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ABSTRACT :

Hydrogel sealants are widely used to prevent cerebrospinal fluid leakage after cranial and spinal surgery, but case reports describe neural compression and gel
migration. This narrative review asks how hydrogel chemistry influences swelling, sealing strength and degradation, and how convincingly laboratory results
establish safety for neurosurgical use. PubMed and Scopus were searched on 30 September 2026 for English language articles and supplemented with standards
and regulatory documents, and two reviewers selected the studies. Chemistry sets all three properties together, because crosslink density, linker chemistry and
hydrophilicity determine water uptake, strength and breakdown. Reported burst pressures for sealants range from about 21 to 325 mmHg and burst testing
measures failure of the whole repair system and does not isolate interfacial adhesion. Swelling is labelled and measured freely in buffer, but no standard test for
confined swelling force was identified. The main degradation standard excludes resorbable polymers, and routine cytotoxicity tests do not address neural cells. A
multidomain research framework is proposed for discussion.
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Introduction

Cerebrospinal fluid (CSF) leakage after cranial or spinal surgery is common, costly and sometimes dangerous. In a systematic review of 20 reports,
leakage occurred in 8.2% of procedures with a sealant and 8.4% without one [1]; rates were 13.5% after elective craniotomy in one randomized trial,
mostly self-limiting subgalea collections [2], and 4.4% in children [3]. In the spine, incidental durotomy occurred in 3.8% of 1326 consecutive patients
[4] and up to 17% of lumbar operations in one bench study [5]. Leaks delay wound healing and are linked to infection, meningitis and pseudo
meningocele [6].

Surgeons may add a sealant to sutures, grafts, sponges and glues [6]. Polyethylene glycol (PEG) hydrogels are the best-known synthetic sealants, and
they differ by product. The original Dura Seal system is approved by the United States Food and Drug Administration (FDA) as an adjunct to sutured
cranial dural closure [6,7]; related formulations include Dura Seal Spine and the low swell Dura Seal Exact [8,9], and Adheres combines PEG with
polyethyleneimine [10]. The original formulation stopped intraoperative leaks in all 111 patients of a prospective multicenter study [11], and a
randomized trial of 237 patients found complication, infection and leak rates like standard techniques [6].

The pooled evidence is mixed: one review found no fall in the leak rate with sealants but fewer surgical site infections [1], two newer meta-analyses
reported fewer leaks [12,13], and 27 nonrandomized endoscopic skull base studies showed no reduction [14].

Alongside these efficacy signals sits a safety problem that early series did not show. After approval, a 13-year-old girl deteriorated after Chiari
decompression because a hydrogel sealant had expanded and compressed the corticomedullary junction [15]. Reports naming Dura Seal describe cauda
equina compression after laminotomy and discectomy, with swelling and migration into the canal [16], and after a transforaminal lumbar interbody
fusion [17]. After lumbar laminectomy with Adheres, MRI showed an intradural collection remote from the operated level, attributed by the authors to
migration of the sealant [18]. These reports involve different products and are not polluted here. A focused review also noted two instances of paralysis
associated with Dura Seal, and that Bio Glue, an albumin glutaraldehyde adhesive, is classed as neurotoxic by its manufacturer [19]; as a different
chemistry it is treated as indirect evidence.

These events are rare, but they expose a gap. A hydrogel works as a sealant through how it takes up water, grips wet dura and breaks down, and the
same three properties decide whether it is safe beside brain and spinal cord. This review asks how hydrogel chemistry controls swelling, sealing
strength and degradation, and how convincingly laboratory results establish safety for neurosurgical use.

Review approach

This is a narrative review of hydrogel sealants and adhesives used or tested for dural repair, developed with reference to the six SANRA domains [20].
Sources. PubMed and Scopus were searched on 30 September 2026, and semantic searching with Scholar Gateway was used to find related work.
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Standards and regulatory documents were taken from the websites of ASTM International, the International Organization for Standardization (ISO) and
the FDA. Only English language articles were included. Any study design was considered, with priority to systematic reviews, trials, quantitative
laboratory studies and reports of harm. Two reviewers selected the studies, and the full text of each article was read.

Evidence labels and appraisal. Each safety concern is tagged as direct neurosurgical hydrogel evidence, indirect biomaterials evidence (other tissues
or materials), clinical safety signal (harm reported in patients) or theoretical chemistry-based concern. Quality was not appraised formally; evidence
was judged by how directly and consistently it answers each safety question.

