Review

Journal of Tissue Engineering
Volume 15: 1-26

© The Author(s) 2024

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/20417314241228118
journals.sagepub.com/home/tej

S Sage

Biosubstitutes for dural closure: Unveiling
research, application, and future
prospects of dura mater alternatives

Dolphee Khurana'®, Ankitha Suresh'”, Raghavendra Nayak?,
Manjunath Shetty?, Rohit Kumar Sarda%, Jonathan C Knowles
Hae-Won Kim®%"8?(), Rajendra K Singh®78(2) and Bhisham Narayan Singh'

5,6,7

Abstract

The dura mater, as the crucial outermost protective layer of the meninges, plays a vital role in safeguarding the underlying
brain tissue. Neurosurgeons face significant challenges in dealing with trauma or large defects in the dura mater, as they
must address the potential complications, such as wound infections, pseudomeningocele formation, cerebrospinal fluid
leakage, and cerebral herniation. Therefore, the development of dural substitutes for repairing or reconstructing the
damaged dura mater holds clinical significance. In this review we highlight the progress in the development of dural
substitutes, encompassing autologous, allogeneic, and xenogeneic replacements, as well as the polymeric-based dural
substitutes fabricated through various scaffolding techniques. In particular, we explore the development of composite
materials that exhibit improved physical and biological properties for advanced dural substitutes. Furthermore, we
address the challenges and prospects associated with developing clinically relevant alternatives to the dura mater.
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Introduction

The dura mater is a significant protective membrane layer
that is part of the central nervous system’s anatomy. Its
integrity is crucial for safeguarding the brain tissue and sus-
taining neuro-electrical processes since it serves as a natu-
ral barrier.!? When dural defects occur due to trauma,
tumor invasion, cranial/spinal surgeries, or clinical proce-
dures, they can lead to various complications such as sei-
zures, meningitis, cerebrospinal fluid leakage, cerebral
herniation, pseudomeningocele, and infection.*> While
minor dura mater defects or damages can be repaired with
sutures, substantial damages resulting from cranio-cerebral
trauma, tumor invasion, or rupture necessitate the expan-
sion or replacement of the damaged dura mater with substi-
tutes.* Dural replacements have proven effective in
restoring the water-tightness of the dura mater and prevent-
ing the affected area of the brain or spinal cord from impact-
ing nearby tissues.>® Figure 1 illustrates the conventional
substitutes commonly used for dural replacement, includ-
ing autologous, allogeneic, and xenogeneic grafts.
Autologous materials such as Fascia lata and Pericranium
are commonly utilized by neurosurgeons as dural substitutes
due to their non-toxic, vascularized, and nonimmunogenic
nature. However, they have limitations, including limited
supply and unsuitability for repairing large dural defects.
Moreover, pericranium has the potential to be an ideal
source for dural substitutes as it eliminates the need for
additional surgery at the donor site and can be obtained dur-
ing craniotomy. However, due to its thin and fragile nature,
pericranium presents certain limitations in terms of surgical
handling and suturing.”® Allogeneic dural substitutes, such
as amniotic membranes, human acellular dermis, and small
intestine submucosa, face issues including limited material
sources, immune reactions, scarring, and encapsulation.*
Xenogeneic materials, like porcine pericardium, carry a
very high risk of disease transmission.>!” An ideal dural
replacement material would effectively repair and restore
dural integrity at the defect site while possessing optimal
biological and mechanical qualities comparable to or supe-
rior to autologous dura mater. It would provide a suitable
framework for autologous healing, promoting fibroblast
migration, attachment, and matrix resorption for structural
or functional repair. Additionally, the ideal dural substitute
should be biocompatible, promote tissue growth without
adherence to surrounding tissues, prevent cerebrospinal
fluid leakage (CSF), and inhibit scarring.!'~'3 In recent dec-
ades, various artificial materials have been investigated as
potential solutions to overcome the limitations of conven-
tional substitutes. These materials offer a promising
approach for reconstructing damaged or diseased dura
mater, as they are readily available, cost-effective, and can

be processed to mimic the physicochemical, mechanical,
and biological properties of the dural membrane.

Both natural and synthetic biopolymers have been exten-
sively investigated for the development of suitable dural sub-
stitutes. Natural biopolymers, including collagen, silk fibroin,
chitosan, and bacterial cellulose, as well as synthetic biopoly-
mers such as polycaprolactone (PCL), polyglycolic acid
(PGA), polyurethane, and poly (L-lactic acid) (PLLA), have
been introduced as polymeric materials to meet the require-
ments of an ideal dural substitute, as depicted in Figure 1.
However, natural polymers have the drawback of having lim-
ited control over the degradation of the graft whereas syn-
thetic polymers have the disadvantage of possessing weak
cell affinity.'*'7 Therefore, researchers have realized the ben-
efits of utilizing a combination of natural and synthetic poly-
mers to develop dural substitutes that exhibit controlled
biodegradability along with desired physicochemical,
mechanical, and biological properties. Composite materials,
which combine natural and synthetic polymeric materials,
have been introduced to address these limitations. Although
clinical exploration of composite alternatives for dural repair
is still in its early stages, composite materials such as collagen/
PLGA /chitosan and PLA/PCL/collagen have shown promis-
ing results, meeting the criteria of an ideal dural substitute.
These dural replacements have been developed to possess
favorable mechanical and biochemical qualities, and animal
models have shown no signs of foreign body reactions.'#2°

In this review, we provide a comprehensive examination
of the anatomical structure and composition of the human
dura mater, encompassing both the cranial and spinal dura
mater and its repair mechanism. We also explore the
advancements in dural substitutes available for dura mater
repair, as depicted in Figure 2. Furthermore, we shed light
on the traditional grafts utilized in dura mater repair, includ-
ing autologous, allogeneic, and xenogeneic substitutes,
while discussing their respective advantages and disadvan-
tages. Additionally, we discuss the clinical findings associ-
ated with the different types of polymeric dural substitutes,
both natural and synthetic, developed between 2005 and
2023. The emerging utilization of composite materials for
dura mater substitutes is also emphasized. The effectiveness
of dural sealants in providing water-tight closure to prevent
dural leakage has also been highlighted. Furthermore, we
summarize the key properties of different dural substitutes,
including their benefits, drawbacks, mechanical properties,
conducted studies, and anti-cerebrospinal fluid (CSF) leak-
age properties. Finally, we address the challenges and future
prospects in the development of dura mater substitutes.

Structure of the human dura mater

The human dura mater has a layered structure consisting of
two main layers: the periosteal layer and the meningeal
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Figure I. lllustrates a schematic representation of the dural substitutes currently employed for dural repair.
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Figure 2. Schematic representation showing the dural defect
and the available substitutes for dura mater repair. It also
presents the relative percentage of studies conducted on dural
grafts categorized by year.!1011:16:18.20-47

layer. The periosteal layer is the outermost layer and is in
direct contact with the inner surface of the skull. It is com-
posed of dense connective tissue and is highly vascular-
ized. The meningeal layer is located beneath the periosteal
layer and is closely associated with the brain and spinal
cord. It consists of fibrous connective tissue and is respon-
sible for providing protection and support to the central
nervous system. Figure 3(a) depicts the three consecutive
layers that make up the meninges: the dura mater,

arachnoid, and pia mater. These layers serve as protective
coverings for the brain and spinal cord. The pia mater and
arachnoid are collectively referred to as the leptomeninx,
representing the thinner meningeal layers, while the dura
mater is known as the pachymeninx due to its thicker and
more fibrous nature.*** The outermost layer of the menin-
ges is the dura mater, which is fibrous and opaque. It plays
a crucial role in safeguarding the brain and spinal cord and
preventing the leakage of cerebrospinal fluid (CSF). In the
spinal cord, it is referred to as the spinal dura mater, while
in the skull, it is known as the cranial dura mater.

The dura mater is composed of two layers: the outer
layer, known as the endosteal or periosteal layer, and the
thicker inner layer called the meningeal layer. The
endosteal layer of the dura mater forms the periosteum on
the inner side of the skull.>® The average thickness of the
dura mater has been estimated to be 1.06 *0.22mm>
Despite anatomical differences between the cranial and
spinal dura mater, both layers are impermeable to cerebro-
spinal fluid. The spinal dura mater is a tubular sheath sur-
rounding the spinal cord, consisting of inelastic collagen
fibers, as depicted in Figure 3(c) and (d). The transition
from the cranial dura mater to the spinal dura mater occurs
at the foramen magnum, where the outer periosteal layer
terminates, and the inner meningeal layer forms the true
spinal dura mater.>' The average thickness of the spinal
dura mater is approximately 1.106 = 0.244mm.** These
details highlight the intricate structure and composition of
the dura mater, both in the cranial and spinal regions,
emphasizing their protective functions and differences in
thickness.

