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 A B S T R A C T

In both human and veterinary ophthalmology, stromal to full-thickness corneal defects can be treated using sev-
eral techniques that involve various biomaterials, which support healing while preserving vision. Among these, 
the amniotic membrane stands out due to its multifaceted biological properties, including anti-inflammatory, 
antimicrobial, and regenerative capabilities. Three main preservation methods (cryopreservation, dehydration, 
and lyophilization) have been developed to facilitate amniotic membrane clinical use. However, these methods 
may significantly alter its mechanical and structural integrity, which are critical for graft success. This study 
investigates the mechanical performance of bovine amniotic membranes for veterinary use, preserved using 
the above-mentioned techniques, by means of uniaxial tensile and inflation tests in a non-biological in vitro 
setting. Structural and chemical differences are also analyzed using scanning electron microscopy and energy-
dispersive X-ray spectroscopy. Despite structural differences arose among the samples, these differences did 
not alter or worsen the structural resistance of the membranes. All samples withstood 5 inflation cycles of 200 
mmHg without leaking.
1. Introduction

Each year, corneal ulcers affect millions of individuals (both humans 
and animals) globally, often leading to severe complications such as 
visual impairment or permanent blindness if left untreated (Byrd et al., 
2024). It is estimated that 1.5 to 2 million new cases of corneal in-
fections occur annually worldwide, predominantly in low- and middle-
income countries where access to timely health care may be lim-
ited (Stapleton, 2023). The difficulty in managing this condition stems 
from the alarming increase in antibiotic resistance, the growing demand 
for corneal donors, and escalating costs associated with medical and 
surgical therapies (Stapleton, 2023).

Corneal ulceration is most likely caused by several etiologies includ-
ing infectious, immune mediated and trauma (Stapleton, 2023; Maini 
et al., 2020; Hoerdemann and Yarbrough, 2023; Sanchez et al., 2024; 
Hassanpour et al., 2022; Ruiz-Lozano et al., 2023; Andrew, 2008; Braus 
et al., 2017). Consequently, significant efforts in clinical research are 
directed towards developing reliable and cost-effective solutions for 
repairing corneal defects, rather than resorting to keratoplasty, given 
the difficulty in recruiting donor corneas and the related cost.
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In both human and veterinary ophthalmology, several techniques 
for corneal reconstruction have been described (Sanchez et al., 2024; 
Ledbetter et al., 2025). These techniques support healing while pre-
serving vision and can be classified based on the material used: 
autologous ocular tissues (i.e., corneal or conjunctival grafts, and 
corneo-conjunctival transposition) and homologous and heterologous 
donor tissues (e.g., fresh or preserved corneal grafts) (Sanchez et al., 
2024; Ledbetter et al., 2025); additionally, a less well-known cate-
gory includes keratoprosthetics (Allgoewer et al., 2010). Biomaterials 
most commonly used for repairing stromal to full-thickness corneal 
defects in dogs, cats and horses are acellular cornea (Santillo et al., 
2021), amniotic membrane (Costa et al., 2019), small intestinal sub-
mucosa (Goulle, 2012), and urinary bladder acellular matrix (Chow 
and Westermeyer, 2016). However, surgical success with others such as 
nictitating membrane and pinnal cartilage (Kanai et al., 2006; Mathes 
et al., 2015), tunica vaginalis (Vicenti et al., 2003), renal capsule (An-
drade et al., 1999), buccal mucosa (Mezzadri et al., 2021), fascia 
lata (Hoerdemann and Yarbrough, 2023), omentum (Thajunnisa et al., 
2020), pericardium (Dulaurent et al., 2014), peritoneum (Barros and 
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Safatle, 2000), or platelet-rich fibrin membranes (Baadsgaard Bruun 
et al., 2025) has also been reported.

