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1. Introduction

1.1 Medical device in Guided bone regeneration
Guided Bone Regeneration (GBR) is a well-established technique that facilitates new 
bone formation by preventing the invasion of non-osteogenic tissues into the defect 
site, creating an environment conducive to the natural healing process 1. The success 
of GBR depends on the combined use of both bone substitute materials (BSMs), which 
serve as scaffolds for new bone growth, and barrier membranes, which segregate the 
bone defect from surrounding tissues. This combination has become a key approach 
in various clinical applications, including oral and maxillofacial surgery, periodontal 
regeneration, and orthopedic procedures 2. 

BSMs are designed to replace missing bone tissue and provide a structural framework 
that promotes osteoregeneration, supporting the integrity and function of the original 
bone. Autologous bone grafts are considered the "gold standard" due to their superior 
osteoinductive, osteoconductive, and osteogenic properties 3. However, their clinical 
application is often restricted by limited donor tissue availability, donor site morbidity, 
and potential  complications. These limitations have driven the growing interest  in 
alternative materials, particularly synthetic BSMs mainly based on natural or synthetic 
calcium phosphates and similar compounds, which offer advantages such as greater 
availability,  reduced risk of  disease transmission,  and the ability  to tailor  material 
properties to meet specific clinical needs 4. 

However, despite their promising potential, current synthetic BSMs often fall short of 
matching the regenerative capacity of autologous bone grafts, particularly in the areas 
of osteogenesis, osteoinduction, and the promotion of vascularization—critical factors 
for long-term success in bone regeneration. One promising strategy to improve the 
performance of synthetic BSMs is the incorporation of bioactive ions. Cations such as 
magnesium (Mg²⁺), zinc (Zn²⁺), copper (Cu²⁺), and strontium (Sr²⁺) have demonstrated 
potential in stimulating osteogenic differentiation, improving bone mineralization, and 
promoting angiogenesis 5,6.  Magnesium, for example, plays a crucial  role in bone 
metabolism  and  has  been  shown  to  enhance  osteoblast  activity 5. Copper  and 
strontium are  known to  promote  both  osteogenesis  and angiogenesis,  which  are 
essential for the formation of new bone and the integration of graft materials into host  
tissue 7,8.

In conjunction with BSMs, barrier membranes are integral to the GBR process. These 
membranes act as a physical barrier to prevent the infiltration of soft tissue into the 
bone defect, allowing for undisturbed bone regeneration 9. Resorbable membrane have 
gained  increasing  prominence  over  non-resorbable  alternatives,  such  as 
polytetrafluoroethylene (PTFE) membranes, primarily due to their ability to degrade 
over time, thereby eliminating the need for secondary surgical removal 10. Among 
bioresorbable membranes, collagen membranes have emerged as a leading choice 
due to their biocompatibility, biodegradability, and ability to support cellular functions 
critical for bone regeneration, such as cell adhesion, migration, and differentiation 11. 
Interestingly,  recent  studies have highlighted that  the molecular  microenvironment 
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induced by barrier membranes may also influence molecular events in the adjacent 
bone regeneration process 12,13. Consequently, collagen membranes are now expected 
not only to provide a physical barrier but also to "actively" support bone healing. 

However,  one  of  the  primary  limitations  of  natural  collagen  membranes  is  their 
relatively  short  degradation  time,  which  may  be  insufficient  for  long-term  tissue 
regeneration.  For instance,  in periodontal  tissue regeneration,  the barrier  function 
needs to be maintained for 4-6 weeks, while in bone augmentation procedures, it may 
need to persist for 16-24 weeks 9. To address this challenge, several chemical cross-
linking  strategies  have  been  developed to  enhance the  stability  and  prolong  the 
functional lifespan of collagen membranes.

1.2 Preclinical testing of medical devices
Despite their critical role in clinical treatments, the application of medical devices is not 
possible without different challenges and associated risks. Patients may experience a 
range of reactions, from mild tissue irritation to more severe complications, such as 
infections or implant failure. The primary factor influencing the long-term success and 
safety of these implants is their biocompatibility, which is defined as “the ability of the 
implant  material  to  integrate  with  surrounding  biological  tissues  without  eliciting 
adverse responses” 14. Ensuring biocompatibility is vital not only for the functionality of 
the  device  but  also  for  the  understanding and prevention  of  material-related 
inflammatory reactions, tissue necrosis, and immune responses that can compromise 
the implant's success.

Given the importance of biocompatibility, regulatory bodies worldwide impose stringent 
requirements. The  International  Organization  for  Standardization  (ISO)  has 
established the ISO-10993 series, a globally recognized framework that outlines the 
methods and processes for testing the biocompatibility of medical devices to guide 
standardized preclinical testing 15. These standards include a range of tests, such as 
cytotoxicity,  sensitization,  irritation,  and  long-term  implantation  studies,  aimed  at 
thoroughly assessing the biological safety of the materials used. The specific testing 
requirements  for  biomaterials  depend  on  their  composition  and  intended  clinical 
application.  In  vitro cytotoxicity  testing  is  typically  the  foundation  of  preclinical 
evaluation, followed by subcutaneous implantation studies in animals to assess tissue 
responses under physiological conditions. However, achieving biocompatibility is not 
the endpoint in material development. Biomaterials must also demonstrate functionality 
in relevant models, such as those evaluating bone regeneration in standardized bone 
defect  models. Building  on  this,  the  3R  principle—focused  on  the  reduction, 
refinement,  and  replacement  of  animal  testing—also should  be  emphasized  in 
preclinical  research 16. Optimizing  in  vitro testing  systems  and  models  to  more 
accurately simulate in vivo outcomes is a significant step forward.

1.3  Foreign Body Response of implants

A so-called “Foreign Body Response (FBR)” is the term refers to the series of cellular 
events triggered by the introduction of medical implants or biomaterials into the body 17. 
This response involves a cascade of cellular events, predominantly orchestrated by 



3

immune cells such as macrophages, monocytes, and neutrophils, which interact with 
proteins and release cytokines to guide the immune response. Central to this process 
are macrophages, which play a pivotal role in regulating the cellular dynamics of the 
response. Based on their molecular expression profiles, macrophages are generally 
classified  into  two phenotypes:  the pro-inflammatory  M1 phenotype and the anti-
inflammatory M2 phenotype 18. The M1 phenotype dominates the early stages of tissue 
healing,  mediating  the  degradation  of  implanted  materials  in  vivo.  As  the  acute 
inflammatory phase subsides, macrophages polarize toward the M2 phenotype, which 
expresses factors that promote tissue repair 19. A balanced transition toward an M2-
dominant response is essential for favorable tissue regeneration; however, chronic pro-
inflammation can result in fibrotic encapsulation, leading to implant failure. Another 
hallmark of the FBR is the formation of foreign body giant cells (FBGCs), which arise 
from the fusion of activated macrophages in response to persistent stimulation from 
the implant surface 20. These multinucleated giant cells are often found at the interface 
between the implant and surrounding tissue, and their presence is a key indicator of 
chronic  inflammation.  FBGCs attempt  to  degrade the  implant  through phagocytic 
activity and the release of degradative enzymes, but their prolonged activity can also 
lead to tissue damage and fibrosis, compromising the long-term success of the implant.

In addition to immune cell recruitment, vascularization is a critical factor in determining 
the outcome of the FBR. Adequate blood vessel formation is essential for delivering 
oxygen and nutrients to the site of implantation, supporting tissue regeneration, and 
maintaining the health of surrounding tissues 21. However, the chronic inflammatory 
environment  associated  with  FBR  can  hinder  proper  vascularization,  leading  to 
hypoxia  and  impaired  healing.  Macrophages  and  FBGCs  have  been  shown  to 
influence angiogenesis by releasing factors such as vascular endothelial growth factor 
(VEGF),  which  promotes  blood  vessel  formation 13,22. Nevertheless,  the  balance 
between  inflammatory  and  pro-regenerative  signals  remains  delicate,  and 
dysregulation  can  result  in  poor  integration  of  the  implant. Consequently, 
understanding  the  interaction  between  biomaterial  properties  and  the  underlying 
mechanisms of bone regeneration is a critical focus in preclinical research.

