescale of a few weeks,”*! but that does not
necessarily represent the supportive ligaments of the pelvic floor.
Additionally, there is no set time-scale reported for vaginal and
pelvic smooth muscle remodeling, but there are clear examples
of hormonel”>7%l and strain dependence.””] While only a semi-
quantitative assessment of degradation, these results demon-
strate the degradability of the fibrous HA composite scaffold
and provide context for future studies investigating biomaterial
degradation in POP models.

2.5. In Situ Assessment of Specimen Mechanical Integrity 24
Weeks Post-Operative

While urogynecological research is still in its infancy compared
to other fields, this work builds on previous work®>78] attempt-
ing to provide biomechanical context for pelvic floor tissues. At
24 weeks post-operative, the mechanical properties of the USL-
vaginal vault interface after suture only (USLS) and hydrogel
augmentation (USLS+H) procedures were assessed and com-
pared with mechanical properties of the intact the USL (Figure 6).
Mechanical “pull-off” tests were performed in situ (Instron, 10
N load cell, 0.00025 N resolution). Specimens were preloaded
at 0.15 N and then preconditioned at an elongation rate of
0.1 mm s~! as described in our previous work.[**! Data points
were collected every 0.1 s and analyzed via MatLab. The sutures
or the sutures + hydrogel were completely resorbed at the time
of testing. Briefly, the USL-vaginal vault interface of the USLS
and the USLS with hydrogel (USLS+H) groups were exposed
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Figure 6. In situ tensile tests pulled to failure. A) Tissue preparation for tensile testing where the umbilical tape was placed underneath the cervical end
of the structure. B) Sample undergoing the “pull-out” test to failure with a schematic detailing the measurements in C) the reference configuration and

the deformed configuration.
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Figure 7. Analysis of sample mechanical properties based on the load-displacement data and calculated stress. Data presented are A) force at failure,
or ultimate load, B) slopes of the load-displacement curves, C) and the stress at failure, or ultimate stress. n = 8, ns represents no statistically significant
difference, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. The groups are as follows: USL, intact uterosacral ligament; USLS, suture only surgical
repair; USLS+H, hydrogel augmentation of the USLS surgical repair. The data were statistically analyzed by one-way ANOVA followed by Tukey-Kramer

multiple comparisons testing.

such that umbilical tape could be placed beneath the structure
and then clamped in the tensile tester grip. For the intact tis-
sue comparison, the umbilical tape was placed beneath the in-
tact USL structure. A total of 8 specimens (n = 8) are reported
per group. After specimen preparation, samples were tested until
failure where Figure 6B shows a sample mid-test and Figure 6C
is an overview of defined parameters of the testing. Due to the
nature of comparing intact tissue (USL) to surgically altered tis-
sue (USLS and USLS+H), the failure location differed between
samples. For the specimens that underwent the USLS surgical
procedure, failure occurred at the sutured interface. In contrast,
the failure for intact specimens occurred roughly midline along
the USL.

Load-displacement curves are reported in Figure S6 (Support-
ing Information) where displacement is defined as g2 — AL'#Pe,
where d?®™P is the displacement of the clamp (or cross-head dis-
placement) and AL®® is the change in length of the umbilical
tape. The presence of several peaks in the load as the displace-
ment increased demonstrated that the failure of the USLs, or the
surgically repaired tissue, occurred gradually. As is typical for soft
tissues, data were characterized by an initial toe region, a more

Adv. Healthcare Mater. 2023, 12, 2300086 2300086 (8 of14)

linear region, and then a nonlinear failure region where the grad-
ual failure is likely due to bundles of tissue fibers breaking at var-
ious load levels.