Among the various materials employed, the amniotic membrane 
(AM) stands out due to its multifunctional properties. Amnion is the in-
nermost fetal layer of the placenta, composed by three different layers: 
monolayer columnar epithelium, basement membrane and avascular 
stroma (Jirsova and Jones, 2017). In addition to providing tectonic 
support, it has anti-inflammatory, anti-fibroblastic, anti-angiogenic, 
anti-protease and anti-microbial properties, promotes epithelization 
and exhibits immune-privilege (Jafari et al., 2024). Based on these 
properties, AM is currently used for a wide spectrum of ocular sur-
face indications in humans, such as persistent corneal or conjunctival 
epithelial defects, chemical or thermal burns, limbal stem cell de-
ficiency, cicatrizing conjunctivitis, ocular graft versus host disease, 
microbial keratitis, corneal perforation, bullous keratopathy, dry eye 
disease, corneal haze following refractive surgery and cross-linking, 
band keratopathy, ocular suIn veterinary ophthalmology, anatomic 
and visual success rates following AM grafting are high regardless of 
the preservation method used, with 93%–100% anatomic success and 
85%–93% vision maintenance or restoration (Costa et al., 2019; Maini 
et al., 2020; Ledbetter et al., 2025). These studies have demonstrated 
that AM transplantation is a valuable tool in different ocular surface 
diseases such as non-healing corneal erosion, ulcers associated with tear 
deficiency or partial burn, and indolent ulcers (Arcelli et al., 2009), and 
for corneal surface reconstruction in keratomalacia (Costa et al., 2019; 
Maini et al., 2020), mid stromal to full-thickness defects (Costa et al., 
2019; Maini et al., 2020; Dower et al., 2022), dystrophy (Lassaline-
Utter et al., 2014), after excision of sequestrum (Barachetti et al., 
2010; Gómez et al., 2023; Maini et al., 2020), dermoids (Kalpravidh 
et al., 2009), epithelial inclusion cysts (Cassagnes et al., 2020), fi-
brous histiocytoma (Barros et al., 2005) or corneolimbal squamous cell 
carcinomas (Ollivier et al., 2006).

Amnion can be applied either epithelial side up (i.e., inlay tech-
nique) as a scaffold for migrating epithelial cells over the membrane 
and to facilitate graft integration, or stromal side up (i.e., overlay 
technique) as a patch to cover lesions without graft integration and for 
protecting the corneal surface (Malhotra and Jain, 2014). Depending 
on the depth, the former technique may be used as a single layer graft 
inlay or a multilayer graft inlay where these layers are placed into the 
ulcer ground without sutures before a outermost graft is sutured to its 
periphery (i.e., layered or fill in technique). This may be done either by 
cutting the amnion into multiple pieces and placing them one on top of 
one another or by repeatedly folding upon itself a larger piece (blanket 
fold). Both inlay and overlay techniques can also be combined using 
two or more layers with the inner smaller layer acting as a graft and 
the outer larger layer as a patch (i.e., sandwich technique) (Malhotra 
and Jain, 2014).

Three main preservation methods are currently used to store 
AMs (Jirsova and Jones, 2017): cryopreservation, dehydration (air, 
heat or low-temperature vacuum-drying) and lyophilization (freeze-
drying). However, since preservation and storage methods can change 
AM biological features, and also its structural and mechanical prop-
erties (Jafari et al., 2024), significant efforts in clinical research are 
directed towards developing reliable and cost-effective solutions for 
achieving optimal biomaterial storage and shipping without substantial 
alteration of their whole properties. These variations are critical to 
understanding how AM behaves when transplanted for corneal defect 
repair, and how they influence the grafts success.

The aim of the study was to investigate the mechanical behavior 
of bovine amniotic membranes preserved through different methods 
in a non-biological in vitro model through uniaxial and inflation tests 
and to assess the ultrastructural changes among the methods using 
scanning electron microscopy (SEM). Moreover, energy dispersive X-
ray spectroscopy (EDX) was used to check the chemical composition of 
the AMs. By comparing cryopreserved (CAM), lyophilized (LAM), and 
dehydrated (DAM) amniotic membranes, this study seeks to provide 
insights into the most suitable preservation technique for maximizing 
the structural integrity of AM in corneal grafting procedures.
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Table 1
Average strip thickness, width and length values [mm ± std] of the samples, 
after hydration.
 Thickness Width Length  
 CAM 0.11 ± 0.00 3.10 ± 0.31 12.30 ± 2.37 
 LAM 0.03 ± 0.00 3.93 ± 0.22 10.99 ± 1.65 
 DAM 0.03 ± 0.00 3.28 ± 0.07 15.33 ± 1.03 
 LAM-2 0.02 ± 0.00 4.90 ± 0.00 10.99 ± 1.39 
 DAM-2 0.02 ± 0.00 1.50 ± 0.35 9.41 ± 2.76  

2. Materials and methods

In this study, three amniotic membranes from the same lot (CAM, 
LAM and DAM; AMNIOVETTM, VetBiologicals, Valencia, Spain) were 
tested through two mechanical experimental tests (uniaxial tension test 
and inflation test) and structurally analyzed by SEM and EDX.

2.1. Sample preparation

Before performing the mechanical tests, each membrane was pre-
pared following manufacturer’s recommendations. CAMs were stored 
at −20◦, while DAMs and LAMs were kept at room temperature. 
Before testing, CAMs were thawed by warming the sealed package in 
lukewarm water for 10 min.

