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Introduction: Collagen-based materials differ in absorption time, biodegradation patterns, and inflam-
matory cell infiltration. This study aimed to evaluate the biocompatibility and biodegradation of native,
differently processed, and cross-linked porcine collagen membranes implanted in the subcutaneous
tissue of rats, following ISO 10993-6:2016.
Methods: Sixty SpragueeDawley rats were randomly divided into four groups: Group 1 (lyophilized 3 %
porcine type I collagen membrane), Group 2 (lyophilized 3 % porcine type I collagen membrane, dehy-
drothermal [DHT]), Group 3 (1,4-butanediol diglycidyl ether [BDDE] cross-linked, lyophilized 3 % porcine
type I collagen), and Group 4 (BDDE cross-linked, lyophilized 3 % porcine type I collagen, DHT). The
experimental periods were 1, 2, 4, 8, and 12 weeks, with three animals per group per period. After each
period, specimens were extracted and analyzed for membrane structure, biodegradation, cell infiltration,
angiogenesis, tissue integration, and foreign body reaction using histological staining and scoring ac-
cording to ISO 10993-6:2016.
Results: The cross-linked collagen membrane groups maintained their porous structure, with cell infil-
tration and blood vessel formation observed within this structure. Non-cross-linked collagen membranes
(Group 1) appeared as lumps under the subcutaneous tissue and exhibited minimal or no response
throughout the observation periods. Groups 2 and 4 biodegraded the fastest. Group 2 membranes were
not detected in the subcutaneous tissue at 8 weeks, classified as a slight response. Cross-linked collagen
membranes in all groups showed a slight response, whereas Group 4 exhibited a moderate response (11.0
e16.9) only at 12 weeks. The tissue response to collagen membranes in all groups aligned with physi-
ological inflammatory processes, scoring from minimal or no response (0.0e5.9) to slight response (6.0
e10.9), confirming their biocompatibility.
Conclusions: Cross-linking methods, temperature, and chemical reagents influence collagen membrane
properties. Cross-linked collagen formed a porous structure, and high-temperature DHT cross-linking
accelerated the biodegradation of the collagen membrane.

© 2025 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
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1. Introduction

The development of improved biomaterials is crucial in tissue
engineering. These biomaterials must exhibit good biocompati-
bility, avoid side effects, and serve as excellent scaffolds for cell
growth and metabolism. Additionally, biodegradability and bio-
absorbability must be controlled for clinical applications. Further-
more, biomaterials require mechanical properties that withstand
various stresses, a good surface conducive to cell adhesion, and
malleability. Collagen accounts for approximately 30 % of the pro-
teins present in vertebrates and is the most abundant extracellular
matrix (ECM) protein [1,2]. It possesses excellent biological prop-
erties, including biocompatibility [3], tissue affinity, and the pro-
motion of cell adhesion [4,5], migration, spreading, and
proliferation. It also provides an optimal environment for cellular
responses and components [6,7]. Collagen is biodegradable [5,8,9],
has low antigenicity [10,11], is non-cytotoxic and anti-
inflammatory [12,13], is easy to process, has abundant sources,
and exhibits hydrophilic properties. Consequently, collagen is
widely used in tissue engineering applications [14e17], including
local drug delivery [18,19], bone augmentation around dental im-
plants [20,21], tendon/ligament augmentation after sports injuries
[22e24], spinal dura repair to prevent cerebrospinal fluid leakage
[25,26], burn and wound dressing [27], and hemostasis [28,29].
However, natural collagen has lowmechanical strength and a rapid
decomposition rate in vivo, which limits its clinical applicability
[30]. To overcome these limitations, synthetic polymers (lactic acid)
(PLA), poly (glycolic acid) (PGA), and poly (lactic-co-glycolic acid)
(PLGA) are being developed. Additionally, several cross-linking
techniques [31e33], including ultraviolet light, glutaraldehyde,
diphenylphosphorylazide, and hexmethylenediisocyanate, have
been used to prolong biodegradation. In animal models, these
methods reduce the decomposition rates compared to natural
biomaterials [34e36], but they also inhibit cell adhesion and pro-
liferation [37,38] and reduce tissue integrity and vascular distri-
bution [18,39].

Thus, characterizing and comparing the physical, mechanical,
and biological properties of collagen is essential to selecting
collagen materials. Preclinical research models are valuable for
assessing the safety and tissue compatibility of materials and pre-
dicting their immunogenicity in the human body. These assess-
ments are crucial for achieving clinical applications. Therefore, this
study aimed to evaluate the biocompatibility and biodegradability
of various collagen membranes according to ISO 10993-6:2016
standards. Our results provide baseline data on collagen mem-
branes under different cross-linking conditions.

