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CSFL caused by spinal dural defect is a common complication of spinal surgery, which need repair such as suture
or sealants. However, low intracranial pressure symptoms, wound infection and prolonged hospital associated
with pin-hole leakage or loose seal effect were often occurred after surgical suture or sealants repair. Stable,
pressure resistance and high viscosity spinal dural repair patch in wet environment without suture or sealants
was highly needed. Herein, a bioactive patch composed of alginate and polyacrylamide hydrogel matrix cross-
linked by calcium ions, and chitosan adhesive was proposed. This fabricated patch exhibits the capabilities of
promoting defect closure and good tight seal ability with the bursting pressure is more than 790 mm H3O in wet
environment. In addition, the chitosan adhesive layer of the patch could inhibit the growth of bacterial in vitro,
which is meaningful for the postoperative infection. Furthermore, the patch also significantly reduced the
expression of GFAP, IBA-1, MBP, TNF-a, and COX-2 in early postoperative period in vivo study, exerting the
effects of anti-inflammatory, analgesic and adhesion prevention. Thus, the bioactive patch expected to be applied
in spinal dural repair with the good properties of withstanding high pressure, promoting defect closure and
inhibiting postoperative infection.

1. Introduction urgently needed. So far, many techniques and materials have been re-

ported to repair spinal dural defect, including simple sutures, sealants,

The spinal dura mater is a long tubular sac composed of dense con-
nective tissue and serves as a sheath for the spinal cord and a tube for the
cerebrospinal fluid [1]. Injury to the dura during spinal surgery is the
direct cause of cerebrospinal fluid leakage (CSFL) [2,3]. CSFL is asso-
ciated with a cascade of adverse outcomes, such as low intracranial
pressure symptoms, wound infection, prolonged hospital stay, and
increased medical cost [4-7]. Therefore, repair the dural defect and stop
the leak of cerebrospinal fluid are difficult problems in clinical practice.
Since the dura is a non-regenerative tissue [8], repair techniques or
materials that can quickly seal leaks and promote the formation of
surrounding fibrous connective tissue to close the dural defect are

bioabsorbable staples, and various types of grafts and patches [9-14].
Among these repair methods, sutures will lead to needle holes leakage,
and sealants can not meet the demand of dural defect repair because of
its poor sealing effect in large spinal dural defect [15]. Different from the
above repair method, the spinal patch has better physical properties and
thinner thickness, and can be directly covered onto the surface of the
dura mater to prevent the CSFL. However, the reported patches mostly
require combination use of sutures or sealants to repair dural defect, and
faces the problem of needle holes leakage and loose seal effect as well
[16]. Therefore, it is urgent to develop a patch that can self-adhesive in
wet environment and promote the formation of fibrous connective tissue
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to seal the dural defect. Unfortunately, there are no reports about
self-adhesive patch to repair the spinal dura until now.

Recently, many researchers focused on the hydrogel for wound
healing because of its excellent adhesion ability in wet environments
[17]. However, the solidification of hydrogel usually needs the help of
external methods such as light and heat. J. Mooney et al. reported an
adhesive hydrogel that can bond to biological tissue by gently pressing
in wet environments [18]. We propose that a wet high-viscosity
hydrogel can achieved the sealing effect for the dural defect repair by
little pressure rather than UV light or heating, which can not only avoid
the pinhole leakage of suture and the limitation of sealant area in
repairing the dual defect, but also can adjust the patch size according to
the shape of the defect site.

In this work, a bioactive hydrogel patch for spinal dural repair was
proposed, which consist of a chitosan adhesive and an alginate/poly-
acrylamide hydrogel dissipative matrix. This bioactive patch have
excellent sealing function with the tolerance pressure was 790 + 115.76
mmH50 far exceeding the 200 mmH>,0 physiological cerebrospinal fluid
pressure. Furthermore, it was found that the patch could dramatically
decrease the bacterial activity up to 99% after directly contacted for 48
h. Moreover, the bioactive patch can significantly enhance the fibro-
blasts proliferation promoting the formation of protective fibrous con-
nective tissue, and also has the capabilities of anti-inflammatory and
analgesic in the early postoperative period of spinal dural repair. This
work shows great progress not only for the self-adhesive hydrogel’s
applications in spinal dural repair but also for clinical therapy of cere-
brospinal fluid leakage and spinal dural defect sealing.

