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Abstract: In neurosurgical interventions, effective closure of the dura mater is essential to prevent cerebrospinal fluid leakage and 
minimize post-operative complications. Biodegradable synthetic materials have the potential to be used as dura mater grafts owing 
to their regenerative properties and low immunogenicity. This study evaluated the safety of ArtiFascia, a synthetic dura mater graft 
composed of poly(l-lactic-co-caprolactone acid) and poly(d-lactic-co-caprolactone acid), in a rabbit durotomy model. Previously, Arti-
Fascia demonstrated positive local tolerance and biodegradability in a 12-month preclinical trial. Here, specialized stains were used to 
evaluate potential brain damage associated with ArtiFascia use. Histochemical and immunohistochemical assessments included Luxol 
Fast Blue, cresyl Violet, Masson’s Trichrome, neuronal nuclei,, Glial Fibrillary Acidic Protein, and ionized calcium-binding adaptor 
molecule 1 stains. The stained slides were graded based on the brain-specific reactions. The results showed no damage to the underlying 
brain tissue for either the ArtiFascia or control implants. Neither inflammation nor neuronal loss was evident, corroborating the safety 
of the ArtiFascia. This approach, combined with previous histopathological analyses, strengthens the safety profile of ArtiFascia and 
sets a benchmark for biodegradable material assessment in dura graft applications. This study aligns with the Food and Drug Admin-
istration guidelines and offers a comprehensive evaluation of the potential neural tissue effects of synthetic dura mater grafts. (DOI: 
10.1293/tox.2023-0121; J Toxicol Pathol 2024; 37: 83–91)
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Introduction

The dura mater is the outermost and toughest layer of 
the meninges and plays a crucial role in safeguarding the 
brain1–4. It provides essential mechanical support to the 
brain and controls blood drainage from the brain through 
the dural sinuses. Comprised mainly of collagen fibers, the 
dura mater further contains dispersed fibroblasts and elastin 
fibers that are situated within an extracellular matrix5–8.

Certain neurosurgical procedures, including the sur-

gical extraction of tumors, hematomas, and meningiomas, 
require dural resection, which could consequently lead to 
postoperative cerebrospinal fluid (CSF) leakage. This is 
recognized as a significant complication that can result in 
substantial health challenges. CSF leakage occurs in up to 
13% of elective neurosurgical procedures9. Hence, ensuring 
effective closure of the dura mater is of paramount signifi-
cance in neurosurgical interventions9. Beyond preventing 
CSF leakage, proper closure also diminishes the risk of post-
operative infections, arachnoiditis, and neural damage10.

Occasionally, the use of a dural graft is necessary to 
seal the residual post-operative dural defects. These grafts, 
known as autologous grafts, can be sourced from the pa-
tient’s tissues, such as the fascia lata, temporal fascia, and 
galea aponeurotica. These grafts are not only cost-effective 
but also exhibit favorable biological qualities. Nevertheless, 
not all patients have adequate tissue available for grafting, 
and acquiring an autologous graft involves a time-intensive 
process, which adds complexity to the surgery and increases 
the potential for infection11–14. Various xenografts have also 
been proposed, such as the bovine pericardium and collagen 
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matrix. However, these alternatives can lead to several un-
desirable outcomes, including graft dissolution, body rejec-
tion, inflammatory reactions, scarring, and adhesions10, 15.

Biodegradable synthetic materials exhibit numerous 
essential properties and can serve as dural grafts. They 
promote tissue regeneration and gradually dissolve as na-
tive neodura forms without triggering immune or inflam-
matory responses. These materials are convenient to ma-
nipulate and suture, in addition to being cost-effective16–19. 
Numerous such materials have been assessed as potential 
dura mater grafts3, 17, 20–23. However, their utilization re-
mains constrained, as very few products are commercially 
available, and these synthetic materials, especially non-de-
gradable ones, may give rise to instances of inflammatory 
granulomatous foreign body reactions, which can have se-
vere consequences in certain cases10, 24. Moreover, the ef-
fects of these materials on neural tissues remain a subject of 
ongoing investigation. Consequently, a comprehensive pre-
clinical evaluation of new biodegradable materials for dural 
graft applications is imperative. This can be achieved by 
employing suitable animal models and conducting thorough 
histopathological assessments of the implanted tissues.

