Theriogenology 245 (2025) 117521

FI. SEVIER

Contents lists available at ScienceDirect

THERIOGENOLOGH

Theriogenology

journal homepage: www.theriojournal.com

Original Research Article

Towards the best enzymatic treatment prior to ovarian tissue

L))

Check for
updates

cryopreservation. A statistical and model-based analysis

Alodia Lacueva-Aparicio *", Jacobo Ayensa-Jiménez

%> Maria Francisca Perulero ¢, Dcil Diaz ©,

Sigrid Zalaya “, Emilio Ignacio Abecia“, Clara Malo *-""

2 Institute for Health Research Aragon (IIS Aragon), 50009,

Zaragoza, Spain

Y Tissue Microenvironment (TME) Lab, Aragon Institute of Engineering Research (I3A), University of Zaragoza, 50018, Zaragoza, Spain
¢ Pathological Anatomy Service, University Hospital Miguel Servet, 50009, Zaragoza, Spain

4 Atrys Health S.A, 28002, Madrid, Spain

ARTICLE INFO

Keywords:

Ovarian tissue
Follicles

Enzymes

Tissue preservation
Mathematical analysis

ABSTRACT

The objective was to study an innovative approach based on a mathematical model to analyze the potential
benefits of using enzymatic pre-treatment of ovarian tissue to increase its permeability. Our approach aims to
elucidate whether enzymatic pre-treatment would enhance the penetration of cryoprotectants in the ovarian
tissue, leading to better preservation and giving best results for obtaining primordial and primary follicles
without damage. The effect of five enzymatic treatments (TrypLE, collagenase, dispase, accutase, hyaluronidase)
over time on sheep ovarian tissue was evaluated, focusing on penetration depth and tissue damage. First results
showed that up to 45 min of incubation, all enzymes penetrated similarly, but longer treatments revealed dif-
ferences. Dispase showed the greatest penetration at 180 min but was highly aggressive, causing rapid tissue
lysis. TrypLE and hyaluronidase were found to be the most effective in minimizing follicular damage while
ensuring sufficient tissue penetration, particularly when applied for 10 min. TrypLE caused significant edema
after 10 min, but this was reduced after 15 min. Hyaluronidase caused minimal edema and had excellent
penetration, making it ideal for enhancing ovarian tissue permeability. The present study showed that pre-
treatments with hyaluronidase and TrypLe for 10 min are potential candidates for enhancing ovarian tissue
permeabilization, offering the best balance between penetration and minimal tissue damage. These findings
could improve fertility preservation techniques and future cryopreservation strategies.

1. Introduction

process, leading to cellular damage and viability decrease of the pre-
served tissue [3-5].

Ovarian tissue cryopreservation (OCT) has gained attention in recent
years as an effective method for fertility preservation in women [1].
Cryopreservation has been successfully applied to a range of tissues, but
ovarian tissue faces several difficulties. It is an extremely complex tissue,
with follicles in various stages of development, and these structures can
be damaged during the process. Preservation of ovarian tissue is of great
importance in cases where women have to undergo cancer therapy such
as chemotherapy and radiotherapy. By cryopreserving ovarian tissue
before treatment, it may be possible to transplant the tissue back after
cancer treatment, thus restoring fertility [2].

The main techniques used for OCT are slow-freezing and vitrifica-
tion. Unfortunately, current techniques face several limitations, such as
ice crystal formation during freezing or thermal stress in the thawing

One of the possible alternatives to improve cryopreservation pro-
tocols is to ensure that cryoprotectants penetrate well into the tissue. For
this purpose, one option would be to perform an enzymatic pre-
treatment to reduce the rigidity of the stroma, enhancing the ability of
the enzymes to penetrate the tissue. This approach has already been
done in mouse ovarian tissue. Results showed that the addition of
collagenase increased the number of intact follicles and the viability of
the offspring when compared to the control without collagenase [6].
Previous innovative work in our group studied the effect of different
enzymes prior to cryopreservation of ovarian tissue [7]. Five commonly
used enzymes to disaggregate tissue before freezing ovarian tissue to
decrease rigidity and facilitate cryopreservation, TrypLE, collagenase,
dispase, accutase and hyaluronidase, were studied. Our findings showed

* Corresponding author. University of Zaragoza, Mariano Esquillor Gomez, 50018, Zaragoza, Spain.

E-mail address: claramalo@unizar.es (C. Malo).

https://doi.org/10.1016/j.theriogenology.2025.117521

Received 17 November 2024; Received in revised form 30 April 2025; Accepted 2 June 2025

Available online 3 June 2025

0093-691X/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-2835-4823
https://orcid.org/0000-0003-2835-4823
mailto:claramalo@unizar.es
www.sciencedirect.com/science/journal/0093691X
https://www.theriojournal.com
https://doi.org/10.1016/j.theriogenology.2025.117521
https://doi.org/10.1016/j.theriogenology.2025.117521
http://crossmark.crossref.org/dialog/?doi=10.1016/j.theriogenology.2025.117521&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Lacueva-Aparicio et al.

that enzymatic treatment with TrypLE before freezing offered immedi-
ate benefits post-thawing, with the highest viability values and per-
centage of intact follicles. Although this type of pre-treatment could be
of great help in preserving ovarian tissue, this option has not been
explored in depth. One of the main reasons is that access to such samples
can be difficult, especially if they are derived from human tissue.
Fortunately, in silico models can now be developed and can be used to
predict the enzymatic mechanisms that may help cryoprotectants to
adequately penetrate the tissue, using data obtained from in vitro
models.