2. Aim of the study series

This study series adheres to the standards outlined in DIN EN ISO 10993-5/-12 and 
ISO 10993-6 to evaluate the cellular and biocompatibility properties of synthetic bone 
substitute materials incorporated with metal ions, as well as collagen-based barrier 
membranes. These evaluations were conducted using both subcutaneous or calvaria 
implantation  models,  with  particular  emphasis  the  materials-related macrophage-
dominated inflammatory patterns and tissue regeneration processes. The objective is 
to further elucidate the immunomodulatory properties of these biomaterials and their 
relationship with tissue regeneration. Additionally, in accordance with the 3R principles, 
the study explores the potential of jellyfish collagen in optimizing in vitro cell culture 
systems, aiming for improving the accurate predictions of cellular compatibility.
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Theses:

(1)  Collagen  type  0  derived  from  jellyfishes  is  a  suitable  substrate  for  in  vitro 
cytocompatibility analyses of biomaterials due to its nativity.

(2) The in vitro cytocompatibility results using mammalian collagen or jellyfish collagen 
are comparable. 

(3) Metal ions as an additive of bone substitute materials hold promise for influencing 
bone regeneration processes by modulating immune responses and vascularization.

(4) Strontium/magnesium-doping  of  biphasic  calcium  phosphate-based  bone 
substitutes have influence on macrophage polarization and bone tissue regeneration.

(5) Copper- and strontium-doped bioactive glasses have influence on macrophage 
polarization and bone tissue regeneration.

(6) Chemical  cross-linkers  enhance  collagen  membrane  stability  by  improving 
mechanical  strength  and  enzymatic  resistance  through  intermolecular  and 
intramolecular bonds. 

(7) The cross-linking of collagen membranes induces an increase of the material-
related foreign body response (FBR) to biomaterials including a higher occurrence of 
multinucleated giant cells and pro-inflammatory macrophages

(8) The cross-linking of collagen membranes can induce a fibrotic tissue response.

(9) Collagen barrier  membranes play an active biological  role in bone healing by 
modulating the molecular micromilieu.

(10) Membrane-induced  pro-inflammatory  macrophages  can  influence  the 
vascularization process within adjacent bone defect regions.

3. Publications

3.1 Suitability of R. pulmo Jellyfish-Collagen-Coated Well Plates for Cytocompatibility 
Analyses of Biomaterials

3.1.1 Introduction

Collagen has long been regarded as an ideal substrate for cell culture. Its interaction 
with various cell surface receptors—including integrins, discoidin domain receptors 
(DDR),  glycoprotein  VI,  osteoclast-associated  receptor  (OSCAR),  leukocyte-
associated immunoglobulin-like receptor 1 (LAIR-1), and uPARAP/Endo180—plays a 
crucial  role  in  regulating  cell  adhesion,  proliferation,  and  differentiation 23.  These 
properties make collagen a vital substrate for in vitro cell cultures, especially as most 
cells from normal tissues exhibit anchorage dependence, requiring attachment to a 
surface for survival and growth.

For  decades,  bovine and porcine sources have served as  the primary  origins  of 
xenogeneic collagen in biomedical applications 24. However, the use of these animal-
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derived  collagens  faces  significant  limitations,  including  concerns  over  the 
transmission of infectious diseases and religious concerns. Jellyfish-derived collagen 
has emerged as a promising alternative, offering a unique solution to these limitations. 
Studies  suggest  that  jellyfish  collagen  can  elicit  similar  cellular  responses  to 
mammalian collagen, including cell adhesion, proliferation, and migration 25. Notably, 
jellyfish collagen has been shown to induce a long-term anti-inflammatory macrophage 
response, a critical factor for minimizing adverse immune reactions and supporting 
tissue regeneration 26. Furthermore,  in vivo studies have demonstrated that jellyfish 
collagen promotes favorable  vascularization,  which is  essential  for  effective  bone 
tissue regeneration 27.

In this study, in vitro cytotoxicity tests were conducted on L-929 fibroblasts and MC3T3 
pre-osteoblasts using well plates coated with jellyfish collagen, bovine collagen, and 
porcine collagen. The aim of this study is to evaluate the suitability of Jellyfish collagen 
as a culture substrate for in vitro biocompatibility testing by comparing its performance 
to that of bovine and porcine collagens.

3.1.2 Materials and Methods

Jellagen® (a jellyfish collagen derived from Rhopilema pulmo) was utilized to prepare 
collagen-coated well plates. A combination of cell viability (XTT assay), cytotoxicity 
(LDH  assay),  and  cell  proliferation  (BrdU  assay)  analyses  were  conducted  in 
accordance with the protocols outlined in DIN EN ISO 10993-5: 2009/-12: 2012 to 
assess  cellular  compatibility. Additionally,  LIVE/DEAD  staining  was  conducted  to 
observe the growth status of L-929 fibroblasts on well plates coated with different types 
of  collagen.  For  more  specific  details  on  the  preparation  and  evaluation of  the 
materials, refer to the work published by Ren et al. 28.

3.1.3 Results

The cell viability of L929 fibroblasts and MC3T3 pre-osteoblasts was assessed using 
the XTT assay (Figure 1A and D). Results indicated that viability was significantly 
higher for both L929 and MC3T3 cells cultured on Jellagen® collagen-coated plates 
compared to those on porcine collagen-coated plates (#### p < 0.0001) (Figure 1A). 
The viability values for the other two groups were close to the 70% threshold defined 
by the DIN ISO standard.  Additionally,  the MC3T3 cell  viability  on the Jellagen® 
collagen coating was notably higher than that on the porcine collagen coating. BrdU 
assay results  showed significantly  higher L929 cell  proliferation on the Jellagen® 
collagen coating compared to the porcine collagen coating group (## p < 0.01, Figure 
1B and E).  However,  MC3T3  cell  proliferation  on  the  Jellagen®  coating  was 
significantly lower than on both the porcine and bovine collagen coatings. Furthermore, 
cytotoxicity analysis via LDH assay revealed that L929 cells on the Jellagen® collagen 
coating exhibited significantly  lower  cytotoxicity  values compared to  those on the 
porcine and bovine collagen coatings (## p < 0.01 and # p < 0.05, respectively). In 
contrast,  MC3T3 cells  displayed significantly  higher  cytotoxicity  on  the  Jellagen® 
collagen coating (Figure 1C and F).
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Figure 1. Cytocompatibility  analysis  of  various  coatings  on  L929  fibroblasts  and 
MC3T3 pre-osteoblasts. Dotted lines represent the respective thresholds that should 
not be exceeded (LDH) or fall below (XTT, BrdU). Significant differences are indicated 
as follows: #/* p < 0.05, ##/** p < 0.01, ###/*** p < 0.001, ####/**** p < 0.0001.

3.1.4 Discussion 

In this study, the co-culture of L929 or MC3T3 cells with jellyfish, porcine, and bovine 
collagen-coated well  plates provided important insights into the effects of different 
collagen sources on cell biocompatibility. XTT assay results showed that the viability 
of  L929 cells  decreased in all  collagen groups compared to  the medium control. 
Although the value of cell cytotoxicity was significantly higher in all collagen groups 
than  that in  the  medium  control,  Jellagen®  collagen  coatings  exhibited  lower 
cytotoxicity relative to porcine and bovine collagen coatings. This difference may be 
attributed to the variation in fibrillar precipitation types resulting from distinct collagen 
sources and their processing methods. Moreover, LIVE/DEAD staining revealed that 
L929  cells  adhered  in  smaller  numbers  to  the  porcine  collagen-coated  surface 
compared to other collagen groups, suggesting differential adhesion kinetics based on 
collagen type. Taking together, these findings indicate that Jellagen® collagen coatings 
offer  more  favorable  conditions  for  L929  cell  adhesion,  growth,  and  proliferation 
compared to the other collagen sources tested.
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The  MC3T3  cell  line,  widely  regarded  as  a  robust  model  for  evaluating 
cytocompatibility and in vitro osteogenesis, also exhibited differential responses to the 
collagen coatings. While all collagen groups supported adequate MC3T3 cell viability, 
proliferation, and cytotoxicity, the Jellagen® group demonstrated significantly lower 
proliferation and higher cytotoxicity  compared to  the porcine and bovine collagen 
groups. However, it is essential to interpret these findings with caution, as previous 
studies have shown that Jellagen® collagen 3D scaffolds yield minimal cytotoxicity for 
MC3T3 cells, even outperforming medium and negative controls 29. This discrepancy 
may  be  related  to  differences  in  experimental  setups,  such  as  2D  versus  3D 
environments, which can greatly influence cell behavior and responses. 