2.5.1. Mechanical Pull Off Testing Analysis

Results showed an ultimate load of 1.70 + 0.36 N for the intact
uterosacral ligament (USL), 0.89 + 0.28 N for the USLS repair,
and 1.37 + 0.31 N for the USLS+H group (Figure 7). The
stiffness, defined as the steepest positive slope measured over
a 1 mm elongation interval, was 0.48 + 0.10 N mm™' for the
intact USL, 0.28 + 0.07 N mm~™! for the USLS procedure, and
0.42 + 0.10 N mm~™ for the USLS+H group. Stress data were
computed under the assumption that the USL was loaded along
one axis as shown in Figure 6C. Next, the ultimate stresses were
calculated using the ultimate load data. Tissue measurements
including the thickness (t,), width (w,), and gauge length (L,"S1),
where the gauge length was defined as the length of the USL
from the sacral attachment to the vaginal vault/cervical insertion,
were also obtained (Figure 6C). Average cross sectional thickness
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Table 2. Values from sample mechanical properties based on the load-
displacement data and calculated stress with mean + SEM. (n = 8). The
groups are as follows: USL, intact uterosacral ligament; USLS, suture only
surgical repair; USLS+H, hydrogel augmentation of the USLS surgical re-
pair.

Ultimate Load [N] Stiffness [N/mm)] Ultimate Stress [kPa]

usL 1.70 £ 0.36 0.48 +0.10 0.30 +0.06
USLS 0.89 +0.28 0.28 +0.07 0.17 £ 0.04
USLS+H 1.37 £0.31 0.42 +0.10 0.27 +£0.02

and width were 1.9 + 0.3 mm and 2.8 + 0.2 mm while average
gauge length was 12.3 + 0.7 mm respectively. The ultimate
stress in the tissue before complete failure was shown to be
0.30 + 0.06 MPa for the intact USL, 0.17 + 0.04 MPa for the
USLS, and 0.27 + 0.02 MPa for the USLS+H groups. Notably,
for all mechanical testing data shown in Figure 7, hydrogel
augmentation (USLS+H) resulted in statistically significant
increases in mechanical properties compared to the USLS-only
group. Additionally, there were no statistically significant differ-
ences in mechanical properties between the USLS+H and intact
USL groups. All mechanical testing values are summarized in
Table 2. These exciting results, obtained after the hydrogel and
sutures were completely degraded, highlight the potential of this
hydrogel therapeutic to promote long-term improvement in the
mechanical stability of the USL-vaginal vault interface created in
USLS procedures.

The mechanical testing protocol described here represents a
new method to assess the entire USL and the additional support
structures in situ rather than ex vivo, providing crucial mechan-
ical data about the role the USL plays in USLS suspension. This
testing methodology allowed us to test the weakest region of the
USL, the cervical region, since the force was applied directly on
this region through umbilical tape. During testing, the USL ex-
perienced not only tension, but inevitably also compression and
shear given the geometry of the ligament and its position rela-
tive to the applied load. Moreover, to ensure that the USL was the
primary anatomical structure being pulled, we secured the sur-
rounding pelvic tissues to the base plate of the testing machine
using a strong adhesive tape. Only the vaginal vault and USL
structures were left exposed for testing. Although this prevented
significant loading of other anatomical structures, other pelvic
tissues were likely loaded and stretched together with the USL.
The loads reported here may thus overestimate the loads that are
experienced by the USL alone, without their connections to the
pelvis. Despite these limitations, the load values we reported fall
within the values reported in the literature when loading the rat
vagina and USL attachments together in vivol*’] and uniaxially
testing the isolated rat USL ex vivo.”"! The load-displacement
curves are very similar to those reported by Donaldson and De
Vita, both qualitatively and quantitatively.!””]

2.6. Histological Observation of Specimens 24 Weeks
Post-Operative

To better understand the mechanism behind the hydrogel-
mediated improvement in mechanical properties quantified in
Figure 7, Masson'’s trichrome (MT) staining was used to visualize
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tissue specimens from the three experimental groups 24 weeks
post-operative. Figure 8 shows MT-stained representative images
of whole tissue sections along with higher magnification images
of the vaginal vault or vaginal vault-USL areas of interest. Colla-
gen (blue) and muscle fibers (red) are visible in all groups with col-
lagen bundles being the predominant visual feature of the intact
vaginal vault (USL) group. Hematoxylin and eosin (H&E) stain-
ing was also performed to visualize tissue cellularity (Figure S7,
Supporting Information).