2. Methods
2.1. Preparation of the patch matrix

The following reagents were purchased from Sigma-Aldrich, unless
otherwise noted. The patch consists of two parts, matrix and adhesive.
The matrix was prepared by a two-step method. In the 1st step, 12% (w/
v) acrylamide, 0.015 M calcium sulfate, 1% (w/v) sodium alginate (200
+ 20 mPa s) and 1% (w/v) low viscosity sodium alginate (3-5 mPa s)
were dissolved in HBSS and stirred overnight to obtain a clear liquid.
Add 360 pL 2% MBAA, 2260 pL 0.27 M APS, 80 pL. TEMED to each 100
mL of the liquid. Pour the liquid into a 30 x 50 x 1/2/4 mm acrylic mold
overnight. In the 2nd step, solidified hydrogel was taken out and
immersed in the aqueous solution containing 0, 0.25 M, 0.50 M, 0.75 M
and 1.00 M calcium chloride. After 24 h, the hydrogel was taken out and
the surface liquid was removed before use. The hydrogel matrix with
different water content were immersed in 0.25 M calcium chloride for
24 h, and the water content was reduced by volatilization at room
temperature. Water content was determined by weighing before and
after freeze-drying. The matrix used for physical property tests and an-
imal experiments in vivo was 2 mm thick.

2.2. Preparation of the patch adhesive

Dissolve 0.2 g chitosan (low molecular weight), 0.12 g NHS, 0.12 g
EDC in 10 mL MES buffer (pH 6.0). Before use, pour the adhesive onto
the surface of hydrogel (5 pL per 1 mm?) and press for 10 min.

2.3. Properties test of the patch matrix

2.3.1. Structured observation

After the patch matrix was freeze-dried, the surface and cross-
sectional structure were observed under SEM (HITACHI UHR FE-SEM
SU8020, Japan).

2.3.2. Tensile experiments
After measuring the length (L), width (W) and thickness (D) of the
hydrogel, the patch matrix was fixed on both ends of the tensile testing
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machine (MarK-10, USA), and the tensile (F) and displacement (S) data
were recorded at a speed of 50 mm/min to measure the maximum
tensile stress and maximum tensile strain of the matrix. Young’s
modulus of the matrix was calculated.

Stress = F / (W- D)
Strain = S/ L x 100%

Young’s modulus = (F - L) / (W- D -AL)

2.3.3. Swelling experiment

The patch matrix was soaked in PBS solution and measured for
length, width, thickness and weight at 0, 1, 3, 5, 9, 24, 48, 72, 96, 120,
144, 168, 240 h.

2.4. Adhesion properties test of the patch adhesive

2.4.1. Adhesive experiments

Apply one patch to another patch matrix in contact with the adhesive
layer and press them at 50 kPa for 5 min, the length (L) and width (W) of
the bonded part of the patch were measured, fixed on both ends of the
tensile testing machine (Mark-10, USA), stretched at a speed of 50 mm/
min, and the tensile (F) and displacement (S) were recorded. The
maximum adhesive force and the maximum tensile distance of the patch
were measured.

Adhesion = F / W

2.4.2. The antibacterial experiment

The adhesive prepared as described above was poured into a mold
and dried at 60 °C to form thin adhesive sheets. The sheets were cut into
1 cm discs and both sides were irradiated with UV for 30 min before use.
The Staphylococcus aureus and E. coli were cultured in LB liquid medium
at 120 r/min and 37 °C for 6 h. After the bacteria were diluted to 10°
CFU/mL with PBS buffer, 1 disc adhesive sheet was added into 5 mL
bacteria solution in the experimental group, and no substance was added
into bacteria solution in the control group. Both groups were incubated
at 120 r/min and 37 °C for 48 h, then diluted to the optimal concen-
tration and inoculated on LB medium. Colony count was performed at
37 °C for 24 h.

2.5. Invitro cellular study

2.5.1. Cell experiment

Preparation of patch extract of each component.

DMEM used to prepare the extract were supplemented with 10%
fetal bovine serum (FBS, Gibco, Grand Island, USA), 100 U/mL peni-
cillin, and 100 mg/mL streptomycin (Gibco, Grand Island, USA).

Blank control: DMEM medium was placed at 4 °C for 24 h.

Matrix extract: Each 1 mL DMEM medium was added with 12 mg
matrix, placed at 4 °C for 24 h, then removed and filtered with a 0.2 pm
filter.

Adhesive extract: Add 2 pl adhesive to each 1 mL DMEM medium,
place in 4 °C for 24 h, then filter with 0.2 pm filter.

Complex extract: Add 12 mg matrix and 2 pl adhesive to each 1 mL
DMEM medium, place at 4 °C for 24 h, take out matrix, and filter with
0.2 pm filter.

2.5.2. Live/dead cell staining

L1929 cells (Shanghai Jining Industrial Co., Ltd.) were inoculated in
96-well plates. The medium was changed into extract and cultured in an
incubator at 37 °C with 5% CO» concentration for 1, 2, 3 days. Cells were
stained with the Live/Dead™ Cell Imaging Kit (Thermo Fisher, USA),



J. Lietal

photographed with a confocal microscope, and counted in ImageJ.