In conclusion, this study demonstrates that Jellagen® collagen (derived from R. pulmo, 
a species of jellyfish) exhibits excellent cytocompatibility with L929 fibroblasts and 
MC3T3 pre-osteoblast cells, comparable to that of porcine and bovine collagen. These 
findings suggest that Jellagen® collagen can serve as a viable alternative for in vitro 
cytocompatibility assessment of biomaterials or medical devices. 

3.2  In  Vivo Analysis  of  the  Immune  Response  to  Strontium-  and  Copper-doped 
Bioglasses

3.2.1 Introduction

Bioactive glass has garnered significant attention as bone substitute materials (BSMs) 
for its unique properties, offering a combination of bioactivity, biocompatibility, and 
mechanical adaptability. Bioactive glass is characterized by its ability to bond directly 
with bone tissue, a feature that distinguishes it from many other synthetic biomaterials. 
This bonding occurs due to the formation of a hydroxycarbonate apatite (HCA) layer 
on the glass surface when it comes into contact with body fluids, mimicking the mineral 
phase of natural bone 30. One of the most valuable characteristics of bioactive glass is 
its capacity to serve as a carrier for a wide range of bioactive molecules and ions 31. 

45S5 bioactive glass (commonly known as Bioglass®) is one of the most widely studied 
and utilized in clinical applications. It exhibits a high degree of bioactivity, with the ability 
to rapidly form an HCA layer upon exposure to physiological environments 32. Despite 
its many advantages, 45S5 bioactive glass presents some challenges related to its 
processing  window and tendency  to  crystallize  during  thermal  treatments 33. The 
narrow processing window means that precise control over temperature is required 
during the fabrication process to prevent crystallization, which can significantly reduce 
the material’s bioactivity and mechanical properties. In response to these limitations, 
Elgayar and colleagues developed ICIE16 bioactive glass 34. ICIE16 contains a higher 
percentage of silica (SiO₂), leading to the formation of a more stable silicate network 
that reduces the risk of crystallization during thermal processing 35. The increased SiO₂ 
content also imparts greater network flexibility,  allowing for easier incorporation of 
various additives.

To explore the further potential of ICIE16 bioactive glass for BTE, this study builds on 
its composition by introducing 5 wt% copper (CuO) or strontium (SrO), producing two 
new bioactive glasses: ICIE16-Cu and ICIE16-Sr. For comparison, pure ICIE16 and 
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45S5 bioactive glass were used as control materials in the study. The primary aim of 
this investigation is to assess the effect of strontium and copper doping on the induction 
of M1 and M2 macrophages, as well as vascularization.

3.2.2 Materials and Methods

Four different bioactive glass systems were synthesized using the melt-quenching 
method, including 45S5 (composition by weight: 45% SiO₂, 24.5% CaO, 24.5% Na₂O, 
and 6.0% P₂O₅), ICIE16 (composition by weight: 48.0% SiO₂, 6.6% Na₂O, 32.9% CaO, 
2.5% P₂O₅, 10.0% K₂O), and ICIE16 doped with 5 wt% copper (ICIE16-Cu) or 5 wt% 
strontium  (ICIE16-Sr).  45S5  and  ICIE16  were  used  as  control  materials.  The 
synthesized bioactive glasses were characterized for their surface morphology using 
scanning electron microscopy (SEM), and the chemical composition was analyzed 
using energy-dispersive X-ray spectroscopy (EDX). Inductively coupled plasma optical 
emission spectrometry (ICP-OES) was employed to measure the release of metal ions 
in simulated body fluid,  with measurements taken on days 3, 7,  and 14 for each 
sample.

The four prepared bioactive glass materials were then implanted into a standardized 
rat subcutaneous model to evaluate their tissue response. A total of 32 female rats (3 
to  4  months  old,  weighing  255±15  grams)  were  selected  for  the  subcutaneous 
implantation study and randomly divided into groups based on bioactive glass type and 
time  points  (n=4  per  group  at  each  time  point).  Histopathological  and 
histomorphometric evaluations were performed on the materials, following the method 
described by Lindner et al., with a particular focus on the number of macrophages and 
patterns  of  vascularization. Detailed  protocols  for  material  preparation  and 
characterization can be found in the published work by Barbeck et al. 36

3.2.3 Results

Figure 2. Histomorphometric analysis of pro-inflammatory and anti-inflammatory (M1 
and M2) macrophage subtypes (cells/mm2, n=4, significance **p < 0.01).
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Figure  2 shows the histomorphometric results for macrophages. On day 10 post-
implantation,  ICIE16-Cu  group exhibited  fewer  macrophages  in  the  implant  bed 
compared  to  the  other  groups,  particularly  CD163-positive  M2  macrophages. 
Additionally, the number of M1 macrophages in this group was significantly lower than 
that in the 45S5 group (**p < 0.01). No significant differences in macrophage subtype 
occurrence  were  observed  between  the  other  study  groups.  By  day  30  post-
implantation, the number of M1 macrophages increased in the ICIE16-Sr and pure 
ICIE16 groups and was higher than the number of CD163-positive M2 macrophages. 
In contrast, both macrophage subtypes were present in comparable numbers in the 
ICIE16-Cu and 45S5 bioglass groups.

Figure 3 shows the vascularization results induced by the implanted bioglass in the 
implantation bed. At both 10- and 30-days post-implantation, although no statistically 
significant  differences  were  observed,  the  ICIE16-Cu  group  exhibited  the  lowest 
number  of  blood  vessels.  The  other  three  groups  showed  higher  levels  of 
vascularization,  with  no  significant  differences  between  them.  Additionally,  the 
comparable vascularization of all groups was observed at both time points.

Figure 3. Histomorphometric analysis of vessel density (vessels/mm2, n=4).

3.2.4 Discussion 

In this publication, a rat subcutaneous implantation model was utilized to assess the 
effects of strontium and copper-doped bioactive glasses on macrophage activation and 
vascularization. Findings revealed that  all  ICIE16 groups exhibited a  decrease in 
granulation tissue intensity  and phagocytic  cell  numbers,  along with mild fibrosis. 
Conversely, the 45S5® bioactive glass group demonstrated the highest levels of M1 
macrophages, suggesting that 45S5® more effectively elicited an immune response 
linked to biodegradation. These results were further supported by histomorphometrical 
analysis,  particularly  on  day  10  post-implantation,  when  the  accumulation  of  M1 
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macrophages was significantly higher in the 45S5 group compared to the ICIE16-Cu 
group. This could potentially be attributed to a temporary rise in pH levels during the 
early  stages of  45S5 implantation  induced by its  higher  sodium content. Another 
possible explanation for the observed tissue response pattern could be the broader 
sintering window of ICIE16 bioactive glass, which may result in a lower crystallization 
tendency, potentially influencing tissue responses. In this context, the initial binding of 
proteins to the surface of biomaterials is crucial for initiating the foreign body reaction 
and  coordinating  subsequent  tissue  responses 37.  The  surface  characteristics  of 
biomaterials determine the types of proteins that bind and their conformation, which 
exposes specific binding sites for different cell receptors and cell types, thus driving 
the foreign body reaction cascade 17.