Two different protocols were tested to hydrate the LAMs and DAMs 
samples: first, the samples were submerged in 3 ml of a balanced salt 
solution (BSS) for 5 min (referred as LAM and DAM); then, the protocol 
was changed and the samples (referred as LAM-2 and DAM-2) were 
rehydrated by first submerging them in 3 ml BSS for 3 min and then in 
a specific restorative solvent provided by the manufacturer for 2 more 
minutes.

2.2. Uniaxial tension test

For each AM type, four dog-bone-shaped specimens were punched 
out to be tested. On a white protective plastic base, after removing the 
package, the membrane was flattened, and a central fragment was cut. 
The membrane strips were clamped vertically between the jaws and 
uniaxial tensile tests were performed under displacement control on 
an Instron 5548 Microtester (Illinois Tool Works Inc., Glenview, USA) 
with a 10 𝑁 full scale load cell (Fig.  1). To avoid specimen drying, an 
ultrasonic humidifier was used, which provided a subcooling steam and 
kept a constant temperature of 25 ◦C. A testing velocity estimated as 
5 mm/min was maintained throughout the test and for all specimens. 
Load and displacement were recorded until complete sample rupture. 
Strip elongation was expressed by the stretch, calculated as 𝜆 = (𝐿0 +
𝛥𝐿)∕𝐿0, where L0 is the initial length between clamps and Δ L is the 
upper clamp displacement. The failure Cauchy stress was obtained as 
𝜎 = (𝑁𝜆)∕𝐶𝑆𝐴, where 𝑁 is the applied load and CSA is the initial cross-
sectional area of the specimen. All the curves were truncated before 
complete failure of the sample at a strain around 20%–30% and the 
mean curve was obtained afterwards.

The average strip thickness, width and length between the jaws 
values (± standard deviation (std)) of the three AMs, once hydrated, 
are shown in Table  1.

2.3. Inflation test

To perform the inflation test, square shaped samples of the AMs 
were cut and placed in a specifically designed 3D chamber (Fig.  2.a–
b), closed with screws to avoid undesired pressure variations or liquid 
leakage. The chamber had an internal diameter of 15 mm.

The inflation test consisted of injecting 2 ml/min of water inside 
the camera and pressure sensor was placed to measure the pressure 
inside the camera. Two samples for each membrane type were tested 
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Fig. 1. Experimental set up for the uniaxial test. a. experimental set up; CAM sample undergoing uniaxial test.
Fig. 2. Experimental set up for the inflation test. a. schematic of the experimental set up; b. experimental set up; c. chamber for the inflation test with two inlets 
(one for the pressure sensor and another for the water injection); d. zoomed view on the chamber during CAM’s inflation test.
and five cycles from 0 to 200 mmHg were carried out for each sample. 
Therefore, 10 tests were performed for each membrane type. The entire 
procedure was recorded using a Digital Image Correlation (DIC) system 
(Fig.  2.a–b).

The DIC system consists of two cameras (Imager E Lite, LaVision, 
Germany) and a desktop computer with a Quad-core processor. The 
cameras had a spatial resolution of 1280 × 1024 pixels and a maximum 
frame rate of 500 fps. The cameras were placed at a distance of 
approximately 37 cm from the chamber and the mutual distance be-
tween cameras was approximately 13 cm. Both cameras were mounted 
with an identical 200 mm f/4 lens (Nikon, Tokyo, Japan) with an 
opening angle of approximately 30◦. The two cameras were internally 
synchronized with LaVision software and high-power light-emitting 
diodes (LEDs) fed with distensibility coefficient (DC) to avoid flicker-
ing illuminated the sample. Automatic system calibration by LaVision 
software was performed with a grid pattern before conducting the 
inflation tests. DIC requires the presence of a random pattern on the 
specimen. This was achieved by applying black spray paint on top of 
the samples. LaVision software generated 4 images/s .vc7 files in each 
test. These files were processed with the PIVMat 4.20 Toolbox21 in 
MATLAB R2024a and contained both the reference coordinates and the 
3D displacement (u , u  and u ) of the correlated speckle pattern; in 
x y z

3 
this work, the central point of the membrane has been considered. For 
each curve, only the interval between 0 and 45 mmHg was considered 
and the mean curve for each AM type was calculated.