Living cell ratio = (number of living cells / total number of cells) x 100%

2.5.3. CCK-8 test

The cytotoxicity of the patch was tested using L929 cells (Shanghai
Jining Industrial Co., Ltd.) and cell counting kit-8 (CCK-8, Dojindo,
Japan). L929 were inoculated in 96-well plates and incubated in
different extract at 37 °C in humidified atmosphere with 5% CO2 con-
centration for 1, 2, 3 days.

Viabi]ity = (ODsample 'ODblank) / (ODcomml 'ODblank) x 100%

2.6. Sealing test of patch

Fresh porcine small intestines and spines were purchased from
abattoirs.

2.6.1. The maximum pressure test

The 5 mm catheter was ligated at both ends of the small intestine
with sutures. After verifying that the small intestine is watertight, a 7
mm incision is made along the axial direction with a blade. The repair
was performed by simple suture, fascial suture, patch paste and bio-
logical patch suture (made by bovine pericardium). A pressure sensor is
attached to one end of the catheter and hydrostatic pressure is added to
the other end to measure the pressure at the beginning of leakage from
the incision. The suture group used 7-0 suture line for 7 stitches. In the
fascia group, porcine autogenous fascia was packed on the defect site
and interrupted suture using 7-0 suture line was performed for 7
stitches. In the biological patch group, the biological patch was covered
on the defect and then interrupted suture using 7-0 suture line was
performed for 7 stitches. In the patch group, the side of the patch ad-
hesive was directly attached to the defect site of the small intestine, and
apply 50 kPa pressure to the patch in the area where the patch meets the
spinal dura with two acrylic plates for 5 min. The patch size is 25 x 15
mm.

2.6.2. Long time plugging test in wet environment

After the vertebral plates of the porcine spine were removed, a
catheter was inserted and fixed between the two adjacent nerve root
outlets. The peristaltic pump (LEAD-FLUID BF-100F, China) is used to
transport the artificial cerebrospinal fluid with crystal violet added at a
speed of 0.2 mL/min (consistent with the average flow rate of cere-
brospinal fluid), and the other end of the catheter is connected to the
waste liquid cylinder. A catheter was used above the dural defect to
continuously drip artificial cerebrospinal fluid at a rate of 0.2 mL/min.
Spinal dural defect and repair were performed as similar with that of the
porcine small intestine model. The defect length was 3 mm, and the
patch size was 3 x 5 mm. When the patch was attached, apply 50 kPa
pressure to the patch in the area where the patch meets the spinal dura
with both ends of blunt-ended forceps and lasted for 5 min. The area
around the incision was covered with gauze soaked in saline. The spinal
dural incision was photographed continuously by a camera.

2.7. Invivo effect test of patch

2.7.1. Animal experiment

The experiment was carried out using 8-week-old male SD rats. This
was approved by the ethics committee of the Peking Union Medical
Hospital (XHDW-2021-062). In brief, after anesthesia by intraperitoneal
injection of pentobarbital sodium, a posterior median incision was made
in the prone position, exposing the T9 to T11 thoracic vertebra. After the
spinous process and lamina of the T10 thoracic vertebra were removed.
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The spinal dura mater was punctured with a needle to create a hole, and
then lengthened axially by scissors to create a 3 mm defect. The defect
was treated without treatment, fascial filling, patch sticking and bio-
logical patch (made by bovine pericardium) filling. The muscle and skin
were then sutured layer by layer. The incision was closed directly in the
untreated group. In the fascia group, 2 x 4 mm autogenous fascia was
used to fill the defect site and then the incision was closed. In the bio-
logical mesh group, 2 x 4 mm biological patch was used to cover the
defect site and then the incision was closed. The patch group was
directly covered with 2 x 4 mm patch with adhesive side down, and the
incision was closed after 5 min of compression at 50 kPa pressure in the
area where the patch meets the spinal dura with two acrylic plates using
both ends of blunt-ended forceps.

2.7.2. Immunohistochemistry (IHC) analysis

The spine from all groups were fixed in 10% neutral buffered
formalin (NBF) solution for 48 h and then decalcified with 14% EDTA
(pH 7.4) for 28 days. The samples were subsequently embedded in
paraffin and cut into 5 pm sections. IHC was performed to detect
inflammation around the defect and nerve damage in the spinal cord (1/
2/3 weeks post-surgery). Histological slides were incubated with citrate
buffer at 60 °C for heat-induced epitope retrieval and blocked with 1%
hydrogen peroxide/methanol for 30 min at room temperature. Subse-
quently, they were incubated overnight at 4 °C with primary antibodies
GFAP, Iba-1, MBP, TNF-a, and COX-2 (Servicebio, China). The color
reaction was developed with ready-to-use 3,3’-diaminobenzidine color
solution. The slides were counterstained with hematoxylin and visual-
ized by a light microscope.