Although copper ions have been reported to have a positive effect on angiogenesis, 
no significant differences in vascularization were observed at the implant site in this 
study. Neither the ICIE16-Cu nor the ICIE16-Sr groups enhanced the vascularization 
of the implants, which contradicts predictions based on the angiogenic potential of 
copper observed in vitro. This result is surprising, as both ions have been described as 
influencing molecular cascades related to immune responses and angiogenesis, but it 
aligns with another  in vivo study, which also analyzed copper-doped silicate-based 
materials and found no impact 38. 

Overall, the bioactive glass materials investigated demonstrated biocompatibility with 
a foreign body response typical of synthetic bone substitute materials (BSM). However, 
given the prolonged process of bone regeneration, additional studies are required 
within the bone microenvironment to fully assess the osteogenic potential of these ion-
doped bioactive glass materials.

3.3 Biphasic Bone Substitutes Coated with PLGA incorporating therapeutic ions Sr2+ 

and  Mg2+:  Cytotoxicity  Cascade  and  In  Vivo Response  of  Immune  and  Bone 
Regeneration

3.3.1 Introduction

Biphasic calcium phosphate (BCP), a composite material consisting of hydroxyapatite 
(HA) and  β-tricalcium phosphate (β-TCP), has gained widespread use as a bone 
substitute  material  due  to  its  exceptional  biocompatibility  and  its  structural 
resemblance  to  natural  bone 39.  Hydroxyapatite  (HA)  is  the  primary  inorganic 
component  of  human teeth  and bones,  well-known for  its  impressive  mechanical 
strength and stability within biological environments. However, one of the limitations of 
HA is its slow degradation rate. When implanted, HA can persist in the body for several 
years, potentially impeding complete bone regeneration and delaying the replacement 
of the biomaterial by native bone 40. In contrast, β-TCP is a highly bioresorbable and 
biocompatible material that typically degrades completely within 13 to 20 weeks post-
implantation 41. Given these opposing characteristics, researchers have combined HA 
and β-TCP to create biphasic bone substitutes (BBS). The combination of HA and β-
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TCP in BBS enables a synergistic effect, where the slower degradation of HA provides 
long-term structural support, while the faster resorption of β-TCP facilitates early-stage 
bone healing 42.

One promising avenue for improving BSMs is the incorporation of bioactive ions such 
as magnesium (Mg²⁺), zinc (Zn²⁺), copper (Cu²⁺), and strontium (Sr²⁺). In addition to 
ion incorporation, the surface modification of BSMs with polymer coatings represents 
another  promising  strategy  for  enhancing  the  biological  performance  of  bone 
substitutes 43. Among the various polymers, poly(lactic-co-glycolic acid) (PLGA) stands 
out as an FDA-approved biodegradable material with excellent biocompatibility and 
mechanical properties 44.

In this study, the biocompatible biphasic calcium phosphate material Maxresorb® was 
used as the base to create several variants incorporating combinations of Sr²⁺ and 
Mg²⁺ ions, along with PLGA coatings. Pure Maxresorb® served as the control group. 
The primary aim of this investigation is to explore the effects of therapeutic ion doping 
on bone regeneration patterns and inflammatory responses. 

3.3.2 Materials and Methods

In  this  study,  the  biphasic  bone  substitute  (BBS)  material  Maxresorb®  (Botiss 
biomaterials GmbH, Berlin, Germany), consisting of 60% hydroxyapatite (HA) and 40% 
β-tricalcium phosphate (β-TCP), was used as the base inorganic material. The BBS 
was  further  functionalized  with  bioactive  cations (Sr²⁺/Mg²⁺) and  PLGA coatings 
through a dip-coating process. Cytotoxicity of the eluates from 18 BBS variants was 
assessed using XTT assays with L929 and NHOst cells, following the DIN EN ISO 
10993-5 guidelines. Two variants, BBS_PLGA_Sr²⁺/Mg²⁺ and BBS_Sr²⁺, demonstrated 
satisfactory cytocompatibility and were selected for further material characterization 
and in vivo studies. Surface morphology, chemical composition, and release kinetics 
of the selected variants were characterized using scanning electron microscopy with 
energy-dispersive  X-ray  spectroscopy  (SEM-EDX),  Fourier  transform  infrared 
spectroscopy (FTIR-ATR), X-ray diffraction (XRD), and inductively coupled plasma 
optical emission spectroscopy (ICP-OES).

A total of 42 male Wistar rats, aged 10 to 12 weeks, were randomly assigned to two 
study groups: BBS_Sr²⁺ and BBS_PLGA_Sr²⁺/Mg²⁺. At three designated time points 
(10, 30, and 90 days), Wistar rats (n = 7 per group) were sacrificed for analysis. 
Histopathological  and  histomorphometric  assessments  were  then conducted  to 
examine the implanted materials, following the methodologies described by Lindner et 
al. and Ghanaati et al.45. The analyses primarily focused on bone regeneration, the 
presence of macrophages, multinucleated giant cells,  and vascularization patterns 
within the implant site. Additionally, correlation coefficients were calculated to explore 
the relationship between BBS and bone regeneration. For more specific details on the 
preparation and characterization of the materials, refer to the work published by Ren 
et al. 46
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3.3.3 Results

As shown in Figure 4A, significant increases in bone formation were observed over 
time  within  the  groups. All  groups  demonstrated  significantly  enhanced  bone 
regeneration by day 90 compared to day 10, (## p < 0.01, #### p < 0.0001, Figure 4A). 
By day 30 post-implantation, a significant increase in bone formation was detected 
exclusively in the BBS_Sr2+ group when compared to day 10 (# p < 0.05, Figure 9A). 
At  day  90  post-implantation,  both  the  control  BBS  group  and  the 
BBS_PLGA_Sr2+/Mg2+ group exhibited a notable rise in bone regeneration relative to 
day 30 (# p < 0.05 and ## p < 0.01, Figure 4A). Interestingly, bone regeneration was 
comparable across all experimental groups at each respective time point. Additionally, 
osteoconductivity analysis showed no significant differences between groups at any 
time  point,  but  a  significant  increase  was  observed  in  the  BBS  and 
BBS_PLGA_Sr2+/Mg2+ groups at day 90 compared to day 10.

Figure 4. Histomorphometric  evaluation  of  (A)  bone  regeneration  and  (B) 
osteoconductivity (intraindividual significance levels: # p < 0.05, ## p < 0.01, #### p < 
0.0001).

Figure 5. Histomorphometric evaluation of (A) CD11c-positive multinucleated giant 
cells and (B) pro-inflammatory (M1) and anti-inflammatory (M2) macrophage subtypes 
(intraindividual comparisons: #/*p < 0.05, ***p < 0.001, ****p < 0.0001, with *denoting 
significant differences between M1 and M2).
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Figure 5A exhibited the histomorphometric  evaluation  of MNGC. By day 30 post-
implantation, all study groups exhibited an upward trend in the presence of CD11c-
positive multinucleated giant cells when compared to day 10. This trend was followed 
by a decline at day 90, with the most pronounced reduction observed in the BBS_Sr2+ 
group. Analysis  of  macrophage  subtypes  revealed  that  a  predominantly  pro-
inflammatory immune response was induced in all groups at each time point (Figure 
5B).  In  particular,  at  day  30  post-implantation,  the  number  of  pro-inflammatory 
macrophages was significantly greater than the anti-inflammatory subtype in all groups 
(***p < 0.001, ****p < 0.0001, Figure 5B). At day 10 post-implantation, the BBS_Sr2+ 
group  exhibited  a  significantly  higher  count  of  pro-inflammatory  macrophages 
compared to anti-inflammatory ones, while at day 90, this pattern was observed in the 
BBS_PLGA_Sr2+/Mg2+ group (*p < 0.05). Notably, only in the BBS group was there a 
significant reduction in pro-inflammatory macrophages at day 90 relative to day 30 
(##p < 0.01, Figure 5B).