Mathematical models allow the estimation of the enzyme penetra-
tion into the tissue in silico, avoiding ethical issues associated with
human and animal testing. These models can rapidly generate results
and predict optimal conditions for tissue permeabilization, which can
then be tested and validated in the laboratory [8-10]. By considering the
solution to the diffusion equation, we were able to discard diffusion as
the main mechanism of enzyme penetration, unveiling other mecha-
nisms related with tissue integrity. This could help to explore a wide
range of conditions regarding enzyme concentration and time of incu-
bation, significantly accelerating the development of more effective
tissue permeability protocols.

The aim of the present work was to analyze the best optimal enzy-
matical pre-treatment in terms of enzyme concentration and incubation
time to preserve intact follicles. The first step was to study the effect of
TrypLE, hyaluronidase, dispase, collagenase and accutase in an ovarian
tissue in vitro model. Sheep ovaries show similarities to human ovaries
in terms of fibrous cortical tissue and were used as an animal model in
this project [11]. Once we obtained the data regarding tissue penetra-
tion of the different enzymes over time, we explored whether an in silico
model is able to explain the experimental results, and therefore could be
valuable to predict which pre-treatment would be the option of choice to
enhance tissue permeability without damage. In addition, the effect of
enzymes, in terms of tissue penetration, percentage of damaged follicles
and edema, were studied using statistical techniques.

2. Materials and methods
2.1. Sheep ovarian tissue samples

Ovaries from adult sheep, 3-4 years old (approximately 40 ovaries),
with small or no dominant follicles, were obtained from the abattoir and
transported in PBS (Phosphate Buffer Solution) with antibiotics. Upon
arrival at the laboratory, for sample preparation, medullary tissue was
eliminated by scraping with a surgical scalpel so that the tissue would
have a maximum thickness of 1 mm, isolating only the cortical zone.
Samples were cut into quadrilaterals of 1 cm x 1 cm. This study was
approved by the Ethics Committee of Animal Experimentation from the
University of Zaragoza, Zaragoza, Spain with the code of PI06/22NE.

2.2. Enzymatic treatment

The effect of five enzymatic treatments was analyzed, including a
control without enzymes. The enzymatic treatments performed were as
follows: TrypLE (1X; 9 mL PBS and 1 mL of the commercial solution of
the TrypLE enzymatic cocktail at 10X concentration (A127177-01
Gibco), collagenase Type I (0.83 mg/mL, 17100017 Gilbco), dispase
(2.5 mg/mL, 17105041 Gibco); accutase (Acumax, 00-4666-56 Invi-
trogen ™) and hyaluronidase (25 mg/mL, H3506 Merck). DMEM F12
medium (L0091, Biowest) supplemented with L-glutamine 1 %
(25030081 Gibco) and fetal bovine serum 20 % (10270106, Gibco) was
used as basal culture medium. Samples of 1 cm x 1 cm x 1 mm di-
mensions were subjected to the different enzymatic treatments in time
intervals of 0, 5, 10, 15, 30, 45, 60, 120 and 180 min at 37 °C. The final
volume of enzymatic solution used was 2 mL. Four replicates were
prepared per treatment. Then samples were washed three times with
DMEM supplemented with 20 % FCS for enzyme inactivation. Untreated
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samples were considered as the control. An average number of follicles
were studied for each treatment: 49.52 + 5.32 primordial follicles,
25.97 + 3.18 primary follicles, 6.87 + 2.11 secondary follicles and 1.77
=+ 0.32 antral follicles. Morphological assessment was carried out in each
treatment (enzyme/time) [7].

