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Abstract

Background: Autologous tissues derived from bowel, buccal mucosa and skin are
primarily used to repair or replace diseased vaginal segments as well as create neovaginas for
male-to-female transgenders. These grafts are often limited by scarce tissue supply, donor site
morbidity and post-operative complications. Bi-layer silk fibroin (BLSF) biomaterials represent
potential alternatives for vaginoplasty given their structural strength and elasticity, low
immunogenicity, and processing flexibility. The goals of the current study were to assess the
potential of acellular BLSF scaffolds for vaginal tissue regeneration in respect to conventional
small intestinal submucosal (SIS) matrices in a rat model of vaginoplasty. Methods: Inlay
vaginoplasty was performed with BLSF and SIS scaffolds (N=21 per graft) in adult female rats for
up to 2 months of implantation. Nonsurgical controls (N=4) were investigated in parallel. Outcome
analyses included histologic, immunohistochemical and histomorphometric evaluations of wound
healing patterns; p—computed tomography (CT) of vaginal continuity; and breeding assessments.
Results: Animals in both scaffold cohorts exhibited 100% survival rates with no severe post-
operative complications. At 2 months post-op, u—CT analysis revealed normal vaginal anatomy
and continuity in both graft groups similar to controls. In parallel, BLSF and SIS grafts also
induced comparable constructive remodeling patterns and were histologically equivalent in their
ability to support formation of vascularized vaginal neotissues with native tissue architecture,
however with significantly less smooth muscle content. Vaginal tissues reconstructed with both
implants were capable of supporting copulation, pregnancy and similar amounts of live births.
Conclusions: BLSF biomaterials represent potential “off-the-shelf” candidates for vaginoplasty.
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1. Introduction

Pediatric and adult disorders of the vagina including vaginal atresia, adrenal hyperplasia,
cloacal malformations, malignancy and stenosis can significantly compromise female sexual
function, fertility and quality of life [1-3]. Autologous tissue grafts derived from bowel or buccal
mucosa as well as musculocutaneous and cutaneous flaps are primarily used to replace
developmentally absent or diseased vaginal segments when conservative management such as
dilation or progressive traction fail to restore organ caliber and length [4-6]. In addition, penile
inversion vaginoplasty with autologous penile skin represents the gold standard approach for
neovagina creation during transgender feminization procedures [7]. Despite widespread
deployment of autologous tissues for vaginal reconstruction, these grafts are often limited by
scarce tissue supply, donor site morbidity and postoperative complications such as strictures,
fistula formation, and adhesions [8-12]. Given the drawbacks associated with patient-derived
tissues for vaginoplasty, new biological substitutes are needed which can promote functional

vaginal tissue regeneration in the absence of adverse side effects.

Tissue engineered grafts utilizing acellular and cell-seeded, biodegradable biomaterials
have been investigated as alternatives to autologous tissues for vaginal repair [13]. These
technologies have been explored in a number of preclinical animal models and human trials and
have included patches and conduits composed of natural scaffolds such as decellularized tissues
from vagina, bladder and intestinal submucosa (SIS) as well as synthetic polyester [14-23]. In
general, cell-seeded grafts populated with ex vivo expanded, patient-derived epithelial and smooth

muscle cells or stem cell populations have generated superior functional outcomes in comparison



to acellular counterparts, supporting the formation of vaginal neotissues with native architecture
and in some cases copulation [16,19,24,25]. In contrast, conventional acellular scaffolds derived
from decellularized tissues and synthetic polyesters are prone to graft contracture and luminal
collapse with fibrotic tissue formation routinely observed at implant sites [17,19]. Nevertheless,
cell-free scaffolds offer distinct advantages over cell-seeded matrices for vaginal tissue
engineering such as the lack of secondary surgical procedures to procure cells for construct
incorporation, dispensability of tissue culture facilities for ex vivo cell isolation and expansion,

and “off-the-shelf” utility.

Previous research from our laboratory suggests that bi-layer silk fibroin (BLSF)
biomaterials may serve as potential acellular platforms for reconstruction of vaginal defects [26].
In particular, these protein-based matrices exhibit tunable structural and mechanical properties,
low immunogenicity and have been shown to facilitate repair of various hollow organs including
the bladder, ureter, urethra, esophagus and trachea in preclinical settings [27-31]. The unique
architecture of BLSF grafts allows for maintenance of organ continuity at implant sites via a fluid-
tight film layer, while a porous foam compartment facilitates host tissue ingrowth and neotissue
formation [32]. Therefore, the goals of the current study were to assess the efficacy of acellular
BLSF scaffolds for vaginal tissue regeneration and compare functional and histological outcomes

to conventional SIS matrices in a rat model of inlay vaginoplasty.

