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Abstract

The circumcision of males is emphatically linked to numerous sexual dysfunctions. Many of the purported benefits do
not hold up to the scrutiny of extensive literature surveys. Involuntary circumcision, particularly when not medically
warranted, is also associated with many psychological and emotional traumas. Current methods to reconstruct the
ablated tissue have significant drawbacks and produce a simple substitute that merely imitates the natural foreskin.
Extracellular matrix—based scaffolds have been shown to be highly effective in the repair and regeneration of soft tissues;
however, due to the unique nature of the foreskin tissue, commercially available biomaterial scaffolds would yield
poor results. Therefore, this study discusses the development and evaluation of a tissue engineering scaffold derived
from decellularized human foreskin extracellular matrix for foreskin reconstruction. A chemicophysical decellularization
method was applied to human foreskin samples, sourced from consenting adult donors. The resulting foreskin dermal
matrices were analyzed for their suitability for tissue engineering purposes, by biological, histological, and mechanical
assessment; fresh frozen foreskin was used as a negative control. Sterility of samples at all stages was ensured by
microbiological analysis. MTT assay was used to evaluate the absence of viable cells, and histological analysis was used to
confirm the maintenance of the extracellular matrix structure and presence/integrity of collagen fibers. Bioactivity was
determined by submitting tissue extracts to enzyme-linked immunosorbent assay and quantifying basic fibroblast growth
factor content. Mechanical properties of the samples were determined using tensile stress tests. Results found foreskin
dermal matrices were devoid of viable cells (p <0.0001) and the matrix of foreskin dermal matrices was maintained.
Basic fibroblast growth factor content doubled within after decellularization (p <0.0001). Tensile stress tests found no
statistically significant differences in the mechanical properties (p < 0.05). These results indicate that the derived foreskin
dermal matrix may be suitable in a regenerative approach in the reconstruction of the human foreskin.
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Introduction

Few parts of the human anatomy can compare to the
incredibly multifaceted nature of the human foreskin. At
times dismissed as “just skin,” the adult foreskin is, in fact,
a highly vascularized and densely innervated bilayer tis-
sue, with a surface area of up to 90cm?, and potentially
larger.! On average, the foreskin accounts for 51% of the
total length of the penile shaft skin?3? and serves a multi-
tude of functions. The tissue is highly dynamic and biome-
chanically functions like a roller bearing; during
intercourse, the foreskin “unfolds” and glides as abrasive
friction is reduced and lubricating fluids are retained.>#
The sensitive foreskin is considered to be the primary
erogenous zone of the male penis?3 and is divided into four
subsections: inner mucosa, ridged band, frenulum, and
outer foreskin (Figure 1(a)); each section contributes to a
vast spectrum of sensory pleasure through the gliding
action of the foreskin, which mechanically stretches and
stimulates the densely packed corpuscular receptors.’?
Specialized immunological properties should be noted by
the presence of Langerhans cells and other lytic materials,-
which defend against common microbes, and there is
robust evidence supporting HIV protection.”® The glans
and inner mucosa are physically protected against exter-
nal irritation and contaminants while maintaining a
healthy, moist surface.® The foreskin is also immensely
vascularized and acts as a conduit for essential blood ves-
sels within the penis, such as supplying the glans via the
frenular artery.10

The practice of foreskin amputation, circumcision
(Figure 1(b)), has ancient origins, but its modern incarna-
tion can easily be traced to the late 19th century, where
many Western practitioners introduced into standard medi-
cal practice various forms of medicalized genital injury for
both males and females.!!12 A prevailing belief was that
many physical and mental afflictions were rooted in mas-
turbation and sexual promiscuity.'''> Males were pre-
scribed circumcision as a preventive, as it intentionally
cripples natural function and dulls sexual pleasure.!!-13
Despite the explicit nature of these origins, the practice has
persisted. It is difficult to determine precisely how many
living males have been subjected to circumcision, volun-
tarily or otherwise, but a conservative estimate suggests
that about 650 million males worldwide are circumcised
(about 23% of the world’s male population).!* Moreover,
there is a prodigious amount of ethical and moral issues
regarding the practice of circumcising non-consenting
minors when it is not medically warranted, as it infringes
on one’s right to bodily autonomy,'> and many interna-
tional medical and ethical institutions have lambasted the
practice'*-!® and have refuted the modern medical justifi-
cations and supposed benefits of male circumcision.!?-23