3.3.4 Discussion 

In this publication, the biocompatibility and bone regeneration potential of biphasic 
calcium phosphate loaded with Sr²⁺/Mg²⁺ ions and coated with PLGA were investigated 
in a rat calvarial model. Among the 18 initially prepared BBS variants,  two groups, 
BBS_PLGA_Sr²⁺/Mg²⁺ and BBS_Sr²⁺, exhibited satisfied NHOst cell viability in XTT 
assay and were selected for further physicochemical experiments and in vivo studies. 
Pure BBS group was served as control group. SEM and EDX analyses confirmed the 
successful incorporation of magnesium and strontium ions into the BBS. The in vivo 
histopathological analysis revealed a consistent moderate foreign body reaction across 
all  groups  of  implanted  bone  substitute  particles.  Similar  to  previous  studies  on 
bioglass, this response was predominantly driven by M1 macrophages. Inflammatory 
cells,  including  macrophages,  express  molecules  like  vascular  endothelial  growth 
factor  (VEGF),  which  alongside  vascularization  at  the  implant  site,  supports  the 
foundation for tissue regeneration 47,48. Based on these observations, the occurrence 
of multinucleated giant cells (MNGCs) was also examined. Histomorphometric analysis 
showed a trend towards increased MNGC numbers across all groups by day 30 post-
implantation, comparable to the M1 macrophage response, although no significant 
differences  were  found within  or  between individuals. Correlation  analysis  further 
indicated  a  negative relationship  between  MNGCs  macrophages  and 
osteoconductivity on day 30, whereas M2 were found to be positively correlated with 
osteoconductivity at the same time point. These findings suggest that pro-inflammatory 
cells, such as macrophages and MNGCs, are mainly involved in the degradation of 
materials,  while  anti-inflammatory  macrophage  phenotypes  likely  play  a  role  in 
regulating molecular cascades that promote tissue regeneration.

Bone regeneration analysis demonstrated effective and comparable bone regeneration 
in all groups. As expected, gradual bone formation was observed in all test groups up 
to  90  days  post-implantation,  with  significant  increases  compared  to  day  10. 
Interestingly,  the  BBS_Sr²⁺ group  showed  earlier  bone  regeneration,  reaching  a 
plateau by day 30, while the BBS and BBS_PLGA_Sr²⁺/Mg²⁺ groups exhibited more 
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pronounced regeneration in the later stage. However, since all groups displayed similar 
macrophage  responses,  these  results  may  be  incidental,  particularly  given  the 
potential involvement of anti-inflammatory macrophages in tissue repair. Neither the 
BBS_Sr²⁺ group nor the BBS_PLGA_Sr²⁺/Mg²⁺ group showed a significant effect on 
final bone regeneration or macrophage response when compared to the BBS group. 
This observation contradicts the initial hypothesis but aligns with previous research 
involving bioglasses loaded with copper and strontium ions. Metal ion concentration 
may be an explanation of this phenomenon. Studies by Shen et al. demonstrated that 
higher strontium doping levels promote M2 macrophage polarization and rapid bone 
formation, whereas lower concentrations, such as 0.1 mmol/L of strontium, showed no 
significant effect on hMSC proliferation or osteogenic differentiation 49,50. This suggests 
that the metal ion concentrations used in the present study may not have been optimal 
for  modulating  bone  remodeling.  Future  studies  should  investigate  the  impact  of 
different metal ion concentrations on immune responses and tissue regeneration.

3.4 Analyses of the Cellular Interactions between the Ossification of Collagen-Based 
Barrier Membranes and the Underlying Bone Defects

3.4.1 Introduction

In recent years, several studies have suggested an ideal membrane should not only 
act as a barrier but also actively contribute to the regeneration process by creating a 
favorable environment for bone healing 51. In this context, research has emphasized 
that the molecular microenvironment induced by the membrane can influence the 
regenerative processes of the surrounding bone tissue 12,13. This effect is particularly 
relevant when considering the inflammatory response following implantation, which is 
a key factor in determining the success of bone regeneration. For instance, natural 
collagen membranes, derived from various animal and tissue sources, have been 
shown  to  elicit  a  stronger  anti-inflammatory  response 18.  This  response  is  often 
characterized by an increase in M2 macrophages, a cell type associated with tissue 
repair and regeneration.

Among the various sources of collagen, membranes derived from porcine pericardium 
have  demonstrated  particularly  promising  results.  These  membranes  have  been 
shown to induce a mild and predominantly anti-inflammatory tissue reaction in the 
implantation bed 52. This reaction not only minimizes the risk of chronic inflammation 
but also supports key processes such as cell migration, which are essential for tissue 
regeneration.  Furthermore,  porcine  pericardium-based  membranes  have 
demonstrated  superior  durability,  maintaining  their  structural  integrity  for  several 
months post-implantation without evidence of degradation or fragmentation 53. 

Building on these findings, this study aims to further explore the biological properties 
of collagen membranes. A standardized rat calvarial defect model was employed to 
investigate the cellular interactions between the ossification of collagen-based barrier 
membranes derived from pericardium and the underlying bone defects.
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3.4.2 Materials and Methods

In this study, a pericardium-based collagen membrane (Jason® membrane, Botiss 
Biomaterials  GmbH,  Zossen,  Germany)  was  combined  with  the  bone  substitute 
material cerabone® plus (Botiss Biomaterials GmbH, Zossen, Germany) to cover and 
fill cranial bone defects. A total of 21 male Wistar rats (N = 7 per group), aged 10–12 
weeks  and  weighing  230  ±  20  grams,  were  selected  for  standardized  cranial 
implantation surgery in accordance with the DIN ISO 10993-6 guidelines. The animals 
were randomly assigned to three experimental groups, with assessments conducted 
at 2-, 8-, and 16-weeks post-implantation.

Histopathological and histomorphometric analyses were performed to evaluate the 
implanted  materials,  following  the  protocol  outlined  by  Lindner  et  al. 45 These 
evaluations focused primarily on bone regeneration, macrophages and vascularization 
patterns within the implantation bed. For further details regarding the preparation and 
characterization of the materials used, refer to the published work by Alkildani et al.54.
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3.4.3 Results

Figure  6.  Correlation matrices of  all  measured variables within  and between the 
ipsilateral compartments at 2-, 8-, and 16-weeks post-implantation. Left columns (A1 
– C1): correlation matrices within and between the MCBG and BG compartments. 
Right columns (A2 – C2): correlation matrices within and between the MCSO and SO 
compartments. Asterisks indicate significant differences between compartments, while 
pound signs indicate significance within compartments. MCBG: membrane-covered 
compartment  over  the  bone  graft-filled  defect;  MCSO:  membrane-covered 
compartment over the sham-operated defect; BG: bone graft-filled defect; SO: sham-
operated bone defect.

Pearson  correlation  analysis  was  conducted  to  investigate  positive  correlations 
between two measured parameters within and between ipsilateral compartments (i.e., 
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MCBG and BG compartments or MCSO and SO compartments). At 2 weeks post-
implantation, a positive correlation was observed between bone growth in the BG 
compartment and the presence of M2 macrophages in the MCBG compartment (p = 
0.023) (Figure 6). Additionally, vascular density in the SO compartment was found to 
be  positively  correlated  with  the  presence  of  M1  macrophages  in  the  MCSO 
compartment (p = 0.041) (Figure 6-A2). By 8 weeks post-implantation, a significant 
positive correlation was detected between vascular density in the BG compartment 
and bone growth in the MCBG compartment (p = 0.009) (Figure 6-B1). Moreover, bone 
growth in the MCSO compartment was positively correlated with the presence of M1 
macrophages in the same area (p = 0.017) (Figure 6-B2).  Additionally,  a positive 
correlation between bone growth and the percentage of vascularization in the SO 
compartment was observed (p = 0.018) (Figure 6-B2). At 16 weeks post-implantation, 
vascular density in the BG compartment was positively correlated with the presence of 
M1 macrophages in the MCBG compartment (p = 0.021) (Figure 6-C1).