2.6.1. Relative Collagen and Muscle Fiber Content of the
USL-Vaginal Vault Interface

Collagen and muscle fiber quantification was performed in Im-
age] (NIH) using the “RGB Measure” plugin (Figure S8, Support-
ing Information). With blue representing collagen and red repre-
senting muscle fibers, the tool measured the red and blue com-
ponents of each pixel in each image. Percentages discussed here
represent the average percentage of red and blue pixels measured
per image per group. Compared to the USL control group (USL:
87.1 + 0.7%), both the USLS and USLS+H groups demonstrated
significantly lower relative collagen staining (USLS: 51.6 + 0.7%,
USLS+H: 72.4 + 2.7%). However, the USLS+H group had sig-
nificantly higher levels of collagen staining than the USLS group
that were more similar to the USL group. Similarly, while signifi-
cant differences were found between all groups in relative muscle
fiber content (USL: 12.9 + 0.7%, USLS: 48.4 + 0.7%, USLS+H:
27.6 + 2.7%), hydrogel augmentation promoted relative muscle
fiber content that was closer to the USL group. In the intact USL
specimens, muscle fibers make up the lining structures (cervical
canal, veins) and along the distal edges of the vaginal vault where
pelvic support ligaments attach. In the USLS and the USLS+H
specimens, the muscle fibers are also evident in the lining ar-
eas but the muscle fiber content makes up more of the vaginal
vault region than in the USL group, demonstrating the impact of
the surgical intervention on the tissue. Results demonstrate the
preservation of collagen for the group that experienced the hydro-
gel augmentation (USLS+H) compared to the collagen loss expe-
rienced by the group that experienced suture repair only (USLS).
This suggests that the hydrogel augmentation may help prevent
collagen loss following pelvic reconstructive surgery and could
potentially lead to improved outcomes for women who undergo
USLS surgery.

The MT stained tissue sections provide a visual representation
of the distinct differences in tissue morphology between the three
groups, with the USLS+H group being more similar to the intact
USL group than the USLS suture-only group. Results here show
the differences in collagen (blue) and muscle fiber (red) content
where future studies could perform additional stains to delineate
specific ECM protein components such as type I/III collagen (pi-
crosirius red)[® or elastin (Verhoeff-van Giesson, VVG).!8!] Pre-
vious studies have predominantly reported composition for intact
pelvic support tissues, reporting high collagen (70-80%) content
and modest muscle fiber content (12-20%), similar to our find-
ings of the intact vaginal vault.>*#!] However, the limited studies
that have quantified collagen of the pelvic floor and vaginal struc-
tures following disruption of the pelvic support structures (i.e.,
prolapse) have reported a reduction in collagen in groups with
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Figure 8. Masson’s trichrome (MT)-stained female rat reproductive structures 24 weeks post-operative. A) Relative collagen (blue) and muscle fiber (red)
contents of MT-stained USL, USLS, and USLS+H samples. Pixel color quantification performed via RGB measure tool in Image) (NIH). Colored and
semi-transparent data points represent quantification of individual regions of interest (ROIs) from histology sections while the solid black data points
represent the final averaged values for each animal, which were used for statistical analysis. n = 2 animals per experimental group, ** P < 0.01, ***
P < 0.001. B) Representative images of the intact vaginal vault (USL group) and vaginal vault-USL sutured interface (USLS and USLS+H groups) post-
operative used for relative color count percentage analysis (40x). Scale bar: 250 um. C) Longitudinal sections of rat cervix and vaginal vault structures
(10x). Black arrows indicate vaginal vault region of interest (USL group) or vaginal vault-USL interface region of interest (USLS and USLS+H groups).
Scale bar: 1 mm. The asterisks mark the location of the pins placed when maintaining tissue orientation during formalin fixation. The data were statistically

analyzed by one-way ANOVA followed by Tukey-Kramer multiple comparisons testing.

prolapse.?%8283] This, along with our findings that the USLS pro-
cedure was associated with decreased vaginal vault collagen con-
tent compared to the healthy control, suggests that pelvic recon-
structive surgery may delay or permanently compromise heal-
ing and tissue remodeling within the pelvic structure ECM. With
the hydrogel augmentation appearing to promote some recov-
ery of collagen content and tissue remodeling capabilities in the
USLS+H group, this work demonstrates the potential of hydro-
gel augmentation to improve outcomes of USLS surgery.