2. Material and Methods

2.1 Biomaterials



BLSF biomaterials were manufactured from aqueous silk fibroin solutions using
established protocols [32]. Briefly, sericin-depleted, silk fibroin solutions (8% weight/volume)
derived from Bombyx mori cocoons were dried for 48 hours at room temperature in a casting
container under laminar flow to create a silk fibroin film. A 6% weight/volume silk fibroin solution
was then mixed with sieved granular NaCl (500-600 uM, average crystal diameter) in a ratio of 2
g NaCl per ml of silk fibroin solution and deposited on top of the silk fibroin film. The resultant
solution was allowed to undergo self-assembly and fuse to the silk fibroin film for 48 hours at 37
°C to create the BLSF matrix. NaCl was removed thereafter by rinsing the scaffold for 72 hours in
distilled water. BLSF grafts were trimmed and steam sterilized in an autoclave prior to
implantation. Commercially available, SIS scaffolds (Biodesign 4-Layer Tissue Graft; Cook
Medical, Bloomington, IN, United States) were evaluated in parallel animal studies as points of

comparison.

2.2 Study Design

All animal procedures were performed in compliance with the National Institutes of
Health’s Guidelines for the Care and Use of Laboratory Animals and were reviewed and approved
by the University of California, Irvine Animal Care and Use Committee in accordance with
protocol AUP-22-009. Forty-two adult, virgin female Sprague-Dawley rats (240-280 g, Charles
River Laboratories, Charles River Laboratories, Wilmington, MA) were randomized across 2
implant groups and subjected to inlay vaginoplasty (Fig. 1) with either BLSF (N=21) or SIS

(N=21) grafts as described below. Animals in both scaffold groups were harvested for outcome



analyses at 1 day (N=3 per implant), 1 week (N=4 per implant), 1 month (N=5 per implant) and 2
months (N=5 per implant) post-operatively to determine longitudinal wound healing and host
tissue responses. Nonsurgical controls (NSC) (N=4) were analyzed in parallel and served as
positive controls. In addition, breeding experiments were carried out with rats from both matrix
groups (N=4 per implant) 2 months following vaginal reconstruction to assess copulation and

delivery functions as detailed in subsequent sections.

2.3 Inlay vaginoplasty

General anesthesia was induced and maintained by inhalation with 2—4% isoflurane. Rats
were placed in a supine position and the perineum was shaved and sterilely draped. The vaginal
introitus was retracted with stay sutures and a full thickness defect (10 x 5 mm?) was created in
the posterior vaginal wall 1-2 mm proximal from the orifice. A graft of equal size was incorporated
into the defect area with 7-0 polyglactin interrupted sutures. Nonabsorbable 7-0 polypropylene
sutures were placed along the anastomotic perimeter for delineation of matrix borders following
sacrifice. Postoperative pain control was accomplished by a single subcutaneous injection of 1.2
mg/kg Buprenorphine SR (ZooPharm, Laramie, WY, United States) immediately following
surgery with subcutaneous injections of 2.5 mg/kg Banamine (Merck Animal Health, Kenilworth,
NJ, United States) carried out for 3 days post-operatively. In addition, Enrofloxacin (Baytril®100;
Bayer Healthcare LLC, KA, United States) was administered subcutaneously before surgery and
continued for 2 postoperative days to prevent infection. At selected timepoints, rats were subjected
to imaging and/or breeding analyses and then euthanized by CO; asphyxiation for histological and

immunohistochemical (IHC) assessments.



2.4 Micro—computed tomography

Micro—computed tomography (LCT) was performed on NSC (N = 4) and implant groups
(N=5 per scaffold) at 2 months following vaginoplasty to evaluate organ continuity and structure.
Under isofluorane anesthesia, rats were placed in the supine position and a purse string was placed
at the skin level of the vaginal introitus using a 5-0 nonabsorbable suture. A 14 gauge IV cannula
was then introduced into the vagina and secured with a purse string. Contrast medium (Omnipaque
300; GE Healthcare Inc., Marlborough, MA, USA) diluted with 1:1 saline was infused into the
vagina followed by cannula removal and closure of the vaginal orifice. Lower abdomen scans were
acquired with a Siemens Inveon(r) Multi-Modality System PET/CT (Siemens Healthcare,
Erlangen, Germany) and 3-D images of the vaginal lumen were created using Inveon Research

Workplace (Siemens Healthcare) 3D Analysis software.