Figure 3(b) illustrates how the cranial dura mater lines
the interior of the skull, providing protection to the under-
lying structures. The cranial dura mater is composed of
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Figure 3. Detailed representation of the dura mater present in the cranium and spine: (a) a diagram showing the meninges of

the human head which includes the dura mater, the arachnoid mater and the pia, (b) a close-up view of the cranial dura mater.>
Copyright 2021, Scientific Research Publishing,*® (c) a diagram of the spinal cord showing the dura mater as a protective covering.”2
Copyright 2022, American Society of Neuroradiology.*? (d) A close-up view of the cranial dura mater.’' Copyright 2021, Scientific

Research Publishing.®'

two outermost layers: the endosteal layer and the peri-
osteal layer. These layers together form the cranial dura
mater. The inner meningeal layer of the cranial dura mater
is in direct contact with the dural border cells, while the
endosteal layer adheres to the inner surface of the skull
bones.! This arrangement helps secure the dura mater in
place and maintain its structural integrity. The average
thickness of the cranial dura mater has been estimated to
be approximately 564 = 50 um.*® This thickness may vary
slightly among individuals. Understanding the thickness
of the cranial dura mater is important in surgical proce-
dures or when considering the use of dural substitutes. The
cranial dura mater possesses specific mechanical proper-
ties. Its ultimate tensile strength, which measures the max-
imum stress it can withstand before breaking, is
approximately 7.2 = 0.4 MPa. The elastic modulus, which
indicates the stiffness of the material, is around 61.7 MPa.
These mechanical properties contribute to the dura mater’s
ability to withstand external forces and maintain the integ-
rity of the cranial cavity. These explanations provide a

deeper understanding of the structure and characteristics
of the cranial dura mater, emphasizing its composition,
thickness, and mechanical properties.

The composition of the dura mater primarily consists of
collagen, elastin, fibroblast cells, and a few osteoblasts.
Osteoblast cells are mainly found in the periosteum, which
is a component of the dura mater.>® A study conducted by
Protasoni et al.*® utilized scanning electron microscopy
(SEM) to analyze the fibrous-porous structure of the
human dura mater in detail (Figure 4). Based on their anal-
ysis, the human dura mater can be divided into five layers.
The outermost layer is the bone surface layer (a), followed
by the fibrous dura layer, which is further subdivided into
the external median layer (b), the vascular layer (c), and
the internal median layer (d). The innermost layer is the
arachnoid layer (e), which is in contact with the dural bor-
der cells. The periosteal layer of the cranial dura mater
consists of elongated and flattened cells that resemble
fibroblasts. This layer also contains a few osteocytes,
nerve fibers, and blood vessels. In comparison, the
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Figure 4. A schematic representation of the cranial meninges and transverse section of the dura mater as seen in the SEM image
where (a) is the bone surface layer, (b) represents the external median layer, (c) is the vascular layer, (d) is internal median layer,

and (e) represents the arachnoid layer.>

meningeal layer has a higher concentration of fibroblast
cells and a lower amount of extracellular matrix.’” The
dural border cell layer is a distinct morphological layer
consisting of flattened fibroblasts.*® This layer lacks extra-
cellular collagen but exhibits significant extracellular
gaps. This layer has been referred to in certain studies as
the dural mesothelium or neurothelium, and it has been
suggested that it acts as a barrier to material diffusion
across the dura’s inner surface. On the other hand, the cells
of this layer seemed to resemble the flattened fibroblasts
that are also present throughout the dura mater. It appears
unlikely that this layer would serve as a very strong resist-
ance to diffusion through the dura’s surface due to the lack
of distinct morphological characteristics and tight connec-
tions between these cells. Thus, its specific function and
role need to be further studied.>®

Elastic fibers within the dura mater occupy approxi-
mately 1.376 = 1.766% of the total area and are randomly
oriented with respect to collagen fibers. The outer layer of
the dura mater contains a higher proportion of elastic fib-
ers compared to the inner layer.>® These additional expla-
nations provide a more comprehensive understanding of
the composition and structure of the dura mater, highlight-
ing the presence of collagen, elastin, fibroblast cells, oste-
oblasts, and different layers within the dura mater.

The dural repair mechanism

The development of connective tissue fibers and fibroblas-
tic proliferation, which are triggered by the dural edge or
surrounding tissues, are the primary causes of regeneration
in dural defects. Larger dural defects require the use of
dural substitutes, which can mimic the tissue’s natural
structure and keep the defect’s severity from spreading to
neighboring tissues whereas the smaller dural defects can
be fixed with sutures. The regeneration of the dura mater is

correlated with the graft degradation. The introduced dural
substitute acts as a framework facilitating the migration
and integration of different cell types that produce colla-
gen fibers, elastic fibers and glycoproteins such as fibro-
blasts, macrophages and lymphocytes during the dural
reconstruction phase. Concurrently, fibroblasts and other
cells release matrix metalloproteinases (MMPs) which can
break down the implanted collagen-based dural substitute,
aided by certain non-specific enzymes.*¢

Laun et al.%! reported the use of bovine pericardium as
a dural substitute. After 4days of the dural implant, it
showed migration of histocytes and fibroblasts into the
implant where these cells used the natural pores of the
graft and moved to the spaces available. It was observed
that there was good vascularization present in the region
between the implanted dural replacements and the new tis-
sue.®! Also, the chemical composition and thickness of the
material, the processing method used for preparation, the
graft’s location, and other variables affect the degradabil-
ity of the dural substitute. For instance, Collagen type-I the
main component present in the dural substitutes composed
of two a1 chains and one a2 chain. Collagen is primarily
broken into fragments by MMP-mediated collagen degra-
dation, which predominantly occurs at the location on the
a2 chain. As a result, several different non-specific pro-
teases break down these two fragments into oligopeptides
or amino acids.®” These insights contribute to our under-
standing of effective strategies for dural regeneration and
provide a foundation for further advancements in this field.

Conventional grafts for dural closure

Traditional grafts commonly used for dura mater repair
include autologous, allogeneic, and xenogeneic grafts, as
summarized in Table 1. The primary advantage of autolo-
gous grafts in dural repair is their ability to avoid
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immunogenic responses or adverse host reactions, whereas
allogeneic and xenogeneic grafts offer surgical conveni-
ence as well as easy access during duraplasty. Due to these
features and their affordability, conventional grafts are a
suitable dural replacement for neurosurgeons.

Autologous dural grafts

Autologous dural grafts, such as fascia lata and pericra-
nium, offer several advantages over other types of grafts.
They are non-immunogenic and non-toxic, leading to min-
imal inflammatory or allergic reactions. Additionally, they
provide effective watertight closure, ensuring the preven-
tion of cerebrospinal fluid (CSF) leakage, and they are
cost-effective. Fascia lata, although an efficient autologous
dural graft, requires an additional surgical procedure to
harvest it. On the other hand, pericranium, another com-
monly used autograft, eliminates the need for an extra inci-
sion since it can be obtained during craniotomy.®> Recent
studies have shown the effectiveness of fascia lata as a
dural substitute in specific cases. For example, Zeng
et al.?! reported successful use of fascia lata in reconstruct-
ing the dura mater for patients with surgical site infections
caused by multidrug-resistant (MDR) gram-negative bac-
teria following postcraniotomy procedures. The findings
demonstrated that fascia lata was an efficient and feasible
alternative, resulting in no relapse of surgical site infection
and reduced odds of death. In contrast, the use of other
artificial dural substitutes often led to intracranial infec-
tions caused by MDR gram-negative bacteria.?!
Pericranium is the second most commonly chosen auto-
graft for dural replacement or repair surgery. In a study by
Hoffman et al.?? pericranium was compared to alloderm
(allograft from human cadaver dermal matrix) for dura-
plasty in patients with Type I Chiari malformation. The
findings showed that pericranium had fewer cases of CSF
leakage and no wound complications compared to allo-
derm. However, it should be noted that pericranium
requires a longer incision for its use as a dural substitute.
Additionally, no wound complications were associated
with pericranium, although it does require a longer inci-
sion for usage as a dural substitute.”> While autologous
grafts like pericranium and fascia lata have advantages
such as easy availability, low cost, and absence of disease
transmission risk, they do come with some drawbacks.
These include the need for additional surgical incisions for
graft harvesting, potential morbidity, postoperative dis-
comfort, infection, reduced cosmesis, or local tissue injury.
To address these limitations, allografts have gained accept-
ance as an alternative for dura mater repair.**-%® Allogeneic
grafts offer a readily available supply without the need for
additional surgeries. They overcome the limitations asso-
ciated with autologous grafts; however, they may present
challenges related to immune reactions, scarring, and
encapsulation. In summary, the use of autologous grafts
such as pericranium and fascia lata has proven effective
for dural repair, but they have associated disadvantages

requiring additional incisions and potential morbidity.
Allografts have emerged as an alternative option to over-
come these limitations, providing a readily available sup-
ply while still posing some challenges.