2.3. Morphological assessment of ovarian tissue

Morphological analyses of ovarian tissue were evaluated by hae-
matoxylin and eosin histological staining. Four replicates per treatment
were prepared. Briefly, ovarian tissue samples were fixed in 4 % PFA for
24 h at 4 °C, after which they were processed in cassettes (215-01-10LM,
Sandon Diagnostics Limited) using a standardized protocol for 16 h
(automated tissue processor; Magnus, Milestone). The blocks were made
with the block-making unit (Leica 14039387257) after which they were
solidified on a cold plate. The paraffin-embedded samples were cut into
3 pm thick sections using a microtome (Microm GmbH, Type HM325).
They were placed in a tempered bath from where they were collected
with slides (D100004, Deltalab). Six sections per replicate were cut and
placed in the slides. The slides were placed on vertical racks and left to
dry overnight at 37 °C. A deparaffinization and dehydration process was
carried out as follows: 2 h in formalin, 25 min in ethanol 70°, 1 h in
ethanol 100°, 1 h and 15 min in ethanol 100°, 1 h and 30 min in ethanol
100°. Samples were then placed for 2 h in xylene and 55 min, 50 min in
isopropanol and 5 h in liquid paraffin. For haematoxylin and eosin
staining, a standard protocol was used for ovarian tissue slices as fol-
lows: the nuclei of the cells in tissue sections were stained by immersing
in haematoxylin (8240907024282001, VENTANAa) for 7 min. Sections
were rinsed in tap water for 5 min. Cell cytoplasm was stained by
immersing in eosin solution ((240)06544304001, VENTANA) for 2 min
and dipped in water for 1 min. After eosin staining, sections were
dehydrated by immersion in ascending alcohol solutions (70 %, 96 %
and absolute alcohol 100 %) for 15 s each. Finally, all sections were
cleaned in xylene for 15 s and mounted with a cover slipping reagent
(Leica CV Mount) using glass coverslips. The staining process was made
in a stainer workstation (VENTANA HE 600, Roche). Haematoxylin and
eosin-stained preparations were evaluated under a light field optical
microscope for morphological study of ovarian follicles and stroma.
Micrographs for dispase, TrypLE and hyaluronidase pre-treatment are
provided in Supplementary 1, 2 and 3, respectively. Different parame-
ters (penetration (pm), lysis (pm), edema (pm) and % of damaged pri-
mordial and primary follicles) were analyzed to compare each
enzymatic treatment in the ovarian tissue. In the cortex area, penetra-
tion was assessed with the appearance of loose tissue, lysis with the
appearance of damaged tissue and edema when fluids accumulate in the
tissue. The number of follicles were counted. Intact follicles were
considered to be follicles maintaining the integrity of membranes and
zones (theca zone, basal lamina, granulosa zone, zona pellucida, plasma
membrane, nuclear membrane). Intact stroma was considered when the
connective and interstitial tissue did not exhibit white spaces, main-
tained good cellularization, and did not show focal areas of necrosis or
apoptosis.

2.4. Mathematical model

To evaluate if enzyme penetration follows a diffusion process, as
reported in other studies on enzyme penetration [12], we used as a
standard reference the solution field for a diffusion process in a
half-plane, x > 0, with a fixed concentration at the boundary [13]. The
concentration of the enzyme at point x and time ¢ is:

C(x,t) :Coerfc< @

2j/cth>7

where Cj is the enzyme concentration at the boundary x = 0, D is the
diffusion coefficient and erfc is the complementary error function
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By fixing a detection threshold C”, the penetration at time t, x(t) ,
can be computed as,

x" =2KV/Dt, 3)

where K = erfc ™! (%) is a constant for each enzyme (provided that the

boundary condition is the same for each experiment). Therefore
(€]

with x = 4K?D a fitting parameter. For each enzyme, denoting by x; the

mean value of the penetration at time ¢; (so that X; = (xf)z) and by o; its
standard deviation we obtain the value of x by solving the Weighted
Linear Least-Squares (WLLS) minimization problem with loss function

i <Xi — Kti) 2
-1 i 7
with N the number of data points. The diffusion model is rejected if L>

N — 1, being N — 1 the number of degrees of freedom or similarly if R2<
1.

L(x) %)

2.5. Statistical analysis

For estimating the maximum penetration time without damage, for
each enzyme and each measurement time we compared the proportion
of damaged primordial follicle between the control and the enzyme
treatment using a unilateral t-student parametric test. The first time for
which the null hypothesis pyoqeq = Heonrot WS rejected in favor of
Hereated > Meontrol» With a significance level of 5% was considered to be the
maximal penetration time without damage. A similar approach was used
for the maximum penetration time without lysis.

To assess whether the treatment induced significant damage in the
tissue, we evaluate the proportion of damaged primordial and primary
follicles. A student t-test was used to compare for each enzyme and its
associated maximum penetration time (that is, for each pair enzyme —
associated maximum penetration) the proportion of damaged primor-
dial and primary follicle between the treatment and the control data,
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using a unilateral hypothesis test.

The different treatments were compared by evaluating the discrep-
ancy between the different relevant variables related to the tissue
integrity, as they are the proportion of damaged primordial, primary and
secondary follicles, as well as the extent of the edema and the enzyme
penetration in the tissue. Statistical significance was evaluated with a
bilateral t-test.

3. Results
3.1. Analysis of enzymatic penetration in vitro as a function of time

Samples of ovarian tissue were treated with TrypLE, hyaluronidase,
collagenase and dispase and the enzyme penetration was analyzed from
0 min to 180 min at 37 °C. Results showed that all enzymes went
through the ovarian tissue in an equivalent manner when samples were
treated for 45 min (Fig. 1). The diffusion model was rejected for all the
treatments, showing that other transport mechanisms drive the enzyme
penetration, related with the tissue integrity. In other words, a diffusion
model was not able to capture the penetration for any enzymes indi-
vidually. This is a pertinent question for future work, but with the cur-
rent data and the large variability between samples, a fit with more
parameters would surely result in overfitting.