2.5 Breeding and live birth assessments

Following 2 months of scaffold implantation, rats subjected to vaginal repair with BLSF
and SIS matrices (N=4 per matrix) were evaluated for their ability to copulate, achieve pregnancy
and deliver live births. Each female was co-housed with one male rat for 2 weeks to allow for
mating. Pregnancy was confirmed by monitoring abdominal distension, weight and breast
development over the gestational period. The rate of pregnancy and number of live births were

quantified across groups.



2.6 Histologic, immunohistochemical, and histomorphometric analyses

Following euthanasia, reconstructed vaginal segments (N=3-5 per timepoint) as well as
NSC replicates (N=4) were formalin fixed for 12 hours, dehydrated in graded alcohols and
embedded in paraffin for sectioning. Specimens (5 pm) were stained with Masson’s trichrome
(MTS), digitally imaged and total collagen content was determined in control and implant regions
with Image] software (version 1.47) using published methods to quantify blue-stained color
elements representative of collagen deposition [28]. Total collagen content was calculated as the
percentage of blue-stained area per total field area and normalized to NSC levels. IHC analyses
were carried out on parallel tissue sections following antigen retrieval (pH 6.0, 10 mm sodium
citrate buffer) and incubation in phosphate-buffered saline with 0.3% Triton X-100, 5% fetal
bovine serum, and 1% bovine serum albumin for 1 hour at room temperature. Sections were probed
at 4°C overnight with primary antibodies including anti-a-smooth muscle actin (SMA) (1:200
dilution; Sigma-Aldrich, St. Louis, MO), anti-SM22a (1:200 dilution, Abcam, Cambridge, MA),
anti-pan-cytokeratin (CK) (1:150 dilution; Dako, Carpinteria, CA), anti-CD31 (1:100 dilution;
Abcam) and vimentin (1:100 dilution; Abcam). Samples were then stained with species-matched
Alexa Fluor 647 and 488-conjugated secondary antibodies (Thermo Fisher Scientific) and nuclear
counterstained with 4', 6-diamidino-2-phenyllindole (DAPI). Specimen visualization was
performed with an Axioplan-2 microscope (Carl Zeiss Microlmaging, Thornwood, NY) and
representative fields were acquired with Axiovision software (version 4.8). Negative controls were
stained in parallel with secondary antibodies alone and generated no detectable signal above
background. Histomorphometric evaluations were performed on NSC (N=4) and neotissues (N=3-

5 per timepoint) utilizing 6-8 independent microscopic fields (10X magnification). Stained



elements were quantified from specimen cross-sections with published protocols using ImageJ
software [30]. Relative immunoreactivities of a-SMA, SM22a, vimentin and pan-CK were
presented as the percentage of stained area per total field area relative to NSC values. Vascular
densities were determined similarly by quantifying the number of CD31+ vessels per target field

arca.

2.7 Statistical evaluations

Multi-group comparisons were carried out with the Kruskal Wallis test followed by
pairwise evaluations with the post hoc Dunn’s test. For two group comparisons of live birth data,
the Mann-Whitney U test was utilized. For all statistical tests, p<0.05 was defined as significant.

All quantitative data were displayed as means =+ standard deviation (SD).

3. Results

Animals in both implant cohorts exhibited 100% survival rates until scheduled euthanasia.
In addition, there was no evidence of serve intraoperative or postoperative complications following
vaginoplasty in either group over the course of the study, however mild hematomas were detected
at the reconstructed sites in 3 rats prior to sacrifice (BLSF: N=2, 1 day post-op; SIS: N=1, 2 months
post-op). At 2 months post-op, pCT imaging revealed normal vaginal anatomy in both graft groups
similar to NSC with no signs of contrast extravasation, strictures or fistula formation (Fig. 2).
These observations were confirmed during parallel necropsy evaluations wherein patent vaginal

canals with wide calibers were evident in both BLSF and SIS groups. Residual scaffold fragments



were found in the vaginal lumens of both biomaterial cohorts up to 1 month post-reconstruction,
but were undetectable by the 2 month timepoint. Host tissue ingrowth was apparent throughout
the original reconstructed areas in both experimental groups by 1 week post-op with negligible
tissue contraction detected between proximal/distal or lateral marking sutures at harvest (Fig. 2).
These results demonstrate that BLSF grafts are capable of supporting consolidation of focal

vaginal defects and restoring organ continuity to similar extents as conventional SIS matrices.