2.4. Ultrastructural analysis with SEM and EDX

AM samples were prepared for SEM analysis. Different preparation 
protocols were followed depending on the type of AM. Being already 
dehydrated, LAM and DAM samples did not need any fixation proce-
dure and were directly coated with platinum (Pt) (Zhang et al., 2016) 
with 40 mA for 60 s. Finally, the samples were examined with a 
field emission scanning electron microscope (FE-SEM) (MERLINTM, Carl 
Zeiss, Oberkochen, Germany).

Given the water content, the CAM samples had to follow a dif-
ferent preparation prior to the observation with the SEM. Fixation of 
the sample was performed using a 4% paraformaldehyde and 2.5% 
glutaraldehyde solution in PBS. The samples were then washed with 
phosphate buffer (PBS 0.1 M) (five times for five minutes each). Post-
fixation was carried out with 1% osmium tetroxide in PBS for 1 h. 
Following this, the samples were washed with milli-Q water (three 
times for five minutes each). Dehydration was achieved using ethanol 
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Fig. 3. Uniaxial tension test. a. Curves of the uniaxial tests of CAM, DAM and LAM sample; b. Comparison of the curves of uniaxial test of DAM and LAM 
samples, that followed two different preparation protocols.
Table 2
Average stress values (MPa ± std) for 5%, 10%, 15% and 20% strain.
 Strain (Stretch) CAM LAM DAM LAM-2 DAM-2  
 5% (𝜆 = 1.05) 0.06 ± 0.03 0.59 ± 0.23 0.23 ± 0.11 0.44 ± 0.15 1.45 ± 0.92  
 10% (𝜆 = 1.10) 0.18 ± 0.05 1.38 ± 0.35 1.27 ± 0.61 2.06 ± 0.57 5.82 ± 2.89  
 15% (𝜆 = 1.15) 0.44 ± 0.08 2.82 ± 0.49 4.24 ± 1.38 5.89 ± 1.04 13.66 ± 5.62 
 20% (𝜆 = 1.2) 0.94 ± 0.11 4.68 ± 0.61 9.45 ± 1.74 11.65 ± 1.17 22.36 ± 7.89 
at increasing concentrations: 30% (1 × 5 min), 50% (1 × 5 min), 70% 
(2 × 5 min), 96% (2 × 10 min), and 100% (3 × 10 min). Subsequently, 
a total water adsorption procedure was performed by submitting CAM 
samples to a critical point drying stage (Leica EM CPD300 Critical Point 
Dryer, Germany). The samples were then mounted on SEM (JEOL JSM 
6360-LV) supports and coated with gold and palladium (Au/Pd) using 
a BALTEC SCD-005 coater to enhance the samples’ conductivity and 
produce clearer images during the electron microscopy process.

To check the chemical composition of the AMs, EDX was used to 
examine the membranes.

2.5. Statistical analysis

A statistical analysis was performed to assess whether the observed 
behaviors were statistically significant. For the uniaxial tension tests, 
Cauchy stress values at stretches 𝜆 = 1.05, 1.10, 1.15, 1.20 (i.e., 5%, 
10%, 15% and 20% strain, respectively; mean ± SD) were calculated 
for all samples. After acquiring the stress–stretch curves of individual 
samples, curves were averaged to obtain the mean response of each 
group. For the inflation tests, apical displacements at 2.5, 5, 10, 15, 
20, 25, 30, 35, 40 and 45 mmHg were extracted to construct apical 
displacement–IOP curves. For each sample, one curve per cycle was 
acquired; the five cycles of the same sample were averaged, and then 
sample means were averaged within each membrane type to obtain the 
group mean response.

The statistical analysis was carried out in SPSS 19.0 (SPSS Inc., 
Chicago, USA). Data were reorganized in long format by Group (CAM, 
LAM, DAM, LAM-2, DAM-2), Specimen ID, Level (stretch for uniaxial; 
pressure for inflation) and Response. Normality of continuous vari-
ables within groups was evaluated using the Kolmogorov–Smirnov test 
with Lilliefors correction; homoscedasticity was assessed with Levene’s 
test. Two-sided 𝑝 < 0.05 was considered statistically significant. For 
each level of stretch (𝜆) or pressure (IOP), between-group differences 
were first assessed with an omnibus test: one-way ANOVA when dis-
tributional assumptions (normality and homoscedasticity) held and 
Kruskal–Wallis test otherwise. When the omnibus test was significant, 
post-hoc pairwise comparisons were conducted using Tukey’s HSD (af-
ter ANOVA) or Dunn–Šidák (after Kruskal–Wallis) to compare Cauchy 
stress (𝜎) and apical displacement between groups.
4 
In addition, to evaluate overall differences along the entire curves 
(accounting for repeated measures within specimens), linear mixed-
effects models were fitted with fixed effects for group, level, and their 
interaction, and random effects for specimens nested within group.