Chemistry of hydrogel sealants

A hydrogel sealant is a crosslinked network of hydrophilic polymer that holds a large share of water [21]. It has to adhere to tissue, stay intact and
occlude the wound [22], and in surgery it must form in place, within seconds to minutes, on a wet and moving surface. Three chemical choices decide
how it behaves: the polymer backbone, the reaction that joins the chains, and the way the gel binds to tissue (reviewed in [22,23]).

Sealants and adhesives approved by the FDA and sold in the United States in 2008 fell into four chemical families: fibrin, PEG hydrogels,
cyanoacrylates and albumin crosslinked with glutaraldehyde [24]. Only the first two are hydrogels in the strict sense, but all four have been used or
tested for dural repair [5,19]. Table 1 sets out the main classes.

PEG ester gels. The best-known neurosurgical hydrogels are built from multi armed PEG with reactive ester end groups. The Dura Seal family (Dura
Seal, Dura Seal Spine, Dura Seal Exact, CraniSeal and Spine Seal) combines the PEG ester with a Tri lysine amine solution, whereas Adheres uses
polyethyleneimine as the amine component [7,25,26]. The esters react with amines to form amide bonds, which tie the PEG arms into a network [23].
An earlier vascular sealant of this reactive type sustained 125 + 36 mmHg on collagen, and its performance depended on the activity of the reactive
groups [27]. Table 2 separates the marketed products, because evidence on one formulation should not be carried over to another.

Fibrin. Thrombin converts fibrinogen to fibrin, which polymerases into a soft network [28]. Commercial forms come from human or bovine plasma
[29]. Chemistry is gentle, but it depends on biological source material and sealed less well in a bench model [5].

Harsher crosslinkers. Albumin glutaraldehyde adheres strongly, but glutaraldehyde leaches out: saline over polymerized Bio Glue contained 100 to
200 pg/mL glute gene and was cytotoxic to two cell lines, and the glue caused inflammation and necrosis in rabbit lung and liver [30]. Extracts of two
cyanoacrylate glues were toxic to L929 cells unless diluted tenfold [31]. Both argue for caution near neural tissue.

Light activated gels. Gelatin meth acryloyl (Gelman) and meth acryloyl trophoblastic (Metro) are crosslinked by radicals formed when light strikes a
photo initiator [32,33]; a hydrophobic light activated adhesive sealed pig vessel and cardiac defects despite blood [34]. Initiator toxicity differs between
cell types [35], and a newer water-soluble initiator gave fibroblast survival above 95% [36].

How gels bind tissue. Binding wet tissue is the hardest chemical problem, because water separates the two surfaces. Strategies include chain
interpenetration [37], covalent bonds to tissue amines after removal of interfacial water [38], mussel inspired catechol chemistry [39] and topological

entanglement with the tissue network [40].
Table 1. Chemical classes of sealants and adhesives are relevant to dural repair.

Class (example) Main concern near neural tissue Evidence label

PEG ester with amine (Dura Seal family, | Water uptake, mass effect and migration | Clinical safety signal

Adheres) [26] [15,16,17,18]

Fibrin (Tassel, Evince) [19,28,29] Plasma derived source; weaker sealing in a | Direct neurosurgical hydrogel evidence
bench model [5]

Albumin glutaraldehyde (Bio Glue) [30] Leached glutaraldehyde is cytotoxic; classed | Indirect biomaterials evidence
as neurotoxic by the manufacturer [19,30]

Cyanoacrylate (Glub ran) [23,31] Cytotoxic extracts unless diluted [31] Indirect biomaterials evidence

Photo crosslinked protein gel (Gelman, | Initiator toxicity and light delivery [35,36] Indirect biomaterials evidence

Metro) [32,33]
Abbreviations: Gelman, gelatin meth acryloyl; Metro, meth acryloyl trophoblastic; PEG, polyethylene glycol.

Table 2. Marketed PEG sealants and a patch, by chemistry, regulatory indication, swelling and clinical evidence. Regulatory indications are from FDA
documents unless stated.