2. Methods

2.1. Animals

Thirty male SpragueeDawley rats, approximately 8 weeks old
and weighing 200e250 g, were used in this study. Animal man-
agement, selection, and surgical procedures were approved by the
Institutional Animal Care and Use Committee of The Catholic Uni-
versity of Korea, Uijeongbu St. Mary's Hospital, andwere conducted
in accordance with the Institute of Laboratory Animal Resources
Guide for the Care and Use of Laboratory Animals (approval num-
ber: UJA2021-09A). The animals were randomly selected by an
investigator and acclimatized before the experiment.

2.2. Collagen membrane preparation

Collagen membrane were prepared using collagen gel (Ubiosis,
Seongam, Korea) derived from porcine dermis. Four types of
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collagen membranes were used: (1) lyophilized 3 % porcine type I
collagen membrane; (2) lyophilized 3 % porcine type I collagen
membrane, DHT; (3) 1,4-butanediol diglycidyl ether (BDDE) cross-
linked, lyophilized 3 % porcine type I collagen as BDDE-crosslinked
collagen; (4) BDDE cross-linked, lyophilized 3 % porcine type I
collagen, DHT as BDDE-crosslinked collagen, DHT. All collagen
membranes were manufactured and packaged at a size of
90� 90 mm and were cut into 10� 10 mm pieces for implantation.

2.3. Experimental groups

In this study, animals were divided into four groups: Group 1
(lyophilized 3 % porcine type I collagen membrane); Group 2
(lyophilized 3 % porcine type I collagen membrane, DHT); Group 3
(BDDE-crosslinked collagen); Group 4 (BDDE-Crosslinked collagen,
DHT) (each group, n ¼ 15). The groups were subdivided according
to the experimental period (1, 2, 4, 8, and 12 weeks), with three
animals in each group/experimental period.

2.4. Anesthesia and surgical procedures

Rats were anesthetized using 2 % isoflurane (Hana Pharm Co.,
Ltd. Seoul, Korea). To prepare the surgical sites, the fur on the dorsal
region was shaved, and the skin was cleaned with povidone. Two
10-mm incisions weremade on the right and left sides of the dorsal
region (three animals per group). The skin and fascia were then
separated using blunt scissors. A collagen membrane of the same
size (10 mm) was implanted into the space between the skin and
fascia. The incisions were sutured using nylon (Ethicon®, Johnson
and Johnson, Ethicon, Cincinnati, OH, USA), and the sutured area
was cleaned with gauze soaked in povidone. The same procedures
(incision, displacement, and suturing) were performed for the an-
imals in the sham group; however, no collagen membranes were
implanted (Fig. 1).

2.5. Obtaining samples

After 1, 2, 4, 8, and 12 weeks, tissues were collected from three
animals in each group. Samples were taken from the membrane
implantation sites and the surrounding tissues, with a safety
margin of approximately 5mmon each side. All samples were fixed
in 10 % buffered formalin (SigmaeAldrich, SL, USA) for at least 24 h.

2.6. Histological analysis

After fixation, the samples were histologically processed. Briefly,
the samples were embedded in paraffin, cut into 5 mm thick sec-
tions, and stained with hematoxylin and eosin (HE) for light mi-
croscopy assessment. Inflammation and macrophage expression
were evaluated by immunohistochemistry. Anti-CCR7 (M1 macro-
phage marker; Abcam, Cambridge, MA, USA), anti-CD206 (M2
macrophage marker; Abcam), anti-CD20 (B lymphocyte marker;
Abcam), and anti-CD3 (T lymphocyte marker; Abcam) antibodies
were used to assess inflammatory cell infiltration into the
implanted collagen membranes. Samples were deparaffinized,
rehydrated in graded alcohols, and blocked with 3 % hydrogen
peroxide to inhibit endogenous peroxidase activity. Epitope
retrieval was performed at room temperature for 25 min using
collagenase (Thermo Fisher Scientific, Waltham, MA, USA). The
samples were then incubated with primary antibodies for 1 h at
room temperature, and immunoreactive signals were visualized
using a peroxidase-based kit (Dako, Agilent, Santa Clara, CA, USA),
with 3,30-diaminobenzidine (DAB; Dako) as the chromogen. Cell
nuclei were counterstained with hematoxylin.