3. Results

3.1. Uniaxial tension test

All the AM samples showed a non-linear behavior when subjected 
to uniaxial tests (Fig.  3). For each curve, three major regions can 
be distinguished: (1) the toe region represents ‘‘un-crimping’’ of the 
collagen fibrils, (2) the linear region, where the collagen fibrils become 
uncrimped and they begin to stretch making the tissue stiffer, and (3) 
the yield and failure region, where the accumulation of damage due 
to individual fibril failure causes loss of stiffness, and then the tissue 
begins to fail (this region is not displayed). First, a comparison of CAM, 
DAM, and LAM samples subjected to the first protocol was performed 
(Fig.  3.a). Then, the preparation protocol was changed for DAM and 
LAM only (namely DAM-2 and LAM-2), and the curves were compared 
with the curves from the previous protocol (Fig.  3.b). Table  2 shows 
the average stress values for 5%, 10%, 15% and 20% strain and Table 
3 shows the p-values of the statistical analysis between the AM samples.

The softest behavior was shown by CAM samples, that had a failure 
stress of around 4 ± 0.8 MPa for a strain around 34%. DAM samples 
showed the stiffest behavior with a failure stress of 9.86 ± 1.79 MPa, 
while LAM samples had an intermediate behavior with a stress failure 
of 5.54 ± 0.52 MPa.

Following the statistical analysis, adjusted pairwise 𝑝-values (Tukey 
or Dunn–Šidák, as appropriate) are reported in Table  3. Significant 
differences were found between CAM and LAM, and between CAM and 
DAM at the highest stretch levels (𝜆 = 1.15 − 1.20). LAM and DAM 
differed significantly only at 𝜆 = 1.20.

When the second protocol was applied to DAM and LAM samples, 
they both showed a stiffer behavior with respect to the samples that 
were subjected to the previous protocol (Fig.  3.b), reaching a failure 
stress three and four times higher, respectively (σDAM-2 = 30.45 ± 6.9 
at a 20% strain, σLAM-2 = 22.28 ± 1.3 at a 30% strain). LAM-2 samples 
failed at a strain 10% higher than LAM, demonstrating greater resis-
tance. Significant differences were detected between CAM and LAM-2 
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Fig. 4. Inflation test. a. Curves of the inflation tests of CAM, DAM and LAM samples; b. Comparison of the curves of inflation test of DAM and LAM samples, 
that followed two different preparation protocols.
Table 3
Statistical analysis of the AM samples that underwent uniaxial test at stretch 
𝜆 = 1.05, 1.10, 1.15, 1.20. The table reports adjusted pairwise p-values (Tukey or 
Dunn–Šidák) at each stretch level. 
 1.05 1.10 1.15 1.20  
 CAM - LAM 0.112 0.033* 0.010* 0.005*  
 CAM - DAM 0.190 0.124 0.046* 0.010*  
 LAM - DAM 0.190 0.750 0.132 0.024*  
 CAM - LAM-2 0.023* 0.011* 0.002* 0.0001* 
 CAM - DAM-2 0.157 0.065 0.029* 0.015*  
 LAM - LAM-2 0.255 0.128 0.006* 0.0001* 
 LAM - DAM-2 0.190 0.108 0.046* 0.024*  
 DAM - LAM-2 0.190 0.128 0.132 0.054  
 DAM - DAM-2 0.190 0.108 0.048* 0.040*  
 LAM-2 - DAM-2 0.190 0.124 0.074 0.053  
* Statistically significant differences (𝑝 < 0.05).

at all stretches. Most other pairwise contrasts became significant only 
at higher stretches (𝜆 = 1.15–1.20, Table  3). No significant differ-
ences were observed between DAM and LAM-2 or between LAM-2 and 
DAM-2. Overall, group differences increased with stretch, with DAM-2 
consistently showing higher stress than CAM, LAM, and DAM.

Consistent with the curve trends, mixed-effects modeling of the 
stress–stretch data confirmed a significant effect of Level and of group-
dependent evolution with loading (Group×Level, i.e., curve slopes 
differed between groups), indicating group-dependent changes in stiff-
ness with increasing stretch. These global findings are consistent with 
the per-level contrasts reported in Table  3.