Allogeneic dural grafts

Allografts, such as acellular human dermis and amniotic
membranes, are commonly used as substitutes for the dura
mater.?>%” The acellular human dermis and amniotic mem-
branes offer several advantages as allograft options
because acellular grafts are non-immunogenic and can
impart native biophysical and biochemical cues that sup-
port regeneration.®®*® A clinical study conducted by
Marton et al.>* focused on the usage of amniotic mem-
branes as an allograft substitute for the dura mater in
decompressive craniectomy procedures. Amniotic mem-
branes possess anti-inflammatory properties that reduce
the risk of scar formation, and they also promote wound
healing by enhancing cell recruitment and differentiation.
The lyophilized human amniotic membrane has been
found to provide efficient water-tight closure, preventing
CSF leakage at the dural defect site. Moreover, the amni-
otic membrane integrates well with the original dura mater,
reducing the rates of death and infection among patients.?’

Eicheberg et al.?* also reported on the application of an
amniotic membrane as a substitute for the dura mater. Their
study focused on the use of dehydrated amniotic mem-
branes for repairing dura mater in transsphenoidal endo-
scopic endonasal surgery (TEES), as depicted in Figure 5.
TEES requires a substitute for the dural defect that provides
complete water-tight closure, ensuring clear separation
between the intracranial and extradural compartments. The
dehydrated amniotic membrane used in TEES demon-
strated effective water-tight closure, preventing CSF leak-
age, and showed no adverse reactions. Additionally, the
amniotic membrane contains growth factors that aid in cell
differentiation, proliferation, and migration. Therefore, the
amniotic membrane is considered a suitable alternative to
autografts for dura mater reconstruction or repair.* In sum-
mary, allograft options like acellular human dermis and
amniotic membranes offer benefits such as anti-inflamma-
tory properties, wound healing capabilities, efficient water-
tight closure, and integration with the original dura mater.
These qualities make them viable substitutes for autografts
in dura mater reconstruction or repair procedures.

In a study conducted by Lee et al.?> the reconstruction
of dural defects was performed using acellular human der-
mis as a substitute. The acellular human dermis offers dis-
tinct advantages compared to other dural substitutes.
During the generation of acellular human dermis, all major
histocompatibility class II antigens are eliminated, making
it immunologically inert. This characteristic reduces the
risk of immune reactions when used as a dural substitute.
The extracellular structure of acellular human dermis pro-
motes neovascularity, facilitating the formation of new
dura mater tissue. This property is beneficial for the
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regeneration and repair of damaged dural tissue.
Additionally, the acellular human dermis was found to be
capable of repairing even large dural defects effectively.?

Furthermore, Lifecell Inc, USA received FDA approval
for a product called AlloDerm, which is an acellular human
dermis graft used as a substitute for dura mater. Clinical
studies have revealed the potential of AlloDerm to integrate
with damaged dura mater tissue, facilitate cellular migra-
tion, and promote matrix deposition. AlloDerm has also
been shown to prevent CSF leakage. These positive out-
comes, along with its safety profile, have made AlloDerm a
viable option for clinical applications in dural reconstruc-
tion and repair surgery.”’! To summarize, the use of acel-
lular human dermis as a dural substitute offers immunological
inertness, promotes neovascularity, and enables the forma-
tion of new dura mater tissue. Clinical studies have demon-
strated its effectiveness in repairing dural defects and
preventing complications such as infection and CSF leak-
age. AlloDerm, an FDA-approved acellular human dermis
graft, has shown promising results in terms of integration
with damaged tissue and facilitating the healing process in
dural reconstruction and repair surgeries.

Xenogeneic dural grafts

In addition to autologous and allogenic materials, xenoge-
neic dural substitutes derived from porcine, equine, bovine,
or other animal tissues are used as alternatives for dural
substitution.®® A study conducted by Centonze et al.?®
focused on evaluating the efficacy and safety of the equine

pericardium membrane, known as Heart membrane, for
repairing dural defects resulting from meningioma surgery
(Figure 6).2° The equine pericardium membrane demon-
strated its suitability for establishing a watertight closure
of the dura mater at the site of the defect, effectively pre-
venting CSF leakage. Notably, there were no instances of
disease transmission observed, which is often a concern
associated with other dural substitutes derived from ani-
mal tissue sources. This finding underscores the safety
aspect of using the equine pericardium membrane as a
xenogeneic substitute for the dura mater. Furthermore, the
usage of pericardium from equine origin exhibited no
adverse reactions or wound infections in the patients. This
positive outcome suggests that the equine pericardium
membrane holds significant potential as a robust and reli-
able xenogeneic substitute for the dura mater. Its ability to
establish a secure closure, absence of disease transmission,
and favorable safety profile make it a valuable option for
dural substitution in clinical practice.

In a study conducted by Seo et al.”’ the effectiveness of
porcine pericardium as a dural substitute for duraplasty
was investigated using an animal model (pigs). The study
aimed to compare the performance of porcine pericardium
with that of porcine small intestinal submucosa
(Biodesign®) as substitutes for the dura mater (Figure
7(a)).?” The results of the study (Figure 7(d) and (e))
revealed that both porcine pericardium and porcine small
intestinal submucosa provided a satisfactory watertight
closure of the dura mater, indicating their potential as dural
substitutes. Histologially, there was not a significant
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Figure 6. Demonstration of the ZYMO-TECK® involved in the processing of Heart patch and the surgical process involved in the
implantation: (a) illustrative diagram showcasing the equine pericardium membrane as a xenogeneic solution for replacing the dura
mater. Heart® membrane employed as a dural alternative, (b) the membrane positioned over the defect, (c) the membrane cut into
appropriate dimensions, and (d) the membrane sutured to the patient’s dura mater.2® Copyright 2016, Thieme Medical Publishers.

difference observed between the two substitutes. However,
the dural substitute derived from porcine small intestinal
submucosa exhibited better integration with the original
dura mater. One advantage of using the porcine pericar-
dium patch was its transparency, which can help prevent
subdural hemorrhage following the duraplasty procedure.
Also, porcine pericardium patches are more transparent as
compared to commercially available Biodesign® (Figure
7(b) and (c)). This transparency allows for better visualiza-
tion of the underlying tissues, reducing the risk of compli-
cations. It should be noted that this study had some
limitations, such as a short observation period and a small
sample size of only six pigs. Therefore, further studies
with larger sample sizes and longer follow-up periods are
necessary to fully evaluate the potential of porcine pericar-
dium as a viable dural substitute. Overall, the study sug-
gests that porcine pericardium holds promise as a dural
substitute for duraplasty. However, additional research is
needed to gather more evidence and validate its effective-
ness and safety in diverse clinical settings.

Yu et al.' developed a novel substitute for the dura
mater by utilizing the porcine peritoneal acellular matrix
stabilized with oxidized quaternized guar gum (OQGG) as
an antibacterial crosslinking agent. This substitute demon-
strated antibacterial properties attributed to the presence of
a quaternary ammonium group on the OQGG, which
effectively damages the bacterial cell wall structure, lead-
ing to bacterial destruction. The constructed dura mater
substitute exhibited good anti-adhesion properties and
demonstrated compatibility with the surrounding tissue in
in vivo studies.! Therefore, this matrix holds promise as a
viable substitute for dural reconstruction.

Li et al.'” fabricated a dura mater replacement by utiliz-
ing the acellular swim bladder of Hypophthalmichthys
molitrix.!® This substitute displayed a maximum tensile
strength of 34.77+4.28N and stitch tear strength of
7.15 = 1.84N. In in vivo studies, the acellular swim bladder
exhibited favorable biocompatibility, no cerebrospinal
fluid leakage, and no adhesion with brain tissue. However,
a slight inflammation response was observed, characterized
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Figure 7. lllustrative depiction of the origin and morphology of pericardial patch and Biodesign® along with the duraplasty
procedure: (a) schematic representation of pericardial patch and Biodesign® dural repair graft-based approach for duraplasty,
(b) wet form of the porcine pericardial patch, (c) dry form of the Biodesign® Dural Repair Graft, (d) performance of bilateral

craniotomies, and (e) duraplasty done using each type of dural substitute.?’” Copyright 2018, Society of Neuroscience.

by the growth of lymphocytes, migration of fibroblast cells,
and deposition of connective tissue within the acellular
swim bladder. This inflammation indicated non-specific
inflammation rather than an adverse reaction. Overall, the
acellular swim bladder demonstrated characteristics that
make it a potential candidate for an ideal dura mater substi-
tute. These studies highlight the development of innovative
substitutes for the dura mater, such as the porcine peritoneal
acellular matrix stabilized with OQGG and the acellular
swim bladder of Hypophthalmichthys molitrix. These sub-
stitutes offer distinct properties, including antibacterial
activity, anti-adhesion characteristics, histocompatibility,
and strength. However, further research is necessary to
validate their efficacy, safety, and long-term performance
in clinical settings before their widespread use as dural
substitutes.