Fig. 1. Surgical procedures. (a) Shaved and cleaned dorsal region of animal. (b) Collagen membrane implantation. (c) Implanted membrane location between skin and fascia. (d)
Sutured incision.
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2.7. Thickness measurement

The thickness of all collagen membranes at different implanta-
tion times was measured using a programmed tool (CellSens
Standard, Olympus, Japan) at 40 � microscope magnification.
2.8. Microscopic analysis

All microscopic observations and scoring were performed by
three investigators. The transplanted membrane and its interface
were observed, and stained tissue on the coated slide was photo-
graphed digitally using a microscope (OLYMPUS®, Tokyo, Japan). To
obtain detailed image information, the cells and tissues were
examined at 100� , 200� , and 400�magnification and subjected
to semiquantitative histological analysis. Samples from three ani-
mals were analyzed at 1, 2, 4, 8, and 12 weeks in all groups.
2.9. Evaluation of biomaterial implantation: semiquantitative
histological analysis: ISO 10993-6:2016/part 6/Annex E

ISO 10993-6:2016 specifies test methods for assessing local ef-
fects after the implantation of biomaterials intended for medical
devices. The total tissue response of each membrane material was
scored and evaluated according to ISO 10993-6. The evaluated
scores were summed and compared. Tissue response scoring and
evaluation were based on (1) the number and distribution of in-
flammatory cells at the materialetissue interface, (2) the presence
of necrosis, and (3) inflammatory responses such as neo-
vascularization, fibrosis of the fibrous capsule, and fatty infiltration.
The collagen membranes from the four groups were compared
based on differences in these parameters. The total scores were
categorized as non-irritant (0.0e5.9), slightly irritant (6.0e10.9),
moderately irritant (11.0e16.9), or severely irritant (�17). The
measured values were presented as median, minimum, and
maximum values.
2.10. Statistical analysis

All data are presented as mean ± standard deviation. Statistical
analyses were performed using a two-way ANOVA with Prism
(version 5.01; GraphPad Software, La Jolla, CA, US). Differences
were considered statistically significant when P < 0.05. *P < 0.05,
**P < 0.01, ***P < 0.001.
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3. Results

3.1. Animal observations

All animals tolerated the surgical procedure well, with no ne-
crosis or complications at the surgical site. They recovered quickly
after surgery and exhibited no abnormal behavior or weight loss.

3.2. Observation of implanted membranes

Subcutaneously implanted collagen membranes were observed
at weeks 1, 2, 4, 8, and 12 (Fig. 2). One week after implantation,
Group 1 did not maintain its initially implanted shape (square) and
showed a gel-like aggregate. The membrane in Group 2 gradually
decreased in size from 1 to 4 weeks and did not remain under the
subcutaneous tissue at 8 weeks. The membranes of Groups 3 and 4
maintained their shape for up to 12 weeks after implantation. None
of the subcutaneously implanted collagen membranes induced
local inflammation, redness, swelling, or purulence. The collagen
membrane was embedded and fused well with the subcutaneous
fascial tissue. The incision site and skin used for membrane im-
plantation healed well, and the rats were healthy and active, indi-
cating that the implanted collagen membrane had good
biocompatibility.

3.3. Histopathological analysis

Subcutaneously implanted collagen membranes were collected
at 1, 2, 4, 8, and 12 weeks and analyzed using HE staining.

3.4. One week post-implantation

One week after implantation, the implanted collagen mem-
branes exhibited different structures (Fig. 3A). Group 1 failed to
maintain its initial shape, which appeared as a compact lump in
histological observations (Fig. 3A (aec)). Except for Group 1, the
membranes in the other groups remained intact subcutaneously
and showed a multilayered porous structure. The membrane
structure in Group 2 was thicker than in the other groups, which
resulted in darker hematoxylin staining (blue color) (Fig. 3A (def)).
Red blood cells were observed inside Groups 2, 3, and 4 mem-
branes, which also showed porous structures (Fig. 3A (f,h,i,k,l), or-
ange arrow). However, Group 1 membranes showed very few red
blood cells. In all groups, the membrane was separated from the



Fig. 2. Representative images of the collagen membrane at 1, 2, 4, 8, and 12 weeks after subcutaneous implantation into rats.
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adjacent connective tissue (the implanted membrane region is
marked with an asterisk). Fatty infiltration, tissue necrosis, and
severe fibrous encapsulation were not observed in any groups.

3.5. Two weeks post-implantation

Two weeks after implantation, numerous inflammatory cells
were observed in the tissue adjacent to the external surface of the
implanted membrane in all groups. More inflammatory cells infil-
trated the membranes compared to the 1 week after implantation
(Fig. 3B) (implanted membrane region is marked with an asterisk;
*). In addition, an increased macrophage infiltration was observed
in all groups compared with that at 1 week. Groups 2, 3, and 4
membranes maintained a porous structure (Fig. 3B (del)), and
increased vascularization was noted (Fig. 3B, orange arrow). Sig-
nificant blood vessel formationwas observed in Group 2 (Fig. 3B (e,
f), orange arrow). Membranes in all the groups were surrounded by
connective tissues, but no capsule formation or fibrosis was
observed. Cell density decreased from the membrane surface to-
ward the interior.