The fibrous hydrogel was chosen for this study due to its abil-
ity to mimic the fibrous microenvironment of the USL and pelvic
support milieu. The effects of ECM-based bioscaffolds facilitating
remodeling in damaged tissue have been well documented. 384l
However, to our knowledge, this is the first paper to present his-
tological data showing the benefits of hydrogel augmentation fol-
lowing USLS surgery in rodents. While the results of this study
are exciting, it is important to acknowledge that this study uses
animals with surgically-induced prolapse. Thus, if women with
prolapse suffer from genetically deficient or inherently altered
ability to promote healthy tissue growth, it is unlikely that the fi-
brous hydrogel would have the same effect. Nonetheless, we fore-
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see the potential of the fibrous hydrogel to be applied to other
uterine/vaginal/pelvic support surgeries.

2.7. Study Advantages and Limitations

The principal strength of this study was the use of a prolapse
surgical model to investigate a potential therapeutic for prolapse
repair. In the last year, the first study to describe implantation of
a mesh biomaterial in the rodent vagina was published,”” but
moving away from mesh-based repairs is advantageous to ex-
plore a wider array of possible therapeutics. Other studies inves-
tigating materials for prolapse repair utilized abdominal wall her-
nia models which are poorly predictive of material compatibility
with the pelvic organs./*¢*8] Next, the in situ mechanical testing
of the USL-vaginal interface following suture-only repair and re-
pair with augmentation provides measurable outcomes to assess
the therapeutic potential of the implanted material for POP. The
mechanical testing protocol described here can also be adjusted
for use in other pelvic floor models, expanding the range of tools
available to researchers to measure outcomes of new biomaterial
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interventions. Last, the surgical procedures were performed by
one surgeon rather than multiple surgeons.

However, this study was subject to several limitations. Con-
trolling for parity of the vendor available animals had the ma-
jor drawback of receiving animals without exact age information.
Without information regarding how recently the rats had deliv-
ered their second litters, it was not possible to control for animal
weight. Additionally, the rodent pelvis has a horizontal orienta-
tion that does not replicate the gravitational effects seen in hu-
mans or non-human primates. This and the lack of spontaneous
prolapse in the rat models does limit some applicability of these
results to humans, but the use of multiparous rats is a strength
of this work since this accounts for the leading risk factor in the
development of POP.[8°] Next, regarding the histological analysis,
the n of 2 animals is insufficient to make strong claims regard-
ing changes in tissue composition and morphology, but statistical
trends were still quantified in these data. Future work will look at
short-term time points as well as long-term data collection to bet-
ter understand the role of the hydrogel during acute post-surgical
healing. An increased sample size will also help to strengthen
any future claims. Last, although it is ideal to have a study with a
single surgeon, the homogeneity in surgical technique does not
capture the variability in outcomes from a diverse population of
surgeons.!8¢]