3.4.4 Discussion 

In this published study, the bioactivity of collagen barrier membranes was examined 
using a rat calvaria defect model, focusing on their role in promoting bone regeneration 
in the underlying defects. Both histological and histomorphometric analyses showed 
comparable bone  formation  in  the  membrane compartments at  later  stages  of 
implantation.  During  the implantation period,  the  collagen  membrane  was 
progressively resorbed and replaced with bone tissue or matrix. Remarkably, a distinct 
bone layer, referred to as an "ossification membrane," was observed to form over the 
defect. This ossification of the collagen membrane was an unexpected outcome, with 
only a limited number of studies reporting similar findings. A plausible explanation is 
that the collagen matrix promotes bone growth, acting both as an osteoconductive 
scaffold and as a supportive framework for osteogenesis. The pericardium collagen 
membrane  analyzed  in  this  study  showed  the  formation  of  "ossification  nuclei" 
accompanied by active osteoblasts and matrix deposition, primarily occurring along 
the collagen fiber bundles, similar to physiological endochondral ossification. In this 
context, it is conceivable that the natural pericardium collagen membrane tested in this 
study demonstrated a  combination of  osteoconductive  and osteogenic  properties, 
potentially accelerating bone regeneration within the defect area. However, in studies 
like Zubery et al., natural collagen membranes used as controls did not induce similar 
ossification processes 55,56. Additionally, the ossification of ribose-crosslinked collagen 
membranes tested in that study occurred only in areas directly in contact with residual 
bone. Thus, further studies are needed to validate the mechanisms underlying collagen 
membrane ossification and to assess its effects on bone regeneration in the defect 
area beneath the membrane.

The  correlation  analysis  provided  further  insight  into  how  the  molecular 
microenvironment  created  by  the  barrier  membrane  influences  adjacent  bone 
regeneration. At 8 weeks post-implantation, a relationship was identified between bone 
growth and the percentage of vascularization within the SO compartment. This finding 
aligns with the well-established role of vascularization as a fundamental process in 
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bone  regeneration,  ensuring  the  delivery  of  essential  nutrients,  growth  factors, 
minerals, oxygen, and cells needed for tissue repair 21. Interestingly, at this same time 
point, bone growth also correlated with the presence of M1 macrophages in the MCSO 
compartment,  which  was  unexpected.  Typically,  biomaterials  that  elicit  an  anti-
inflammatory response are considered more conducive to (bone) tissue regeneration 
19. Nevertheless,  this correlation may be explained by the vascularization pattern, 
where M1 macrophage-driven biodegradation linked to the membrane also associates 
with the formation of new vasculature, potentially supporting bone growth 57. Similar 
correlations were observed during weeks 2 and 16, where vascular density in the SO 
compartment  corresponded with  the presence of  M1 macrophages in  the  MCSO 
compartment. 

Additionally, at 8 weeks, a notable correlation was found between vascular density in 
the  BG  compartment  and  bone  formation  in  the  MCBG  compartment.  This  is 
particularly interesting given that nutrient transport is constrained by limited diffusion 
distances, suggesting that direct effects between adjacent compartments are not easily 
explained.  However,  it  is  conceivable  that  an  indirect  relationship  between 
vascularization  and  bone  formation  exists  between  these  compartments.  Ample 
vascularization could enable cell migration between compartments. Furthermore, at 16 
weeks,  a  correlation  was  observed  between  the  vascular  density  in  the  SO 
compartment  and  the  percentage  of  vascularization  in  the  MCSO  compartment, 
suggesting that despite the physical separation imposed by the membrane, these 
vertically  adjacent  compartments  may  share  a  complex,  interconnected  vascular 
network. In conclusion, this study provides detailed evidence supporting the interaction 
between the barrier  membrane and underlying bone regeneration.  The molecular 
environment  within  the  membrane  compartments  likely  plays  a  potential role  in 
promoting osteoconductive bone growth in neighboring implantation regions.

3.5  The  influence  of  different  crosslinking  agents  onto  the  physical  properties, 
integration behavior and immune response of collagen-based barrier membranes

3.5.1 Introduction

One of the main limitations of collagen membranes is their relatively rapid degradation 
rate, which often occurs within a few days to several weeks post-implantation 58. This 
rapid breakdown can compromise the barrier function of the membrane, potentially 
affecting the regenerative outcome. To overcome these limitations, researchers have 
focused  on  improving  the  physicochemical  and  biological  properties  of  collagen 
membranes  through  cross-linking  techniques.  Cross-linking  agents,  including 
glutaraldehyde (GA), proanthocyanidins (PC), hexamethylene diisocyanate (HMDI), 
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide (EC/NHS), 
have been widely explored for their ability to enhance membrane stability 59–62. These 
agents  work  by  introducing  covalent  and  non-covalent  bonds  between  collagen 
molecules, thereby increasing resistance to enzymatic degradation and mechanical 
stress.



19

Despite  the  promising  advancements  in  cross-linking  techniques,  the  challenge 
remains  to  balance  the  improved  stability  of  collagen  membranes  with  their 
biocompatibility and biological function 63. Excessive cross-linking may alter the natural 
properties of  collagen,  leading to reduced cell  adhesion or  potential  inflammatory 
responses. This study aims to explore the impact of various cross-linking methods on 
the structural and biological properties of collagen membranes, particularly focusing 
on tissue integration, angiogenesis and immune pattern. By comparing different cross-
linking  strategies,  this  research  seeks  to  provide  insights  into  developing  next-
generation barrier  membranes with enhanced clinical  potential  for  GBR and GTR 
applications.

3.5.2 Materials and Methods

Porcine-derived  bilayer  collagen  barrier  membranes  were  produced  through  a 
lyophilization  technique  and  subsequently  cross-linked  using  agents  such  as 
glutaraldehyde (GA), proanthocyanidins (PC), hexamethylene diisocyanate (HMDI), 
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide (EC/NHS). 
A  non-crosslinked  membrane  was  employed  as  a  reference  control  (RF).  The 
mechanical  characteristics  of  these  cross-linked  membranes,  including  tensile 
strength, denaturation temperature, swelling behavior, and collagenase resistance, 
were evaluated.

An in vitro cytotoxicity test was then conducted, followed by (immune-) histochemical 
and  histomorphometric  analyses  to  examine the  cellular  inflammatory  responses, 
tissue  integration,  and  vascularization  patterns  at  10-,  30-,  and  90-days  post-
implantation in a subcutaneous rat model. For more specific details on the preparation 
and characterization of the materials, refer to the work published by Ren et al..

3.5.3 Results
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Figure 7. Histomorphometrical results of MNGCs within the implanted bed of the tested 
collagen membranes. Statistical significance: */# p < 0.05, **/## p < 0.01, *** p < 0.001, 
**** p < 0.0001.

Figure 7 showed the histomorphometrical results of MNGCs within the implanted bed. 
The PC membrane resulted in a slightly higher count of multinucleated giant cells 
(MNGCs)  compared  to  the  RF  membrane  group,  though the  difference  was  not 
statistically  significant (Figure 7).  Conversely,  at  both  day  10  and  day  30  post-
implantation, all other cross-linked membranes elicited a significantly greater number 
of MNGCs relative to the RF group (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
By day 90, only the EC and RF membrane groups showed a statistically significant 
difference (*p < 0.05).

Intraindividual analysis further revealed significant changes in MNGC counts within the 
GA and EC groups over time. In the EC group, the MNGC count showed a continuous 
decline throughout the study, with a marked reduction at day 90 compared to both day 
10 and day 30 (#p < 0.05, ##p < 0.01). Similarly, in the GA group, MNGC levels 
observed at day 90 were significantly lower than those recorded at day 30 (#p < 0.05).