2.8. Statistical analysis

Graphpad Prism 8.0.2 (La Jolla, USA) was used to analyze the
experimental data and the results were presented as the mean + stan-
dard deviation (SD). Comparison between the 2 sets of data was per-
formed using Student’s t-test, and differences between the 3 or more
groups of data were compared by one-way ANOVA. A value of p < 0.05
were considered to be statistically significant findings.

3. Result and discussion
3.1. Structure of the patch matrix

In this study, we fabricated a patch matrix consisting of poly-
acrylamide and sodium alginate (Fig. 1A) which can solidify in 5 min
(Fig. 1B). Good transparency can be observed in freshly prepared
hydrogels, and the transparency is increased after soaking in water while
decreased after secondary cross-linking with calcium ions (Fig. 1C). The
surface and interior of the matrix are porous structure observed by SEM
(Fig. 1D). The pores of hydrogel without secondary cross-linking were
not connected and could not provide an environment for the migration
and growth of fibroblasts. After soaking in different concentrations of
calcium ions for 24 h, the porosity and pore size of the patch matrix are
improved obviously. Loose and porous matrix provides a suitable space
for the growth and reproduction of fibroblasts, which is beneficial to the
sealing of dural defects. The pore wall of the matrix soaked with 0 M
calcium ions is weak and the strength is insufficient. The higher the
concentration of calcium ions in the solution, the lower the connectivity
of the pores, which inhibit the proliferation of fibroblasts. The 0.25 M
calcium ions cross-linking group showed the best balance between pore
wall thickness and pore connectivity. Furthermore, the surface cracks
appeared with the increasing of calcium ions, we can see the cracks
structure in the 0.5 M and 0.75 M calcium ions cross-linking groups. This
may be due to calcium cross-linking agent increasing the stiffness of
hydrogel while decreasing the toughness. The 0.25 M calcium ions cross-
linking group may be the most suitable matrix because of its combina-
tion of toughness, stiffness, suitable porosity and pore size. The



J. Lietal Bioactive Materials 14 (2022) 389-401

Fig. 1. The macroscopic and microscopic structure of patch matrix. (A) Schematic diagram of cross-linking structure of patch matrix. Green: Sodium alginate.
Red: polyacrylamide. (B) Images of the patch matrix before (left) and after (right) coagulation. (C) Photographs of the patch matrix standing and stretching. 1: Patch
matrix just removed from the mold. 2: Patch matrix soaked in water for 24 h 3. Patch matrix soaked in 0.25 M calcium chloride for 24 h. a: Stand. b: Stretched. (D)
SEM photos of patch matrix soaked in different concentrations of calcium chloride No soaked: Patch matrix just removed from the mold. 0/0.25/0.50/0.75/1.00 M:
Patch matrix soaked in 0/0.25/0.50/0.75/1.00 M calcium chloride for 24 h. a: cross section. b: surface.
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appropriate porosity and pore size provide the comfortable environment
for fibroblasts growth.