Understandably, circumcision is associated with a
plethora of complications. Most notably, males report a
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Figure |. The human foreskin shape after surgical removal:
(a) schematic representation of human foreskin after surgical
removal via circumcision and (b) representation of the
sequential steps performed to identify the shape of the human
foreskin after surgical removal via circumcision.

substantial decrease in sensitivity due to keratinization of
the exposed glans and inner mucosa?* and the general loss
of the densely innervated and reflexogenic tissue; circum-
cised males are far less sensitive than their intact counter-
parts.!32> This state with diminished neuroreceptors,
sensitivity, and vascularity, wrought by circumcision, is
heavily associated with erectile dysfunction.>27 Ejacul-
ation and orgasm are complex physiological responses to
physical, emotional, and social processes and are not well-
understood. What is known is that ejaculation is primarily
dependent on afferent signals which originate in the encap-
sulated nerve endings of the glans, foreskin, and penile
shaft skin, and the response is controlled heavily by the
autonomic nervous system.?® The loss of the mechanical
gliding and stretch receptors of the sensitive foreskin and
frenulum is associated with delayed ejaculation or the
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inability to ejaculate.?’-2%30 In addition, circumcised males
suffer from premature ejaculation at higher rates than their
intact counterparts.3!-33 This is believed to be due to the
full exposure of the sensitive corona of the glans, which is
more directly stimulated during intercourse in circumcised
males.?

Circumcision is also associated with an unsurprising
reduction in sexual pleasure.?*5 One survey of males cir-
cumcised as adults found 22 out of 38 said they regret their
decision, as intercourse worsened.’® During intercourse,
the immobile shaft skin of the circumcised member con-
tributes to vaginal dryness and abrasion,?” leading to pain-
ful intercourse for female partners.’'*7 The immobilized
shaft skin can also lead to tight, painful erections® and is
susceptible to injury and pain during intercourse and mas-
turbation.’? Loss of the foreskin’s gliding action causes
circumcised males more difficulty in penetrating their
respective partners,?’ as the force required for penetration
is increased 10-fold.38 Literature surveys show that there is
no evidence that circumcision reduces the transmission of
HIV or other sexually transmitted diseases (STDs).202!
Despite this, circumcised males are far /ess likely to use
condoms,?*#0 likely due to decreased sensitivity. Males
who have been subjected to involuntary circumcision have
long reported emotional trauma, feelings of violation, and
many other types of circumcision-related psychological
distress.*-42 This indicates that circumcision is not only an
issue of ethics and morals but also one that pertains to pub-
lic health, both physical and mental. More severe conse-
quences of circumcision involve botched procedures and
death, which are virtually always avoidable and caused by
practitioner negligence.*47

Aggrieved with their circumcision status, some males
seek to restore their ablated foreskins. Foreskin recon-
struction methods have been in practice since at least the
second century BCE, with the two methods, surgical and
nonsurgical, changing very little since their inception.*®
Surgical reconstruction methods traditionally involve
autografts of skin from elsewhere on the body or manipu-
lation of remaining penile shaft skin to reconstruct a
pseudo-foreskin.*-50 Nonsurgical methods make use of tis-
sue expansion: mechanical stress is applied to the residual
shaft skin and over time the skin tube is lengthened, also
resulting in a pseudo-foreskin.*® Currently, surgical meth-
ods have fallen out of popularity, as autografts are always
fundamentally different from the natural foreskin, leading
to poor cosmetic appearance and functionality, especially
when compared to procedural costs.*3! In addition, due to
the difficulty of reconstructing the specialized foreskin tis-
sue using currently available surgical methods, there are
several instances of botched procedures, leaving patients
with grim results.’> The current consensus is that nonsurgi-
cal tissue expansion methods are state of the art, as they
produce a pseudo-foreskin with much higher cosmetic

appearance and functionality than surgical methods, are
far less expensive, and without the associated risks of sur-
gical methods.>? Unfortunately, there is a significant learn-
ing curve associated with nonsurgical methods, is very
time intensive, and it can take many years for one to com-
plete their restoration efforts.*®

