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1 | INTRODUCTION

Abstract

Background: Ligoseal consists of a watertight layer of poly(ester)ether urethane and
an adhesive layer containing polyethylene glycol-N-hydroxysuccinimide (PEG-NHS).
It is designed to prevent cerebrospinal fluid (CSF) leakage after intradural surgery.
This study assessed the safety and biodegradability of Liqoseal in a porcine crani-
otomy model.

Methods: In 32 pigs a craniotomy plus durotomy was performed. In 15 pigs Liqoseal
was implanted, in 11 control pigs no sealant was implanted and in 6 control pigs a
control dural sealant (Duraseal or Tachosil) was implanted. The safety of Liqoseal was
evaluated by clinical, MRI and histological assessment. The degradation of Liqoseal
was histologically estimated.

Results: Ligoseal, 2 mm thick before application, did not swell and significantly was at
maximum mean thickness of 2.14 (+0.37) mm at one month. The foreign body reac-
tion induced by Ligoseal, Duraseal and Tachosil were comparable. Ligoseal showed
no adherence to the arachnoid layer and was completely resorbed between 6 and
12 months postoperatively. In one animal with Ligoseal, an epidural fluid collection
containing CSF could not be excluded.

Conclusion: Ligoseal seems to be safe for intracranial use and is biodegradable. The
safety and performance in humans needs to be further assessed in clinical trials.
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wound healing, wound infection and meningitis.2 Besides, CSF
leakage is associated with prolonged hospitalization and increased

When the dura is opened during a cranial or spinal surgical pro-
cedure, a potential risk for postoperative cerebrospinal fluid (CSF)
leakage arises. The risk of CSF leakage after cranial surgery is be-
tween 8.2% and 8.4% in general, with a higher incidence in patients
that underwent posterior fossa surgery.1 Persistent CSF leakage
is associated with secondary complications such as compromised

healthcare costs.®™® Watertight closure of the dura is widely re-
garded as the first step in preventing CSF leakage. However, pri-
mary watertight closure is a difficult task and often not achievable.
Therefore, sealants are often used to augment dural closure, even-
tually in combination with a dural substitute when primary closure
is not possible.
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Meta-analyses showed that currently approved sealants seem
not to be effective in preventing CSF leakage after cranial and spi-
nal surgery.® Ex vivo evaluation of these same sealants showed
concerning results regarding adhesion strength to dura.” Only
3 out of the 9 commonly used sealants had a mean burst pres-
sure above mean physiological intracranial pressure and only two
of them (Duraseal and Adherus) could remain attached in physio-
logical conditions for 72 h.” Duraseal and Adherus are both liquid
sealants missing the advantages of patch sealants such as minimal
preparation time, easy application and consistent thickness. Thus
the development of a new dural sealant patch is needed. Ligoseal
(Polyganics bv, Groningen, The Netherlands) is a patch designed for
adherence to dural tissue that is ready to use directly. It consists of
two layers; a watertight layer consisting of biodegradable poly(ester)
ether urethane and an adhesive layer consisting of a biodegradable
poly(DL-lactide-co-e-caprolactone) copolymer and multiarmed NHS
functionalized polyethylene glycol (PEG-NHS).® Ex vivo tests showed
strong adherence of Ligoseal to the dura.® However, application in
patients is considered unsuitable before safety and biodagradabilty
evaluation. In this study, we assessed the safety and biodegradabil-
ity of Ligoseal in a porcine model. We hypothesized that Liqoseal
swells within safe margin, induces comparable foreign body reaction

as current sealants and is completely biodegradable.

2 | METHODS
2.1 | Ethical approval

This study was approved by the local ethical review board and
Central Animal Testing Committee affiliated to the Dutch National
Institute for Public Health and the Environment (Approval No.
AVD115002016457). The animals were treated in accordance with
the guidelines of the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC) and I1SO 10993-2.

2.2 | Animals

Domestic pigs (Norsvin Topings) were used for this study. The
gross anatomy of the cranium, microanatomy of the dura mater and
relative easy housing highly qualified the pigs for this study.9 The
mean weight of the animals was 66 (+5.7) kg and mean age was 4.3
(1.2) months on the day of surgery. The animals were acclimatized
before surgery for at least 1 week and kept in groups of three in

neighboring pens on straw.

2.3 | Procedure

A transdermal buprenorphine patch (5 g/h) was applied on the ab-
dominal skin 1 day before surgery and remained in place for 7 days.