3.2. Tensile, swelling and adhesion properties of patch matrix

Most current patch systems are applied to the dura mater in the brain
rather than that in the spine [19,20]. And most dural repair materials are
sealants rather than patches. When repairing dural defects with com-
mercial patches, only the sealing properties of the patch are concerned
rather than the mechanical and adhesive properties [21]. The mechan-
ical properties of hydrogel matrix are majorly determined by constituent
ratio, water content, processing methods and so on [22]. The water
content is a vital parameter to determine the mechanical property of the
hydrogel. Aim to maximize the mechanical properties of the hydrogel
matrix, we synthesized hydrogels with different water content (Fig. 2A),
and cross-linked hydrogels with different concentrations of calcium
ions, and tested the stretchability. The tensile strength and strain with
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different water content (all the matrix were soaked in 0.25 M calcium
ion for 24 h and then dried naturally in the air to reduce water content)
display linear correlation (Fig. 2B), in accordance with Hooke’s law,
indicating good elasticity of the hydrogels. The Young’s modulus and
breaking length of hydrogel matrix (the subscript means the water
content) were calculated and summarized. The tensile stress, strain and
Young’s modulus of the matrix increase with the decreasing of water
content. The 73% water content group showed the highest result in all
groups. Its breaking strain reached 21.45 + 1.84 times of the original
length (Fig. 2C), with a tensile stress approached 149.41 + 16.35 kPa
(Fig. 2D) and Young’s modulus was 22.29 + 3.91 kPa (Fig. 2E).
Whereas, in the practical application of patch and the matrix is in a
highly hydrated state and the water content is much higher than 73%.
Secondary crosslinking is a way to improve the tensile resistance of
hydrogel. The crosslinking agent used in our patch is calcium ion, whose
concentration will affect the tensile resistance of hydrogel matrix.
Therefore, we tested the mechanical properties of hydrogel matrix
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Fig. 2. The tensile properties of patch matrix soaked in different calcium concentrations and different water contents. (A) Schematic diagram of patch
matrix with different water content. (B) Stress—strain curves of the hydrogel matrix with different water content. (C) The elongation at break (%) of patch matrix with
different water content. (D) The tensile strength of patch matrix with different water content. (E) The Young’s modulus of patch matrix with different water content.
All the matrix used from (B) to (E) were soaked in 0.25 M calcium ion for 24 h and then dried naturally in the air to reduce water content. (F) Stress—strain curves of
the hydrogel matrix soaked in different calcium concentrations for 24 h. The inset of (F) shows a sample with a dimension of 15 mm in length, 10 mm in width, and 2
mm in thickness without stretch (left) and while stretched to 800% (right). (G) The elongation at break (%) of patch matrix soaked in different calcium concen-
trations. (H) The tensile strength of patch matrix soaked in different calcium concentrations. (I) The Young’s modulus of patch matrix soaked in different calcium
concentrations. Data are presented as mean + SD. *P < 0.05 and **P < 0.01, significant difference among different group.
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soaked in calcium ion solution for 24 h, and identified the impact of
secondary crosslinking with different concentrations of calcium ions on
mechanical properties. The tensile strength and strain with different
calcium ion secondary crosslinking display linear correlation (Fig. 2F) as
well (the subscript means the concentrations of calcium ions). However,
there is no linear relationship between the increase of crosslinker con-
centration and the tensile properties of hydrogel matrix. The toughness
of the materials decreased after the secondary immersion with higher
concentration of crosslinker (more than 0.25 M), which was consistent
with the results observed by electron microscopy. The 0.25 M group
showed the highest of all. The breaking strain was 11.76 + 1.72 times of
the original length (Fig. 2G), with a tensile stress reached 20.28 + 4.34
kPa (Fig. 2H) and Young’s modulus was 2.56 + 0.01 kPa (Fig. 2I). The
maximum stress of the spinal dura for the longitudinal direction is over
40 MPa and the breaking strain is 0.55 times, while the maximum stress
for the circumferential is over 6 MPa and the breaking strain is 0.2 times
[23,24]. The strain properties of our patch are much higher than the
properties of the dura mater itself. In practice, the dura is only slightly
bent, and the stress changes are within the range that our patch can
withstand. Thus, the tensile properties of freshly prepared 0.25 M group

Bioactive Materials 14 (2022) 389-401

hydrogel matrix (the calculated water content is more than 95%) fully
meet the requirements of spinal cord and dural activity after spinal dural
repair since spinal cord mobility in vivo is very low.

Due to the water absorption properties of hydrogel matrix, potential
spinal cord compression problems may arise when used for dural defect
repair. Hence, we prepared standard size hydrogels matrix (3 x 5 mm)
with different thickness (without soaking in the calcium ion for sec-
ondary crosslinking) using the mold and tested their swelling ratio by
soaking in the PBS. The water absorption efficiency of the matrix is
different according to its thickness. After 10 days, all matrix nearly
reached saturated swelling level, and the weight swelling ratios were
5.34 + 0.28 times, 5.83 + 0.40 times, 6.13 + 0.46 times (Fig. 3A) the
original weight of 1 mm, 2 mm and 4 mm thick matrix respectively. And
the volume swelling ratios after 10 days were 5.62 + 0.27 times, 5.92 +
0.35 times, 6.49 + 0.33 times (Fig. 3B) the original volume of 1 mm, 2
mm and 4 mm thick matrix respectively.

After absorbing water, the weight and volume of the patch expand to
about 6 times of the original, which may be a potential compression on
the spinal cord. However, the spinal cord is located in an environment of
cerebrospinal fluid, which is composed primarily of water. The dry
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weight of the patch itself is very low (0.43 & 0.00067 g for a standard 3
x 5 x 2 mm patch matrix). The pressure caused by the patch on the
spinal cord is relatively small in theory because the main weight of patch
comes from water. The thickness of the saturated matrix is less than
twice that of the original, and the compression effect on the spinal cord
is insignificant. We observed that after soaking for 24 h, the weight
swelling ratio of 1 mm, 2 mm and 4 mm thick matrix account for 107.57
+7.72%,95.12 £+ 3.18% and 61.59 + 2.80% of 10 days’ weight swelling
ratio respectively. And the volume swelling ratio of 1 mm, 2 mm and 4
mm thick matrix is 104.26 + 2.85%, 77.89 + 0.38% and 67.89 + 1.96%
of that of 10 days respectively. Since the calcium ion secondary cross-
linking method that we used requires reacted for 24 h, and the 1 mm and
2 mm matrices have nearly reached saturation swelling after soaking for
24 h, we selected the matrix with 2 mm and 1 mm initial thickness after
soaking in calcium ions for 24 h in the subsequent in vitro experiments
and in vivo experiments.