Though traditional grafts have the advantage of being
cost-effective and easily available, they have various limi-
tations too. An autograft harvest could be inconvenient,
especially if a donor site is not easily accessible and the
need for a substitute wasn’t expected at the beginning of
surgery. It should be highlighted that allografts and xeno-
grafts have the potential to spread infectious diseases,
even if they are rare. Additionally, these grafts are from
native tissues and can have wide variations in handling
attributes and quality. Further research into polymeric

dural substitutes with fewer immunogenic reactions and
optimal dural replacement features is required due to
these shortcomings.

Natural polymeric substitutes for the
dura mater

Natural polymers have emerged as promising biomaterials
for the development of grafts or tissue-engineered con-
structs, particularly for dural substitutes. Natural polymers
possess greater interactions with the cells and have bioac-
tive characteristics, which enables them to improve the
growth and proliferation of the cells in a biological system.
As a result, they do not cause foreign body reactions and
are extremely biocompatible. Among these natural poly-
mers, polysaccharide-based biopolymers such as chitosan
and bacterial cellulose have garnered significant attention.
Additionally, proteins like collagen and silk fibroin have
also been investigated as potential biomaterials for dural
substitutes (Table 2).

Bacterial cellulose

Bacterial cellulose, a natural polysaccharide, has been exten-
sively studied and derived from various bacteria such as
Acetobacter, Rhizobium, and Sarcina. It possesses several
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advantageous features including easy extraction, high hydro-
philicity, high purity, nanoscale characteristics, and favora-
ble physical properties. In the field of medicine, there has
been notable research focused on the utilization of bacterial
cellulose.”” Jing et al."' conducted a study using bacterial
cellulose membranes for reconstructing dural defects in rab-
bits.!" The bacterial cellulose membranes were synthesized
through electrospinning, resulting in membranes with
enhanced porosity and water-holding capacity. These elec-
trospun bacterial cellulose membranes exhibited a tensile
strength of 9.70+2.56MPa and an elastic modulus of
83.64 =22.04 MPa. In in vivo studies, the electrospun bacte-
rial cellulose membrane demonstrated the ability to prevent
cerebrospinal fluid leakage and reduce the likelihood of sec-
ondary epilepsy and epidural scar formation. This was
achieved by minimizing fibrous adhesion and inhibiting the
attachment of muscle and collagen fibers to the outer surface
of the graft, respectively. Thus, the electrospun bacterial cel-
lulose membrane holds promise as an ideal substitute for the
dura mater.!! The utilization of natural polymers, including
bacterial cellulose, in dural substitutes offers distinct advan-
tages such as their abundance, biocompatibility, and tunable
properties. These polymers provide an attractive alternative
to traditional graft materials and hold potential for improving
dural repair and reconstruction procedures. Further research
and development are necessary to optimize the properties
and performance of these natural polymer-based dural sub-
stitutes for their eventual clinical translation.

In addition to its use as a dural substitute, bacterial cel-
lulose has been explored for various advanced applica-
tions. Stumpf et al.?® developed a growth factor-loaded
bacterial cellulose membrane for duraplasty.?® This inno-
vative dural substitute incorporated epidermal growth fac-
tor (EGF) and fibroblast growth factor-2 (FGF2), which
were released from the bacterial cellulose membrane to
promote the proliferation of neural stem/progenitor cells.
The growth factor-loaded bacterial cellulose membrane
exhibited desirable mechanical properties, including an
ultimate tensile strength of 0.96 = 0.02 MPa and a Young’s
modulus of 0.37 = 0.02MPa. In vivo studies further dem-
onstrated that the use of the growth factor-loaded bacterial
cellulose membrane as a dural substitute did not induce
inflammation.”® This suggests that the growth factor-
loaded bacterial cellulose has the potential to serve as a
promising substitute for the dura mater, particularly for
conditions like spinal cord injuries and traumatic brain
injuries, where growth factors can facilitate tissue regen-
eration and repair.

To address the challenge of post-operative infection,
antibacterial drug-loaded bacterial cellulose membranes
have also been extensively investigated. Xu et al.?° devel-
oped a bacterial cellulose membrane containing vancomy-
cin, an antibacterial drug, as a substitute for the dura
mater.?’ This membrane was designed to release vancomy-
cin during craniocerebral operations, aiming to minimize

inflammatory reactions and prevent infection. In rabbit
studies, the vancomycin-loaded bacterial cellulose mem-
brane demonstrated safety and effectively inhibited
inflammatory reactions in neurosurgical applications.?
Moreover, it exhibited favorable elasticity and compliance
with pressure. Thus, bacterial cellulose membranes not
only serve as suitable substitutes for repairing dural defects
but also hold promise as potential drug delivery vehicles,
enabling localized and controlled release of therapeutic
agents. The integration of growth factors and antibacterial
drugs into bacterial cellulose membranes expands their
functionality and enhances their therapeutic potential.
These advancements offer opportunities for the develop-
ment of more advanced and effective strategies for dural
repair and reconstruction, as well as for the treatment of
associated complications. Continued research in this field
will contribute to the optimization and clinical translation
of growth factor- and drug-loaded bacterial cellulose
membranes for improved patient outcomes.

Chitosan

Chitosan, a glycosaminoglycan-like biopolymer derived
from the deacetylation of chitin, which is derived from the
shells of crustaceans and the exoskeleton of arthropods,
has garnered significant attention from researchers for the
development of tissue-engineered products due to its bio-
mimetic properties. It possesses unique biological quali-
ties such as biocompatibility, nontoxic biodegradability
antimicrobial activity, minimal immunogenicity and toxic-
ity that make it suitable for various applications, including
the repair or reconstruction of defects in the central nerv-
ous system (CNS) caused by trauma or diseases.”>#! One
of the notable characteristics of chitosan is its ability to act
as a chemoattractant for neutrophils, which are essential
cells involved in the inflammatory response. By stimulat-
ing the recruitment of neutrophils and activating mac-
rophages, chitosan can expedite the wound healing
process. Additionally, chitosan derivatives have been
found to regulate scar development and retraction during
the healing process, thereby minimizing the formation of
excessive scar tissue. These advantageous properties of
chitosan have led to its extensive utilization in CNS-related
applications. Researchers have explored its potential in the
repair or reconstruction of CNS defects, such as those
resulting from trauma or diseases.”>®' Chitosan has been
investigated for its ability to promote tissue regeneration,
facilitate cell adhesion and migration, support angiogene-
sis (the formation of new blood vessels), and provide
structural support in CNS tissues.

Sandoval-Sanchez et al.>° conducted a study on the uti-
lization of a bilayer chitosan scaffold as a novel substitute
for the dura mater in neurosurgical procedures.*® This scaf-
fold consisted of two layers: a non-porous layer and a
porous layer with a pore size of approximately 10 um. The
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scaffold had a thickness of approximately 400 um. One of
the key findings of the study was that the bilayer chitosan
scaffold provided an effective watertight closure of the
dura mater.>* Moreover, it demonstrated favorable proper-
ties such as suture compatibility and the ability to promote
tissue regeneration without causing fibrosis. These charac-
teristics make the bilayer chitosan scaffold an ideal candi-
date for dural substitutes.