3.6. Four weeks post-implantation

Four weeks after implantation, tissue integration occurred on
both sides of the membrane. Cell penetrationwas observed on both
sides of the membrane surfaces, and the inner membrane structure
was equalized after 4 weeks (the implanted membrane region is
marked with an asterisk; *). In Group 1, the membrane body was
reduced, and the number of cells inside and outside the membrane
was lower than at 2 weeks. Small blood vessels were observed
inside themembrane (Fig. 4A (c), orange arrow). In all other groups,
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numerous inflammatory cells were observed around the mem-
brane, in adjacent areas, and within the inner membrane space.
Additionally, many blood vessels and cells were observed.

Notably, Group 2 showed a significant decrease in the mem-
brane body, consistent with membrane thickness measurements
(Fig. 4A (def)). The membrane maintained its thick skeleton and
porous structure. Group 3 retained the best porous structure, with
thickness similar to that at initial implantation. Vascular endothe-
lial cells inside themembrane developed intomature blood vessels,
withmany blood cells present (Fig. 4A (h, i), orange arrow). Group 4
maintained a porous structure, though its thickness was slightly
reduced. Blood vessels and cells were observed (Fig. 4A (k, l), or-
ange arrow).

3.7. Eight weeks post-implantation

Eight weeks after implantation, Group 2 membranes were
completely biodegraded and no longer visible in subcutaneous
tissue (Fig. 4B (def)). Group 1 membranes remained thin and
visible, but were indistinct from surrounding connective tissues.
Newly formed connective tissue replaced the implanted membrane
and its surrounding region. Small blood vessels (Fig. 4B (c), orange
arrow) and fat were observed (Fig. 4B (b, c), arrowhead). Group 3
membranes maintained a porous structure (Fig. 4B (g)), but
membrane thickness decreased slightly, and the inner structure
became more compact than at 4 weeks. Several inflammatory cells,
blood vessels, and blood cells were observed in the areas adjacent
to the surface and inside the implanted membrane (Fig. 4B (h, i),
orange arrow). Group 4 membranes showed reduced thickness at 8
weeks compared to 4 weeks (Fig. 4B (j)). The membrane retained
some of its porous structure, and a darkly stained, thick skeletal



Fig. 3. Histological observation of the implanted collagen membrane after 1 and 2
weeks. Representative hematoxylin and eosin (HE) staining images of subcutaneously
implanted collagen membranes. Implanted membrane region is indicated with an
asterisk (*). (A) Observation of the implanted collagen membrane after 1 week. Group
1 did not maintain initial shape (square) of implanted membrane and appeared as an
aggregated gel (aec). Membranes of Groups 2 (def), 3 (gei), and 4 (jel) exhibited
multilayered porous structures. Red blood cells were observed inside the membranes
(orange arrows). (B) Implanted collagen membranes after 2 weeks. Numerous in-
flammatory cells were present in the membrane compared to that at 1 week. In
particular, significant blood vessel formation was observed in Group 2 (def, orange
arrow). First-line image scale bar: 1 mm. Middle line image scale bar: 100 mm. Last line
scale bar: 50 mm.

Fig. 4. Histological observation of the implanted collagen membrane at 4 and 8 weeks
after implantation. Representative HE staining images of subcutaneously implanted
collagen membranes. The implanted membrane region is indicated with an asterisk
(*). (a) Implanted collagen membrane after 4 weeks. Numerous inflammatory cells
infiltrated the membranes of all groups compared to that at 1 week. In particular, blood
vessel formation was observed in Groups 3 (gei, orange arrow) and 4 (jel, orange
arrow). (b) Implanted collagen after 8 weeks. The collagen membrane in Group 1
remained thin and visible. Small blood vessels (c, orange arrow) and fat were observed
(b, c, arrowhead). The membrane had completely biodegraded in Group 2 (def). Group
3 maintained the porous structure of the membrane, and several inflammatory cells
and blood vessels were observed inside the implanted membrane (h, i; orange arrow).
The membranes in Group 4 had a porous structure and thick skeletal structure. Mature
and thick blood vessels were observed inside the membrane (k, l, orange arrow). First-
line image scale bar: 1 mm. Middle line image scale bar: 100 mm. Last line scale bar:
50 mm.
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structure was observed. The membrane and surrounding connec-
tive tissue had no distinct boundaries. Mature blood vessels
appeared inside the skeletal membrane structures, andmany blood
cells were observed (Fig. 4B (k, l), orange arrow).
3.8. Twelve weeks post-implantation

