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ABSTRACT

The duraplasty is a standard procedure during neurosurgery for injuries and diseases of the brain. The hermetic closure of the dura mater is
not always possible with the application of autologous tissues. Synthetic, allogeneic and xenogeneic implants, which are currently used, have
disadvantages, so the search for the material that would best meet the requirements for a dura mater scaffold continues.

THE PURPOSE is to study the physical and chemical properties of the composite chitosan/polyethylene oxide (PEQ) film and determine
the effectiveness of its application for duraplasty in the experiment in vivo; to analyze its ability to biodegradation; to evaluate the effect of
chitosan/PEQ scaffold on the regeneration of dura matter.

MATERIALS AND METHODS. The experiment used 10 white rats aged 12 months with a penetrating traumatic brain injury model. Postoperative
material was examined by macroscopy, optical microscopy and infrared spectroscopy.

RESULTS. According to the analysis of infrared absorption, spectral markers of scar tissue, regenerating and intact dura mater were deter-
mined. Oscillation spectroscopy data indicate degradation of the chitosan film and repair of normal dura mater. Histology data also indicate
biological degradation of the chitosan film and its replacement by newly formed normal connective tissue.

CONCLUSION. The data of morphological and spectroscopic studies show the ability of chitosan/PEQ film to biodegradation in vivo with
followed replacement not by scar but by normal connective tissue.
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In neurosurgery, the problem of the duraplasty is extremely urgent,
because one of the conditions for success in neurosurgical intervention is

as a result of bipolar coagulation; the dural resection following menin-
gioma surgery [6], as well as spinal neurosurgery [7]. In this case, there is

to restore integrity of dura mater (DM) and the subdural space to prevent
damage to cerebral cortex and the leakage of cerebrospinal fluid [1]. Her-
metic closure of the dura mater correlates with a decrease in the intensity
of liquorrhea and a decrease in the rate of infectious complications [2,
3]. This issue is especially urgent after the decompression trepanation
due to severe traumatic brain injury or acute cerebrovascular accident [4,
5]; surgery on the skull and posterior fossa, when DM defect is created
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a need to application a dura mater scaffold.

The study of DM substitutes has been continuing for over a century.
In 1924, W. Penfield proposes the concept of «ideal dura mater sub-
stitute» [8, 9] which was further developed, for example in the work of
0. Arutyunov, N. Meskhia [10]. The substitute must be non-toxic, biodegra-
dable, and suitable for suturing; not lead to commissure or infection; create
a waterproof barrier; to have antibacterial properties at penetrating trauma;



and should be at a reasonable price [11, 12]. The development of modern
new polymeric materials stimulates the search for new opportunities in
creating an effective substitute for DM [11].

To improve the dural closure, various materials of autologous, allo-
geneic, xenogeneic and synthetic origin were tested [12-14]. Autologous
grafts are non-toxic, quickly integrated in host tissues, flexible, durable
and easily sutured [15-17]. However, the lack of the available autografts
and needs to additional incisions to obtain it limit their application [14].
The feasibility of using allograft tissue was reviewed following the publi-
cation of reports linking dura mater transplantation to Creutzfeldt-Jakob
disease (transmissible spongiform encephalopathy) [10]. Thus, xenoge-
neic and synthetic materials become an alternative to neurosurgery.

One of the promising materials for the development of a xenogeneic
substitute for DM may be chitosan. It is biodegradable, non-toxic, has
antibacterial and antifungal properties [18] and is, therefore, considered
promising to create an effective scaffold for DM [13].

Several techniques have been proposed for the design of DM substi-
tute based on chitosan. Chitosan as a biopolymer allows to create two-
layer membranes with porous and non-porous parts. This model of chito-
san is similar in thickness, structural and functional characteristics to DM
and has greater tensile strength than the collagen matrix. The feasibility of
creating a two-layer chitosan matrix is as follows: (a) in the porous part,
growth factors can penetrate through the pore network, cell migration and
neovascularization occur, but this layer is unstable to mechanical loads;
(b) the non-porous part provides greater resistance to loads, it can be
sutured [13].