Despite this, men who have completed restoration
report increased sensitivity, improved sexual satisfaction,
and the lessening or even resolution of their circumcision-
related psychological distresses.’*> While some men
highly regard the results of nonsurgical restoration, it is far
from a perfect reconstruction. Circumcision always ablates
the ridged band, and in some cases the frenulum as well.>¢
The other densely innervated portions of the foreskin are
also lost, leaving only residual nervous tissue of the shaft
skin.®> Tissue expansion cannot restore these specialized
structures, and it is unclear whether the process promotes
any nerve regeneration.’ Touch-up surgeries can improve
cosmetic appearance and functionality.*® However, results
echo the natural form of the foreskin. Under this context,
Foregen Onlus Association—an international, donor-
funded non-profit company—is devoted to providing a
solution to circumcised males who desire complete resto-
ration of sexual sensation, mobility, lubrication, and other
properties intrinsic to the foreskin, utilizing principles of
Tissue Engineering & Regenerative Medicine, as well as
building on previous work in surgical reconstruction. This
approach intends to regenerate the ablated tissue as
opposed to merely replacing it with a foreskin “substitute.”
One-third of the tissue engineering triad is biomaterial
scaffolding, and to that effect, the purpose of this study is
to develop an extracellular matrix (ECM)-based biomate-
rial scaffold, derived from the human foreskin, on which a
neoforeskin can be engineered. To accomplish this, a novel
decellularization method,’” designed and realized at Emilia
Romagna Regional Skin Bank, will be applied to donor
foreskin tissue, and the mechanical, biological, and struc-
tural characteristics will be assessed for its prospective use
as a tissue engineering scaffold.

Materials and methods

Ethics statement

All human tissue in this work was provided by adult, male
donors following their written informed consent.
Procurement of the donor foreskin tissue was approved by
Ministére de I’Enseignement supérieur, de la Recherche et
de I’Innovation (France). Foreskin samples were packed in
accordance with IATA and international rules, regulations,
and guidelines while being transported to Emilia Romagna
Regional Skin Bank. The work in this study and its use of
human tissue was reviewed and approved by Comitato
Etico IRST IRCCS-AVR (Italy).
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Procurement of human foreskin samples and
decellularization

Human foreskin tissue was surgically harvested from 15
living, adult donors for therapeutic purposes, after con-
senting to the donation of the respective tissue for scien-
tific research. After excision, the samples were dipped in a
freezing solution composed of RPMI 1640 medium
(Biowest, Riverside, MO, USA) plus antibiotics and 10%
cryoprotectant (CRYO-ON DMSO; Alchimia) and subse-
quently frozen for storage at —80°C. Samples were pack-
aged and shipped to Emilia Romagna Regional Skin Bank
while being maintained at storage temperature.

Upon arrival, the human foreskin samples were pro-
cessed under sterile conditions. Initially, the dermal and
epidermal layers of the tissue were physically separated
using 2.5% trypsin, diluted to 1X (Life Technology, Monza,
Italy) with 0.9% NaCl saline solution (Fresenius Kabi AG,
Bad Homburg, Germany). The isolated dermal layers were
sectioned into two pieces and maintained in isotonic saline
solution. One half of the sectioned dermal tissue was then
submitted to an enzymatic/physical process of decellulari-
zation developed by our laboratory,’’ after partial modifica-
tion. Half of the sectioned samples were transported to a
sterile, laminar flow biosafety cabinet. Inside the biosafety
cabinet, the foreskin sections were placed inside cell cul-
ture flasks, such that the upper portion of the dermal sec-
tions adhered to the inside surface of the flask. The adhered
sections were then covered with 2.5% trypsin, diluted to
4X (Life Technology) with 0.9% NacCl saline solution. The
foreskin sections were left in the enzymatic solution for
24h. During the enzymatic decellularization, the foreskin
dermis—solution complex was placed in an incubator with a
controlled atmosphere and temperature (5% CO,/air and
37°C). Following the residence time, foreskin sections
were washed in sterile 0.9% NaCl saline. The sections were
left in the sterile saline for 10 min to ensure the removal of
any potential enzymatic residue.

The resulting foreskin dermal matrices (FDMs) were
dipped in RPMI medium (containing 10,000 [U/mL peni-
cillin, 10mg/mL streptomycin, 25 pg/mL amphotericin B)
for 15 min and sealed in sterile cryofreezing bags (Agricons
Ricerche, Padova, Italy), without the addition of cryopro-
tectant. A programmed, gradual drop of the temperature
was performed on samples for their final storage in tanks of
liquid nitrogen vapor at —195°C. To evaluate the effect of
the decellularization process on the human foreskin sam-
ples, as well as the viability of the resulting FDMs as a tis-
sue engineering scaffold, the samples were analyzed
through a variety of assays, with fresh frozen sections used
a control.