When samples were treated from 60 to 180 min, different effects
were found. Dispase penetration in the ovarian tissue was gradually
increased, reaching 1490 + 40 pm depth in the tissue at 100 min and its
effect was maximum at 180 min when penetration was 1720 + 60 pm
depth. The opposite effect in penetration was found when the tissue was
treated with TrypLE, since its effect started to be lower when incubation
times with this enzyme went from 60 to 120 min. This loss in enzymatic
progression through the tissue was restored at 180 min of enzymatic
treatment. Hyaluronidase, collagenase and accutase enzymatic pene-
tration followed a similar trend once they reached the maximum enzy-
matic penetration, meaning that longer periods of enzymatic treatment
did not change the penetration into the tissue (Supplementary 4).

3.2. Maximum enzymatic penetration points without follicle damage

After analyzing the time required for each enzyme to penetrate the
ovarian tissue in the in vitro model, the resulting tissue damage was
assessed for each treatment. Results showed that the best time for
avoiding primordial follicle damage during the enzymatic treatment

60

80

100 120 140 160 180

Time (min)

Fig. 1. Penetration of the different enzymes at different times. TrypLE, hyaluronidase, collagenase and dispase were used for ovarian tissue treatment from O to 180
min. Results showed that all enzymes penetrated in the tissue in a similar manner up to 45 min. Mean =+ SE.
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with TrypLE, hyaluronidase, and accutase was 10 min, in contrast to 15
min for TrypLE and 30 min with collagenase (Table 1). It is also relevant
to note that time without lysis of the tissue was calculated, providing
information about the aggressiveness of the enzymatic treatment. Dis-
pase was the most aggressive treatment since signs of lysis were esti-
mated to appear just 5 min after exposure to the enzyme. Collagenase
produced lysis after 30 min, which corresponds to the time without
damage in primordial follicles. Accutase, TrypLE and hyaluronidase
produced the lysis of the tissue when longer periods of incubation with
the enzymes was performed, from 120 to 180 min. It is important to
point that each enzyme was used at a concentration for tissue digestion
or cell culture disaggregation.

In connection with the best time for each enzyme for avoiding
damage in primordial and primary follicle, the percentage of damaged
primordial and primary follicles for each treatment was analyzed
(Fig. 2). Results showed that percentage of damaged primordial follicles
was 26.79 + 15.5 3 %, 36.67 + 21.34 % and 26.59 + 11.55 % when
tissue was treated with accutase, dispase and collagenase, respectively,
but no significant differences were found (Fig. 2a). Similar results were
obtained for damaged primary follicles where the percentage of damage
with accutase, dispase and collagenase was 25.00 + 14.43 %, 24.48 +
15.03 % and 27.2 + 17.18 %, respectively (Fig. 2b). Although hyal-
uronidase and TrypLE showed a decrease in primordial and primary
follicle damage, only the treatment with hyaluronidase for 10 min
significantly reduced the percentage of damaged primordial (10.71 +
6.84 %) and primary follicles (8.57 + 5.08 %) compared to the control
without enzymatic treatment.

TrypLE and hyaluronidase were the enzymes that best maintained
the stroma; severe damage was not observed during incubation. In
TrypLE treatment, moderate damage was observed after 30 min,
whereas in hyaluronidase, severe damage was not observed until 1 h of
incubation. In collagenase treatments, moderate damage was observed
after 30 min, and severe damage was observed after 45 min of incuba-
tion. In treatment with accutase and dispase, moderate damage was
observed after 45 min and 1 h, and severe damage after 2 h of
incubation.

3.3. Comparison between the three optimal enzymatic treatments

Finally, enzymatic treatment with TrypLE, hyaluronidase and accu-
tase was compared in the ovarian tissue after 10 and 15 min of exposure
to each enzyme, in terms of damage in primordial follicle, primary fol-
licle, and stroma, as well as the penetration in the ovarian tissue (Fig. 3).
These three enzymes were thoroughly evaluated since they gave the best
results in terms of reducing tissue damage after treatment. Results
showed that enzymatic treatment with accutase for 15 min caused the
most significant damage in primordial (49.65 + 5.08 %) and primary
(45.07 + 6.24 %) follicles when compared with the other treatments,
especially with TrypLE. This enzyme caused the lowest proportion of
damaged primordial and primary follicles, being 4.06 + 2.01 % after 10
min treatment and 11.11 + 6.42 % after 15 min for primordial follicles.
The same effect in primary follicles was found, where the proportions of
damage were 0.00 % and 10.61 + 6.43 %, respectively (Fig. 3a and b).

Table 1

Maximal time reported for each enzyme without significant damage in pri-
mordial follicle and without lysis. The best time for avoiding primordial follicle
damage during the enzymatic treatment was 10 min (TrypLE, hyalurinidase and
accutase), 15 min for TrypLE and 30 min for collagenase.