3. Conclusion

With this study we describe the first hydrogel augmentation of
USLS in rodents, demonstrating the usefulness of the USLS
rat model in the investigation of therapeutics for prolapse treat-
ment. With a reoperation rate following prolapse surgery of up to
30%/278788] and major drawbacks to the use of mesh-based bio-
materials, there is an urgent need explore alternative biomate-
rials with properties that are more compatible with the vagina
and pelvic floor. The USLS model provides the means for these
materials investigations. We were able to assess the in vivo effi-
cacy of our supramolecular fibrous hydrogel composite to aug-
ment USLS repair in our newly developed animal model. With
a carrier hydrogel to encapsulate the guest-host fibers, the mate-
rial was used to augment the USL-vaginal vault interface created
during the USLS procedure. At 24 weeks post-operative, histo-
logical analysis demonstrated a reduction in collagen content in
both the USLS (51.6 + 0.7%) and the USLS+H (72.4 + 2.7%)
groups compared to the native control (USL, 87.1 + 0.7%) show-
ing the impact of the suture repair on the vaginal vault tissue
structure. However, the differences in the muscle fiber content
(USL: 12.9 + 0.7%, USLS: 48.4 + 0.7%, USLS+H: 27.6 + 2.7%)
provide additional context for the mechanical pull-off test and
the improved pull-out load of the USLS+H group compared to
the USLS suture only group. Applying an in situ tensile testing
method, the repair with hydrogel augmentation significantly in-
creased the pull-out load (~1.4 N) compared to the USLS proce-
dure with sutures alone (~0.9 N). This demonstrated that the hy-
drogel assisted in recovery of mechanical properties to be closer
to the intact USL tissue (pull-out force ~1.7 N). In vivo hydro-
gel degradation tracking demonstrated exponential decay of flu-
orescent signal resulting in near dissolution of the hydrogel at
6 weeks post-surgery (~94% degraded), further supporting the
premise that superior tissue healing and integration accounts for
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the recovery of tensile resistance. Together, these results support
the potential of this hydrogel platform to augment USLS proce-
dures.

4. Experimental Section

Ad-MeHA and CD-MeHA Hydrogel Synthesis: Hyaluronic acid (HA)
was functionalized with photoreactive methacrylates (Me)!®] and then ei-
ther adamantane (Ad) or f-cyclodextrin (CD)[*3! as previously described.
Briefly, the HA backbone was methacrylated to produce methacrylate-
modified HA (MeHA) via esterification with the primary hydroxyl group
of sodium HA at pH 8-9. Next, the MeHA was reacted with proton
exchange resin and titrated with tert-butyl ammonium salt (TBA)-OH
to yield methacrylated HA-TBA (MeHA-TBA). Ad-modified MeHA (Ad-
MeHA) and g-CD-modified MeHA (CD-MeHA) were then synthesized
by anhydrous coupling. In Ad-MeHA synthesis, MeHA was modified
with T-adamantane acetic acid via di-tert-butyl bicarbonate (BOC,0)/4-
dimethylaminopyridine (DMAP) esterification. Separately, CD-MeHA was
prepared by coupling 6-(6-aminohexyl)amino-6-deoxy-p-cyclodextrin (CD-
HDA) to HA via (benzotriazol-1-yloxy) tris(dimethylamino) phosphonium
hexafluorophosphate (BOP) amidation. Synthesis products were dialyzed
against deionized water, frozen, and lyophilized. The degree of HA mod-
ification with Me was controlled by the amount of methacrylic anhydride
introduced during synthesis and was determined to be 16%. Modification
of the HA backbone with Ad and CD was determined to be 16.5% (Figure
S9, Supporting Information) and 16% (Figure S10, Supporting Informa-
tion) respectively, with all percentages calculated by "H NMR.

Solid-Phase Peptide Synthesis: Using a Liberty Blue automated
microwave-assisted peptide synthesizer, peptides were synthesized via
solid-phase synthesis as described previously.’®°! Briefly, rink Amide
MBHA high-loaded (0.78 mmol g~") resin was used along with solid-
supported Fmoc-protected amino acid residues. The resin was swelled
with 20% (v/v) piperidine in DMF and the amino acids were sequen-
tially added from C to N-terminus. The resulting peptides were collected
and cleaved in 92.5% trifluoroacetic acid, 2.5% triisopropylsilane, 2.5%
(2,2- (ethylenedioxy)diethanethiol), and 2.5% water for 2 h and filtered
to separate the resin. Two methacrylate-modified peptides were synthe-
sized for use in the hydrogel system: an MMP-degradable peptide (MeP,
Methacrylate-GGNS-VPMS|MRGG-GNCG, Figure S11, Supporting Infor-
mation) and carrier peptide (Methacrylate-GKKCG) for later fluorophore
conjugation. A Cy-7.5 fluorophore (cyanine7.5-maleimide, Lumiprobe)
was conjugated to the carrier peptide via thiol-maleimide click chemistry,
mixing equal molar amounts in 1x PBS for 2 h. The final product was a
Cy7.5 labeled methacrylated peptide (Cy7.5-Me). Peptides were precipi-
tated in cold ether, dried overnight, resuspended in water, frozen, and
lyophilized. Synthesis was confirmed via matrix-assisted laser desorp-
tion/ionization (MALDI).