General anesthesia was induced with intramuscular injection of a

mixture containing midazolam (0.7 mg/kg), ketamine (13 mg/kg) and
atropine (0.05 mg/kg). The animals were intubated orotracheally and
placed in a prone position on the operating table. Anesthesia was
continued with a bolus of propofol (3 mg/kg) and maintained with
intravenous propofol (4.5 mg/kg/h) and remifentanil (0.0066 mg//
kg/h). Intravenous amoxicillin/clavulanic acid (500 mg) and a bolus
of meloxicam (0.4 mg/kg) were administered before incision. A
continuous saline infusion at a rate of 1.5 ml/kg/h was given dur-
ing surgery. A jugular cannula was inserted because of frequent
blood sampling. Subsequently, the incision area of the craniotomy
was injected with lidocaine HCL (10 ml) subcutaneously just before
incision. A craniotomy of 4 x 4 cm over the midline was performed.
After hemostasis, the dura was opened and closed. On the left side
the dura was linearly opened (3 cm) and closed with 4 interrupted
sutures using Vicryl 5-0 (Johnson & Johnson, New Jersey, USA) and
on the right side it was opened with two interrupted incisions 1 cm
long that were not sutured (Figure 1A). If the blood pressure was
below 150/100 mmHg, it was raised above 150/100 mmHg with
noradrenaline to test hemostasis. The bone flap was subsequently
fixated using sutures. Tranexamic acid (500 mg) was administered
intravenously in all cases. All wounds were dripped with neomycin
and procaine benzylpenicillin.

All animals were observed daily during the first 2 weeks post-
operatively to evaluate general condition, neurological status and
wound healing. Intravenous meloxicam (0.4 mg/kg once a daily for
5 days) was administered as postoperative analgesia, together with
the transdermal buprenorphine patch. After the designated survival
time, an MRI scan of the cranium was performed. The animals were
terminated directly after MRI by an overdose of intravenous pento-
barbital (200 mg/kg).

2.4 | Experimental subgroups

Thirty-two animals were assigned to one of three groups: the Liqoseal
group, the control unsealed group and the control sealant group. To
assess the degradation of the patches over time (Table 1), the animals
in each group were terminated at different intervals from 3 days to
12 months. In the control sealant group, three animals were implanted
with Tachosil and three animals with Duraseal. Both sealants were
CE approved for dural closure and Duraseal was also FDA approved.
Figure 1B shows the Liqoseal patch, Figure 1C the Tachosil patch and
Figure 1D the Duraseal patch. The Ligoseal and Tachosil patches were
centered on the dura and gently pressed onto the dura with mois-
tened gauze for 1 min. Using tweezers we confirmed that the sealant
patches were firmly attached. We aimed to apply Duraseal to the same
thickness (2 mm) on the dura as described in the instructions for use.
The surgical procedure is shown in brief in Video S1. Animals with im-
planted Ligoseal were allowed to survive for a maximum of 12 months
as data from the manufacturer indicated complete degradation in
12 months. Animals with Duraseal and Tachosil implants were allowed
to survive for a maximum of 3 months, because prior studies showed

that Tachosil and Duraseal completely resorb within 3 months. 22!
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FIGURE 1
Ligoseal. (C) Defect sealed with Tachosil. (D) Dura sealed with Duraseal

TABLE 1 Number of animals per experimental group and survival

Experimental group 3 days 7 days 14 days
Ligoseal group 2 2 2
Control unsealed group 2 2 2
Control sealant group
Tachosil 1 X 1
Duraseal 1 X 1
Total 6 4 6

2.5 | Assessment

The safety of Ligoseal was evaluated by clinical, imaging and histo-
logical assessment. The general condition, neurological status, and
wound healing of the pigs were examined twice daily for 2 weeks
by a caretaker and the primary researcher (A. K.). For the general
conditions, daily intake, defecation, and social behavior were noted.
Neurological status was assessed by observing the alertness of the
pig, the symmetry of the face and tongue, and the symmetric move-
ment of the limbs without ataxia. The wound was inspected for leak-
age, redness, swelling, and warmth. Any suspicious behaviors of the
pigs were discussed with the neurosurgeon and the veterinarian.
Blood samples were taken for leucocyte count and leucocyte differ-
entiation at standard intervals until the day of termination (day of
surgery, 1, 3, 7, 14 days and 1, 3, 6, 12 months postoperatively) to
ensure timely detection of infection.