To improve the structural and mechanical properties of chitosan ma-
terials, researches aimed at developing various composite systems based
on chitosan and other polymers are promising [19]. A substitute for DM
in the form of a grid of polylactic acid and chitosan was developed [20].
Wider and more efficient use of chitosan can be expected with the intro-
duction of electrospinning to obtain nanofiber materials. Thin nanofibers
can be obtained in the mixtures of chitosan with polyvinyl alcohol, gelatin
or collagen, silk fibroin, polycaprolactone, polyethylene oxide (PEQ) [21].
PEO has good spinnability, low toxicity and its interaction with chitosan
improves the technical processing of the latter in the production of poly-
mer films [21]. It is a biodegradable polymer [22]. PEO is approved for
the use in drug delivery systems by the US Food and Drug Administra-
tion (FDA) [23]. Given the viability of the composite material of chitosan
with PEQ [24] with the possibility of adjusting a wide range of hydrophilic
properties, physical and mechanical characteristics [21], we selected
a model of dura mater substitute of xenogeneic (chitosan) and synthetic
(polyethylene oxide) origin for our study.

PURPOSE - to investigate the physical and chemical properties of the
composite chitosan/polyethylene oxide film and to determine the effec-
tiveness of its application for duraplasty in animals; to analyze its ability
to biodegradation; to evaluate the effect of this biopolymer film on the
regeneration of dura mater.

MATERIALS AND METHODS

White rats were used in the study. The animals were kept in standard
vivarium conditions under natural light-dark cycle and fed a balanced
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Fig. 1. Scanning electron
microscopy of chitosan films
(A, scale — 20 ym),
chitosan/PEQ 1/1 wt%
(B, scale — 1 pm) and
chitosan/PEOQ 7/3 wt%
(C, scale — 3 ym).

compound feed ad /ibitum. The surgery and the euthanasia of animals
were performed according to the rules of bioethics regulated by Directive
2010/63/EU «On the protection of animals used for scientific purposes»
(2010) and the Law of Ukraine #3447-1V «On protection of animals from
cruelty» (2006). The study was approved by the Committee on Bioethics
of the Romodanov State Institute of Neurosurgery of the NAMS of Ukraine
(Protocol #18 of June 10, 2016).

Methods of surgery. Fifteen male rats aged 12 months and weighing
250-300 g were selected for surgery. After craniotomy and penetrating
brain injury [25], duraplasty was performed with composite film based
on chitosan/PEQ. Experimental animals were divided into 3 groups (n=5
animals per group): (1) for histological examination; (2) for macroscopic
and infrared (IR) spectroscopic examination; (3) a group of intact animals
(the samples of native DM for IR spectroscopy). The surgery was per-
formed under general anesthesia by xylazine (Sedazin, Biowet, Poland)
15 mg/kg and ketamine (Calipsol, Gedeon Richter, Hungary) 70 mg/kg
body weight that was administered intramuscularly. After head shearing
and disinfection with a Betadine 10 % solution (Aegis, Hungary), a mid-
line skin incision was performed and the bones of the skull were exposed.
A 4x7 mm trepanation hole was formed in the right parietal area using
a high-speed drill. The bone flap was isolated from the underlying dura
mater and removed. DM was carefully dissected crosswise from the mid-
dle of the hole to its corners. The surface of the brain was exposed and
the cerebral cortex was penetrated with a G18 needle to a depth of 2 mm.

Dural flaps were placed back without suturing with diastasis, covered
with chitosan/polyethylene oxide film without bone flap. Thus, decom-
pressive craniectomy was modeled. After hemostasis, the wound was su-
tured using Vicryl 5/0 and treated with a Betadine solution. Postoperative
antimicrobial prophylaxis using intramuscularly injection of Ceftriaxone
20 mg/kg was performed. Animals were euthanized on the 215t day by
decapitation under ketamine anesthesia (0.1 % 2 mL).