Collagen

Collagen, another naturally derived material, is also exten-
sively utilized in the development of dural substitutes due
to its low antigenicity and high biocompatibility. It can
undergo remodeling to enhance cellular behavior and tis-
sue regeneration due to its dynamic nature and flexibil-
ity.88  Zerris et al3' evaluated three different
collagen-based substitutes for dura mater reconstruction:
Dura Guard, Durepair, and DuraGen.*! Dura-Guard is a
sturdy dural implant made from processed bovine pericar-
dium sheets, which can be easily sutured to surrounding
tissues. DuraGen is an onlay graft derived from bovine
Achilles tendons, while Durepair is processed from fetal
bovine skin. The study found that Dura Guard and Durepair
exhibited superior strength compared to DuraGen, making
them suitable for use in areas with high CS pressure. Dura
Guard had a thickness of 0.40 = 0.00 mm, a tensile strength
of 13.50*x3.34MPa, and a Young’s modulus of
81.33 £20.48 MPa. Similarly, Durepair had a thickness of
0.50 £0.02mm, a tensile strength of 22.70 = 2.83 MPa,
and a Young’s modulus of 69.94 + 9.49 MPa. All three col-
lagen substitutes demonstrated safety and efficacy in
repairing the dura mater.>' The use of bilayer chitosan
scaffolds provides a promising alternative for dural substi-
tutes, offering effective closure and supporting tissue
regeneration. Meanwhile, collagen-based substitutes like
Dura Guard, Durepair, and DuraGen have proven to be
safe and efficient options for dura mater reconstruction.
These findings contribute to the development of reliable
and biocompatible materials that can be employed in neu-
rosurgical procedures to address dural defects effectively.
Esposito et al.*? conducted a study to evaluate the
safety and effectiveness of a collagen biomatrix derived
from equine Achilles tendon, known as TissuDura, as a
dural substitute.3?> TissuDura is primarily composed of
type I collagen and has a lamellar structure without any
pores, preventing the leakage of CSF and promoting the
regeneration of the dura mater. According to histological
investigations of the clinical study, the sample resembled
a dura tissue that was richer in cellular components and
tight fibres, essentially mimicking physiological dura
mater. Fibroblasts cells were the first line of these cellular
formations. Collagen fibres with a regular structure made
up the extracellular matrix (ECM), with some minor
abnormalities in their arrangement. It was possible to

discern a clear neovascularization around the edges of the
suspected transplant. Single mononuclear cell perivascu-
lar infiltrates were seen in these areas. The histopathologi-
cal study also revealed no signs of necrotic tissue or
foreign body reaction. The study demonstrated that the
usage of TissuDura resulted in the absence of inflamma-
tory reactions and adherence to surrounding tissues, mak-
ing it a highly desirable dural substitute.3? Pettorini et al.3?
further investigated the use of TissuDura in pediatric neu-
rosurgical procedures.’* The study highlighted several
advantages of TissuDura, including ease of handling dur-
ing implantation, the absence of inflammatory adverse
reactions, and no observed CSF leakage. However, it was
noted that TissuDura is relatively expensive compared to
other dural substitutes.’3 In the same year, Parlato et al.”?
also assessed the performance of TissuDura as a dural
graft in spinal and cranial neurosurgical procedures.” In
this study, TissuDura was utilized as an onlay graft with-
out the need for surgical sutures, using fibrin glue to
secure it in place. Post-operation, no foreign body reac-
tions, tissue adherence, or CSF leakage were observed.
The qualities of TissuDura, including its elasticity, case of
usage, and non-reactivity, contribute to its suitability as an
ideal dural substitute.”” Collectively, these studies demon-
strate the effectiveness of TissuDura as a dural substitute
in various neurosurgical applications. Its unique composi-
tion and structural properties, along with its ability to pre-
vent CSF leakage and promote tissue regeneration, make
TissuDura a valuable option in neurosurgical procedures
requiring dural reconstruction. However, the higher cost
of TissuDura should be considered when selecting a dural
substitute for clinical use.

Silk fibroin

Silk fibroin has emerged as a promising protein-based bio-
material for the development of tissue-engineered grafts as
an alternative to collagen-based biomaterials. Researchers
have shown great interest in utilizing silk fibroin (SF) for
the construction of dural substitutes due to its excellent
biocompatibility and unique mechanical properties.”® Two
proteins-hydrophilic sericin and hydrophobic fibroin-
make up the SF biomolecule. Degradation and metabolism
of SF result in the production of harmless amino acids. It
has mechanical strength (which is greater than that of
many other biological materials), elasticity, biocompatibil-
ity, and adjustable biodegradability. The characteristics of
scaffolds made from SF can be altered by modifying its
secondary structure.3

Kim et al.** fabricated a novel dural substitute using
silk fibroin derived from the Bombyx mori silkworm.3*
The manufactured dural substitute exhibited a tensile
strength of 65.6 = 7.1 MPa and underwent in vivo testing
in a rat model. The study demonstrated that the silk fibroin-
based substitute was safe for use in neurosurgical
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procedures, as it prevented inflammatory reactions and
side effects.>* Moreover, its transparency facilitated visu-
alization during surgical procedures, reducing the risk of
damage to underlying tissues. Flanagan et al.*> developed
a sutureless dural substitute using silk fibroin from
Bombyx mori.*> This substitute effectively inhibited CSF
leakage and demonstrated excellent biocompatibility with
no immune reactions. It consisted of electrogelated silk
and a dual-layer silk composite material that mimicked the
microenvironment of the human dura mater (Figure 8).
The dual-layer composite acted as an impermeable barrier
against CSF leakage, while the electrogelated layer served
as an adhesive. The silk dural substitute exhibited high
burst pressure resistance and had a tensile strength ranging
from 0.88 £0.10 to 1.53 = 0.45 MPa and a Young’s modu-
lus ranging from 7.16 = 0.66 to 12.1 = 2.4 MPa.** To con-
clude, silk fibroin is a promising candidate for dural
substitutes in terms of its biocompatibility, mechanical
properties, and potential for surgical applications.

Although natural polymeric materials facilitate the for-
mation of connective tissue at the site of dural injury and
have good biocompatibility, they often face limitations,
including batch-to-batch variability, rapid degradation,
and weak mechanical strength.!*% These restrictions make
it challenging for the neo-dura mater to regenerate
effectively.

Synthetic polymeric substitutes for
dural mater reconstruction

Synthetic polymers have gained significant attention as
potential substitutes for the dura mater in reconstructive
procedures. These materials offer distinct advantages such
as tunable properties, controlled degradation, and ease of
fabrication.’”#%° The processing of these polymers into

grafts allows for adequate control of the architectural
parameters which include pore size and shape, wall mor-
phology, and surface area, which are crucial for cell seed-
ing, cell migration, cell growth, mass transport, and tissue
regeneration.®® Researchers have explored various syn-
thetic polymers to develop effective substitutes for the
dura mater, addressing the limitations associated with nat-
ural materials. To address the limitations such as poor
mechanical properties, immune reactions, batch-to-batch
variation, and scar formation associated with natural
biopolymers, synthetic polymers have gained significant
acceptance among researchers in the development of
reproducible tissue-engineered grafts.

Researchers have explored various synthetic materials,
including polycaprolactone (PCL), polyglycolic acid
(PGA), polyurethane, and poly (L-lactic acid) (PLLA), for
constructing dural biomimetic substitutes (Table 3). One of
the advantages of synthetic polymers is their ease of fabri-
cation, allowing for reproducible fabrication of dural sub-
stitutes. PCL and PLLA are examples of synthetic polymers
with controllable degradation properties, making them suit-
able for dural reconstruction. These materials are also non-
toxic and bioinert, reducing the risk of immune reactions
and promoting biocompatibility. Polyurethane is another
synthetic polymer investigated for dural replacements.
While it offers excellent mechanical properties, it can
induce foreign body reactions, limiting its applicability in
some cases. However, ongoing research aims to overcome
these challenges and optimize polyurethane-based dural
substitutes. PGA, on the other hand, is often used as a PGA
mesh combined with fibrin glue for repairing dural defects.
PGA meshes exhibit high levels of tensile strength and can
withstand the pressures within the central nervous system,
effectively preventing cerebrospinal fluid (CSF) leakage.
The unique properties of synthetic polymers make them
promising candidates for dural substitutes. By utilizing
synthetic polymers, researchers aim to develop reproduci-
ble tissue-engineered grafts with improved mechanical
properties, reduced immune reactions, and minimized
batch-to-batch variation. Further advancements in the field
of synthetic polymers hold promise for the development of
effective and reliable dural substitutes.>”-36-8

Polycaprolactone (PCL)

The synthetic polymer PCL has emerged as a promising
material for fabricating alternative matrices for the dura
mater, the protective membrane surrounding the brain and
spinal cord. PCL possesses several advantageous proper-
ties, including good biocompatibility, biodegradability, low
cost, and the ability to prevent CSF leakage by integrating
with the surrounding tissues.’®*! In a study by Su et al.,’® a
triple-layered dural substitute using PCL was developed
with enhanced antibacterial properties and osteogenic
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Elsevier.

capabilities.’® The scaffold incorporated gentamicin sulfate
(GS) and nano-hydroxyapatite (nHA), which played vital
roles in inhibiting bacterial growth and promoting the for-
mation of bone-like tissue. The fabrication technique
employed electrohydrodynamic jetting, with PCL-GS fib-
ers electrospun at different angles to form the middle layers
of the substitute, enhancing its mechanical properties.
Additionally, PCL-nHA fibers were constructed using the
melt-based electrohydrodynamic technique to form the cra-
nial side of the dural substitute (Figure 9).3¢ The resulting
dura mater substitute exhibited a tensile strength of
22.42 +0.89 MPa, which closely resembles that of the nat-
ural porcine dura mater. However, further in vivo studies
are required to validate the effectiveness of this PCL-based
substitute.*