MRI (Ingenia 1.5T, Philips) was performed before termination to
assess sealant swelling and the presence of intracranial pathology
such as abscesses, empyema and pseudomeningocele.

Dura and sealant swelling was measured using cranial MRI (Ingenia
1.5T, Philips) performed before termination in all animals. Dura and
sealant were measured together because they became indistinguish-
able on MRI and macroscopic examination. Volumetric measurements
were performed with Osirix 9.0 (Pixmeo, Switzerland) using T2-
weighted series.

For histological analyses the calvaria, with a 1 cm margin around
the bone flap, including the underlying brain, dura, and sealant was cut
out en bloc (Figure 2). The block was then fixed in 10% neutral buffered

(A) One sutured incision of 3 cm at the left side and two incisions of 1 cm at the right side, were created. (B) Dura sealed with

1 month 3 months 6 months 12 months Total
2 2 2 15
1 1 1 11
1 X X 3
1 X X 3
5 3 3 32

formalin for a week. Subsequently, coronal sections of 5-8 mm thickness
were made from this block and decalcified with Formical-4® (Statlab,
McKinney, USA) at room temperature. The degree of decalcification
was evaluated daily by X-ray (Pathvision 23x29, Faxitron bioptics, LLC)
analysis. Hereafter, the tissue was routinely processed for histological
evaluation with the use of isopropanol for dehydration and stained with
hematoxylin and eosin. A board-certified veterinary pathologist (W. B.)
made a histological report and compared the samples regarding extent
of foreign body reaction. The degradation rate of Liqoseal was also his-

tologically estimated.

3 | RESULTS

All 32 pigs tolerated the anesthesia and surgery and no intraop-
erative complication occurred in the pigs included in the study.
Shortly after surgery all pigs could be extubated and transported
to the pen.

3.1 | Clinical assessment

An adverse event occurred in two pigs: one pig developed superficial
jugular cannula wound infection which was treated with antibiot-
ics. Another animal (Ligoseal implanted, 3-month survival) developed
a small fistula without fluid leakage of 5 mm in the most cranial part
of the wound that closed spontaneously within 8 weeks. The post-

operative course and follow-up of all other animals was uneventful.
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No animals showed signs of percutaneous CSF leakage. Analyses of
the blood samples showed an acute increase in leukocyte count in all
animals on day 3 postoperatively, which slowly decreased over time
(Figure 3). No differences were found regarding leucocyte count and

differentiation between subgroups.

3.2 | MRIfollow-up

Measurements showed that Ligoseal does not swell significantly.
Ligoseal thickness at application was 2 mm before compression.
Pig durais 0.30 (+0.08) mm thick on average.9 MRI measurements
of dura plus sealant showed a mean thickness of 0.9 (+0.3) mm at
3days, 2.0 (+1.2) mm at 14 days and 2.1 (+0.4) mm at 1 month. At
6 and 12 months no sealant was visible anymore on MRI.

In one animal (Ligoseal implanted, 1-month survival) an epi-
dural fluid pocket suspected to be CSF leakage was present. In
this animal, MRI showed an hyperintense area above the seal-
ant and there was partial detachment of the watertight blue
layer observed after section (Figure 4). The fluid collection was
located between the adhesive and watertight layer of Ligoseal.
MRI showed no lesions suspected for intracranial pathology in all

other animals.

FIGURE 2 The bone flap, cerebrum, dura and sealant were cut
out the skull as en bloc. (A) Frontal lobe. (B) Temporal lobe. (C) Bone
flap
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3.3 | Histological follow up

In all animals, including the unsealed control group, large amounts of
bone dust, hemorrhages of different sizes, fibrin, proliferating fibro-
blasts and histiocytes were observed at the cranial side of the dura
at 3 days postoperatively. In all animals, thrombi and a cell-poor vas-
culitis were observed in blood vessels of the dura and leptomenin-
ges. Multifocally, ischemic infarcts and a few hemorrhagic infarcts
were present in the cortex in all subgroups.

In the animals with sealants (Liqoseal, Duraseal and Tachosil), an
identical foreign body reaction was visible. Liqoseal was shown to
resorb slower (6-12 months) than control sealants (3 months). In the
unsealed control animals, there was a foreign body reaction to the
sutures at 3 days postoperatively.