3.2. Inflation test

For each cycle, all the AM samples withstood a maximum pressure 
of 200 mmHg without rupture or leakage. For the inflation test as well, 
all the AM samples exhibited non-linear behavior, similarly to what 
was observed in the uniaxial tension tests. CAM had the highest apical 
displacement during the tests (2.74 ± 0.34 at 45 mmHg, Table  4), con-
firming to have the softest behavior, as observed in the uniaxial tests. 
On the other hand, DAM samples had the lowest apical displacement 
(0.63 ± 0.21 at 45 mmHg, Table  4), being the stiffest among the three 
AM types. Following the statistical analysis (Table  5), CAMs and LAMs 
were significantly more compliant than DAMs from 5 to 45 mmHg 
(𝑝 < 0.05), without statistically significant differences between CAM 
and LAM samples (𝑝 < 0.05).

Differently from the uniaxial test, where the stiffening effect of 
the second protocol on DAM and LAM samples was clear, for the 
inflation test mixed results were obtained. While LAM samples stiffened 
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when they were subjected to the second protocol (LAM-2 in Fig.  4.b), 
DAM samples underwent a softening of the mechanical properties, 
after the second protocol was applied, when subjected to the inflation 
test. While DAM samples were considerably stiffer with respect to 
the other samples (apical displacement of 0.63 ± 0.21, Table  4), the 
behavior of DAM-2, LAM and LAM-2 was comparable in terms of apical 
displacement. Returning to the statistical analysis, DAM samples were 
found to be statistically different with respect to both LAM-2 and DAM-
2 (𝑝 < 0.05). Significant differences were also found between CAM and 
LAM-2 only for pressure values of 35, 40 and 45 mmHg and between 
LAM-2 and DAM-2 at 40 and 45 mmHg. LAM and LAM-2 were found to 
be statistically different for pressure values from 10 to 30 mmHg and 
no differences were found between CAM and DAM-2 and between LAM 
and DAM-2 (𝑝 > 0.05, Table  5).

Mixed-effects modeling of the apical displacement–IOP data con-
firmed a strong effect of Level and evidence of group-dependent evo-
lution with loading (Group×Level), i.e., pressure–displacement curve 
slopes differed between groups. These global findings are consistent 
with the per-level contrasts reported in Table  5.

3.3. Ultrastructural analysis with SEM

The AM samples were analyzed with the SEM to show detailed 
changes between CAM, LAM and DAM structure due to the preservation 
process. Since the AM samples were prepared using different protocols 
and examined with multiple instruments, the CAM samples were first 
analyzed individually, followed by a comparison of the DAM and LAM 
samples. Magnifications of 50×, 100×, 500×, 1000× and 5000× were 
considered for each sample; however, we report only 100×, 1000× and 
5000× for the CAM sample and 100× and 1000× for the DAM and LAM 
samples to avoid redundancy.

The dried CAM samples appeared to be compact and homogeneous 
(Fig.  5). At 1000× magnification, wrinkles were noticeable, likely due 
to the fixation process, which also caused the removal of a thin film 
layer (probably the epithelium), as seen in the upper-left edge of the 
100× magnification image and that could be visible in other areas of the 
sample, that are not here reported. At 5000× magnification, centered 
near the cut edge of the sample, a fibrous structure was observed, 
probably constituting the collagen fibers of the stroma of the AM.

Since the DAM and LAM samples were prepared using the same 
protocol and examined with the field emission scanning electron micro-
scope (FE-SEM), they were directly compared. Unlike the CAM samples, 
where the reference to each side is lost during the preparation process 
due to the complete submersion of the sample, it was possible to keep 
track of each side of the DAM and LAM samples throughout preparation 
and examination (Fig.  6). DAM appeared to be the most homogeneous 
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Table 4
Average apical displacements values (mm ± std) for different IOP values.
 IOP [mmHg] CAM LAM DAM LAM-2 DAM-2