After demonstrated the excellent mechanical properties of the
hydrogel matrix, we further investigated the adhesive capacity of the
chitosan adhesive. We chose the matrix soaked in 0.25 M calcium ions
for 24 h for all subsequent experiments in view of its suitable pore
structure and best tensile properties. After the two matrices are bonded
by chitosan adhesive, the adhesive force and displacement showed a
linear relationship in the direction parallel to the bonding surface
(horizontal direction indicated in the figure), and a nonlinear relation-
ship in the direction perpendicular to the bonding surface (vertical di-
rection indicated in the figure) (Fig. 3C). The adhesive force in the
horizontal direction was 67.24 + 11.86 N m™* and that in the vertical
direction was 18.27 + 3.00 N m ! (Fig. 3D). The maximum tear resis-
tance distance is 60.38 + 17.78 mm in horizontal direction and 44.10 +
15.13 mm in vertical direction (Fig. 3E). The tearing force that patch
faces in practical application is mainly from horizontal friction. The
patch position is relatively stable after the wound is closed during sur-
gery, and the current adhesion property can meet the practical re-
quirements. In addition to the above studies, failure to repair spinal
dural defects due to patch degradation must be considered in the repair
process. However, the degradation performance of similar alginate/
polyacrylamide hydrogel network system is rarely reported, and the
latest derivative system showed a weight loss of less than 30% within 8
weeks [25]. The long-term degradation performance of the patch also
needs to be further studied. In summary, the 0.25 M group patch matrix
combined with chitosan adhesive can maintain good adhesion effect in
the dural defect environment, avoid the failure of sealing caused by
needle holes leakage and unstable adhesion.

3.3. Antimicrobial test of adhesive

Infection after dural injury and material implantation are the most
common complications of spinal surgery [6,26]. Chitosan can form a
complex with the cell membrane or interfere with gene expression,
inhibiting the uptake of trace elements and nutrients that are necessary
for bacterial growth, to achieve an antibacterial effect [27,28]. And our
adhesive is chitosan crosslinked in MES buffer with the assistance of
NHS and EDC. In order to explore the potential antibacterial effect of the
adhesive, adhesive discs with a diameter of 1 cm were prepared and
cultured directly with S. aureus and E. coli for 48 h in test group. Bac-
terial concentrations were determined by colony counting. The con-
centration of S. aureus and E. coli decreased by 85.956 + 15.210% and
99.999 + 0.001% in 48 h, respectively (Fig. 3F). Fig. 3G showed photos
of the bacteria colony after 48 h with or without the adhesive. The
number at the bottom of the photo represents the dilution ratio of bac-
terial solution before coating plate. The test group must observe the
appropriate number of bacterial colonies under the condition of coating
plate without dilution, and the control group needed to dilute 1/100 or
1/10000. The adhesive showed excellent antibacterial effect, especially
against Gram-negative bacteria like E. coli. The incidence of post-
operative infection can be decreased through the antibacterial
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properties of patch itself, which has important biological significance to
prevent postoperative complications.

3.4. Sealing effect in wet environment

To study the short-term and long-term sealing effect of the patch in
the wet environment, we constructed two in vitro models of porcine
small intestine and porcine spinal cord to simulate the status of the patch
in repairing dural defect. The experimental model used to test the
maximum liquid pressure that the patch could withstand in a short
period was mainly composed of an infusion bag, porcine small intestine
and the sensor (Fig. 4A). The pressure on the defect was increased by
increasing the height of the liquid level and the sensor recorded the
instantaneous pressure at which fluid leakage occurred at the defect
repaired site. After making a 7 mm incision along the axis of the small
intestine, our bioactive patch, suture, fascia, and biological patch were
used for repair respectively. Instant coating adhesive is adopted in our
experiment. However, the preparation of pre-coated products is feasible.
If pre-coated patch is to be carried out, irradiation sterilization is rec-
ommended. But the effect of irradiation on matrix strength needs further
experimental verification. Considering that the patch contains a lot of
water, medical propylene polymer material is suggested to use for the
outer packaging of the patch. 50 kPa pressure for 5 min with the ad-
hesive side toward the defect was the only need for our patch, compared
with other repair methods which need to use suture lines for meticulous
and intensive intermittent suture. Even so, the patch can withstand
pressure of 790 £+ 115.76 mmH,0 (Fig. 4B), well above the upper limit
of other repairing methods including direct suture, post-fascial packing
suture, biological patch suture and reports in other commercial sealants
or patches that just less than 300 mmH30 [14,21]. The key and most
important issue of dural repair is its sealing performance, in other words,
its ability to resist the pressure of cerebrospinal fluid under physiological
or pathological conditions. Normal cerebrospinal fluid pressure does not
exceed 200 mmH>0, and even under pathological conditions it does not
exceed 600 mmH,0, which is lower than the maximum pressure that the
patch can bear under the premise of ensuring the sealing effect. The
deformation ability and high water’s content of hydrogel matrix
dispersed the pressure at the defect site, thus achieving a good sealing
effect under the condition of not high adhesion force. The sealing ability
of the patch in unilateral fluid environment can meet the needs of dural
defect repair.