Microbiological analysis

Microbiological analysis was performed on the samples to
ensure the maintenance of sterility at all steps throughout

the experimental process. Immediately after the tissue sec-
tioning, fresh frozen halves were incubated at 34°C on cul-
ture plates with growth media that is selective for either
bacteria (COS Columbia agar+ 5% sheep blood;
BioMerieux, Bagno a Ripoli (FI), Italy) or fungi
(Sabouraud dextrose agar + CAF; Biolife, Milano, Italy)
for 3 and 14days, respectively. The other halves were
decellularized, frozen, and then incubated on selective
growth media as described above.

Histological processing and analysis

Sectioned foreskin samples were processed under histo-
logical techniques, to guarantee the structural integrity of
the tissue and quantify the content of collagen and elastic
fibers. Fresh frozen foreskin (FFF) sections were fixed
with a 10% formalin solution (Kaltek, Padova, Italy) and
paraffin embedded. After processing, histological sections
(5 pm in thickness) were stained with hematoxylin and
cosin (H&E), Weigert’s elastic stain, or Masson’s
Trichrome (Diapath, Martinengo (BG), Italy). Following
staining, the presence, structure, and integrity of the col-
lagen and elastic fibers of the matrix were analyzed. FDM
samples were processed in the same manner, to evaluate
the maintenance of the matrices’ structural integrity after
the decellularization process. Histological processing
additionally enabled for the qualitative evaluation of cel-
lular removal in FDM samples.

Image analysis

Following histological processing, additional analysis was
performed using image processing techniques, which ena-
bled the measurement of collagen and elastic fiber content
of the samples. This was accomplished by employing the
software ImageJ (National Institutes of Health, Bethesda,
MD, USA) and the method of color deconvolution.’® This
method separates the pixels of an RGB image into three
separate channels, based on three predetermined colors.
ImageJ provides measured pixel intensity, as well as pixel
count. Higher pixel intensity values are proportional to
higher amounts of stain, which correspond to larger quan-
tities of collagen or elastic fibers. Utilizing the integrated
density and sample area of the processed images, collagen
and elastic fiber content of both FFF and FDM samples
was measured and is expressed as a mean quantitative
fraction = standard deviation (SD).

Cell viability analysis (MTT assay)

MTT assay was performed on both FFF and FDM sections
to evaluate tissue viability before and after the application
of the decellularization process. In this instance, six uni-
form samples were excised using a biopsy punch (0.5 mm
in diameter) from FFF and FDM sections each. Afterward,
all 12 samples were weighed and incubated with MTT
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(Acros Organics, Morris, NJ, USA) solution (0.5 mg/mL)
for 3h at 37°C in 5% CO,/air. Afterward, all samples were
placed in dimethyl sulfoxide (CRYO-ON DMSO;
Alchimia, Padova, Italy) for 10 min. By the Beer—Lambert
law, the absorbance of the resulting colored solutions is
directly proportional to cell viability and was measured
using a spectrophotometer, set to a wavelength of 570 nm.
From the collected measurements, viability rates were cal-
culated as the ratio of optical density (OD) at 570nm and
the mass in grams (g). Quantitative analysis was performed
to assess the viability rates of all samples, both of fresh
frozen tissue and FDM.

Measurement of basic fibroblast growth factor
via extract

To evaluate foreskin tissue bioactivity and the effects of
the decellularization method, fibroblast growth factor
(FGFb) content was measured using an extract derived
from both FFF and FDM sections, using methods from
previously published literature.’*-®! FGFb was chosen as
the growth factor of interest due to its involvement in the
regeneration of a wide variety of tissue types: skin, blood
vessel, muscle, adipose, tendon/ligament, cartilage, bone,
tooth, and nerve tissues.®® Samples were incubated at 4°C
for 72h, in RPMI 1640 serum-free culture medium, and
used as an extraction vehicle, in a ratio sample/extraction
vehicle volume of 25cm?100mL. Extracts were assessed
for the presence of FGFb using Quantikine® enzyme-
linked immunosorbent assay (ELISA) human FGF basic
immunoassay kits (R&D Systems, Minneapolis, MN,
USA). The measured OD is proportional to protein content
(pg/mL) of the samples. Quantitative analysis was per-
formed assessing the absorbances of both FFF and FDM
samples.