Synthesis and selection of polymer composite films. Several variants
of chitosan-based biopolymer films have been proposed for duraplasty:
native film consists of 100 % chitosan; composite chitosan/polyethyl-
ene oxide film with equal mass fractions of components chitosan/PEQ
1/1 wt%, and composite chitosan/polyethylene oxide film with mass frac-
tion of chitosan 70 % (chitosan/PEQ 7/3 wt%). Synthesis and the following
laboratory studies were performed at Chuiko Institute of Surface Chemistry.

Native and composite films were prepared by evaporation of the sol-
vent after the coating the glass with a primary polymer solution. Primary
solutions were prepared by dissolving chitosan, PEQ in 2 wt% Acetic acid
solutions using magnetic stirrer for 12 hours. After forming, the films were
dried at room temperature for 12 hours. When the drying was completed,
the film was placed in 1.0 M sodium hydroxide solution for several hours to
neutralize excess acetic acid, followed by intensive washing with distilled
water. Thereafter the films were dried at room temperature for 24 hours.
Subsequently, a thorough study of the structure of the obtained films, their
water absorption capacity and spectral analysis were performed. The sur-
face structure of the polymer composite films was examined using a Quan-
ta™ 3D FEG scanning electron microscope (FE/, USA) (Fig. 1).

Also, a laboratory study of the water absorption capacity of the dural
substitutes was performed (Table 1). This is a very important parameter,
because with a high degree of hydrophilicity of the DM scaffold, there may
be a risk of brain compression [13].
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SAMPLE DEGREE OF SWELLING, % OF WEIGHT
Chitosan 230.34
Chitosan/PEO 1/1 wt% 140.3*
Chitosan/PEO 7/3 wt% 150.92
1660 —— CHITOSAN + PEO

N ——— CHITOSAN
- 1377

Absorption

1800 1700 1600 1500 1400 1300 1200
Waveniimher em-!
POINTS DESCRIPTION
0 There is no adhesion of scaffold to the cerebral cortex
1 Scaffold is fused with the cerebral cortex, but isolated
without macroscopic damage
2 Scaffold ingrow to the cortex, causing the rupture
of cortical vessels during isolation
3 Cerebral cortex is injured when the bone flap removed

The IR spectra of the studied samples from chitosan, chitosan/PEO
1/1 wt%, chitosan/PEQ 7/3 wt% were analyzed (Fig. 2). Data were ob-
tained using a Fourier Transform Infrared (FTIR) Spectrometer Nicolet
Nexus 450 (Thermo Scientific, USA) in the middle infrared range of 400-
4,000 cm-.

Chitosan is a linear polysaccharide composed of a monomer
N-acetyl-1,4-b-D-glucopyranosamine. The IR spectra of native chitosan
has specific absorption bands in the region of 3400 cm™, belonging to
OH hydrogen-bound molecular groups, as well as valent oscillations of
CH in the region of 2900-2800 cm-'. The absorption in the region 1660
refers to C=0 valent vibrations together with a small contribution of the
deformation oscillations of NH,. The band in the region 1588 is actually
referred to as NH, deformation oscillations. The region of 1400-1300 is
specific of the deformation oscillations of CH molecular groups of [27-
29]. In the PEO film we observe an increase in the contribution of valence
CH oscillations in the region of 2800-2900 cm™' and deformation CH in the
region of 1400-1300 cm'. However, no frequency shifts in the formation
of the chitosan-PEQ complex are observed, indicating no intermolecular
interactions between components of the polymer film [29-31].

Thus, from the proposed samples of composite biopolymer films
based on chitosan, chitosan/PEQ 7/3 wt% film was selected, because
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the surface roughness of this sample was maximum compared to others
(according to electron microscopy. This film had less degree of swelling
compared to native chitosan and almost did not differ from the swelling
degree of chitosan/PEQ 1/1 wt%. The surface roughness of the scaffolds
is critical for the selection of material, because in this case the coloniza-
tion and proliferation of cells in the biopolymer material is more effective
[33, 34].