In animals with a sealant, the number of inflammatory cells in-
creased severely at 7 days and 1 month (Figure 5A,B) and these
cells were now also visible within the sealant. This granulomatous
foreign body reaction and formation of collagenous fibrous tissue
caused thickening of the sealant in all animals. In the unsealed con-
trol animals, there was a foreign body reaction to the sutures only
at 7 days and 1 month, comparable as the unsealed 3-days sur-
vival animals. Also in these control animals the dura thickened due
to fibroblast proliferation and multifocal infiltration of moderate
amounts of lymphocytes. The leptomeninges thickened slightly at
the surgical area in all animals, with and without sealant, due to mild
proliferation of fibroblasts and infiltration of moderate amounts of
eosinophils, macrophages, lymphocytes and plasma cells.

Inthe animals surviving 1 month, only small pieces of the Duraseal
and Tachosil and an estimated 40% of the Liqoseal patch were still
visible. The granulomatous foreign body reaction decreased in line
with the degradation of the sealant (Figure 5C,D). In the unsealed
control animals, the granulomatous foreign body reaction to suture
material was still present.

At three months, Duraseal and Tachosil were completely re-
sorbed and only a mild granulomatous foreign body reaction to
the sutures was observed. In the animals with Ligoseal, a moderate
granulomatous foreign body reaction could still be observed to the
sealant and suture remnants. In the control animals without sealant,
a mild granulomatous foreign body reaction to the suture remnants
was still visible. The leptomeninges and dura were still thickened in
all animals due to inflammation and the presence of excess fibrous
tissue. At 3 months survival, remnants of chronic cortical infarcts
were characterized by mild wedge-shaped loss of nervous tissue
with mild gliosis of the remaining tissue in all subgroups.

Ligoseal was almost completely resorbed, although a moderate
granulomatous foreign body reaction to sealant and suture remnants
was still present at 6 months (Figure 5E,F). In the animals surviving
12 months, Ligoseal was not histologically visible anymore. A very
mild granulomatous foreign body reaction to the suture remnants
could still be observed in the animals with Liqoseal and without sealant
(Figure 5G,H). In none of the animals was adhesion of Ligoseal through
the dural defect to the underlying tissue observed. The dura and lep-

tomeninges remained thickened in all animals with and without sealant.
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——Liqoseal
—e—Duraseal

—*—Tachosil

Without sealant

(A) 1-month survival animal with Ligoseal implantation. MRI T2 weighted image. Hyperintense area is visible, CSF is not

excluded. (B) Macroscopical assessment of the same pig. The watertight blue layer was partially detached from the adhesive layer. The

collection was most probably located under the blue layer

The histologically estimated degradation rate of Ligoseal was
60% at 1 month, 85% at 3 months, 90% at 6 months and 100% at
12 months.

4 | DISCUSSION

In this in vivo porcine study, we assessed the safety and biodeg-
radability of a new dural sealant patch, Liqoseal (Polyganics B.V.
Groningen, The Netherlands). Clinical, MRI and histological assess-
ments of Liqoseal showed no swelling, a comparable foreign body
reaction compared to Tachosil and Duraseal and complete resorption
between 6 and 12 months after implantation. The slow degradation
rate of Ligoseal ensures sufficient time for dural recovery, especially
in large durotomies and dural defects. A disadvantage of the pro-
longed degradation of Liqoseal might be the concomitant prolonged
foreign body reaction its induces. However, this reaction was not ex-
cessive compared to control groups. Other advantages of Liqoseal
are the minimal preparation time, consistent thickness and its capac-
ity of achieving a strong watertight seal over the dural defect.

The cortical reaction in all animals, with and without sealant,
seems to be induced by the craniotomy itself, since this reaction was
also observed in the unsealed control animals. This reaction might be
induced by compression of the footplate of the craniotome, use of
suction and diathermy and cortical presence of bone dust.

Ligoseal is intended to be used as an adjunct to primary dural
closure. However, no adhesion of Liqoseal to the arachnoid layer was
observed on the side without sutural closure of the dura, suggesting
that Ligoseal can be applied on larger dural defects. This should be
confirmed by future in vivo studies that may evaluate the recovery
rate of large dural defects when Ligoseal is applied.