 5 0.69 ± 0.21 0.43 ± 0.20 0.01 ± 0.01 0.44 ± 0.11 0.42 ± 0.29 
 15 1.52 ± 0.37 1.24 ± 0.28 0.21 ± 0.14 0.96 ± 0.15 1.02 ± 0.24 
 25 2.04 ± 0.44 1.56 ± 0.22 0.42 ± 0.16 1.24 ± 0.12 1.38 ± 0.20 
 35 2.42 ± 0.42 1.73 ± 0.21 0.54 ± 0.19 1.44 ± 0.13 1.66 ± 0.16 
 45 2.74 ± 0.34 1.86 ± 0.20 0.63 ± 0.21 1.60 ± 0.16 1.90 ± 0.14 
Table 5
Statistical analysis of the AM samples that underwent inflation test at pressure values from 5 to 45 mmHg. The 
table reports adjusted pairwise p-values (Tukey or Dunn–Šidák) at each IOP level.
 5 10 15 20 25 30 35 40 45  
 CAM - LAM 0.797 0.998 0.996 0.994 0.990 0.955 0.776 0.755 0.685  
 CAM - DAM 0.007* 0.007* 0.007* 0.003* 0.003* 0.002* 0.001* 0.001* 0.001*  
 LAM - DAM 0.141 0.013* 0.017* 0.007* 0.009* 0.017* 0.033* 0.036* 0.050*  
 CAM - LAM-2 0.724 0.508 0.423 0.142 0.099 0.077 0.031* 0.029* 0.026*  
 CAM - DAM-2 0.817 0.511 0.661 0.415 0.586 0.661 0.685 0.732 0.817  
 LAM - LAM-2 0.060 0.029* 0.013* 0.014* 0.028* 0.051 0.082 0.114 0.154  
 LAM - DAM-2 0.567 0.271 0.316 0.392 0.599 0.850 0.684 0.594 0.486  
 DAM - LAM-2 0.001* 0.001* 0.001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 
 DAM - DAM-2 0.044* 0.016* 0.032* 0.023* 0.014* 0.010* 0.006* 0.004* 0.003*  
 LAM-2 - DAM-2 0.882 0.996 0.562 0.410 0.238 0.164 0.075 0.046* 0.029*  
* Statistically significant differences (𝑝 < 0.05).
Fig. 5. Representative SEM images of CAM sample at 100×, 1000× and 5000× magnification.
AM, with localized concentrations of salt (NaCl, see Fig.  7). At 1000×
magnification, fibers beneath the surface were slightly visible in side 
A, that probably corresponded to the stromal layer. The lyophilization 
process caused the sample to be less homogeneous, with overlapped 
zones characterized by grooves. Fibers were visible at the surface on 
one side of the LAM sample (side B, 1000× magnification), likely 
due to the preservation process causing some fibers to rise from the 
membrane’s stroma. Overall, the three membranes displayed a compact 
and dense structure.

From energy dispersive X-ray spectroscopy, we could check the 
chemical composition of the membranes. Since the AM samples were 
identical and only the preservation process differed, we report the EDX 
analysis of the LAM sample only, to avoid redundancy. Fig.  7 shows the 
chemical composition obtained with the EDX analysis, by considering 
three different points of the sample. Point 1 corresponded to the fiber 
filament, which was found to have the highest concentration of carbon. 
Point 2 corresponded to a compact homogeneous area, also made of 
carbon in a lower percentage. Finally, point 3 confirmed the presence 
of salt, as it was already shown in Fig.  6.

4. Discussion

This study aimed to investigate the effect of different preservation 
methods on the mechanical behavior of bovine amniotic membranes 
as well as analyze the associated ultrastructural changes. The three 
main preservation methods to store AMs before grafting are cryop-
reservation, lyophilization and dehydration (Jirsova and Jones, 2017). 
Cryopreservation consists of maintaining the AM at ultra-low temper-
atures (typically −80 ◦C or in liquid nitrogen at −196 ◦C); then, the 
membranes are stored at −20 ◦C to prevent the formation of ice crystals 
that could damage the tissue. In lyophilization, the AM is first frozen, 
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then the water content is removed through sublimation in a vacuum 
(freeze-drying), leaving a dry, stable product. Finally, in dehydration 
the AM can be dried using various methods (e.g., air-drying, vacuum 
drying) to remove moisture while retaining its structural components.