In order to visually observe the long-term changes of the patch in
repairing spinal dural defects, an in vitro model consisting of an infusion
bag, a peristaltic pump, a porcine spine and catheters were constructed
(Fig. 4C). The flow speed of physiological cerebrospinal fluid (0.2 mL/
min) was simulated through a peristaltic pump. Wet gauze and contin-
uous drops of artificial cerebrospinal fluid were used to simulate the wet
environment inside the body. To detect leakage in the defect, crystal
violet was added to the artificial cerebrospinal fluid to visualize it. The
lamina of each experiment level was removed and two catheters used to
circulate artificial cerebrospinal fluid was fixed at both ends of the level
with knots (Fig. 4D). No leakage of artificial cerebrospinal fluid from the
patch was observed after 72 h (Fig. 4E) of continuous filming in wet
environment. The patch still maintained a good sealing effect after a
long-time infiltration with artificial cerebrospinal fluid which had
simulated the calcium concentration of cerebrospinal fluid, indicating
that the effect of physiological calcium ions around the patch was not
enough to cause the repair failure. The experiment was aborted due to
ventral dural damage caused by spinal cord decay after 3 days. However,
it was preliminarily confirmed that the patch could maintain a good
sealing effect in the wet environment of real dural defects.

3.5. Invitro cellular study

Before applying the patch in animals, we tested the biocompatibility
of each component of the patch and its overall in vitro. Live and dead cell
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Fig. 4. The results of the sealing effect of different spinal dural defect repair methods. (A) Schematic diagram of limit pressure test of spinal dural defect repair
methods using porcine small intestine. (B) Limit pressure of different spinal dural defect repair methods. (C) Schematic diagram of experimental model of spinal dural
defect repair by patch in porcine spinal dura. (D) Pictures of the porcine spinal cords used in the experiment. (E) Photos of the spine at different times after dural
defects were repaired using patches. Data are presented as mean + SD. *P < 0.05 and **P < 0.01, significant difference among different group.

staining and CCK-8 were used to define the effects of patch on the sur-
vival and proliferation of L929 cells, respectively., and selected 0.25 M
group for live and death staining. The matrix, the adhesive, and the
complete patch are not shown obvious cell death in the staining of live
dead cells (Fig. 5A). There was no significant difference in the ratio of
living cells between each group and the negative control group at day 1,
2 and 3 (Fig. 5B) by counting the staining results of living and dead cells.
While in CCK-8 experiment, we used the extracts liquid of the patch to
explore the cell proliferation promoting potential of complete patch,
adhesive and hydrogel matrix with secondary cross-linking using
different calcium ions (Fig. 5C). Except for the matrix soaked with 0 M
calcium ion at day 1(P < 0.05), the cell viability of the matrix, adhesive
and patch soaked with different concentrations of calcium ion showed
no significant decrease at day 1, 2 and 3. The matrix soaked with 0.25 M
calcium ion showed a significant increase in cell viability on the first day
(P < 0.01). Combined with the results of SEM, the fibroblasts on the
0.25 M patch group not only had the most suitable structure for
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fibroblast growth, but also had the best potential to promote cell pro-
liferation, which was conducive to the early repair of dural defect. The
matrix group underwent 0.25 M calcium ion secondary cross-linking
showed good biocompatibility and potential early promotion of fibro-
cyte proliferation in cell experiments, which also have the best me-
chanical properties as previously indicated. Hence, we chose it as the
patch matrix for our application in vivo in the following animal experi-
ments. Although the cell experiments have fully demonstrated that the
material does not cause adverse effects on cell proliferation and survival,
the residual monomers (acrylamide, MBAA, EDCA and NHS) should be
analyzed to reduce the cytotoxicity. More quantitative residual mono-
mer tests are needed before the patch can be commercialized.