The interindividual comparison of histomorphometric analysis for macrophage subtype 
responses was presented in Figure 8. At 10 days post-implantation, the GA membrane, 
used as a positive control, triggered significantly higher levels of M1 macrophages 
compared to the RF membrane (****p < 0.0001, Figure 8A). Similarly, the H1 and EC 
membranes also showed significantly elevated M1 macrophage levels compared to 
RF (***p < 0.001, *p < 0.05). Additionally, M1 levels for the PC and H2 membranes 
were significantly lower than those observed in the GA group (•••p < 0.001, ••p < 0.01). 
Notably,  all  cross-linked  membranes,  except  RF,  predominantly  induced  an  M1 
macrophage response (#p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001), while 
the RF group displayed comparable levels of M1 and M2 macrophages.

At 30- and 90-days post-implantation, the M1 macrophage levels in the PC group were 
similar to those in the RF group, while all other cross-linked membranes exhibited 
significantly higher M1 levels compared to RF (*p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001, Figure 8B). Furthermore, the M2 macrophage levels induced by the GA and 
H1 membranes were significantly lower than their corresponding M1 levels at 30 days. 
(#p < 0.05, ####p < 0.0001). At 90 days post-implantation, the RF membrane group 
showed significantly higher M2 macrophage levels compared to M1 (##p < 0.01). In 
the PC group, both M1 and M2 macrophage levels were comparable at this time point, 
while in the other cross-linked membrane groups, M2 levels remained significantly 
lower than the corresponding M1 levels (#p < 0.05, ###p < 0.001, ####p < 0.0001).
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Figure 8. Interindividual comparison of histomorphometric analysis for macrophage 
subtype  responses  to  the  evaluated  collagen  membranes.  Statistical  significance 
across groups: */# p < 0.05, **/## p < 0.01, ***/### p < 0.001, ****/••••/#### p < 0.0001. 
* denotes comparison with the reference group (RF), while # indicates intraindividual 
significance between M1 and M2 macrophages.

3.5.4 Discussion 

In  this study,  the  biological  and material  properties  of  four  collagen membranes, 
modified using different cross-linking agents, were evaluated through in vitro, ex vivo, 
and in vivo experiments using a rat subcutaneous implantation model. Compared to 
the  RF  group,  all  cross-linked  membranes  demonstrated  enhanced  enzymatic 
resistance and prolonged in vivo retention. Histopathological analysis indicated that 
the RF group primarily triggered a mononuclear cell response, suggesting that the 
native  collagen  structure  in  this  group  was  more  susceptible  to  degradation  by 
mononuclear cells. In contrast, the cross-linked membranes, with the exception of the 
PC group, exhibited a robust tissue response characterized by a significant infiltration 
of multinucleated giant cells (MNGCs). Consistent with previous studies, the presence 
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of MNGCs and M1 macrophages correlated with the degradation of the membranes 
over time, resulting in fragmentation and structural collapse 13,51,58. This supports the 
established role of MNGCs and pro-inflammatory M1 macrophages in the degradation 
of implanted materials.

Among the crosslinked membranes, the EC group maintained structural integrity for up 
to 30 days, comparable to the GA group (negative control), while the other groups 
exhibited earlier breakdown behaviors. Notably, the collagen fibers in the EC group 
were surrounded by fibrous connective tissue, which limited the number of surrounding 
cells and enhanced vascularization. This characteristic might have contributed to the 
prevention of  epithelial  cell  ingrowth,  supporting the membrane’s  barrier  function. 
However,  fibrosis  represents  the final  stage of  the foreign body response,  where 
surrounding tissues fully encapsulate the biomaterial, hindering further interaction. This 
suggests that membranes inducing such responses may be less suitable for guided 
bone regeneration (GBR) applications. Membranes cross-linked with low and high 
HDMI  concentrations  (H1  and  H2,  respectively)  exhibited  lower  resistance  to 
enzymatic degradation,  as demonstrated in collagenase tests.  The  in  vivo results 
confirmed these findings, membrane degradation in these two groups was observed 
as  early  as  day  30  post-implantation.  By  day  90,  only  scarred  remnants  of  the 
membranes were detected, surrounded by granulation or connective tissue, indicating 
the loss of barrier functionality in these groups. Compared to other cross-linked groups, 
the  PC  group  demonstrated  significantly  fewer  MNGCs  and  M1  macrophages, 
approaching levels observed in the RF group, due to their anti-inflammatory properties, 
effectively reduced the foreign body response in vivo. However, it’s in vivo durability 
was shorter than that of the EC and GA groups. This can be explained by its physical 
properties, as the PC membrane exhibited a higher elongation at break during tensile 
testing, indicating a higher susceptibility to mechanical deformation.

This study also revealed the membrane-induced vessel pattern in the implantation bed. 
The GA, EC, and H1 membranes exhibited significantly lower vascular density and 
area  fractions  compared  to  the  RF  group  at  10  days  post-implantation.  This 
observation may be attributed to the elevated levels of M1 macrophages induced by 
these membranes. Previous research has highlighted that increased M2 macrophage 
activity or a more pronounced transition from M1 to M2 macrophages is typically 
associated with enhanced vascularization 47. However, this correlation is not universally 
applicable, as both M1 and M2 macrophages play essential regulatory roles in the 
angiogenic process 57. Therefore, the M2/M1 ratio may be a more reliable indicator 
than the absolute quantities of each macrophage subtype. The results from the PC 
group further support this notion, as despite similar M1 and M2 levels to those found 
in the RF group, the PC group exhibited a lower M2/M1 ratio and correspondingly 
reduced vascularization. In summary, the EC membrane demonstrated the highest 
potential for long-term barrier functionality as a potential GBR membrane. However, 
given the unique "fibrotic" tissue response observed, further investigation using bone 
implantation models is required to confirm its ability to support effective (bone) tissue 
regeneration.
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4. Summary Discussion

Biocompatibility  remains  a  primary  focus  in  preclinical  studies as the  biological 
response  of  host  tissues  to  an  implanted  material  directly  influences  the  overall 
success  of  GBR  procedures 14.  A positive  host  response  fosters  proper  tissue 
integration and enhances bone tissue regeneration, whereas negative outcomes—
such as inflammation, fibrotic encapsulation, or implant failure—can hinder or entirely 
prevent the therapeutic effectiveness of the device 19. Consequently, a comprehensive 
understanding of  the biological  interactions between the implant  material  and the 
surrounding  tissue  environment  is  essential  for  advancing  GBR technologies.  By 
investigating these interactions, researchers can more accurately predict and improve 
the biological performance of GBR devices, ultimately leading to more effective clinical 
outcomes in bone regeneration therapies.

In vitro testing is a foundational step in preclinical biocompatibility studies and provides 
an essential reference for subsequent in vivo trials. Given the ethical emphasis on the 
3R principles  for  animal  testing,  in  vitro methods for  biomaterial  evaluation  have 
become increasingly important 16. This shift has led to a growing focus on improving 
the predictive accuracy and quantitative capabilities of cell culture systems. As a key 
component of the extracellular matrix (ECM), collagen plays a critical role in creating a 
microenvironment that closely mimics in vivo conditions, promoting more accurate cell 
growth studies 24. The first study demonstrated that jellyfish-derived collagen offers 
distinct advantages in the culture of L929 fibroblasts and MC3T3 osteoblasts. This 
finding suggests that jellyfish collagen could serve as a viable alternative in  in vitro 
biocompatibility  testing,  offering  the  potential  to  enhance  the  reliability  of  cell 
compatibility assessments.

While in vitro models are invaluable for early-stage screening and provide insights into 
cellular behavior in response to biomaterials, they fall short of capturing the full range 
of biological processes that ultimately determine the success or failure of an implant. 
Many studies have revealed significant discrepancies between  in vitro and  in vivo 
outcomes, highlighting the limitations of in vitro systems in replicating the complexity 
of biological environments 64. For instance, in the final study, glutaraldehyde (GA)-
treated  collagen membrane, which served as the positive control, exhibited strong 
cytotoxicity in in vitro tests. However, when implanted subcutaneously in a rat model, 
the same material induced only a moderate inflammatory response, with no adverse 
effects such as fibrotic encapsulation. This finding exemplifies the unpredictable nature 
of translating in vitro cytotoxicity results to in vivo contexts, particularly when evaluating 
tissue integration and long-term outcomes. As a result,  in vivo experiments remain 
indispensable for evaluating critical outcomes such as tissue regeneration, integration, 
and the long-term biocompatibility of biomaterials.