Enzyme Time without damage in primordial Time without lysis
follicle (min) (min)

TRYPLE 15 180

HYALURONIDASE 10 180

DISPASE 10 5

COLLAGENASE 30 30

ACCUTASE 10 120
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Apart from studying the effects of enzymatic treatment in primordial
and primary follicles, two additional parameters were analyzed: edema
and penetration in the ovarian tissue. TrypLE treatment for 10 min
produced more edema when compared with other treatments, where the
ovarian tissue presented an increase in volume of 62.50 + 18.67 pm.
Surprisingly, this effect was reduced when the treatment was applied for
15 min, when the edema resulted in a volume increase of 22.50 + 1.90
pm. On the other hand, hyaluronidase treatment for 15 min produced
less edema, being only 1 + 0.81 pm when compared with the other
enzymes (Fig. 3c). Finally, penetration of all enzymes in the ovarian
tissue was studied. TrypLE and hyaluronidase treatment for 10 min
penetrated more when compared to the other enzymes, being 156.00 +
5.78 and 142.75 + 8.46 pm, respectively. After 15 min of treatment,
there was no increase in tissue penetration for any of the enzymes
compared with 10 min of treatment. (Fig. 3d).

Having analyzed all these results together, hyaluronidase or TrypLe
treatment for 10 min would be two good potential candidates for
improving ovarian tissue permeability, since they are the enzymes that
produced the best results, not only in terms of primordial and primary
damage but also in penetration. Regarding edema, TrypLE produced this
artifact in the ovarian tissue when it was treated for 10 min. Hyal-
uronidase would allow the cryoprotectants to penetrate and thus pre-
serve the tissue in the best possible condition.

4. Discussion

Cryopreservation of ovarian tissue has gained attention in recent
years to preserve fertility in young women after chemotherapy treat-
ment, among others [14]. Current methods such as vitrification and slow
freezing allow the preservation of ovarian tissue in which the follicles
are located [15]. They are the main structures to be properly preserved
for subsequent transplantation. The present study was based on the need
to improve these techniques so that cryoprotectants can optimally
penetrate the tissue, by reducing the rigidity and potentially increasing
successful fertility preservation by ovarian tissue transplantation, a
technique that allows fertility recovery in patients [16-18]. Previous
work showed that enzymatic pre-treatment could provide a better
functionality and viability of cryopreserved ovarian tissue after thawing.
Therefore, the effect of different enzymes commonly used and accessible
in the laboratory was analyzed to study their effect on the tissue at
different times of incubation and their possible use as a pre-treatment
before cryopreservation. The results of this study reveal important dif-
ferences in the ability of five commonly used enzymes for tissue diges-
tion and cell disaggregation (TrypLE, hyaluronidase, accutase, dispase
and collagenase) to penetrate and affect ovarian tissue over time [7].

All enzymes penetrated ovarian tissue similarly up to 45 min, but the
behaviour diverged significantly at longer treatment times. Dispase
showed a higher penetration at 100 min, reaching its maximum at 180
min (Fig. 1). However, this effect can be related to the rapid onset of
tissue lysis after only 5 min of exposure (Table 1). In shorter times and
up to 10 min, TrypLE was the one that reached the maximum penetra-
tion point and no lysis was found at that time.

It is particularly relevant that, in terms of preserving the integrity of
primordial and primary follicles, hyaluronidase excelled with a signifi-
cant reduction in damage when used for 10 min when compared to
control (Fig. 2). The same effect was found with TrypLE used for 15 min
but no significant differences were obtained when compared to control.
These findings highlight the importance of time-controlled enzymatic
treatment in minimizing tissue damage, a crucial consideration in pre-
paring tissues for cryopreservation. The reduction of edema with hyal-
uronidase also supports its use, as less edema may contribute to better
structural preservation of ovarian tissue (Fig. 3c). Hyaluronidase treat-
ment for 10 min not only provides sufficient penetration to allow sub-
sequent penetration of cryoprotectants but also minimizes damage to
follicles and reduces the incidence of edema. This could have important
clinical implications in improving cryopreservation techniques, thereby
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Fig. 2. (a) Proportion of damaged primordial follicle for each optimal treatment. (b) Proportion of damaged primary follicle for each optimal treatment. Hyal-
uronidase treatment for 10 min significantly reduced the percentage of damaged primordial and primary follicles compared to the control without enzymatic

treatment. * means p < 0.05 when compared to control.

improving tissue survival rates and post-thawing reproductive function.
On the other hand, TrypLE should also be considered as a good candi-
date for pre-treatment before cryopreservation. This mixture of enzymes
was the one that had the best results in terms of percentage of damaged
primordial and primary follicles and reached the maximum penetration
point when the three best treatments were applied for 10 min (Fig. 3a, b,
d). It is also important to point out that TrypLE produced edema when
compared to the other treatments and this fact should be also considered
since it could be a major disadvantage for cryopreservation. Previous
experimental work performed in vitro showed that pre-treatment with
TrypLE prior to cryopreservation enhances ovarian tissue viability after
thawing, while accutase is not recommended. Further studies in vitro
using ovarian tissue grafts are needed to optimize TrypLE incubation
conditions to preserve not only ovarian tissue integrity but also
functionality.