Each preservation method has its own advantages and disadvan-
tages (Jafari et al., 2024). Therefore, the aim of this study arose from 
the need to evaluate potential alternatives to CAMs, that are currently 
the most widely used, and to determine whether the preservation 
methods are interchangeable from a mechanical perspective. Cryop-
reservation is usually preferred because it maintains the biological 
properties of the AM, including growth factors and cytokines, and 
keeps the structural integrity of the ECM and cells intact (Kruse et al., 
2000). It also allows long-term storage, but it requires specialized 
equipment (freezers, liquid nitrogen tanks) and handling procedures, 
which increase the managing costs and limit its practical use in settings 
without access to reliable refrigeration (Leal-Marin et al., 2020). The 
thawing process must be carefully controlled to avoid damaging the 
tissue and, once thawed, the membrane is difficult to handle as it 
tends to roll up. Given CAMs’ retained bioactivity, they are often used 
for wound healing and ocular surface reconstruction (Azuara-Blanco 
et al., 1999). Differently from CAMs, LAMs and DAMs require lower 
managing costs as they can be stored at room temperature, making it 
convenient for transport and long-term use. On one hand, lyophilization 
reduces weight and bulk of the membrane for easier handling with 
respect to CAM, but some biological properties (e.g., growth factors, 
cell viability) may be lost during the freeze-drying process (Rodríguez-
Ares et al., 2009). Structural integrity may also be compromised due to 
the freeze-drying dehydration process, though rehydration can restore 
some properties. As observed with the FE-SEM (Fig.  6), LAM samples 
appeared to be less homogeneous, with overlapped zones characterized 
by grooves, probably due to the lyophilization process. However, de-
spite some loss in bioactivity, these membranes still provide a physical 
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Fig. 6. Representative SEM images of DAM and LAM samples at 100× and 1000× magnification for the two sides of the membranes (A and B).
barrier that promotes epithelialization and protects wounds from infec-
tion (Corrêa and Silveira, 2024). Thus, LAMs are often used when ease 
of storage and transport is essential, such as in wound care products 
or surgical grafts. On the other hand, DAMs do not require as complex 
preservation process as CAMs or LAMs. In dehydration, the structural 
integrity of the ECM is maintained, but the biological activity (such 
as the presence of growth factors) is typically lower compared to 
CAMs. In fact, SEM analysis revealed that DAM samples had the most 
homogeneous and smooth appearance (Fig.  6). DAMs need rehydration 
before use as LAMs, and the rehydration process might not restore 
the full functional properties. Therefore, they are typically used in 
situations where biological activity is less critical, such as providing a 
physical barrier in wound healing or for tectonic supporting in corneal 
reconstructive surgery (Castellanos et al., 2017; Costa et al., 2019; 
Maini et al., 2020).

In our study, statistically significant differences in the mechanical 
behavior of the three membranes were observed. CAM was the most 
compliant and had the greatest failure stress. However, as already 
pointed out, although cryopreservation is the most effective for preserv-
ing its biological activity, shrinkage after thawing makes the membrane 
more difficult to handle and it is also less cost-effective. LAMs and 
DAMs supported high internal pressures without leakage (up to 200 
7 
mmHg) under both protocols and were easier to handle. DAM was 
stiffer than CAM and LAM in both tests and also felt subjectively stiffer 
when grasped with forceps. After hydration with the second protocol 
(samples LAM-2 and DAM-2), both tissues exhibited slightly increased 
stiffness while still withstanding high pressures without rupture. De-
spite the structural differences arose among the CAM, LAM and DAM 
samples observed by SEM due to the different preservation procedures, 
these differences did not alter or worsen the structural resistance of 
the AMs, as it was demonstrated with the inflation tests: all samples 
were able to withstand 5 cycles of 200 mmHg without rupturing 
or leaking. Thus, from a mechanical perspective the three AMs can 
all be considered suitable for the repair of stromal to full-thickness 
corneal defects. Moreover, while LAM and DAM demonstrated superior 
mechanical performance suggesting greater tectonic support for deeper 
stromal defects and better handling properties, CAM would also be 
suitable for corneal repair but preferable when preservation of its 
biological activity is mandatory.

Two main limitations are assumed in this study. First, while SEM 
provides insight into the surface micrometric structure of the material, 
it is insufficient to observe the structure of the membrane in the thick-
ness, thus examination with Transmission Electron Microscope (TEM) 
would be preferable. Second, the remaining biological activity of the 
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Fig. 7. EDX analysis of the LAM (side B) at 1000× magnification. Three points were selected to examine the chemical composition of the different components 
of the LAM.
samples after undergoing each preservation method was not evaluated 
and could not be considered as a parameter for the comparison of the 
AMs.

Further in vivo studies are warranted to compare the clinical per-
formance of each type of amniotic membrane in corneal defects of 
variable sizes and depths, and to assess postoperative outcome, po-
tential complications, and corneal transparency, in order to determine 
which membrane offers more advantages in clinical application. At 
the same time, future clinical and biomechanical studies focusing on 
amniotic membranes from various species, along with comparisons to 
other biomaterials used in corneal surgery, are necessary.

5. Conclusion

Three preservation methods for the conservation of amniotic mem-
branes were evaluated through mechanical tests, SEM examination, and 
EDX. Although differences in mechanical properties and ultrastructural 
features of the sample were observed among the methods, none of them 
compromised the membrane’s integrity or strength. Therefore, from 
a mechanical perspective, the preserved amniotic membranes can be 
considered functionally equivalent and potentially interchangeable.
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