Mechanical properties

The mechanical properties of human foreskin were ana-
lyzed to evaluate their maintenance after the application of
the decellularization method. Five FDM and five FFF
samples were evaluated in air using an MTS apparatus
(Sintech-1/M; MTS Adamel Lhomargy, Ivry sur Seine,
France) and TestWorksTM v.4 software (MTS Systems,
Eden Prairie, MN, USA). Samples were kept at —80°C and
thawed for 24 h at 4°C before testing. Dimensions of the
samples were measured using a digital caliper, with each
sample measuring 3cm X 1cm in area and 0.8—1.5mm in
thickness. Cross-sectional area was estimated as the prod-
uct of the nominal specimen width and the average mem-
brane thickness. Samples were pulled to failure (tensile
failure) using a 1kN load cell at a rate of 12.7mm/min. To
maintain their moisture, samples were kept in their storage
medium. The tensile tests were performed by clamping
the bottom and top of the 3cm X1cm specimens to the

stationary lower grip and mobile upper grip of the tensile
testing apparatus, respectively. The maximum load, tensile
strength, modulus of elasticity (Young’s modulus), and
stiffness were measured for each sample.

Statistical analysis

Statistical analysis was performed using XLMiner Analysis
ToolPak (Frontline Systems Inc., Incline Village, NV,
USA) software. All results are reported as mean = SD,
with a statistical significance of p <0.05. To compare FFF
and FDM samples with respect to each parameter, a
Student’s ¢ test was employed to analyze cell viability,
FGFb, collagen, and elastic fiber content, and mechanical
data.

Results

Prior to decellularization of the human foreskin samples, a
macroscopic evaluation of the complete, intact samples
displays a pinkish appearance and a distinctive “butterfly”
shape, which has never been shown before and was ini-
tially proposed and identified by us in preliminary work to
ascertain the correct and expected shape of the foreskin
following circumcision (Figure 1). The epidermal layer
appeared darker in the outer areas compared to that of the
inner foreskin (Figure 2(a)). Following decellularization,
the foreskin tissue exhibited the white coloration of decel-
lularized tissue, which suggests the removal of the epider-
mal layer of the processed tissue, while ideally maintaining
a compact matrix with the bioactive components preserved
(Figure 2(b)).

Microbiological analysis confirmed that sterile condi-
tions were maintained at all stages: procurement, storage,
decellularization, and analysis, for both FFF and decellu-
larized foreskin samples. No bacteria or fungi were identi-
fied on the selective growth media after incubation for the
respective time durations (data not shown). Prior to the
application of the decellularization process, the cell viabil-
ity of FFF samples was found to be 13.6 = 1.6 OD/g. After
decellularization, the intense purple color of tissue after
incubation with tetrazolium salts, which corresponds to
cellular viability, was absent in the uncolored, decellular-
ized tissue, and cell viability was significantly reduced to
1.1 £0.750D/g in all FDM samples (Figure 3). In addi-
tion, the drastic reduction in cells was evident during qual-
itative histological analysis of the FDM samples stained
with H&E (Figure 4(c)), although the primary focus was to
analyze the structure of the decellularized matrices.

Through histological analysis, sections of the decellu-
larized samples stained with H&E demonstrated mainte-
nance in the architecture and structural integrity of the
dermal layer; decellularized samples exhibited a compact
and well-preserved ECM (Figure 4(c)), when compared
against the fresh frozen control (Figure 4(a)). Moreover,
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Figure 2. Macroscale appearance of the human foreskin
tissue: (a) fresh frozen foreskin tissue prior to the

decellularization process and analysis and (b) foreskin dermal

matrix, post-processing and decellularization.
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Fresh Frozen Foreskin Foreskin Dermal Matrix

Figure 3. Cellular viability of fresh frozen foreskin and
foreskin dermal matrices. Graphical representation of
the visible reduction of viable cells prior to and after

decellularization of the human foreskin samples (*p <0.0001).

analysis with Masson’s Trichrome staining further con-
firmed the structural integrity of the decellularized extra-
cellular matrices (Figure 4(d)), by the presence of
well-maintained collagen fibers, when compared to that of
the control (Figure 4(b)). Histological analysis also made
it evident that the epidermal layers were indeed entirely
removed by the decellularization process, as established in
our protocol. Imaging of the samples stained with Masson’s
Trichrome and Weigert’s elastic stain (Figure 5) found no
sizable difference between FFF and FDM samples with
regard to collagen or elastic fiber content, demonstrating
overall conservation of these biopolymers in the matrix
(Table 1).