There are many studies where improvements in vitrification and
slow-freeze methods have been made but only one on ovarian tissue in
mice included an enzymatic pre-treatment [6]. This study showed that
pre-treatment of the ovarian tissue with collagenase improved the
fertility rate after transplantation. However, differences in the enzyme
concentration used make it difficult to compare these results with our
study. Moreover, our results indicate that collagenase would not be the
best option for enzymatic pre-treatment when compared to other en-
zymes included in the study. Hyaluronidase is used before Intra-
cytoplasmic Sperm Injection (ICSI) since it facilitates the denudation of
the oocyte [19-21]. The concentration required for this process is much
lower than the concentration needed for ovarian tissue digestion. For
that reason, and as in the case of collagenase, it is difficult to compare
the effect of this enzyme in previous studies in ICSI to our results. Lib-
erase (Dispase High), was used for follicular isolation to design an
artificial ovary [22], while TrypLE and accutase are commonly used
enzymes for cellular disaggregation but none of them were used for
enzymatic treatment of the ovarian tissue.

At this point it is clear that computational model-based analysis
would be highly beneficial for predicting the effect of different enzymes
on ovarian tissue, since there are very few, if any, studies that have
explored the potential of using this type of enzymatic pre-treatment.
Indeed, computational models are invaluable tools both for under-
standing and predicting the effect of the different enzymes in the tissue.
On the one hand, computational modelling is key for elucidating the
physical underlying mechanisms related to enzyme penetration and
tissue integrity. For instance, in the present study, diffusion was rejected
as the process driving enzyme penetration, unlike results reported for
other CPAs [23]. This stimulates a search for other physio-chemical

mechanisms related to tissue integrity, and to decide whether a treat-
ment is fit for purpose. On the other hand, reliable computational
models may be used for predictions that could help in the design of new
cryopreservation protocols. Actually, in spite of their use in the study of
cryopreservation processes [24,25] or toxicity assessment [26],
computational models have not yet been fully exploited in the field of
fertility preservation, although there are some incipient studies [27]. In
addition, new monitoring techniques offer the possibility of extracting
richer data to obtain more robust and accurate models [27]. Interesting
aspects such as the penetration depth, duration of the process, toxicity,
or the efficiency of each treatment could be investigated without the
need for the design of experiments for each one of them, thus saving time
and resources. Finally, the combination of penetration models and data
assimilation techniques could help in the design and optimization of
CPA perfusion protocols, taking into account toxicity, vitrification effi-
cacy, or the duration of treatment [26].

Despite the positive results, this study also has certain limitations
that should be considered. For example, the study focused on specific
times and enzymes, which leaves open the possibility that other times or
enzyme concentrations could provide different results. Future research
could explore the optimization of these variables, as well as evaluating
the long-term effects of these treatments on post-cryopreservation
ovarian tissue viability and functionality. It would also be interesting
to perform comparative studies with other tissues and explore the
application of these results in vivo models. However, these preliminary
data open the door to the study of this type of enzymes for pre-treatment
methods to be implanted prior to cryopreservation. The great advantage
of combining the data with mathematical models is that it considerably
reduces the economic cost, time and ethics required to carry out in vivo
experiments.

5. Conclusions

The results show that hyaluronidase or TrypLE applied for 10 min are
the best options for ovarian tissue preparation prior to cryopreservation
due to their ability to effectively penetrate the tissue with minimal
follicular damage and edema. These findings could significantly
improve current practices in fertility preservation and have the potential
to be applied in future cryopreservation strategies.
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Fig. 3. Comparison of the tissue state at the 4 optimal treatments. (a) damaged primordial follicle; (b) damaged primary follicle, (c) stroma damage. (d) penetration
in the ovarian tissue. TrypLE caused the lowest percentage of damaged primordial and primary follicles after 10 and 15 when compared to hyaluronidase and
accutase. Edema generation was also analyzed, showing that TrypLE would cause this effect in the ovarian tissue after 10 min of treatment and reaching the

maximum penetration possible in the tissue. *p < 0.05; **p < 0.01; ***p < 0.001.

Formal analysis. Maria Francisca Perulero: Investigation. Dacil Diaz:
Investigation. Sigrid Zalaya: Investigation. Emilio Ignacio Abecia:
Software, Methodology, Formal analysis. Clara Malo: Writing — review
& editing, Supervision, Project administration, Methodology, Investi-
gation, Formal analysis, Conceptualization.

Funding statement

The authors did not receive support from any organization for the
submitted work.

Conflict of interest
No conflic of interest.
Acknowledgements
We would like to thank the slaughterhouse Mercazaragoza (Zar-

agoza, Spain) for providing the sheep ovaries. Besides, we would like to
thank Prof. Jane Morrell for helping with English grammar.



A. Lacueva-Aparicio et al.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.theriogenology.2025.117521.

References

[1] Dolmans MM, Donnez J, Cacciottola L. Fertility preservation: the challenge of
freezing and transplanting ovarian tissue. Trends Mol Med 2021;27(8):777-91.
https://doi.org/10.1016/j.molmed.2020.11.003.

Cacciottola L, Donnez J, Dolmans MM. Ovarian tissue and oocyte cryopreservation

prior to iatrogenic premature ovarian insufficiency. Best Pract Res Clin Obstet

Gynaecol 2022;81:119-33. https://doi.org/10.1016/J.BPOBGYN.2021.09.010.