Another noteworthy study by Shih et al.,’” reported the
development of a urethane-linked PCL dural substitute.’’
This substitute demonstrated improved mechanical proper-
ties and a more favorable hydrolytic degradation process
compared to pure PCL. The histological findings show a
brief initial tissue reaction that is temporary and is followed
by the fibrous, connective tissue layers deposition. The
dural substitute’s porous structure permits the implant to be

gradually integrated by the newly developed fibrous, con-
nective tissue after 3months of implantation in rabbits,
with a low risk of inflammation and CSF leakage.
Additionally, there was no evidence of dural substitute’s
tissue attachment to the surrounding tissue. Overall, it
exhibited biocompatibility, flexibility, and was effective in
preventing inflammation and scar formation. Although fur-
ther clinical research is necessary, this PCL-based substi-
tute shows promise as a potential alternative matrix for the
dura mater.’” Overall, PCL-based dural substitutes offer
advantages such as biocompatibility, degradability, and the
ability to inhibit CSF leakage. Their ability to be fabricated
with enhanced properties, such as antibacterial activity and
osteogenic capabilities, makes them attractive options for
dura mater replacements. Further research and in vivo eval-
uations will provide a better understanding of their efficacy
and safety in clinical applications.

Poly-L-lactic acid (PLLA)

Poly-L-lactic acid (PLLA) is widely utilized in biomedical
applications due to its excellent biodegradability and bio-
compatibility. It has been shown to effectively repair dural
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lesions by preventing CSF leakage and integrating with the
surrounding tissue.”>*? In a study by Shi et al., 2016, a
PLLA-based dural substitute was constructed by deposit-
ing PLLA fibers in a layer-by-layer fashion to mimic the
extracellular matrix of the natural human dura mater.'® The
resulting PLLA-based patch exhibited a tensile strength of
4.14+0.18 MPa. This biomimetic patch demonstrated
remarkable biocompatibility, prevented virus transmis-
sion, and provided effective watertight dural closure, pro-
moting appropriate healing. The biomimetic patch blended
in effectively with the surrounding tissues, without leaving
noticeable traces of the boundaries. There were no overall
adhesions with brain tissue except in a few places where
mild tissue adhesion was seen. Ninety days after implanta-
tion, the biomimetic patch was entirely wrapped in the sur-
rounding tissues, substituted with connective dura tissue
that had been heavily fibroblast-infiltrated and showed
substantial neovascularization. By the completion of
180 days, the PLLA-based patch was 70% degraded with
the degraded part covered with collagen fibers and new
vessels. Furthermore, this patch was determined to be safe
and effective, completely degrading after two years of
implantation.

Polyglycolic acid (PGA)

Another notable synthetic polymer used for dural repair is
polyglycolic acid (PGA).”> PGA mesh combined with
fibrin glue has been evaluated for repairing dural defects in
animal models such as beagles and rabbits. This approach
offers a relatively simple procedure, making it a suitable
alternative for the dura mater.”® Terasaka et al.3® investi-
gated the effectiveness and safety of a sutureless dural sub-
stitute composed of polyglycolic acid mesh and fibrin glue
(GM111).3® The substitute exhibited good biocompatibil-
ity, enhanced safety, and provided a water-tight dural clo-
sure, effectively protecting patients from surgical
complications. Similarly, Masuda et al.** repaired dural
defects in spinal surgery using a combination of polygly-
colic acid mesh and fibrin glue.* This combination dem-
onstrated the ability to withstand high levels of CSF
pressure, effectively preventing CSF leakage. After the
procedure, the PGA mesh in the combination is absorbed
in 8 weeks and the fibrin glue gets substituted by connec-
tive tissue in 4weeks. In a clinical study involving 75
patients, only 1 patient experienced CSF leakage, indicat-
ing the potential of polyglycolic acid mesh and fibrin glue
as an artificial dura mater.*

However, it’s important to note that complications can
arise in some cases. Kawabata et al.*’ reported a case of
granuloma formation following the use of a combination of
polyglycolic acid mesh and fibrin glue for dural defect
repair.** Histopathological analysis of the removed granu-
loma showed that eosinophils had infiltrated the polygly-
colic acid mesh fibre, which was encircled by multi-nucleated

giant cells and histiocytes. These results indicated that a for-
eign body reaction had occurred due to the polyglycolic acid
mesh. This granuloma caused compression of the cervical
cord, leading to various complications such as extreme mus-
cle weakness and numbness. Therefore, it is imperative to
discover a safer substitute that results in a reduced immune
response. In summary, PLLA and PGA have shown promise
as synthetic polymeric materials for dural substitutes.
PLLA-based patches exhibit excellent biocompatibility and
degrade over time, while PGA mesh combined with fibrin
glue offers a simple and effective solution for dural defect
repair. However, careful evaluation and monitoring are nec-
essary to minimize the risk of complications and ensure suc-
cessful clinical outcomes.

Polyurethane

Polyurethane has emerged as a promising material for the
fabrication of grafts used in the repair of the dura mater.
This synthetic material is composed of a highly purified
polyesterethane substance with fine fibers, providing flex-
ibility to the implant. Polyurethane is commonly employed
in brain and spinal surgery to address dural abnormalities
due to its high liquid tightness, effectively inhibiting CSF
leaks.* A study by Doormaal et al.*! investigated the per-
formance and efficacy of a dural sealant patch (DSP) in
cranial surgeries.*' The DSP consisted of two layers: a
white adhesive layer composed of a bioresorbable copoly-
ester and a blue sealing layer made of polyurethane. The
researchers observed that none of the patients experienced
postoperative CSF leakage. However, six patients reported
serious adverse events such as pulmonary embolism,
pneumonia, dyspnea, dysphasia, heartstroke which further
led to renal implantation, urosepsis, incidences of high
sodium, epilepsy, subdural hematoma, hypothalaam syn-
drome, chemical meningitis, viral eye infection, and
appendicitis. However, only one of these occurrences-
chemical meningitis-possibly had a direct connection to
the DSP which the person developed following a craniot-
omy. Additionally, two patients developed pseudomenin-
gocele, but these cases did not have any clinical
repercussions as the pseudomeningocele was self-limiting
and were resorbed eventually. Overall, the findings sug-
gest that the DSP is a potentially effective device for con-
trolling CSF leakage during intracranial surgery, making it
a viable substitute for the dura mater.*!

In another study by Li et al.,*? the safety and efficacy of
a polyurethane-based dural substitute called Neuro-Patch
were investigated in microvascular decompression (MVD)
surgery. Neuro-Patch is a popular dural substitute made
from polyurethane. The results showed that Neuro-Patch
effectively prevented CSF leakage, and no incidences of
infection were observed during wound healing.*? Neuro-
Patch exhibits promising anti-CSF leakage and dura mater
regeneration properties in terms of both safety and
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efficacy. However, it is worth noting that Malliti et al.*®
concluded that the use of Neuro-Patch as an artificial dura
mater could lead to an increased risk of wound infections
such as meningitis, empyema, and osteitis.** It can be con-
cluded from this investigation that Neuro-Patch poses a
higher risk for deep wound infections which can further
have serious repercussions on a patient’s health.** This
highlights the importance of careful evaluation and con-
sideration of potential risks associated with the use of
polyurethane-based dural substitutes. In summary, polyu-
rethane-based materials, such as the dural sealant patch
(DSP) and Neuro-Patch, show promise in controlling CSF
leakage and providing effective substitutes for the dura
mater. However, further research and evaluation are neces-
sary to ensure their safety and minimize the risk of compli-
cations, such as wound infections.

Overall, synthetic materials provide the advantages of
being readily available, being able to be shaped, and being
able to be made with consistent handling qualities due to
their manufacturing process. Moreover, there is no chance
of disease transmission because they do not originate from
biological sources. However, they have the disadvantage of
being inefficient cell carriers, which is essential for tissue
regeneration. The drawbacks of using natural and synthetic
polymers separately can be overcome by developing com-
posite alternatives that combine both types of polymers
which can potentially make an ideal dural replacement.