ArtiFascia (Nurami Medical Nanofiber Technology, 
Haifa, Israel) is an innovative synthetic fibrous scaffold fea-
turing a porous structure crafted from poly(l-lactic-co-cap-
rolactone acid) (PLCL) and poly(d,l-lactic-co-caprolactone 
acid) (PDLCL). It has been specifically developed as a dura 
mater graft, and its constituents have not been used previ-
ously for this clinical indication. Notably, it was recently 
approved by the Food and Drug Administration (FDA) for 
the treatment of cranial dural defects. In an earlier study, 
we examined the biodegradability and local compatibility 
of ArtiFascia in a 12-month preclinical trial involving rab-
bits. This evaluation was performed in comparison with a 
bovine collagen matrix, which served as a reference control. 
Our findings revealed that ArtiFascia exhibits notably posi-
tive local tolerance and a promising biodegradability profile. 
This was evident through the formation of new dura mater 
tissue at the implantation site, along with the restoration of 
dural integrity and the overlying calvaria bone19. Nonethe-
less, the possibility of neural damage in the underlying neu-
ral tissue should be investigated due to the persistence of 
ongoing mild inflammation inherent in the typical foreign 
body response. This includes the possibility of issues such 
as compressive injury or inflammation.

In this study, our objective was to delve deeper into the 
possibility of brain damage stemming from ArtiFascia use. 
To achieve this, we employed specialized stains designed to 
label distinct constituents of brain tissue. These stains play 
a crucial role in enhancing our understanding of the ongoing 
inflammatory responses associated with ArtiFascia devices. 
Moreover, they aid in excluding the presence of inflamma-
tion and neuronal degeneration, such as astrocytosis and/
or microgliosis in the underlying cortex. As in our previous 
study, a collagen dural graft was used as a reference control.

Materials and Methods

Test and reference control items
The test material under examination was ArtiFascia, a 

new synthetic fibrous scaffold crafted for dura mater graft-
ing, featuring a distinctive porous structure. ArtiFascia is 
constructed from a matrix of PLCL and PDLCL. The dural 
repair matrix used for comparison was Duragen® (Integra 
LifeSciences Corp., Plainsboro, NJ, USA), a commercially 
accessible product manufactured from processed bovine 
collagen, derived from the deep flexor tendon of bovines. 
This matrix had a porous spongy structure.

Animal model and experimental design
For the special stain assessments, we utilized slides 

collected from animals previously euthanized as part of the 
earlier local tolerability and biodegradability pre-clinical 
study19. In brief, a total of eighteen HsdOkd: NZW male 
rabbits, aged approximately 3–5 months, were sourced from 
Envigo RMS (Jerusalem, Israel). All animals underwent du-
ral defect induction and subsequent implantation (Table 1). 
Details of dural defect induction are provided by Ramot et 
al.19, in brief, we drilled 8 mm holes on both sides of the 
parietal bone, going through the calvarial bone using a tre-
phine burr, while keeping the area irrigated with saline. The 
holes reached the level of the dura. For accurate reposition-
ing of the bone piece to its original alignment, a small hole 
(approximately 2.0 mm in diameter) was drilled through the 
outer surface of the bone nearest the nose (referred to as ‘12 
o’clock’). Using a biopsy punch and scissors, a round piece 
measuring 4 mm in diameter was removed from the under-
lying dura mater of each of the created bone defects. Each 
dural defect was fully covered using a 6 mm segment of 
either ArtiFascia or the Reference control material, placed 
without suturing. Animals were euthanized at 1, 6, and 12 
months post-implantation (2, 3, and 4 animals per test or ref-
erence control item and per respective termination period, 
as indicated in Table 1). The study was conducted following 
the receipt of authorization from the National Council for 
Animal Experimentation (No. IL-16-03-72).

After the experimental period, the animals were eutha-
nized and subjected to perfusion, and the skull and brain 
were sectioned along the coronal plane on both sides of the 
defects, while the implanted devices remained in place. 
This was achieved using an Exakt diamond bandsaw. Sub-
sequently, the samples were prepared without the use of 

Table 1.	 Experimental Design

Group Group size  
(No. of animals)

Implanted  
device

Observation period
(Months post-surgery)