MePHA Hydrogel Synthesis: Methacrylated degradable peptide (MeP)-
modified HA (MePHA) was synthesized as previously described.l®!]
Briefly, the HA backbone was modified with maleimide (Ma) groups to fa-
cilitate the aqueous addition of the MeP via thiol-maleimide “click” chem-
istry. In the first step, maleimide HA (MaHA) was synthesized by reacting
aminated maleimide salt with tetrabutylammonium-HA (HA-TBA) via a
BOP coupling agent to form an amide linkage between the carboxyl group
of HA and the amine group of the maleimide salt. The thiolated peptide
(containing a cysteine residue) was synthesized with a terminal methacry-
late group to allow for later UV light-initiated cross-linking. "H NMR con-
firmed 22% maleimide modification of the HA backbone (Figure S12, Sup-
porting Information) followed by successful conjugation with the MeP to
produce MePHA (Figure S13, Supporting Information).

Electrospinning:  Ad-MeHA and CD-MeHA were dissolved at 2% (w/v)
in DI water along with 3.5% (w/v) poly(ethylene oxide) (PEO, 900 kDa) and
0.05% (w/v) Irgacure 2959 (12959) for 24—48 h prior to electrospinning.
The polymer solutions were electrospun (Figure S1A, Supporting Infor-
mation) using an Elmarco NanoSpider (NS Lab) with the following collec-
tion parameters: applied voltage: ~45 kV, electrode distance: 22 cm, orifice
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diameter: 0.7 mm, substrate: Teflon paper, substrate speed: 20 mm min~',

carriage speed: 100 mm s~'. Hydrogel nanofibers were deposited onto
Teflon paper, placed into a container which was purged with nitrogen, and
cross-linked with UV light (254 nm) for 10 min (VWR Cross-linker Box,
115 V) at 900 ) cm™2.

Hydrogel Formulations: This lab had previously described the pro-
cess of collecting and preparing the guest and host electrospun fibers.[>?]
Briefly, guest Ad-MeHA and host CD-MeHA fibers were hydrated (0.1%
w/v in DI water) overnight at 37 °C to remove PEO from the electrospin-
ning process, centrifuged, supernatant discarded, and then lyophilized.
Once dry, the fibers were again hydrated at 0.1% w/v in DI water, allowed
to swell at 37 °C for at least 2 h, and then passed through needles of pro-
gressively smaller gauge sizes (16G-30G) via trituration. This process sep-
arated any adjoined fibers and resulted in a reproducible fiber suspension.
MePHA (6 w/v%) was added to envelope the Ad-MeHA/CD-MeHA mixed
fibers along with T mm lithium acylphosphinate (LAP) to allow for UV light-
initiated polymerization (365 nm, 10 mW cm~2). The final formulation re-
sulted in 70 v/v% of fibers and 30 v/v% of the MePHA with LAP solution.

Rheology:  All rheological measurements were performed on an An-
ton Paar MCR 302 rheometer with the plate temperature set at 37 °C as
described previously.>3] The hydrogel formulation was tested using a par-
allel plate (PP08-S; 8 mm diameter, sand blasted) geometry and 25 um
gap distance. Injectability of the hydrogel formulation was tested via a
cyclic deformation test alternating between 0.5% and 250% strain to ver-
ify shear-thinning and self-healing capabilities. Next, a time sweep (1 Hz,
0.5% strain) with UV cross-linking (365 nm, 10 mW cm~2, 2 min) was
performed.