Twelve weeks after implantation, the overall structure of Group
1 membrane disappeared, and only a part of the membrane
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remained (Fig. 5a). Fat was observed in areas where the membrane
had degraded (Fig. 5b, c arrowhead). The border between the sur-
rounding tissue and the transplanted membrane was indistin-
guishable. Mature blood vessels were present at this location
(Fig. 5c, orange arrow). In Group 2, membranes were not observed
12 weeks after transplantation (Fig. 5def). In contrast, the mem-
branes of the other three groups did not undergo complete
biodegradation (Fig. 5a, g, j). The membrane in Group 3 maintained



Fig. 5. Histological observation of the implanted collagen membrane at 12 weeks after implantation. Representative HE staining images of subcutaneously implanted collagen
membranes. The implanted membrane region is indicated with an asterisk (*). The membrane was completely degraded in Group 2 (def). In Group 1, the membrane was observed
only in a few parts (aec). The membrane could be observed in Groups 3 (gei) and 4 (jel).

Fig. 6. Collagen membrane thickness at 1, 2, 4, 8, and 12 weeks after implantation.
Membrane thickness is expressed as mean (mm) ± standard deviations derived from
three samples for each implantation time point. Stars indicate statistically significant
differences within groups at each time point compared with the score at 1 week (*;
P < 0.05, **; P < 0.01, ***; P < 0.001).

S.A. Kim, E.J. Go, B.S. Bae et al. Regenerative Therapy 29 (2025) 292e302
its porous structure (Fig. 5g), which remained distinguishable from
the surrounding connective tissue. Many thick blood vessels were
observed inside the porous structure (Fig. 5h, i, orange arrow),
along with various cell types. Compared to those in the other
groups, the shape, membrane thickness, and porous structure of
Group 3 were better maintained. The membrane in Group 4 was
still present, appearing darkly stained (Fig. 5jel). Compared to the
initial transplantation, its thickness and volume had significantly
decreased. Fat (Fig. 5k, l, arrowhead) and blood vessels (Fig. 5k, l,
orange arrow) were noted between the membrane's skeletal
structures.

3.9. Membrane thickness

The thicknesses of the implanted collagen membranes was
measured at 1, 2, 4, 8, and 12 weeks. The thickness of the remaining
collagen membrane at each time point is shown in Fig. 6. In Group
1, the membrane thickness continued to decrease up to 12 weeks
after implantation. Compared to that at 1 week after implantation,
membrane thickness changed significantly at 4 weeks (**;
P < 0.01), 8 weeks (***; P < 0.001), and 12 weeks (***; P < 0.001)
but not at 2 weeks. The membrane thickness of Group 2 decreased
significantly between 1 and 4 weeks (***; P < 0.001), consistent
with the histological results (Fig. 4A (d-f)). The implanted mem-
brane was degraded by 8 weeks, so histological or thickness eval-
uations could not be performed (Fig. 4B (d-f)). In contrast, no
significant changes inmembrane thickness were observed in Group
3 during the observation period (P > 0.05). The membrane
297
thickness in Group 4 decreased until 8 weeks after implantation.
Compared to that at 1 week after transplantation, membrane
thickness decreased significantly at 2 weeks (*P < 0.05), 4 weeks
(**P < 0.01), 8 weeks (***P < 0.001), and 12 weeks (***P < 0.001).
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3.10. Irritation evaluation of implanted membranes according to
ISO 10993-6:2016

The implanted membranes were evaluated for the biological
response of inflammatory cells and the overall tissue response ac-
cording to ISO10993-6 standards. The response of inflammatory
cell response was assessed based on the presence of poly-
morphonuclear cells, lymphocytes, macrophages, and necrosis. The
overall tissue response was characterized by neovascularization,
fibrosis, and fatty infiltration (Fig. 7aee). The results are summa-
rized for the entire observation period (Fig. 7f). Group 1 showed a
minimum value of 2.18 at 1 week and a maximumvalue of 5.81 at 8
weeks, with a mean value classified as minimal or non-responsive
throughout the observation period (Fig. 7f, green circle). Group 2
maintained a mean value of 8.33 at 2 weeks and 7.66 at 4 weeks,
classified as a slightly irritating reaction until it disappeared via
biodegradation (Fig. 7f, red square). In Group 3, the mean value
increased from 4.75 at 1 week to 11.53 at 12 weeks, classified as a
slight-to-moderate response. In particular, a significantly higher
infiltration of inflammatory cells, such as lymphocytes and mac-
rophages, as well as neovascularization, was observed at 8 weeks
compared to Group 1 (Fig. 7f, blue triangle, *P < 0.05, ***P < 0.001).
Group 4 showed a mean value of 5.304 at 1 week, classified as
minimal or no non-responsive, and maintained a slight response
from 2 to 12 weeks. At 4 weeks, the highest value of 9.883 was
observed, owing to an increase in polymorphonuclear cells, mac-
rophages, neovascularization, and fatty infiltration, which was
significant compared to Group 1 (Fig. 7f, black triangle, **;
P < 0.005, ***; P < 0.001). Necrosis and fibrosis were not observed
in any group.