Postoperative material of animals of the study group and samples of
native DM of the control group were analyzed by IR spectroscopy. To ana-
lyze the IR absorption spectra, tissue samples up to 0.5 mm? were excised
from 5 sites of dural substitute implants from each animal. For control of
experimental samples, similar tissue samples were excised from the in-
tact dura mater over the opposite hemisphere in the same animals, where
the injury was not modelled. Thin sections of postoperative tissue were
prepared, which were dried at room temperature between two plates of
fluorite glass (CaF,) transparent in the IR region. Next, the obtained films
on CaF, base were placed in the cuvette chamber of the IFS 66 spectro-
meter (Bruker, USA) to analyze the absorption spectra.

The absorption spectra of native DM, scar tissue, and the substitutes
from regenerating dura mater in a wide spectral range (3400-800 cm")
were analyzed by infrared spectroscopy and a number of spectroscopic
markers for analysis were determined. The most informative for the analy-
sis is the region of absorption of amide bonds Amide | and Amide Il in the
range 1750-1480 cm. The formation of adhesion was macroscopically
evaluated according to the Stryker system, table 2 [35].

After euthanasia of animals, tissues and implants were excised for
histological examination. Tissue was fixed in serial 5-7-10 % solution of
neutral formalin up to 24 hours and performed paraffin-embedded blocks
in according standard technique. Serial 5-7 pm thick sections were pre-
pared using a microtome HM430 (Microm, Germany) and stained hema-
toxylin and eosin. Histological sections were examined on a binocular
microscope followed by photo documentation on a light optical photo-
microscope Axiophot (Carl Zeiss, Germany) at magnifications objective
x100 and x200, ocular x10, and adapter x2. Tissue sections were evalu-
ated for local tissue changes, hemorrhage, cellular alterationin the cortex,
the presence of an implant, newly formed dura mater or scar tissue.

Statistical data analysis was performed using the STATISTICA 10.0
software (SfatSoft Inc., USA). Statistical significance of differences be-
tween groups was determined using the Mann-Whitney U-test. In all ca-
ses, the assumptions for the statistical significance of the obtained result
were considered correct if the probability of the zero hypothesis was less
than 0.05 (p < 0.05).

RESULTS AND DISCUSSION

In animals of the chitosan/PEQ group, the remains of the film were
not visualized. The surface of dura mater in the trepanation hole and out-
side did not differ. The fusion was detected on the periphery of the bone
hole, but adhesions in the trepanation area were not detected (Fig. 3). The
formation of adhesions between the defect of DM and the remains of the
biopolymer film to assess the severity of adhesion was 0-1 points.

Three weeks after the surgery, when using chitosan-based film, the
spectral characteristics show the presence of remains of this film in sam-
ples of DM from the corners and center of the trepanation window. In the
sample of regenerating DM (green curve) the deviation is clearly visible
in the area of 1587 cm-', which definitely belongs to the film (Fig. 4). Ho-
wever, in this sample Amide Il band is strongly pronounced at 1550 cm,
as an indicator of protein tissue. This may indicate the degradation of the
chitosan-based film and the repair of normal dural tissue.

It is shown that the IR spectroscopy allows to control the dynamics of
dura mater regeneration. According to the analysis of IR absorption spec-
tra, spectral markers of scar tissue, regenerating and intact DM were de-
termined. Scar tissue differs significantly from the tissues of regenerating
DM, in particular, the presence of a band in the region 1739 cm' (C=0),
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Fig. 3. Macroscopic picture of rats’ skull in 3 weeks after duraplasty
using biopolymer chitosan-based film. There are ill-defined fibrous
adhesions on the periphery of the bone hole (green arrow); there are
no adhesions in the area of the film implantation. Black arrows — the
surface of dura mater in the surgery area. A yellow arrow — a bone
fragment of the cranial vault with the trepanation hole (inner surface),
the remaining bones of the cranial vault are removed.

Control dura mater
Regenerating dura mater
Scar tissue

Regenerating
dura mater

/
!