1 2 Reference Control 1 
3 6 
4 12 

2 2 ArtiFascia® 1
3 6 
4 12 
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xylene, processed, embedded in paraffin, and then sliced 
into sections with an approximate thickness of 5 µm. All 
sections were stained with Hematoxylin and Eosin (H&E). 
For histochemical and immunohistochemical staining, sec-
tions were selected from 2 animals at the 1-month termi-
nation point, 3 animals at the 6-month termination point, 
and 3 animals at the 12-month termination point. These sec-
tions were obtained from both the ArtiFascia and the refer-
ence control groups. The slides were stained (one stain per 
slide) with Luxol Fast Blue (LFB; including cresyl Violet 
counterstain per standard staining convention), cresyl Vio-
let, and Masson’s trichrome (MT). Immunohistochemistry 
was performed using the following antibodies, neuronal nu-
clei (NeuN) Immunohistochemistry (IHC), Glial Fibrillary 
Acidic Protein (GFAP), and ionized calcium-binding adap-
tor molecule 1 (Iba-1) (Table 2).

We used a modified grading system to evaluate brain 
immunostaining, using a scale of 0–425, 26:
• Grade 0: When there was no noticeable positive staining in 
the included brain sections, we marked them as “−.”
• Grade 1: We used “+/−” when staining was observed in 
the included brain sections, but was either focal, along the 
periphery, or only in a small number of cells.
• Grade 2: “+” indicates positive staining in a significant 
portion of cells within the included brain section, usually 
with a more widespread distribution across the lesion.
• Grade 3: A higher grade (++) was assigned for positive 
staining observed in an increasing number of cells within 
the included brain sections.
• Grade 4: An even higher grade (+++) was assigned when 
positive staining was observed in a growing number of cells 
within the included brain sections.

Results

Survival
No animal experienced any treatment-related deaths 

or unusual clinical signs during the 12-month observation 
period.

Hematoxylin and Eosin stain
The H&E staining results for both the reference con-

trol and ArtiFascia-implanted slides were detailed in a 
prior report19. Briefly, the staining illustrated the gradual 
degradation of the implanted graft, which was completely 
absorbed by the end of the 12 months. Neodura formation 
was evident along with the recovery of both the dural dam-

age and the calvarial bone above it. The ArtiFascia device 
prompted a foreign body reaction marked by the presence 
of macrophages and giant cells encompassed by a fibrotic 
capsule. No other inflammatory reactions were observed 
within the cavities, capsules, or the surrounding brain tis-
sue. Figure 1A, 1B, and the inset depict representative H&E-
stained slides. The reference control device was completely 
degraded by the 6-month termination time point, leaving an 
empty cavity surrounded by a thin capsule. No inflamma-
tory reactions were observed within the capsule or adjacent 
brain tissue. The implantation site was completely covered 
with the newly formed mature bone. There was also evi-
dence of neodura formation at the surgical site, suggesting 
progressive healing of the previously induced dural defect.

Cresyl violet staining
Cresyl violet staining is not specifically targeted at 

neurons; rather, its appearance is a result of the abundant 
concentration of “Nissl substance” found in neurons27–29. 
Nevertheless, this staining method is still commonly em-
ployed for neuronal tissue because of its affinity for the 
acidic components of the neuronal cytoplasm, including ri-
bosomes rich in RNA, as well as the nucleoli of the cells27, 29. 
Cresyl violet staining of the implanted sites did not reveal 
any irregularities within the adjacent brain tissues in ei-
ther the reference control or ArtiFascia-treated animals 
(Fig. 1C and 1D, Supplementary Table 1).

Glial fibrillary acidic protein staining
GFAP is a subunit of the intermediate filaments pres-

ent in glial cells30. These characteristics have been exploited 
in biochemical, immunological, and biological studies. Fur-
thermore, GFAP reliably serves as a marker for benign as-
trocytes and neoplastic cells of glial origin. GFAP staining 
of the implantation sites in animals treated with both the 
reference control and ArtiFascia did not reveal any anoma-
lies (Fig. 1E and 1F, Supplementary Table 1).

Ionized calcium-binding adaptor molecule-1 staining
Iba-1 is a calcium-binding protein predominantly 

found in microglia in the brain31–35. This distinct localiza-
tion of Iba-1 suggests that it is significantly involved in the 
regulation of microglial function. Iba-1 staining performed 
on the implantation sites of animals subjected to both the 
reference control and ArtiFascia treatments did not reveal 
any irregularities (Fig. 2A and 2B, Supplementary Table 1).