4. Discussion

This study utilized a rat model to examine the safety (biocom-
patibility) and degradation (duration of membrane retention) of
collagen membranes implanted subcutaneously at various time
Fig. 7. Score of the inflammatory reaction induced by implanted collagen membrane. Infla
score (f) according to ISO10993-6:2016 for all groups at 1, 2, 4, 8, and 12 weeks after impl
analysis was performed to compare differences between groups at each time based on resu
reaction are presented as means. Groups were classified according to criteria ISO10993-6:2
(11.0e16.9), and severe response (17<).
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points. We analyzed inflammatory cell recruitment, fibrous tissue
formation, fatty infiltration, and membrane degradation. The
degradation and inflammatory responses differ between in vitro
and in vivo studies, experimental sites [40,41], the selected animal
model, and the membrane's origin [42]. A subcutaneous animal
model is recommended for medical device evaluation according to
ISO standards [43]. The rat model is widely used for biocompati-
bility and biodegradation studies due to its accessible implantation
site, angiogenesis potential, and the membrane's protection from
animal interference [44]. Additionally, it is favored for its ease of
operation, standardization potential, and cost-effectiveness.

ISO 10993-6, part of the ISO 10993 series, focuses on the bio-
logical evaluation of medical devices, particularly the local effects
after implantation. Small animals (e.g., rats, rabbits) are typically
used, with implantation sites in muscle, subcutaneous tissue, or
bone, depending on clinical application. The observation period is
categorized as short-term (�12 weeks) or long-term (>12 weeks).
Evaluations include: Macroscopic Assessment (Signs of inflamma-
tion, infection, necrosis, abnormal tissue responses, and visual
comparison between test and control implants); Histopathological
Analysis (Tissue responses such as fibrosis, necrosis, vasculariza-
tion, calcification; cellular reactions including macrophage pres-
ence, lymphocytes, foreign body reactions; tissue integration or
encapsulation analysis); and Scoring System (Quantitative grading
of tissue reactions).

ISO 10993-6 provides a globally recognized framework for
assessing implantable medical devices, ensuring compliance with
regulatory requirements (e.g., FDA, MDR) through clear test
methods and criteria.

The porcine skin-derived collagen membrane used in this study
primarily consisted of type I collagen. It is widely used because its
3D structure resembles a natural extracellular matrix. It has been
extensively studied in animal and clinical studies for its biocom-
patibility and cell affinity [45,46]. Collagen source variability has
been noted, with extractions from bovine and porcine tendons,
skin, pericardium, and other sources [47]. Visual observation
mmatory cell response (aec), overall tissue reaction (dee), and inflammatory reaction
antation. (aee) Scoring results are expressed as mean ± standard deviation. Statistical
lts of Group 1. *; P < 0.05, **; P < 0.01, ***; P < 0.001. (f) Results of the inflammatory
016: minimal or no-response (0.0e5.9), slight response (6.0e10.9), moderate response
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confirmed the excellent tissue compatibility of porcine skin-
derived collagen membranes in experimental animals (Fig. 2).

Various cross-linking technologies have been developed to
counteract the rapid biodegradation of collagen in vivo. The phys-
ical properties, resorption, and decomposition rates of collagen can
be enhanced via chemical and physical cross-linking methods.
Chemical cross-linking agents include glutaraldehyde, formalde-
hyde, polyepoxy compounds, acyl azide, carbodiimides, hexam-
ethylene diisocyanate, and 1-ethyl-3 (3-dimethylaminopropyl)
carbodiimide. Physical cross-linkingmethods include heat, DHT, UV
irradiation, and C-irradiation. However, concerns persist regarding
chemical cross-linking due to potential cytotoxicity from residuals
or degradation products in vitro and in vivo [48,49]. In many cases,
increased inflammatory response and reduced tissue integrity have
been reported [49].