Using ELISA assay on tissue extracts derived from both
FFF and FDM samples, FGFb content was measured,
which corresponds to tissue bioactivity. Before decellu-
larization, foreskin samples have an FGFb content of
4554 £70.1pg/mL; however, after decellularization,
FGFDb nearly doubles in content, as the growth factor was
found in FDM samples at 770.5 = 36.6 pg/mL (Figure 6).
All FDM samples were found to have this twofold increase
in FGFb content, compared to the fresh frozen control.
Mechanical tensile testing of the samples found no differ-
ences between FFF and FDM samples in any of the meas-
ured parameters (maximum load, tensile strength, Young’s
modulus, or stiffness; Table 2).

Discussion

The study described here intends to be the first step in the
overall process of developing an innovative, regenerative
therapy to reconstruct the ablated foreskin tissue of cir-
cumcised males faithfully. To this aim, we developed a
functional tissue engineering scaffold, derived from the
decellularized ECMs of the human foreskin dermis. The
value of utilizing the biological scaffold described here is
due to the presence of the same intrinsic anatomic and
structural components that are biologically inherent in the
foreskin tissue. This makes the scaffold more than compa-
rable to the natural foreskin and therefore second to none
regarding biomaterial choice for the proposed aim. Several
biological/synthetic biomaterial matrices are already com-
mercially available for the reconstruction of damaged tis-
sue, including the penis,®2% but the origin of the
biomaterials is different from that of the tissue being
treated, so the natural anatomical/structural characteristics
are poorly retained.

After submitting the procured foreskin tissue to the
decellularization process developed by our lab, the
resulting matrices maintained their natural, well-ordered
morphology. Collagen and elastic fiber content and biome-
chanical properties of the matrices were conserved as
well. The decellularized matrices were also found to have
a significant, twofold increase in FGFb content,
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Figure 4. Structural analysis of fresh frozen foreskin tissue and foreskin dermal matrices. Before decellularization, (a) H&E staining
shows that fresh frozen foreskin samples display normal structure, and (b) with Masson’s Trichrome, the samples show normal

collagen fibers. Following decellularization, foreskin dermal matrix samples exhibit a well-maintained structure with (c) H&E staining
and (d) maintenance of collagen fibers with Masson’s Trichrome. The drastic removal of cellular components in the foreskin dermal

matrix is also evident through H&E and Masson’s Trichrome.

increasing the overall bioactivity of the scaffold. This
drastic increase in bioactivity is crucial in for regenerative
processes, as FGFD plays a role in promoting vasculariza-
tion and blood vessel growth, as well as the regeneration
of several other tissues relevant to the foreskin.®® The
observed increase in bioactivity is likely related to the
method of decellularization, as previously published lit-
erature describes how different methods of decellulariza-
tion can affect growth factor release, and consequently,
matrix bioactivity.6%:60

Human-derived dermal matrices have been used as
biomaterial scaffolds for tissue engineering purposes in
a wide variety of applications. Our group, in particular,
has achieved excellent results through using decellular-
ized dermal matrices in the treatment of several clinical
conditions, such as abdominal wall defect, breast, and
pelvic reconstruction, as well as rotator cuff repair.67-72
While dermal matrices are a very popular naturally
derived biomaterial, few groups have shown interest in
developing scaffolds by decellularizing foreskin tissue
in a comparable manner to this work. One group had
promising results using their foreskin-derived matrix in
urethral tissue engineering.”® Another group engineered
an acellular AlloDerm foreskin tissue, to be used

in tympanoplasty, and the AlloDerm facilitated rapid
healing rates.”* A significant difference between these
two group’s works and our approach is the form of the
scaffold. In our work, retention of the foreskin’s distinc-
tive butterfly shape is vital to engineer our proposed
neoforeskin; however, in these other applications, the
scaffold’s form is relatively less pertinent. Two other
groups have additionally used acellular dermal matrices
in the reconstruction of penile shaft skin.””7% In both
cases, the matrices were derived from tissue elsewhere
on the patient’s body, but both groups reported good cos-
metic and functional results of the reconstructed shaft
skin. Although neither group went so far as to recon-
struct the foreskin, the promising findings from these
other groups are encouraging to our aim.