[3] Kometas M, Christman GM, Kramer J, Rhoton-Vlasak A. Methods of ovarian tissue
cryopreservation: is vitrification superior to slow freezing?—ovarian tissue
freezing methods. Reprod Sci 2021;28(12):3291-302. https://doi.org/10.1007/
543032-021-00591-6.

[4] Behl S, Joshi VB, Larson NB, et al. Vitrification versus slow freezing of human

ovarian tissue: a systematic review and meta-analysis of histological outcomes.

J Assist Reprod Genet 2023;40(3):455-64. https://doi.org/10.1007/s10815-022-

02692-w.

Bahroudi Z, Zarnaghi MR, Izadpanah M, et al. Review of ovarian tissue

cryopreservation techniques for fertility preservation. J Gynecol Obstet Hum

Reprod 2022;51(2). https://doi.org/10.1016/j.jogoh.2021.102290.

[6] Kawai T, Shimada M. Pretreatment of ovaries with collagenase before vitrification
keeps the ovarian reserve by maintaining cell-cell adhesion integrity in ovarian
follicles. Sci Rep 2020;10(1). https://doi.org/10.1038/541598-020-63948-y.

[7]1 Marco A, Gargallo M, Ciriza J, et al. Treatment with trypLE before freezing

improves thawing integrity and functionality of sheep ovarian tissue. Published

online October 18, 2024. doi:10.21203/RS.3.RS-4991603/V1.

Benson JD, Kearsley AJ, Higgins AZ. Mathematical optimization of procedures for

cryoprotectant equilibration using a toxicity cost function. Cryobiology 2012;64

(3):144-51. https://doi.org/10.1016/j.cryobiol.2012.01.001.

Katkov II. A two-parameter model of cell membrane permeability for multisolute

systems. Cryobiology 2000;40(1):64-83. https://doi.org/10.1006/

€ryo.1999.2226.

[10] Benson JD, Chicone CC, Critser JK. A general model for the dynamics of cell
volume, global stability, and optimal control. J Math Biol 2011;63(2):339-59.
https://doi.org/10.1007/s00285-010-0374-4.

[11] Courbiere B, Massardier J, Salle B, Mazoyer C, Guerin JF, Lornage J. Follicular
viability and histological assessment after cryopreservation of whole sheep ovaries
with vascular pedicle by vitrification. Fertil Steril 2005;84(Suppl 2):1065-71.
https://doi.org/10.1016/J.FERTNSTERT.2005.03.079. SUPPL. 2.

[12] Moreno VM, Baeza A, Vallet-Regi M. Evaluation of the penetration process of
fluorescent collagenase nanocapsules in a 3D collagen gel. Acta Biomater 2021;
121:263-74. https://doi.org/10.1016/J.ACTBI0.2020.12.022.

[13] Crank J. The mathematics of diffusion. second ed. Oxford Univ Press; 1975. p. 414
Published online. https://books.google.com/books/about/The_Mathematics_of_
Diffusion.html?hl=es&id=eHANhZwVouYC. [Accessed 15 April 2025].

[2

—

[5

fad}

[8

=

[9

[t

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Theriogenology 245 (2025) 117521

Marco A, Gargallo M, Ciriza J, et al. Current fertility preservation steps in young
women suffering from cancer and future perspectives. Int J Mol Sci 2024;25(8):
4360. https://doi.org/10.3390/ijms25084360.

Rienzi L, Gracia C, Maggiulli R, et al. Oocyte, embryo and blastocyst
cryopreservation in art: systematic review and meta-Analysis comparing slow-
freezing versus vitrification to produce evidence for the development of global
guidance. Hum Reprod Update 2017;23(2):139-55. https://doi.org/10.1093/
humupd/dmw038.

Suzuki N, Yoshioka N, Takae S, et al. Successful fertility preservation following
ovarian tissue vitrification in patients with primary ovarian insufficiency. Hum
Reprod 2015;30(3):608-15. https://doi.org/10.1093/humrep/deu353.

Silber SJ, Derosa M, Goldsmith S, Fan Y, Castleman L, Melnick J. Cryopreservation
and transplantation of ovarian tissue: results from one center in the USA. J Assist
Reprod Genet 2018;35(12):2205-13. https://doi.org/10.1007/510815-018-1315-
1.

Sanger N, John J, Einenkel R, Schallmoser A. First report on successful delivery
after retransplantation of vitrified, rapid warmed ovarian tissue in Europe. Reprod
Biomed Online 2024;49(1):103940. https://doi.org/10.1016/j.
rbmo.2024.103940.

de Moura BRL, Gurgel MCA, Machado SPP, et al. Low concentration of
hyaluronidase for oocyte denudation can improve fertilization rates and embryo
quality. J Bras Reprod Assist 2017;21(1):27-30. https://doi.org/10.5935/1518-
0557.20170008.