Composite polymeric dural grafts:
Enhancing dural repair with combined
materials

Enhancing dural repair with composite polymeric grafts:
combining the best of natural and synthetic materials com-
posite matrices composed of both natural and synthetic
polymer materials have emerged as promising options for
the development of dural substitutes. By harnessing the
unique properties of each material, these composites can
be tailored to meet the desired physico-chemical, mechani-
cal, and biological requirements for dura mater reconstruc-
tion and repair (Table 4). Natural materials offer several
advantages in dural substitute design. They serve as excel-
lent carriers for cells, promoting dural regeneration and
facilitating cell adhesion. Additionally, natural polymers
can help regulate the host immune response, minimizing
adverse reactions. On the other hand, synthetic materials
provide the ability to mimic the mechanical properties of
native dural tissue, ensuring optimal performance.’>
One notable study by Bai et al.'® explored a composite
substitute for dura mater reconstruction, combining
poly(lactic-co-glycolic acid) (PLGA), type I collagen, and
chitosan.'® The porous nature of PLGA facilitated tissue
infiltration and cellular migration, while collagen and chi-
tosan contributed to enhanced biocompatibility, cell adhe-
sion, and proliferation. The composite substitute was

evaluated in rabbit models with dural defects, demonstrat-
ing faster restoration of neurological functions and reduced
inflammatory reactions. These findings highlight the bio-
compatibility and potential of this composite as an effec-
tive dural substitute.'® Another composite dural substitute
developed by Deng et al.?’ involved a combination of
poly(L-lactic acid) (PLLA) and gelatin.?’ This composite
exhibited improved mechanical properties, with notable
tensile strength 3.8 20.34MPa and suture retention
strength 3.03 £ 0.12N. In vivo studies conducted in adult
dogs confirmed the integration of the composite substitute
with the native dura mater. The fibrous-porous structure of
the substitute facilitated cell adhesion and migration, pro-
moting faster regeneration of neo-dural tissue. Moreover,
the hydrophobic and negatively charged surface of the
composite, attributed to PLLA, effectively prevented CSF
leakage. Clinical studies involving five patients further
validated the composite substitute’s efficacy, as no
instances of CSF leakage or infections were reported.”’ By
combining the strengths of natural and synthetic polymers,
composite polymeric grafts offer a promising approach to
enhance dural repair. These grafts can provide optimal bio-
compatibility, mechanical properties, cell adhesion, and
tissue regeneration. Continued research and clinical stud-
ies are necessary to further evaluate the performance and
safety of these composite substitutes, bringing us closer to
effective alternatives for the dura mater.

The mechanical properties of the dura mater, character-
ized by interwoven collagen fibers, contribute to its robust-
ness. To mimic these properties, Hempstapat et al.*
developed a bilayer knitted fabric-reinforced composite
dural substitute using oxidized regenerated cellulose
(ORC) and PCL.* ORC is generated by oxidizing cellu-
lose with nitrogen dioxide and subsequent regeneration.
The composite was prepared in two formulations: P10 and
P20, containing 10 and 20 g of PCL, respectively. The ten-
sile strength of P10 was measured at 5.85*=0.27MPa,
while P20 exhibited a lower tensile strength of
2.79 = 0.14MPa. The composite structure consisted of
microporous and dense regions, closely resembling the
human dura mater. P20 demonstrated complete inhibition
of CSF leakage, whereas slight leakage was observed with
P10.% To evaluate the biocompatibility and performance
of the composite substitute, Chumnanvej et al.** conducted
in vivo studies in rabbits.** A total of 45 rabbit models
were used, and both P10 and P20 formulations exhibited
biocompatibility without inducing adverse reactions,
although a mild foreign body reaction was observed.
Regeneration of new dura mater was observed after
1 month of implantation as indicated by the formation of
dense network of collagen fibers, with P10 demonstrating
a faster degradation rate compared to P20. A histological
analysis of the interface between the material and the brain
tissue revealed that there was very little adhesion between
ORC/PCL composites and the brain tissue. These findings



19

(saed) Apmas

sanssp Suipuno.ins

Khurana et al.

0) UoISaype palqIyul pue AJIAIIDE uesolyd
v |8 39 OBIT  PaAI9sqO 10N VN 2000 +99¢€0 Tl OAA U pUE O.IA U] VN [el491oeqiIue pajeasuowsg  /UlEBPRH/VTId

o |8 39 BUBIIRBMID[RdURS uonoeal sanssi
pue ., “[e 39 Jedeiswap (suqqed) Apnas Apoq ugiauoj jo SulpunoJuns 03 uolsaype pue (0zd)
4|8 39 [oAUBUWINYD  paAJasqo 10N VN FI0OF6LT G| OAIA Ul pue OMIA U] 2ouappul SIS uondafeu Juejdwil Jo IDUSPIAS ON T1Dd/DHO

uonoeal

o5 |8 30 BUEIRMIDjRdUES Apoq ugia.oy pue sanssn
pue ., “[e 39 Jedeiswapy (suqqed) Apnas agexed| 45D Jo Suipuno.uns 01 uoisaype pue (014d)
4|8 39 [oAUBUWINYD  paAJasqo 10N VN LT0FS8S G| OAIA Ul pUB OMIA U] saoueyd 1ydg  uondafau juejdwi Jo 3dUSPIAS ON TDd/DYO

syuaned Apnis [ed1uipd paAJasqo

G pue pue (s3op) Apmis Suieay punom ajeridoudde pue
oz le328usQ paAIesqo JoN VN ¥€0F¥8€ SSOp G| OAIA Ul pUB OMIA U] VN U3S UOIID3juUl JO SDUBPIDUI ON  UNBPRD/VYT1d
suonouny [ed13ojoanau uesollyd
(319qea) ageyes| 45D JO UOIIBIOISA US]SB) pUE Juage||od |
g€ 30 1eg %TTL VN VN 9 ApPnis OAIA U] jo @dudpidUl JAYSIH SuoI1DBa. AJOJRWIWEUI PdNPaY adAvO1d

(edIW)

sninpow  (edl) Yrduauas s123(qns 21mnsqns
SERIENETEN] agees| 45D s8uno)\  9jisua1 aewWNN JleReIN| Apmis jo adA| suoneliwi] sagejueApy [edn(g jo adA |
‘sanyuadoud

a3eea| 45D-1ue pue ‘sanuadoud [edjueydsw ‘s123[qns jo ou ‘@dA1 Apnis ‘suoneliw| ‘soSejueApe JIdY1 YaIM s31N1sqns [eanp dldwAjod ausodwod sy jo eyep paziewwns f d|qel



20

Journal of Tissue Engineering

In vitro
cytocompatibility

In vivo tissue
regeneration potential

in vivo inflammatory
reaction

s
Dura mater Triple-layered biocomposite | 5 & “T‘qudn,,;?‘
L1 11 e Hydrogel with : 00\.\"_‘“ - -c\_% 5
.uspx::l micropores i 5\‘ .@p\\\ ‘f \Lé: J
L [ 19 -
Eiopnictc o g : Curling  Freeze drying det?r:ci!::o ., Stretch
[ 1
) J y Intermediate 1 Leakproo'
Brain _] ’ layer : performance G
xﬁmte element analysis ot ELLCA L |
clectrospinning film 1 4]) .
:o 4«9,, ; % g P drop Fluc \tdye Burst pressure
%, / 7 ’)5' ec"@r, penetration penetration test
’ ‘9 ——

Bacteria
suspensions |

\';- o
Adherent bacteria
examination

3§§§

In vitro barrier function
to fibroblast cells

~

Antibacterial rate

. -ﬁy \Lrng:c] .

in vivo cellular infiltration

Figure 10. Systematic images show that the triple-layered composite has effective multifunctionality, including leak-proof ability,
antiadhesion performance, antibacterial ability, and dura regeneration potential.” Copyright 2021, Elsevier.

suggest that the bilayer ORC/PCL composite dural substi-
tute holds promise as an alternative artificial dura mater.

However, further clinical studies are required to gain
deeper insights into its performance.** In subsequent
research, Sanpakitwattana et al.*® made modifications to
the same bilayer ORC/PCL composite substitute by incor-
porating cefazolin in varying amounts to impart antibacte-
rial properties.*® Cefazolin is known for its efficacy against
bacteria such as Staphylococcus aureus and coagulase-
negative staphylococci, commonly associated with post-
operative surgical site infections and post-craniotomy
infections. Among different formulations with varying
cefazolin concentrations, the P20 formulation containing
2.5 g of cefazolin exhibited the most promising antibacte-
rial properties, lasting up to 4days in vitro. Importantly,
the mechanical and physical properties of the composite
remained comparable to the original ORC/PCL composite
without the drug. Further, in vivo studies are necessary to
validate the scaffold’s ability to release the drug at the site
of dural injury and its efficacy in preventing infections.*®
By combining collagen-mimicking properties, biocompat-
ibility, mechanical strength, and antibacterial capabilities,
the bilayer ORC/PCL composite dural substitutes offer a
potential solution for dural repair.