Invivo studies evaluating dural sealants are limited. Manufacturers
are not obliged to publish their preclinical data, but these data are
useful for further studies. Moreover, these in vivo studies, until now
mostly performed in dogs, are expensive and have ethical down-
sides.’?%6 Preul et al. previously evaluated Duraseal in an in vivo ca-

nine model,*®

and their findings were comparable to those of our
study. In both studies, postoperative granulomatous foreign body
reaction disappeared in tandem with the degradation of Duraseal,

which appeared to be completely degraded in 3 months. Preul et al.
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FIGURE 5 Histology of the dura
mater of animals with Liqoseal at 7 days,
1 month, 6 months and 12 months
postoperatively. The rectangles indicate
the enlarged area of dura mater. * Dura
mater, # sealant, — multinucleated

giant cell, > lymphocytes. At 7 days,

an increasing granulomatous foreign
body reaction is visible in the periphery
of the sealant (A and B). At 1 month, a
granulomatous foreign body reaction

is now visible in the sealant (C and D).
The foreign body reaction to the sealant
remnants is still present at 6 months (E
and F). The amount of sealant material
at 6 months is significantly decreased
compared to survival pigs up 1 month.
At 12 months, the Ligoseal is completely
resorbed. The dura mater is thickened by
a fibrous layer (G and H)

6 months

assessed also the burst pressure of Duraseal. We did not perform
in vivo burst pressure tests, since we evaluated the burst pressure
of Duraseal, Tachosil and Ligoseal in standardized ex vivo models.”®
Moreover, a burst pressure assessment could disturb the histological
preservation of the sealant and dura.

The current study has multiple strengths. First the model is very
representative. Histological assessment of the dura of different spe-
cies showed that porcine dura closely resembles the human dura.’
We therefore performed a relatively large bilateral craniotomy
with a large exposure of the dura in which a representative amount

of sealant was applied. A second strength was the strict protocol

:o“'“'t" - 403
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N

12 months

adherence and objective results evaluation; the surgery was per-
formed by a full trained neurosurgeon, the MRI follow up was done
by a veterinary radiologist and the histological follow up was done
by a veterinary pathologist.

The current study also has some limitations. First, not all clinically
available sealants were included. We selected Duraseal and Tachosil
because they had regulatory approval and represent both types of
sealant groups, synthetic and fibrin sealants respectively. As we in-
cluded both types of sealants and the number of animals per control
sealant group was small, we did not include more control animals and

followed the control animals up to three months only to minimise
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expenditure and animal use. However, the small number of control an-
imals may cause some bias. Second, it was impossible to exclude with
certainty CSF in the epidural hematoma and fluid collection, since the
B-transferrine test used in humans cannot be used in pigs. Although
in the animals with epidural hematoma Ligoseal was tightly attached
to the dura, the presence of CSF in the liquefied hematoma could not
be excluded by a laboratory test. Third, although 3 sections from dif-
ferent parts of the dura and cortex were taken for histological evalua-
tion, there is a chance that histological characteristics such as sealant
remnant and durocortical adhesions were not sampled. Finally, the 4
different subgroups formed made it possible to compare Ligoseal with
two different type of sealants and surgery without sealant at different
time points and assess degradation profile. However, despite the rel-
atively large total number of animals included in this study, this led to
relative small numbers of animals per subgroup.

This study showed no Ligoseal related safety issues in an animal
model. However, this porcine craniotomy model has its limitations and
cannot replace a human trial. First, although the immune system of
the pig highly resembles that of humans (>80%), there are differences
which may have led to a different foreign body reaction compared
to humans.*”!8 In addition, this study cannot replace human studies
regarding the performance of Ligoseal, because the craniotomies
and durotomies that can be performed in the pigs are relatively small
compared to humans. This may lead to a smaller risk of CSF leakage.
Besides, although the pigs were monitored for their movements and
appetite, small and transient behavioral changes could have been
missed. In contrast, humans can be monitored more accurately.

Therefore, clinical trials are needed to further confirm the safety
and performance of Ligoseal before routine clinical application.
Although an ex vivo study of Liqoseal showed strong adhesion to the
dura,® clinical trials are needed to study the effectiveness of Liqoseal
in preventing postoperative CSF leakage.

5 | CONCLUSION

In this in vivo study, we confirmed the safety of Liqoseal in a pig cra-
niotomy model. Ligoseal was completely resorbed between 6 and
12 months The dural reaction induced by Liqoseal was comparable
with the reaction induced by Duraseal and Tachosil. A first in-human
clinical trial should further investigate the safety and effectiveness

of Ligoseal for intracranial application in humans.
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