Macrophages have been identified as key players in the foreign body response (FBR) 
triggered by implanted materials 17. They exhibit remarkable plasticity, allowing them to 
adopt different functional phenotypes depending on the local microenvironment and 
specific signals they encounter 19. This plasticity is most notably characterized by their 
ability  to  polarize  into  two  primary  phenotypes:  the  classically  activated,  pro-
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inflammatory M1 macrophage and the alternatively activated, anti-inflammatory M2 
macrophage.  M1  macrophages  are  typically  associated  with  the  initiation  of 
inflammation,  promoting  the  release  of  pro-inflammatory  cytokines  and  reactive 
oxygen species that can drive tissue damage and hinder implant integration. On the 
other  hand,  M2  macrophages  play  a  more  reparative  role,  facilitating  tissue 
remodeling, promoting wound healing, and resolving inflammation 18.  The balance 
between these two macrophage phenotypes is therefore critical for determining the 
outcome of the FBR. As observed in the fourth and fifth studies, both the natural 
porcine  pericardium  and  porcine  skin  collagen  membranes  induced  an  immune 
response predominantly characterized by M2 macrophages, which represents a typical 
immune  pattern  where  a  mild  M1  macrophage  reaction  is  initially  triggered  to 
participate in material degradation, followed by a transition to an M2 phenotype that 
facilitates  tissue  regeneration.  This  shift  from M1 to  M2 is  crucial  for  creating  a 
favorable  environment  for  tissue  repair  and  can  be  considered  a  paradigm of  a 
beneficial immune response induced by implants.

In contrast, for the majority of non-natural implants, a pro-inflammatory tissue response 
is more commonly observed. In the implantation sites of metal ion-loaded bioactive 
glass  and  biphasic  calcium  phosphate,  a  significantly  higher  presence  of  M1 
macrophages was detected. A similar immune profile was also noted in the study 
involving  the  cross-linked  collagen  membrane.  This  is  typically  regarded  as  an 
unfavorable  or  excessive  foreign  body  reaction,  indicating  a  more  aggressive 
inflammatory  response that  could  impede tissue regeneration 65. However,  recent 
studies have shown that this pro-inflammatory M1 macrophage response may not be 
entirely  detrimental.  Instead,  it  has  been  increasingly  associated  with  material 
degradation, particularly in the case of synthetic and bioactive implants 46,48. On the 
one hand, M1 macrophages exert oxidative stress and secrete lytic enzymes, such as 
nitric oxide and reactive oxygen species, which actively contribute to the breakdown of 
implanted materials 66. On the other hand, the localization of these macrophages on 
the surface of the implant suggests that they play a key role in the phagocytosis of 
material debris 19. 

Multinucleated giant cells (MNGCs), another marker of a strong foreign body response, 
are often found alongside high levels of M1 macrophages during the degradation 
process.  The  co-localization  of  MNGCs  with  the  degrading  materials,  and  their 
exclusive expression of pro-inflammatory cytokines, further supports the view that a 
"pro-inflammatory phenotype" is instrumental in material degradation. This relationship 
was particularly evident in the third study, which demonstrated a positive correlation 
between  M1  macrophages  and  the  degradation  of  metal  ion-loaded  BPC  bone 
substitutes. These findings support a hypothesis that M1 macrophages may serve as 
precursors to MNGCs, which then fuse to further facilitate material breakdown. In this 
context, the early inflammatory phase could serve as a critical step in the overall 
remodeling process, ensuring that the implant is properly degraded and replaced by 
native tissue.
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Interestingly, although many studies have reported the beneficial effects of specific 
metal ions in modulating immune responses and enhancing vascularization at the 
implantation site, the second study found that therapeutic ions such as copper (Cu) 
and  strontium  (Sr)  did  not  produce  any  significant  biological  effects  on  immune 
response or vascularization. Similarly, in the cranial model used in the third study, 
neither  magnesium  (Mg)  nor  Sr  influenced  bone  regeneration  outcomes.  These 
findings are surprising, as they contradict a substantial body of in vitro research that 
demonstrates  the  positive  effects  of  these  ions  on  tissue  regeneration.  This 
discrepancy may be due to the dose-dependent nature of metal ions, which exert 
different  effects  at  varying  concentrations.  As  a  result,  determining  the  optimal 
concentrations  of  metal  ions  for  tissue  regeneration  remains  an  area  for  further 
investigation.

Collagen  barrier  membranes,  commonly  used  with  bone  substitutes,  face  the 
challenge of potential rupture due to tissue infiltration and vascularization, which can 
compromise their  barrier  function and overall  effectiveness 51.  Jason and BioGide 
membranes as the most clinically used membranes have demonstrated controlled 
tissue  infiltration  involving  only  mononuclear  macrophages, which represents a 
beneficial tissue integration pattern for guided bone regeneration (GBR) membranes. 
However,  in  the  final  study,  porcine  collagen (PC)  membranes induced a  similar 
inflammatory  response  but  exhibited  rapid  degradation,  likely  due  to  their  higher 
extensibility. This highlights the importance of the membrane’s physical properties in 
influencing its degradation in vivo.

Conversely,  membranes  treated  with  hexamethylene  diisocyanate  (HMDI),  ethyl 
carbodiimide (EC), and the GA positive control group showed extensive infiltration by 
M1 macrophages and MNGCs, leading to severe membrane fragmentation within 30 
days  and  loss  of  barrier  function.  This  pattern  of  tissue  integration  is  generally 
considered unfavorable. An intriguing observation from the EC-treated membranes 
was that  their  collagen fibers  were surrounded by fibrous connective tissue,  with 
minimal cellular infiltration but increased vascularization. This suggests that fibrotic 
encapsulation may delay tissue invasion and extend the membrane’s barrier function. 
However, fibrosis is typically regarded as the endpoint of an adverse foreign body 
reaction,  indicating  poor  tissue  integration17.  As  such,  the  development  of  GBR 
membranes based on this response pattern remains questionable.

The  study  of  tissue  responses  induced  by  collagen  membranes  offers  important 
insights not only into the ideal patterns for tissue integration but also into how these 
membranes  can  influence  the  molecular  microenvironment,  potentially  affecting 
adjacent  bone  regeneration.  In  the  fourth  study,  a  correlation  between  the 
vascularization  of  different  compartments  was  identified,  confirming  molecular 
crosstalk between the compartments. These findings suggest that bone regeneration 
should be understood as a complex process regulated by both the bone substitute and 
the barrier  membrane,  with their  interactions playing a crucial  role in  determining 
clinical outcomes.
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5. Conclusion

This study series, grounded in established preclinical cyto- and biocompatibility testing 
methods, reveals the complex relationship between immune responses and tissue 
regeneration, offering valuable insights into the clinical application of GBR devices. 
Jellyfish-derived collagen shows promise in enhancing the reliability of early-stage 
cytocompatibility testing and advancing  in vitro cell culture systems, though  in vivo 
studies  remain  essential  for  evaluating  long-term outcomes.  A balanced  immune 
response, particularly the transition from pro-inflammatory M1 macrophages to anti-
inflammatory M2 macrophages, is crucial for promoting tissue regeneration. While non-
natural  implants  tend  to  elicit  stronger  M1-driven  inflammation,  this  response  is 
increasingly  recognized  as  vital  for  initiating  material  breakdown  and  tissue 
remodeling.  Additionally,  the  molecular  microenvironment  induced  by  collagen 
membranes and bone substitute materials plays a complex and critical role in bone 
regeneration at defect sites. Future advancements in GBR technologies will depend 
on optimizing the balance between immune modulation, material degradation, and 
tissue integration to improve clinical outcomes. Moreover, in line with the 3R principles, 
the development of advanced in vitro testing systems remains an important focus for 
preclinical evaluation.
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