Van de Velde H, Nagy ZP, Joris H, De Vos A, Van Steirteghem AC. Effects of
different hyaluronidase concentrations and mechanical procedures for cumulus cell
removal on the outcome of intracytoplasmic sperm injection. Hum Reprod 1997;12
(10):2246-50. https://doi.org/10.1093/humrep/12.10.2246.

Evison M, Pretty C, Taylor E, Franklin C, Wing V. Human recombinant
hyaluronidase (Cumulase®) improves intracytoplasmic sperm injection survival
and fertilization rates. Reprod Biomed Online 2009;18(6):811-4. https://doi.org/
10.1016/51472-6483(10)60030-2.

Chen J, Isachenko E, Wang W, et al. Optimization of follicle isolation for
bioengineering of human artificial ovary. Biopreserv Biobanking 2022;20(6):
529-39. https://doi.org/10.1089/bio.2021.0060.

Lotz J, Icli S, Liu D, et al. Transport processes in equine oocytes and ovarian tissue
during loading with cryoprotective solutions. Biochim Biophys Acta Gen Subj
2021;1865(2):129797. https://doi.org/10.1016/j.bbagen.2020.129797.

Dalwadi MP, Waters SL, Byrne HM, Hewitt 1J. A mathematical framework for
developing freezing protocols in the cryopreservation of cells. SIAM J Appl Math
2020;80(2):657-89. https://doi.org/10.1137/19M1275875.

Walcerz DB. Cryosim: a user-friendly program for simulating cryopreservation
protocols. Cryobiology 1995;32(1):35-51. https://doi.org/10.1006/
¢ry0.1995.1003.

Han Z, Rao JS, Ramesh S, et al. Model-guided design and optimization of CPA
perfusion protocols for whole organ cryopreservation. Ann Biomed Eng 2023;51
(10):2216-28. https://doi.org/10.1007/510439-023-03255-5.

Caliskan S, Liu D, Oldenhof H, Sieme H, Wolkers WF. Use of membrane transport
models to design cryopreservation procedures for oocytes. Anim Reprod Sci 2024;
267:107536. https://doi.org/10.1016/j.anireprosci.2024.107536.


https://doi.org/10.1016/j.theriogenology.2025.117521
https://doi.org/10.1016/j.theriogenology.2025.117521
https://doi.org/10.1016/j.molmed.2020.11.003
https://doi.org/10.1016/J.BPOBGYN.2021.09.010
https://doi.org/10.1007/s43032-021-00591-6
https://doi.org/10.1007/s43032-021-00591-6
https://doi.org/10.1007/s10815-022-02692-w
https://doi.org/10.1007/s10815-022-02692-w
https://doi.org/10.1016/j.jogoh.2021.102290
https://doi.org/10.1038/s41598-020-63948-y
https://doi.org/10.1016/j.cryobiol.2012.01.001
https://doi.org/10.1006/cryo.1999.2226
https://doi.org/10.1006/cryo.1999.2226
https://doi.org/10.1007/s00285-010-0374-4
https://doi.org/10.1016/J.FERTNSTERT.2005.03.079
https://doi.org/10.1016/J.ACTBIO.2020.12.022
https://books.google.com/books/about/The_Mathematics_of_Diffusion.html?hl=es&amp;id=eHANhZwVouYC
https://books.google.com/books/about/The_Mathematics_of_Diffusion.html?hl=es&amp;id=eHANhZwVouYC
https://doi.org/10.3390/ijms25084360
https://doi.org/10.1093/humupd/dmw038
https://doi.org/10.1093/humupd/dmw038
https://doi.org/10.1093/humrep/deu353
https://doi.org/10.1007/s10815-018-1315-1
https://doi.org/10.1007/s10815-018-1315-1
https://doi.org/10.1016/j.rbmo.2024.103940
https://doi.org/10.1016/j.rbmo.2024.103940
https://doi.org/10.5935/1518-0557.20170008
https://doi.org/10.5935/1518-0557.20170008
https://doi.org/10.1093/humrep/12.10.2246
https://doi.org/10.1016/S1472-6483(10)60030-2
https://doi.org/10.1016/S1472-6483(10)60030-2
https://doi.org/10.1089/bio.2021.0060
https://doi.org/10.1016/j.bbagen.2020.129797
https://doi.org/10.1137/19M1275875
https://doi.org/10.1006/cryo.1995.1003
https://doi.org/10.1006/cryo.1995.1003
https://doi.org/10.1007/s10439-023-03255-5
https://doi.org/10.1016/j.anireprosci.2024.107536

	Towards the best enzymatic treatment prior to ovarian tissue cryopreservation. A statistical and model-based analysis
	1 Introduction
	2 Materials and methods
	2.1 Sheep ovarian tissue samples
	2.2 Enzymatic treatment
	2.3 Morphological assessment of ovarian tissue
	2.4 Mathematical model
	2.5 Statistical analysis

	3 Results
	3.1 Analysis of enzymatic penetration in vitro as a function of time
	3.2 Maximum enzymatic penetration points without follicle damage
	3.3 Comparison between the three optimal enzymatic treatments

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Funding statement
	Conflict of interest
	Acknowledgements
	Appendix A Supplementary data
	References