Table 2.	 Immunohistochemistry Details

Target 
marker

Primary antibody  
description

Vendor (Catalog) Clone Dilution 
factor

Secondary (Vendor) Detection kit

NeuN Monoclonal mouse  
anti-NeuN

Bio SB (BSB 2007) A60 1:250 Mouse-on-Canine  
HRP-Polymer (Biocare)

SignalStain® 
DAB Substrate Kit

GFAP Monoclonal mouse  
anti-GFAP

Bio SB (BSB 5566) G-A-5 1:500 Mouse-on-Canine  
HRP-Polymer (Biocare)

SignalStain® 
DAB Substrate Kit

Iba-1 Polyclonal rabbit biotin-
conjugated anti-IBA1

FUJIFILM Wako 
(016-26461)

Not Available 1:100 4 Plus Streptavidin-HRP 
(Biocare)

SignalStain® 
DAB Substrate Kit



Assessment of Brain Damage after ArtiFascia Implantation86

Fig. 1.	 A and B. Hematoxylin and Eosin staining taken from the right implantation site of an animal with ArtiFascia after 12 months (A, low 
magnification; B, high magnification). The implanted device is apparent within the dura mater, comprising two layers of cavities filled 
with macrophages and giant cells (indicated by thick arrows), all enclosed by a delicate mature fibrotic capsule. Notably, trabecular 
bone formation is present, indicating progressing maturation over time. Each layer of the test device shows a considerable presence of 
macrophages and multinucleated giant cells (mild grade), with the absence of a dense network of interwoven clear fibers that typically 
reflect the polymer nature of the device. This observation suggests the complete absorption of the polymeric component of the device. 
Sparse ghost remnants of the implanted mesh may be observed (marked by the empty rectangle), but due to their minimal presence, the 
absorption is deemed complete. No additional inflammatory reaction is evident within the cavities, capsule, or in the surrounding brain 
tissue (as shown by thin arrows), highlighting its good tolerability. The implantation site is fully enveloped by newly formed mature bone. 
There’s also evidence of neo-dura formation at the operation site, signifying the complete healing of the previously induced dural defect. 
Additionally, a circle marks the presence of a cyst, considered to be an incidental finding49. Inset: The implant at a higher magnification. 
Arrows point to macrophages and giant cells. C and D. Cresyl violet staining of the right implantation site of an animal implanted with 
ArtiFascia after 12 months (C, low-magnification; D, high-magnification). Thin arrows indicate the brain and thick arrows indicate the 
skull at the implantation site. Brain; no abnormalities detected. E and F. Glial fibrillary acidic protein staining obtained from the right 
implantation site of an animal implanted with ArtiFascia after 12 months (E, low magnification; F, high magnification). Thin arrows 
denote the brain, while thick arrows signify the skull at the implantation site. Brain; no abnormality detected.
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Fig. 2.	 A and B. Ionized calcium-binding adaptor molecule 1 staining acquired from the right implantation site of an animal implanted with 
ArtiFascia after 12 months (A, low magnification; B, high magnification). Thin arrows denote the brain, while thick arrows represent the 
skull at the implantation site. Brain; no abnormality detected. C and D. Luxol fast blue staining of the right implantation site of an ani-
mal implanted with ArtiFascia after 12 months (C, low-magnification; D, high-magnification). Thin arrows indicate the brain and thick 
arrows indicate the skull at the implantation site. Brain; no abnormalities detected. E and F. Masson’s trichrome staining taken from the 
right implantation site of an animal with ArtiFascia after 12 months (E, low magnification; F, high magnification). Thin arrows denote 
the brain, while thick arrows represent the skull at the implantation site. Brain; no abnormality detected.
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Luxol fast blue staining
LFB was first introduced by Kluever and Barrera in 

195336. This dye contains a copper phthalocyanine chro-
mogen that is insoluble in water yet soluble in alcohol. Its 
remarkable properties lie in its strong affinity for staining 
myelin sheaths36–38. LFB staining of the implantation sites 
of animals undergoing both the reference control and Arti-
Fascia treatments showed no irregularities (Fig. 2C and 2D. 
Supplementary Table 1).

Masson’s trichrome staining
MT staining effectively distinguished the crucial mor-

phological features pertinent to wound healing. These in-
cluded keratin, hemoglobin, muscle fibers (appearing in 
red), cytoplasm and adipose cells (displayed as light red or 
pink), cell nuclei (appearing dark brown to black), and col-
lagen fibers (stained blue)39. Employing this staining tech-
nique, we assessed the wound-healing process of the dura 
and discovered no abnormalities in either the reference 
control or ArtiFascia treatment. No irregularities were ob-
served (Fig. 2E and 2F, Supplementary Table 1).