Cytocompatibility and Hemocompatibility Evaluations:  Evaluation of cy-
tocompatibility and hemocompatibility (n = 4) was conducted using an
Alamar blue assay (Invitrogen) with human mesenchymal stromal cells
(hMSCs) and via material incubation with rat red blood cells (RBCs), re-
spectively. In vitro testing of the hydrogel cytotoxicity followed 1SO 10 993
standards where the hydrogel components were added to cell culture me-
dia (1% w/v) and then applied to a monolayer culture of hMSCs and
C2C12s. Cells were seeded at 30 000 hMSCs per well and 35 000 C2C12s
per well in a 24-well plate with the Alamar blue applied at time intervals
of 3 and 5 days of culture. Metabolically active cells reduce the Alamar
blue reagent to a fluorescent byproduct (resorufin). Fluorescent signal was
read by a plate reader at 565 nm (excitation), 595 nm (emission) after in-
cubation for 4 h in the dark. Hemolysis testing followed ISO 10 993 and
ASTM F756 standards where blood was harvested immediately prior to
assay preparation. Fresh blood was suspended in 0.01% heparin (Sigma
Aldrich) in PBS. The mixture was immediately centrifuged at 1000 rpm for
15 min and then washed with PBS until the supernatant above the pellet
of RBCs was clear. The RBCs were then diluted using PBS and incubated
for 1h at 37 °C with the hydrogel components. After incubation, the RBCs
were collected and centrifuged again at 1000 rpm for 15 min before the
absorbance of the supernatants were read at 540 nm using a plate reader.
The results are calculated as hemolysis (%)

oD, - OD
Hemolysis (%) = — -

= — x100%
0D, - 0D,

M

where OD;, OD,,, and OD, are the absorbance values of the samples, neg-
ative control (PBS), and positive control (0.1% Triton X-100), respectively.

Animal Care: This study was conducted in compliance with the An-
imal Welfare Act, the Implementing Animal Welfare Regulations, and in
accordance with the principles of the Guide for the Care and Use of Labo-
ratory Animals. The University of Virginia Animal Care and Use Committee
approved all animal procedures. A total of 30 multiparous (2 litter) female
Lewis rat breeders (Charles River Laboratories) weighing 274.8 + 19.3 g
were pair housed in a vivarium accredited by the American Association for
the Accreditation of Laboratory Animal Care and provided with food and
water ad libitum. Animals were between 4 and 6 months of age to accom-
modate the 2 litter requirement. Animals were maintained on a 12 h light-
dark cycle. A total of n = 10 animals were used in this study per group,
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with n = 8 used for mechanical testing and n = 2 for histological tissue
collection.

Anesthesia, Pain Management, and Antibiotics: All animal-related de-
tails were described in detail previously.[*8] Briefly, animals were anes-
thetized via isoflurane and the surgical site was aseptically prepared by re-
peated washes with alcohol and iodine. The depth of anesthesia was mon-
itored by the response of the animal to a slight toe pinch, where the lack of
response was considered the surgical plane of anesthesia. Core temper-
ature was maintained using a heated water perfusion system. Rats were
administered slow-release buprenorphine (Bup XR — 72 h; 1.3 mg kg~',
subcutaneously), slow-release meloxicam (72 h; 1.0 mg kg~', subcuta-
neously), and baytril (10 mg kg™, subcutaneously) prior to surgery. Since
meloxicam is known to cause dehydration, rats were also administered
0.9% sterile saline (10 mL kg™, subcutaneously). Animal pain and dis-
tress were monitored daily by qualified members of the veterinary staff to
determine the need for additional analgesia.