Scar
-1 tissue
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1800
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Fig. 4. Absorption spectra of dural tissue samples after implantation of
chitosan-based film.

which is completely absent in the spectra of intact and regenerating DM.
In addition, the ratio between the Amide | and Amide Il bands differs
by decreasing the intensity of Amide Il and restriction the Amide | band
compared to the sample of intact DM. In the sample of regenerating DM
the presence of a band of oscillations of NH, at 1589 cm' was identified,
which refers to the absorption of the chitosan-based film, which is absent
in the samples of intact DM and scar tissue. However, the presence of
a band in the region of 1548 cm™' (Amide Il) indicates that there are cells
on the film and suggests that regeneration processes occur.

The obtained data are confirmed by histological study. Replacement
of the implant on the 21t day after surgery with a biopolymer chitosan-
based film occurred by forming a new fibrous connective tissue with
a large number of hyperchromic fibroblasts and collagen fibers. Fibro-
blasts had both elongated and oval shape. In some cells (young forms
of fibroblasts), rod-like pale-colored nuclei were observed (Fig. 5). The

Fig. 5. Photomicrograph of tissue specimen after duraplasty using
biopolymer chitosan/PEO 7/3 wt% film. Remains of chitosan
(thin black arrows) among the colony of fibroblasts. Round cells —
young fibroblasts (red arrow), elongated cells — mature fibroblasts
(transparent arrow). Hematoxylin-eosin staining; ob. x200, oc. x10,
adapter x2.

expression of the bundles of collagen fibers and layers of the surround-
ing newly formed connective tissue was different. The bundles of fibers
facing the cerebral surface from below were thinner than the bundles of
fibers loca-lized on the outer surface. The edges of the defect of the dura
mater and the newly formed fibrous tissue had no clear boundary. In ad-
dition, no inflammatory reactions were observed. The formation of weak
adhesions between dura mater and brain is detected. The borderline brain
tissue was normal.

The results of the study allow to positively evaluate the effectiveness
of the application of the dura mater substitute based on chitosan/PEQ
7/3 wt % in rats. It can be assumed that the composite chitosan/PEO dural
substitute first performs the function of a solid scaffold, and then PEO
degrades or is washed out of the pores of chitosan, where further cells
penetrate and the porous material is used to regenerate dura mater. The
addition of PEO in the polymer composition led to a decrease in water
absorption. The increase of PEOQ content did not significantly reduce the
swelling of the materials.

The surface structure of the chitosan/PEO films depends on the con-
tent of polyethylene oxide. Thus, when the content of PEQ is 30 wt%,
a rougher surface of the film is formed. When the content of PEO in the
composite is 50 wt%, there is a decrease in the roughness of the sample,
the surface is more homogeneous. This is due to the penetration of PEO
macromolecules into the supramolecular structure of chitosan with the
simultaneous filling of cavities. The surface roughness of the implant may
be important for improved adhesion to the native DM to seal the subdural
space. In addition, when PEO is 30 wt%, more pores remain for further
penetration of cells.

The analysis of the IR spectrum of the chitosan/PEO 1/1 wt% and
chitosan/PEQ 7/3 wt% films showed that with the increase of PEQ con-
centration in the mixture the oscillations of amide groups of chitosan in
the region of 1530 cm™ and 1640 cm™ gradually shifts to the region of
higher waves. It can be assumed that the strong interactions of amide
groups between chitosan molecules change to less strong interactions of
the N-H group of chitosan with unpaired electrons of oxygen atoms from
polyethylene oxide macromolecules.
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CONCLUSION

N

Chitasan/polyethylene oxide biopolymer film (chitosan/PEQ 7/3 wt%) is suitable for duraplasty under experimental conditions.

Morphological (macroscopic and histological) and spectroscopic (IR absorption) methods show the ability of chitosan/polyethylene oxide
film to biodegradation.

The results of IR spectroscopy and histological data indicate that in the area of the biopolymer film implantation there are processes
of normal regeneration of dural tissues, but scar tissue is not formed.

These studies allow us to conclude about the effectiveness of the chitosan/polyethylene oxide and its positive effect on the regeneration
of dura mater in animals.
J
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