Neuronal nuclei staining
NeuN is widely expressed in the nuclei of fully devel-

oped neurons in various vertebrate nervous system regions. 
Its presence is consistent among species and remains stable 
during specific developmental stages. Consequently, NeuN 
has been regarded as a reliable marker of mature neurons 
over the last three decades40–42. NeuN staining conducted 
on the implantation sites of animals subjected to both the 
reference control and ArtiFascia treatments revealed no ir-
regularities (Fig. 3, Supplementary Table 1).

Discussion

ArtiFascia is a new dura mater graft composed of PLCL 
and PDLCL. This novel graft previously demonstrated ex-
cellent safety and tolerability in a 12-month rabbit durotomy 
model19. Implantation showed a gradual degradation process 
coupled with an expected inflammatory response attributed 
to the foreign body reaction, demonstrating a longer-term 
degradation profile in comparison with the reference device, 
which was attributed to the different constituents of each 
device. Nonetheless, persistent inflammation at the dural 
repair site has the potential to harm the underlying brain or 
spinal cord, including the risk of compressive injury or in-
flammation. To address these concerns, we comprehensive-
ly assessed the underlying brain tissue. Specialized staining 
was employed to better understand the impact on various 
components of the brain tissue, including astrocyte stain-
ing (GFAP), microglial staining (Iba-1), and myelin staining 
(LFB). Additionally, two distinct neuronal stains (NeuN and 
cresyl violet) were incorporated.

The rabbit model has been previously utilized to assess 
the performance of the fully-synthetic nanofabricated dura 
substitute compared to a commercially available xenogenic 
dura substitute, which is considered a clinically relevant 
animal model43. Other studies have also employed rabbits 
to study the safety and effectiveness of various compounds 
in dural regeneration and brain damage44. In our investiga-
tion, we employed a range of histochemical and immuno-
histochemical staining techniques to investigate glial cell 
lineage, following recommendations outlined in ISO 10993-
6: 2016 for tests after implantation45, and as discussed by 
Bradley et al46.

Assessment of the stained slides revealed no discern-
ible impact of the implanted device (ArtiFascia or the ref-
erence control) or concurrent inflammatory reaction on the 

Fig. 3.	 A and B. Neuronal nuclei staining obtained from the right implantation site of an animal with ArtiFascia after 12 months (A, low mag-
nification; B, high magnification). Thin arrows indicate the brain, while thick arrows denote the skull at the implantation site. Brain; no 
abnormality detected.
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underlying brain tissue. Notably, there was no indication 
of inflammation in the underlying cortex nor any neuro-
nal loss. These findings, combined with the comprehensive 
scrutiny of the H&E-stained slides, provide additional ro-
bust evidence that reinforces the safety of the implanted ma-
terial for potential human use.

The recent issuance of the “General Considerations 
for Animal Studies Intended to Evaluate Medical Devices: 
Guidance for Industry and Food and Drug Administration 
Staff” by the US FDA underscores the critical role of prop-
erly interpreting tissue responses to a medical device in the 
FDA’s safety evaluation process47. The guidance document 
further underscores the significance of conducting specific 
assessments such as evaluating inflammation, vasculariza-
tion, calcification, proteoglycan/collagen, and fibrin/throm-
bus. Notably, the Medical Device Implant Site Evaluation 
Working Group of the Society of Toxicologic Pathology 
Scientific and Regulatory Policy Committee acknowledges 
that specialized pathology approaches may be necessary to 
obtain meaningful macroscopic and microscopic data re-
garding local effects. This report also highlights immuno-
histochemistry as a valuable method for such assessments48. 
In this study, we adopted this approach by incorporating ad-
ditional staining methods. This was performed to ensure a 
comprehensive assessment of the impact of dura mater graft 
implantation on the brain.

Using these specialized staining techniques, we showed 
that ArtiFascia did not induce any undesirable effects on the 
brain. Moreover, the presence of degrading materials and 
related inflammation did not result in adverse outcomes. We 
believe that this evaluation approach for dura mater grafts or 
other devices employed in close proximity to the brain can 
set a noteworthy standard for future studies that focus on the 
assessment of biodegradable materials.
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