We produced collagen membranes using DHT and BDDE cross-
linking and evaluated their long-term stability and physical prop-
erties. DHT, a common physical cross-linking method, delays
biodegradation and enhances collagen-based materials without
introducing additional reagents [50]. This process involves
exposing collagen to high temperatures in a vacuum, removing
water to form cross-links [51,52]. Key factors influencing cross-
linking density and collagen properties include temperature
(85e145 �C) and duration (1e7 days) [53]. BDDE, a widely used
cross-linking agent in hyaluronic acid fillers, is recognized for its
stability, biodegradability, and long-term safety record. Under basic
conditions (pH > 7), the epoxide groups at both ends of the
molecule preferentially react with the hydroxyl CH2OH group of
hyaluronic acid to form an ether bond. The stability of this ether
bond ensures a long clinical duration and biodegradability [54,55].
Unreacted BDDE is not carcinogenic in mice, and there is no evi-
dence of acute, subchronic, or chronic inflammation, according to
biocompatibility tests conducted in accordance with the 1987 In-
ternational Standard (ISO 10993) [56].

Histological analysis at one week showed that Group 2 mem-
branes retained a more robust porous skeletal structure compared
to Group 1 (Fig. 3). Groups 3 and 4, manufactured using BDDE,
exhibited a porous structure similar to cross-linked hydrogels [57].
In contrast, the freeze-dried membrane of Group 1 became lumpy 1
week after implantation compared to the other groups (Fig. 3).
Collagen membranes with different cross-linking methods and
structures show differences in their biodegradation patterns,
resorption times, and degrees of inflammatory cell infiltration. One
week after implantation, infiltration of lymphocytes, monocytes,
plasma cells, and macrophages was observed at the edge of the
transplanted membrane (Fig. 3A (b,e,h,k)). Two weeks after im-
plantation, Groups 2, 3, and 4 membranes showed a significant
increase in blood cells within the porous membrane (Fig. 3B (c, f, i,
l)). The porous structure of these collagen membranes facilitated
cell invasion, unlike Group 1. All groups showed mononuclear cell
infiltration at 4 weeks, indicating ongoing decomposition of the
membrane (Fig. 4A). Collagen membrane is resorbed in vivo by the
enzymatic activity of infiltrating macrophages and poly-
morphonuclear leukocytes [58]. Moreover, collagen membrane
degradation can commence 4e28 days after implantation [59,60].
Particularly in Group 2, the volume of the porous membrane
rapidly decreased at 4 weeks compared to Group 1 (Fig. 4A (d-f)),
and it was completely degraded at 8 weeks (Fig. 4B (d-f)). Addi-
tionally, Group 4 membranes treated with BDDE and DHT lost their
structural form and degraded more quickly than membranes of
Group 3 treated with BDDE alone, as shown by histological obser-
vations from 4 to 12 weeks (Fig. 4A and B, Fig. 5). According to the
ISO standards, these groups also showed the highest value in the
membrane irritation evaluation, with an increase in PMN, macro-
phages, new blood vessels, and fat formation at 4 weeks (Fig. 7 (f)).
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The inflammatory reaction score of Group 1 showed minimal or
no response (0.0e5.9) during the 1e12-week observation period.
Groups 2, 3, and 4 had higher inflammatory reaction scores than
Group 1 but were evaluated within the range of a slight response
(6.0e10.9), except at 12 weeks in Group 3. Furthermore, BDDE-
crosslinked collagen Groups 3 and 4 did not exhibit a higher in-
flammatory reaction than the DHT cross-linked Group 2. These
results are similar to the biocompatibility test results reported for
the BDDE cross-linker [56]. Additionally, BDDE cross-linking sta-
bilizes the structure of biomaterials, improving mechanical
strength and durability [61]. In addition, the biodegradation rate
[62] and physical properties of collagen and other polymers can be
controlled. This was confirmed in our histological results as BDDE-
crosslinked Group 3 had a slower biodegradation rate than other
groups and maintained the porous structure and the thickness and
shape of the collagen membrane relatively well (Fig. 4).

Many researchers have reported that DHT treatment performed
on natural collagenous materials and collagen scaffolds increases
their mechanical properties, due to the formation of ester and
amide bonds in DHT treatment compared to non-crosslinked
scaffolds [63e65]. Specifically, the strength of the scaffold in-
creases [66]. More importantly, DHT cross-linking helps prolong
the biodegradation of the scaffold [67].

However, our research results showed that groups 2 and 4, in
which DHTcross-linking was performed, degradedmore rapidly. As
mentioned in the results, in Group 2 of lyophilized collagen, DHT
degraded faster than in Group 1 of lyophilized collagen, and in
Group 4 of BDDE-crosslinked collagen, DHT degraded faster than in
Group 3 of BDDE-crosslinked collagen. Group 2 membrane
degraded faster than Group 1, and the membrane of Group 4
degraded faster than Group 3. This is a different result from the
finding that DHT cross-linking helps prolong the biodegradation of
the scaffold. This may be because collagen denaturation is induced
at high temperatures, which damages the triple helix structure.
Consequently, the denatured part loses resistance, and its in vivo
stability deteriorates, resulting in more rapid decomposition
[68,69]. In the present study, the DHT method was used under
conditions above 145 �C. Collagen denaturation is sensitive to DHT
temperature and reaction duration. Denaturation can impair the
mechanical properties of collagen by damaging its triple helix
structure and altering the packing of collagen molecules [70].
Additionally, a higher crosslinking temperature may lead to dena-
turation of collagen scaffolds and natural unwinding of the triple
helix. DHT treatment conducted at 145 �C or a treatment duration
longer than 5 days induces severe denaturation and deterioration
of mechanical properties [53,71,72]. These results show that tem-
perature and time are critical parameters of DHT treatment used to
develop collagen membranes and related products.