Characterization of host tissue responses and wound healing outcomes were performed on
control and implant groups across the study period with histologic, IHC and histomorphometric
analyses (Fig. 3 and 4). Baseline evaluations of vaginal cross-sections in NSC revealed native
tissue architecture composed of a luminal, stratified squamous, keratinizing epithelium with pan-
CK expression, an extra-cellular matrix (ECM)-rich lamina propria populated with vimentin+
fibroblasts and an outer muscularis layer consisting of circular and longitudinal smooth muscle
bundles displaying contractile proteins, a-SMA and SM22a. By 1 day post-op, MTS evaluations
demonstrated that reconstructed regions in each scaffold group exhibited nascent ECM formation
and were infiltrated with mononuclear inflammatory cells, neutrophils, and fibroblasts. Prominent
extrusion of bulk scaffold fragments into the vaginal lumen was also observed in each group at
this phase of repair. At 1 week post-op, neotissues in each experimental group had developed a
vascularized lamina propria lined by a pan-CK+ stratified squamous, keratinizing epithelium
similar to NSC. Transient myofibroblast differentiation was also detected in remodeling vaginal
walls at this stage exemplified by significant upregulation of vimentin expression compared to
NSC and co-expression of a-SMA and SM22a proteins in this population. Maturation of

neotissues in each implant cohort continued to progress between 1 week and 2 months with the



formation of a-SMA+SM22a+ smooth muscle bundles coupled with a parallel decline in
vimentin+myfibroblasts to baseline levels. Reconstructed tissues also displayed similar degrees
of collagen content compared to NSC by 1 and 2 months post implantation. In addition, no
evidence of chronic inflammatory reactions or foreign body responses were observed in either

neotissue at study timepoints.

Overall, no significant differences in regenerative outcomes were found between SIS and
BLSF groups suggesting vaginal wound healing patterns were conserved across these implant
configurations. However, neotissues from each scaffold cohort were still underdeveloped at 2
months and displayed 25-50% smooth muscle content relative to NSC as well as significantly
higher vascular densities consistent with ongoing phases of tissue remodeling. Nevertheless,
breeding assessments (Fig. 5) revealed that animals repaired with both BLSF and SIS biomaterials
were capable of copulation with 100% pregnancy rates and similar amounts of live births. These
data provide evidence that BLSF grafts can promote functional vaginal tissue regeneration

sufficient to support sexual intercourse and delivery of live offspring.

4. Discussion

The aims of this study were to evaluate the feasibility of acellular BLSF grafts for vaginal
reconstruction and compare functional and wound healing responses to decellularized SIS
biomaterials previously deployed in the clinic. Adult rats were chosen as a model species due to
their low cost as well as their similarities in organ anatomy and reproductive cycle relative to

humans [33]. The regenerative potential of study biomaterials was investigated in an inlay



vaginoplasty model which mimics the repair of focal vaginal defects encountered in patients
following resection of urogenital malignancies [34-35] or those with severe obstetric lacerations
after childbirth [36]. BLSF and SIS grafts were found to induce similar constructive remodeling
patterns in patch vaginal defects and were histologically equivalent in their ability to support the
formation of vascularized neotissues containing stratified squamous, keratinizing epithelia as well
as smooth muscle layers. However, smooth muscle content was significantly lower in neotissues
relative to NSC suggesting longer implantation periods or scaffold-mediated, delivery of pro-
myogenic compounds such as platelet derived growth factor [37] may be necessary to improve
smooth muscle growth. Functional evaluations of vaginas reconstructed with BLSF and SIS
biomaterials confirmed their ability to support copulation and live births thus providing evidence
that these matrix configurations can reestablish organ continuity sufficient for reproduction.
Spontaneous, partial wound healing of full thickness vaginal defects in rats without scaffold
implantation has been previously reported [38, 39]. In this setting, neotissues display re-
epithelialization with altered vaginal wall biomechanics compared to non-injured controls [39].
Future investigations will compare regenerative outcomes elicited by scaffold configurations to
sham-operated controls to uncouple the effects of scaffold-mediated, constructive remodeling from

baseline repair mechanisms.

Currently, patients with congenital vaginal abnormalities such as Mayer-Rokitansky-
Kiister-Hauser Syndrome (MRKHS) as well as male-to-female transgenders require the creation
of tubular neovaginas from autologous tissues to restore sexual function [40]. Decellularized
tissues grafts such as SIS have been previously explored as an biomaterial substitutes for tubular

vaginoplasty in MRKHS individuals, however suboptimal outcomes including relatively short