Surgical Procedures: Using aseptic technique, a vertical midline skin
incision was made along the abdomen and the fascia was separated to
expose the underlying abdominal cavity. Hysterectomy was performed,
where the uterine horns were trimmed after separation from the ovaries
and fat pads, leaving the cervix, vagina, and its support tissues intact. One
delayed absorbable suture (3-0 polydioxanone, PDS Il, Ethicon) was placed
through the vaginal vault and the exposed uterosacral ligament (USL) bi-
laterally. The PDS suture material was chosen because it is the type most
used often used in clinical practice for USLS surgeries. It was a delayed
absorbable suture that had a slower degradation rate compared to other
sutures such as Vicryl. PDS had been showed to be equally successful com-
pared to permanent suture in humans, (%2 making it a clinically reasonable
choice in humans as well as in the rat model. Tying the sutures down simul-
taneously closed the vaginal vault and elevated it toward the USLs. A single
uterosacral stitch was used due to limited space along the USL in the rat
model and the goal to had spatial ability to perform mechanical testing of
the ligament. For hydrogel augmentation, material components were ster-
ilized separately and then prepared aseptically. A total of 40 uL (20 uL each
side) hydrogel precursor was delivered over the sutures and then UV cross-
linked (365 nm, 10 mW cm~2, 2 min). Animals in the sham experimental
group were used for healthy animal controls to assess normal tissue prop-
erties. Animals were randomly assigned to one of the following experimen-
tal groups: sham surgery with no prolapse repair (USL; n = 8), prolapse
repair (USLS; n = 8), or prolapse hydrogel repair (USLS+H; n = 8).

In Vivo Hydrogel Degradation Analysis: To evaluate in vivo hydrogel
degradation, hydrogel nanofibers were labeled with the Cy7.5-Me peptide
via UV light-initiated conjugation in the presence of LAP photoinitiator.
The fluorophore was covalently bound via the methacrylates present on
the surface of the hydrogel fibers during photocuring. Serial images were
taken during a 6 week period postoperative using a LagoX live imaging
system (excitation: 770 nm, emission: 810 nm) with signal intensity mea-
sured by integrating equivalent areas over the region of interest. Quantified
signal was normalized to peak intensity for individual hydrogel boluses
immediately following surgery and then averaged to obtain degradation
profiles for each hydrogel (n = 4). Signal decay was fit with an exponential
one-phase decay line using GraphPad Prism.

Mechanical Testing of the USLS and Prolapse Repair Junction: At 24
weeks post-surgery, the uterosacral ligament (USL) or USLS prolapse re-
pair junction (USLS, USLS+H) were prepared for mechanical testing us-
ing a single column Instron (5943 S3873) universal testing system. A 10
N load cell was used for testing. Methods were described, including a
video demonstration, in previous work.3¢] Briefly, umbilical tape (Ethicon
U10T) was threaded beneath the suture/new tissue formation between the
vaginal vault and the uterosacral ligament. The tissue was pre-loaded at
0.015 N and then preconditioned at an elongation rate of 0.1 mm s~ for
1 min. The tissue was then pulled to failure at the same elongation rate.

Histological Preparation, Imaging, and Analysis: Histological studies
were conducted on n =2 animals per group. Slides from each animal were
stained with Masson'’s trichrome (MT) and hematoxylin and eosin (H&E).
Following tissue retrieval, orientation was conserved by pinning tissue to
a clear rubber holder followed by fixation in 10% formalin at 4 °C. Process-
ing, embedding of rat reproductive structures in paraffin wax, and staining
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were conducted by the Research Histology Core at the University of Vir-
ginia School of Medicine. Serial cross sections measuring 5 um thick were
cut prior to staining with either H&E or MT. Whole longitudinal section
tile scan images were acquired using a light microscope (Leica Thunder
Imager with Leica Application Suite X software). Vaginal vault areas of in-
terest tile scan images were acquired at 40x magnification. Muscle (red)
and collagen (blue) content were determined from the MT-stained slides.
Five areas, 1500x1500 pixels, were randomly selected from 40x MT im-
ages for color quantification analysis. Using Image| software (NIH), blue
and red pixels were identified using the “RGB Measure” plugin tool. Total
red and blue pixel count values were used to create percentage blue and
red counts for each image. Final reported values were averaged over the
five imaged areas selected from a given histological slide, over the total
number of slides, and finally over the total number of animals.

Statistical Analysis: All data were presented as means and standard
deviation or standard error of mean (SEM). The data were statistically ana-
lyzed by one-way ANOVA followed by Tukey-Kramer multiple comparisons
testing using GraphPad Prism 9.0. ns represents no statistically significant
differences. P values < 0.05 were considered statistically significant where
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

Supporting Information

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