Environmental conditions, such as cross-linking, pH, and tem-
perature, are used to regulate the properties and functions of collagen
and are employed in various clinical trials. The type of collagen
membrane (film, sheet, disc type, etc.) used in this study can also be
used in various clinical applications. Collagen membranes exhibit
hemostatic properties that promote blood coagulation and play an
important role in tissue repair. Collagen initiates adhesion and ag-
gregation of platelets that lead to thrombus formation [73,74]. It is
also very useful in the treatment of severe burns and as a dressing for
many types of wounds, such as pressure ulcers, leg ulcers, and bed-
sores. Collagen membrane has the ability to easily absorb large
quantities of tissue exudate, smooth adherence to thewetwoundbed
with preservation of a low moist climate, as well as its shielding
against mechanical harm and secondary bacterial infection [75].
Additionally, the absorption rate of the membrane can be adjusted
through cross-linking of BDDE, making it possible to employ an
appropriate dressing formulation in various wound models [76].
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The rate of drug release in vivo can also be controlled by con-
trolling the degradation rate through cross-linking. Collagen
membranes in the form of ophthalmic implants have also been
used as a drug delivery system to treat infected corneal tissue using
high doses of antibiotics such as gentamicin [77] and tetracycline
[78]. Biopolymer scaffolds must be tolerant of mechanical stresses
for optimal reconstruction of hard tissue defects. Collagen itself was
used as a bone substitute due to its osteoinductive activity [79]. In
particular, the DHT cross-linked membrane used in this study is
used to promote bone formation [80,81] and bone regeneration
around implants and is reported to be helpful in treatment by
controlling biocompatibility and degradation speed [82]. BDDE
cross-linking has been used to improve the morphological and
biomechanical properties of collagen bone scaffolds [83]. Cross-
linked collagen is used as a scaffold to prevent adhesion after sur-
gery and to prevent recurrence of hernias in abdominal wall defects
[84]. A DHT cross-linked collagen scaffold is effective in nerve
regeneration due to its improved tensile modulus [85].

Collagen cross-linking for various clinical applications may
exhibit improved properties of support matrices in biotechnology.
Each crosslinking method demonstrates a different degree of
structural and mechanical stability, which is largely attributed to
the different crosslinking mechanisms, concentration, and expo-
sure time. To date, no gold standard protocol exists for crosslinking
collagen-based materials. More suitable cross-linking methods for
collagen-based materials need to be developed to achieve an
appropriate balance between stability and functional remodeling in
tissue engineering and regenerative medicine. We believe that our
research also constitutes a helpful contribution to research on
collagen-based materials.

We observed the changes in collagen membranes implanted in
the dorsal region of rats for up to 12weeks. However, one limitation
of our study is that we were unable to assess long-term inflam-
matory responses, fibrosis, or extended degradation processes
beyond this period. Therefore, based on the findings of this study,
future research should extend the observation period to 16e24
weeks or longer to achieve a more comprehensive evaluation of the
long-term biocompatibility and tissue response of collagen mem-
branes. Additionally, this study was conducted using a subcutane-
ous implant model using rats. Application of the results of this
study to specific clinical environments (e.g. bone, joint tissue, and
dental) may be limited. Therefore, if application to specific clinical
environments is necessary, additional research should be consid-
ered based on the results of this study.

In this study, the four groups of collagen membranes exhibited
different structures and biodegradation properties. Depending on
the cross-linking method, the decomposition rate and inflamma-
tory response of the collagen membrane differ in vivo. The cross-
linked collagen membrane exhibits a porous structure, which al-
lows the inflow and growth of cells, enabling the creation of new
tissues and cell growth. However, it can also cause rapid infiltration
of cells into the membrane, which may deteriorate the membrane
barrier function and cause rapid biodegradation. Therefore, the
cross-linking methods involving cross-linking agents and extreme
conditions, along with collagen structure, can negatively impact
collagen decomposition characteristics. Therefore, these factors
must be considered when manufacturing collagen membranes and
developing products.
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