An unfortunate drawback and limitation to our approach,
however, is the low availability of foreskin tissue from
adult donors. Neonatal human foreskin tissue and its deriv-
atives, on the other hand, are quite accessible and sold by
many laboratory supply vendors. Although pursuing that
alternative approach is arguably more efficient, the use of
neonatal tissue in biomedical science and engineering is a
highly unethical practice.” Due to this low availability of
adult foreskin donor tissue, there is regretfully only a finite
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Figure 5. Elastic fiber quantification of fresh frozen foreskin tissue and foreskin dermal matrices by image analysis. (a) Prior to
decellularization, Weigert’s elastic stain shows a relatively high elastic fiber density in fresh frozen foreskin tissue. (b) Using color
deconvolution, the pixels representing the stained elastic fibers can be isolated and quantified. Following decellularization, (c)
foreskin dermal matrix samples exhibit a maintenance in their elastic fiber content, which can also be quantified using (d) color
deconvolution. This same technique can be applied to collagen fibers.

Table I. Mean quantitative fraction of collagen and elastic
fiber quantities of fresh frozen foreskin and foreskin dermal
matrix (mean = SD, n=5).

% Collagen fibers % Elastic fibers

409 +=4.7
43722

303x1.2
30.7x23

Fresh frozen foreskin
Foreskin dermal matrix

SD: standard deviation.

Student’s t test; fresh frozen foreskin versus foreskin dermal matrix
(*p <0.05).

amount of experimental protocols that our group was able
to perform to characterize our FDMs effectively. To charac-
terize the effectiveness of the decellularization method to a
further degree, direct measurements of residual DNA con-
tent could be made, as well as a more thorough histological
investigation using DAPI staining. Measurement of the
glycosaminoglycans, proteoglycans, and other biomole-
cules, and a more comprehensive study of the ECM organi-
zation through total hydroxyproline measurements, would
additionally be beneficial.

An additional, albeit necessary, limitation to our
approach is the need for the donor foreskin to retain its

g8 8 8 8 8 3 8

Growth Factor FGFb Content (pg/mL)

e

Figure 6. Basic fibroblast growth factor content of fresh
frozen foreskin and foreskin dermal matrices. Graphical
representation of FGFb content quantified from extract of

human foreskin samples before and after decellularization
(*p < 0.0001).

distinctive butterfly shape, seen in Figure 2, as opposed to
further processing which is seen in other pieces of litera-
ture detailing foreskin decellularization. This ensures the
complex network of channels within the matrix are
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Table 2. Tensile test results of fresh frozen foreskin and foreskin dermal matrix (mean = SD, n=5).

Fresh frozen foreskin

Foreskin dermal matrix

Maximum load (N) 17.66 =5.88 11.98 743
Tensile strength (MPa) 1.25+0.92 1.07 =0.68
Young’s modulus of elasticity (MPa) 2.84+0.25 3.01 £1.26
Stiffness (N/mm) 2.65+1.34 2.94+3.58

SD: standard deviation.

Student’s t test; fresh frozen foreskin versus foreskin dermal matrix (*p <0.05).

preserved, which will easily facilitate vascularization and
invasion of other cell types. Due to the geometries of the
penis and the foreskin, we believe this shape also facili-
tates the most effective approach at implantation of the
proposed neoforeskin, which can be visualized by follow-
ing Figure 1(b) in reverse order. As biofabrication tech-
niques improve, our group intends to transition away from
a method requiring donor tissue and toward utilizing bio-
printing methods. However, as it stands today, current bio-
fabrication technologies are unable to replicate functioning
microvasculature (<10 wm in diameter), something which
the human foreskin is abundant in.’® For the time being,
our group is working to secure additional sources of adult
donor foreskin tissue.

To develop an innovative, regenerative therapy to
repair the damage caused by circumcision, we take
advantage of our expertise in the development of bio-
logical, acellular scaffolds, through the use of our pat-
ented decellularization method (PTC/IB2008/002753).°8
Similar to the results of our previous work, the decellu-
larized FDM developed in this study was able to main-
tain a balance of cellular removal and the maintenance
of structural, mechanical, and biological properties of
foreskin tissue. Preclinical experiments with in vivo ani-
mal models yet need to be performed and will comprise
future work. The results of this study indicate that this
method of decellularization, when applied to the human
foreskin, yields an acellular biological matrix with char-
acteristics and properties necessary to be used as a func-
tional tissue engineering scaffold for the purpose of
foreskin reconstruction and in the clinical treatment of
circumcised males.
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