These advancements pave the way for improved artifi-
cial dura mater alternatives, although further research and
clinical investigations are needed to validate their effec-
tiveness and safety in clinical settings. Figure 10 repre-
sents the schematic diagram of the various features
displayed by the biomimetic tri-layered dural substitute,
including structural stability, antibacterial, antiadhesive

traits, and tissue regeneration potential.*’ In the pursuit of
an effective dural substitute developed a three-layered
composite composed of PLLA, gelatin, chitosan, and acel-
lular small intestinal submucosa (SIS) powder.*” This
composite exhibited several desirable characteristics,
including the potential for dura regeneration, antimicrobial
properties, and prevention of leakage and meningocerebral
adhesion (Figure 10). The tensile strength of the composite
was measured at 366 = 2kPa, indicating its mechanical
resilience. The incorporation of SIS powder in the substi-
tute played a crucial role in promoting cell proliferation,
while gelatin contributed to the formation of a porous
structure, facilitating cell growth within the substitute.
PLLA contributed to the hydrophobic surface of the com-
posite, effectively preventing CSF leakage. Additionally,
chitosan, known for its antibacterial properties, endowed
the substitute with the ability to combat microbial growth.
The multifunctional nature of this composite holds prom-
ises for dura mater repair.*’ It not only addresses the
mechanical requirements but also promotes dura regenera-
tion, prevents CSF leakage, and possesses antimicrobial
properties. By combining the beneficial characteristics of
each component, this three-layered dural substitute com-
posite offers a potential solution for enhancing the effec-
tiveness of dura mater repair procedures.

The studies on composite grafts highlight that they
offer ideal dural substitute characteristics but the clinical
investigation of the composite dural substitutes is in its ini-
tial phase. Thus, further research and clinical studies are
needed to evaluate its performance and safety in vivo and
validate its potential application in clinical settings.
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In order to assess the mechanical properties of various
dural substitutes, the ultimate tensile strength and Young’s
modulus have been examined and compiled in Tables 1 to
4. The findings are also visualized in Figure 11.

Figure 11a and b, illustrating the variations in ultimate
tensile strength and Young’s modulus, respectively. Based
on the study, it can be inferred that while Durepair exhibits
the highest ultimate tensile strength, both Bacterial
Cellulose membrane and ORC/PCL (P10) closely approxi-
mate the ultimate tensile strength of the natural cranial
dura mater. These two substitutes, therefore, hold promise
as potential ideal alternatives in terms of ultimate tensile
strength. Regarding Young’s modulus, only Durepair,
DuraGuard, and Bacterial Cellulose membrane demon-
strate values similar to the native cranial dura mater. This
indicates that these materials possess comparable stiffness
and elasticity characteristics. Furthermore, Figure 11(c)
provides an overview of the proportion of clinical, in vivo,
and in vitro studies conducted on conventional, natural
polymeric, synthetic polymeric, and composite dural sub-
stitutes. The graph reveals that a greater number of studies
have been conducted on traditional and polymeric dural
substitutes in each domain, whereas research on composite
dural substitutes is relatively scarce. This suggests that
investigations into composite grafts are still in their early
stages. As a result, further research on composite grafts is
necessary to ascertain their effectiveness in dura mater
repair. In summary, the evaluation of tensile strength and

11,16,20,28,31,35,36,45,47,

%7 (b) Young’s modulus for different dural

and (c) ratio clinical, in vivo and in vitro study for the dural grafts."'%!!.16.1821-47.72

Young’s modulus of dural substitutes provides valuable
insights into their mechanical properties. Identifying sub-
stitutes that closely resemble the mechanical characteris-
tics of the native dura mater is crucial for achieving optimal
performance and outcomes in dura mater repair. Continued
research and exploration of composite grafts will contrib-
ute to expanding our understanding of their potential and
refining their application in dura mater reconstruction.

Dural sealants for the prevention of
CSF leakage

Cerebrospinal fluid (CSF) leakage is a frequently occur-
ring postoperative consequence of neurosurgical treat-
ments. Pneumocephalus, meningitis, epidural infections,
and slower healing of wounds are repercussions of CSF
leakage. These complications can have serious conse-
quences on the patient’s health which can lead to reopera-
tion in some cases. The size of the dural opening, as well
as the location and purpose of the surgery, can affect the
frequency of CSF leakage. In general, reports of CSF leaks
during cranial surgery range from 4% to 32%. To prevent
CSF leakage during neurosurgery procedures, efficient
and effective dural closure is essential.”* %! Commercially
accessible dural sealants seek to lower the risk of CSF
leakage by strengthening the dural closure. The majority
of these sealants were initially created as hemostatic
agents. These hemostatic agents have characteristics of
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barrier function, tissue adhesion and absorption over time
which makes them an ideal candidate for dural sealing.'%?

Typically, there are two kinds of dural sealants: biologi-
cal absorbable sealants that contain autogenic or allogenic
fibrogen combined with thrombin, and synthetic absorba-
ble sealants that contain PEG-based polymers. Both varie-
ties are offered as patches and in liquid form. Dural sealants
can be used when CSF leakage occurs following primary
closure. Alternatively, they can be used in conjunction
with a wide range of dural replacements to aid in closing
the dural defect.!®® Ease of fabrication, sterilization, and
handling are three characteristics that make a dural sealant
an ideal one. It should be able to quickly create a proper
watertight seal and preserve it. In addition, it should be
flexible but robust, nontoxic, chemically inert, and should
not trigger inflammatory responses. A cost-effective solu-
tion that does not cause infections or adhesions is the ideal
dural sealant,04105.106

Conclusion and future perspectives

The development of dural substitutes for repairing the dura
mater has made significant strides, but there is still a need
for the creation of an ideal dural substitute that can mimic
the desired physico-chemical, mechanical, and biological
properties. Composite materials have shown promise in
this regard, offering the potential for tunable characteris-
tics that closely resemble the native dura mater. However,
the complex fabrication processes involved in creating
these materials have limited their widespread usage, and
further experimental investigations are necessary. One of
the key challenges is the development of a multi-layered
leakage-proof regenerative matrix. Ideally, a dural substi-
tute should possess properties that prevent CSF leakage,
promote tissue regeneration, and closely resemble the
structure of the native dura mater. Composite materials
have the potential to meet these criteria by combining the
advantages of different components, such as enhanced
mechanical strength, cell adhesion, and antibacterial prop-
erties. Continued advancements in composite materials
offer a promising avenue for the creation of an ideal dural
substitute in the future.

Furthermore, there is a need for more comprehensive
studies on dura mater regeneration using various substi-
tutes and a better understanding of the host body’s response
to these materials. Research efforts should focus on inves-
tigating the interaction between cells, materials, and bioac-
tive compounds to optimize the design and composition of
dural substitutes. This knowledge will contribute to
improving existing substitutes and guiding the develop-
ment of future solutions for dural repair. Another impor-
tant aspect is the individualized nature of dural repair.
Current dural substitutes follow a one-size-fits-all
approach, lacking customization to meet the specific needs
of each patient. A 3D printing technology holds promise in

addressing this limitation by enabling the fabrication of
substitutes that closely resemble the intricate structures of
native dura tissue. With the incorporation of cells, growth
factors, and other bioactive compounds, 3D-printed dural
substitutes have the potential to enhance healing and pro-
vide tailored solutions for individual patients. For instance,
it is possible to replicate the multilayered structure of dura
mater by creating distinct layers using various 3D printing
models in accordance with each layer’s native structure.
Furthermore, different cells can be incorporated in sepa-
rate layers via 3D printing. For example, osteoblasts can
be added to the layer of the substitute that faces the perios-
teum, while fibroblasts can be added to the meningeal
layer. The integration of 3D printing techniques with com-
posite materials and regenerative strategies represents a
significant advancement in the future development of opti-
mal dural repair substitutes. A variety of combinations of
natural and synthetic polymers can be employed in the
layer-by-layer 3D printing method to create customisable
scaffolds with intricate shapes that can replicate the extra-
cellular matrix and have uniform cell distribution.
Additionally, various growth factors and antibiotics can be
encapsulated in the substitutes fabricated through 3D
printing to facilitate the effective regeneration of the dura
mater as well as the prevention of wound infections.

In summary, while significant progress has been made
in the field of dural substitutes, there is still a need for the
development of an ideal substitute that possesses leakage-
proof properties and mimics the native dura mater’s char-
acteristics. The utilization of composite materials, along
with advancements in 3D printing and regenerative strate-
gies, shows promise in addressing these challenges.
Further research, experimentation, and personalized
approaches are required to advance the field and provide
improved dural repair solutions for patients in the future.
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