3.6. Biological function in vivo

To study the biological effects of our mesh in vivo. SD rats were
anesthetized by pentobarbital sodium and the surgical site was exposed
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layer by layer. The lamina was removed and 3 mm axial spinal dural
defect was created by needle and scissors, then dural repair was per-
formed in different ways. In the fascia repair group, autologous fascia
was used for packing, and in the biological patch group, a patch from
bovine pericardium was used for direct covering. For our patch, apply

]

Y/

50 kPa pressure for 5 min in the area where the patch meets the spinal
dura with blunt-ended forceps was the only need (Fig. 6A). All the
experimental animals survived well and showed regular behavior. There
were no effusion, exudation and infection in the incision, rejection,
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epilepsy or other postoperative complications.
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Spinal dural defects can lead to pathological changes in the ventral
spinal cord and surrounding dorsal tissues, including the formation of
nerve scar caused by oligodendrocytes and astrocytes, the regulation of
immune microenvironment by microglia and macrophages, and the
regulation of inflammatory microenvironment by various inflammatory
cells and inflammatory factors (such as TNF-a and COX, etc.) (Fig. 7).

After spinal dural injury, inflammation may occur around the injury
site, mediating spinal cord demyelination and scar tissue formation
[29]. MBP is present in the central nervous system and acts as a link
between layers of myelin sheath around axons [30]. The increased
reactivity of MBP after injury is associated with the “reactivity” of oli-
godendrocytes, which is associated with local scar repair [31]. The
expression levels of MBP (Fig. 6D) in the spinal cord were significantly
lower than those in the control group in the first week. This suggests the
potential role of our bioactive patch in reducing nerve scarring. GFAP is
specifically expressed in astrocytes and is closely associated with
meningeal fibrosis and scarring at the site of injury [32-34] (Fig. 7). The
expression levels of GFAP (Fig. 6B) in the first and second week were
also significantly lower than those in the control group. This phenom-
enon once again highlights the potential role of our bioactive patch in
reducing nerve scarring. The immune microenvironment is essential to
ensure the normal repair of surrounding tissues after spinal dural injury.
Microglia and macrophages are important components of immune
microenvironment. Iba-1 is specifically expressed in micro-
glia/macrophages and promotes cell migration and phagocytosis [35,
36]. Reduced microglial activation provides a neuroprotective immune
microenvironment [37]. The expression levels of IBA-1 (Fig. 6C) in the
first and second week were also significantly lower than those in the
control group. Although none of the rats developed neurological com-
plications in the early postoperative period, spinal tissue around dural
defects repaired with patch showed down-regulation of GFAP, IBA-1,
and MBP in the early postoperative period (1-2 weeks), indicating
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that our patch may inhibit oligodendrocyte, astrocyte, and micro-
glia/macrophage responses in early period, reduce connective tissue
scarring, alleviate macrophage accumulation and progressive secondary
injury by limiting meningeal fibrosis. More detailed biological pathways
need to be explored with more time and experiments, using new tools
such as single-cell sequencing in the future.

An inflammatory response can occur in any injury and can directly
affect symptoms such as pain. Both TNF-a and COX-2 play important
roles in inflammation, cell growth control, and pain-related neuro-
transmitter transmission [38,39]. TNF-a not only promoted the menin-
geal nociceptor mediated by COX activity and increased the dura pain
response, but also directly acted on the TNF receptor of neuronal cells to
promote the activation and sensitization of nociceptor [40]. TNF-a
promotes the activation and sensitization of nociceptive receptors by
directly acting on neuronal TNF receptors [41,42]. Down-regulation of
COX mitigated the pain-promoting state produced by injury/in-
flammation and direct activation of glutamate and substance P receptors
in the spinal cord [43] (Fig. 7). The expression of TNF-a and COX-2
(Fig. 6E and F) around the dural defect was significantly
down-regulated in the 1/2/3 weeks compared with the control group,
and the THC images (Fig. 6G) showed significantly down-regulated
expression of TNF-a. It’s suggested that the patch may have biological
effects of inhibiting inflammation and alleviating pain.

4. Conclusion

In summary, we developed a multifunctional bioactive patch to
repair spinal dural and prevent CSFL occurs with excellent properties of
tight sealing, anti-inflammatory, pain relieving and antibacterial.
Additionally, the bioactive patch can promote fibroblasts cell prolifer-
ation through the formed porous structure, which could accelerate the
sealing process of spine dural defect. In addition, it demonstrated that
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the adhesive layer of the patch showed excellent inhibition ability on E.
coli and S.aureus with the sterilizing rate were 99.999% =+ 0.001% and
85.956 + 15.210%, which could significantly reduce the incidence of
postoperative infection. Moreover, cytokines such as GFAP, IBA-1 and
MBP associated with inflammation, pain, and scar formation were
significantly down-regulated at 1-3 weeks postoperatively, enhancing
the anti-inflammatory, analgesic, and antiadhesion effects around the
defect site. Furthermore, easy availability and low cost make the
bioactive patch a reliable choice for spinal dural defect repair in clinic.
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