neovaginas (<7 cm for 46.4% of patients), excessive vaginal discharge and chronic bacterial
infections were observed [41]. Moreover, preclinical assessments of decellularized tissue matrices
for tubular vaginoplasty have also noted frequent graft contracture and luminal collapse in rodent
neovaginas [17]. BLSF matrices possess a number of potential advantages relative to
decellularized tissue biomaterials for the design of tubular implants for vaginoplasty. In particular,
the mechanical, structural and degradative properties of BLSF scaffolds can be adjusted by
manipulating processing parameters such as porogen size and silk fibroin content to create
constructs with biomechanical features sufficient for maintaining hollow organ integrity [42-44].
Indeed, these matrix configurations have been previously reported to serve as urinary conduits [45]
as well as facilitate functional repair of tubular defects in both the ureter and [30-31] In contrast,
the physical characteristics of decellularized tissue grafts are dependent upon the attributes of the
source tissue as well as decellularization protocols [46] and therefore have limited capacity to
modulate structural integrity to prevent stenotic events. Future in vivo studies will investigate the

efficacy of tubular BLSF grafts for neovagina formation.

In conclusion, acellular BLSF biomaterials were found to be permissive for regeneration
of focal vaginal defects, producing neotissues with native-like architecture with the ability to
support sexual intercourse, pregnancy and live births in a preclinical animal model. Wound healing
outcomes and functional responses elicited by BLSF grafts following vaginal reconstruction were
comparable to conventional SIS scaffolds. However, the high degree of processing plasticity of
silk fibroin biomaterials may allow for the future creation of acellular tubular conduits for full
vaginal replacement that can overcome the biomechanical limitations associated with

decellularized tissue grafts. In addition, next-generation BLSF scaffold designs will also



incorporate drug delivery capabilities with the potential to facilitate targeted release of pro-
myogenic agonists to improve vaginal smooth muscle formation. In summary, BLSF biomaterials
represent attractive candidates for vaginoplasty and may offer a functional “off-the-shelf”

alternative for the use of conventional autologous tissues for vaginal repair.
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Figure Legends

Figure 1. Rat inlay vaginoplasty model. [A] Photomicrograph of BLSF graft prior to
vaginal implantation. [B] Suture retraction of the vaginal introitus exposing the posterior vaginal
wall. [C] Creation of vaginal defect in the posterior vagina. [D] Vaginal reconstruction with BLSF

graft.



Figure 2. Necropsy and pCT analyses of neotissue formation and vaginal continuity.
[Top row] Gross tissue assessments of vaginas reconstructed with BLSF or SIS grafts following
2 months of implantation in comparison to NSC. Boxed regions denote original implant site.
[Bottom row] Representative 3-D images of vaginas in NSC and scaffold groups detailed in [A]

following contrast instillation and pCT imaging.

Figure 3. Histological assessments of vaginal tissue regeneration. [A-C]
Photomicrographs of global (top rows) and magnified (bottom rows) cross-sections of MTS-
stained, vaginas in NSC [A] and in animals repaired with BLSF [B] and SIS grafts [C] at selective
post-operative timepoints containing the original implant site (boxed). For panels [A-C], scale bars
are 2.5 mm and 1 mm in top and bottom rows, respectively. R denotes rectum. Asterisks denote
residual scaffold fragments. [D] Quantitation of collagen content in MTS-stained vaginal
neotissues and NSC displayed in [A-C]. N=3-5 rats per group were assessed per data point. Data
are displayed as means + SD. Data from all cohorts were analyzed with Kruskal-Wallis and post

hoc Dunn's tests. (*) = p<0.05 compared to NSC. (#) = p>0.05 compared to NSC.

Figure 4. Immunohistochemical and histomorphometric evaluations of vaginal
neotissues and controls. [A-B] Photomicrographs of vaginal protein expression in NSC and
regenerated tissues following vaginoplasty with BLSF [A] and SIS [B] biomaterials at selective
stages of repair. For all images, respective marker expression is labeled in red (Alexa Fluor 647
labeling) or green (Alexa Fluor 488 labeling) with blue DAPI nuclear counterstain. Scale bars for

all panels = 200 pm. [C-G] Histomorphometric assessments of marker expression in specimens



described in [A-B]. N=3-5 rats per group were assessed per data point. Data are displayed as means
+ SD. Results from all groups were evaluated with Kruskal-Wallis and post hoc Dunn's tests. (*)

= p<0.05 compared to NSC. (#) = p<0.05 compared to respective 1 week timepoint.

Figure 5. Breeding and live birth evaluations in implant groups. [A] Representative
photomicrograph of a pregnant rat exhibiting abdominal distension and breast development
following vaginal repair with a BLSF graft. [B] Live neonatal rat pups delivered from rats
described in [A]. [C] Quantitation of live births from each implant group. N=4 per data point.
Data are displayed as means + SD. Results were analyzed with the Mann—Whitney U test yielding

p=0.89.
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