Product Chemistry and form Regulatory indication Swelling (label unless | Key clinical evidence
stated)
Dura Seal PEG ester, triglycine Adjunct to sutured Up to 50% in any Prospective, 111 patients
amine; cranial cranial repair [7] dimension; not for [11]; randomized, 237 [6]

confined bony structures
with nerves [7]

Dura Seal Spine Same; spinal, 2009 Adjunct to sutured spinal | Volume up to 200% (24 Randomized, 158
repair [8] h, PBS, 37 °C); up to patients [8]
50% in any dimension
[8]
Dura Seal Exact Same; low swell, spinal FDA approved for spinal | "Expansion rate of 19%", | Randomized, 98 [41];
dural closure [9] metric undefined post approval, 835 [9]

(publication) [9]
Adheres Auto Spray PEG ester, polyethylene Age 13 and over; adjunct | Up to 13% in any Randomized against
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Product Chemistry and form Regulatory indication Swelling (label unless | Key clinical evidence

stated)
mine; cranial spray to cranial closure [25] dimension or 46% by DuraSeal, 250; success

volume (bench, 24 h, 91.2% against 90.6%
PBS, 37 °C); not for [25]
confined spaces with
nerve compression risk
[25]

Crani Seal As Dura Seal; cranial, Adults; supplemental Up to 50% above original | No original trial;

2023 closure [42] size in any direction [42] | nonclinical comparison
[42]

Spine Seal As Dura Seal; spinal, Adjunct to sutured spinal | No more than 12% in any | No trial; relies on Dura

2025 repair [43] direction; not for Seal Exact data [43]
confined bony structures
with nerves [43]

Liqoseal PEG ester layer on CE approved adjunct to Dura plus patch on MRI: | First in human, 40
polyurethane; cranial cranial closure [44] 2.14+£0.37 mmat 1 patients: no postoperative
patch month from 2 mm in pigs | leak, intraoperative leak

[45]; 2.1 £ 1.2 mm at day | at 20 cm H20 or wound
90 in patients [46] infection [46]

Abbreviations: MRI, magnetic resonance imaging; PBS, phosphate buffered saline; PEG, polyethylene glycol.

Swelling

Swelling is set by chemistry, and it is the property most closely linked to reported neurological harm. A hydrogel takes up water until the pull of
water into the network is balanced by the elastic force of the stretched chains. The main chemical lever is crosslink density: a tighter network has a
smaller mesh and takes up less water, a link described quantitatively [47]. Hydrophilic and charged groups draw in more water, and swelling also
responds to pH, ionic strength and temperature [48].

Newer dural sealants are designed around this problem, but each reports swelling differently. A bilayer patch with hydrophobic methyl acrylate groups
and tannic acid had a mass swelling ratio of 24.2 + 4.6% in buffer within 6 days [49], and a gelatin and four-armed PEG gel swelled by about 30% after
150 days under rat skin, whereas a comparator hydrogel compressed the rat cord [50]. A tetra PEG gel gained 200% to 540% wet weight over 7 days,
yet its longest diameter on rabbit MRI rose by under 60%, peaking on day 1 and returning to baseline by day 9 [S51]. A PEG ester patch with a
polyurethane backing thickened from 2 mm to 2.14 + 0.37 mm on pig MRI at one month [45].

In the spine, a low swell PEG formulation achieved watertight closure in 98.6% of 74 patients against 79.2% of 24 controls with standard methods,
with no neurological deficit attributed to the sealant [41]. In a nonrandomized post approval study of Dura Seal Exact in 835 patients, neurological
serious adverse events were 2.9% against 1.6% with other methods (P = 0.516), and a "very low expansion rate of 19%" was reported without a defined
metric [9]. Few events occurred in each arm, so these studies are reassuring but limited.

The clinical signal has not gone away, but it is product specific. Case reports, most naming Dura Seal, place the harm within about two weeks of
surgery: cauda equina syndrome on day 3 after a fusion operation [17], early cauda equina syndrome on day 6 with exploration on day 10 showing
swelling and migration into the canal [16], and exploration on day 15 for the child with Chiari malformation [15]. In an analysis of the FDA
Manufacturer and User Facility Device Experience (MAUDE) database, narrative review of 279 reports for Dura Seal and Adheres identified swelling
or mass effect in 9.4% of the Dura Seal reports and neurological deficit in 4.3% [52]. Spontaneous reports cannot give rates, but they show that events
go beyond the early case reports.

Swelling was not a surprise, because the labels in Table 2 already state expected expansion of up to 50% in any dimension (13% for Adheres) and warn
against use in confined spaces with nerves [7,8,25,43]. What the bench numbers cannot show is the force the gel exerts against bone and nerve, or how
it behaves as it degrades. Indirect evidence from hydrogel coated aneurysm coils shows that hydrogel effects in neural compartments can be late and of
uncertain cause: unexplained hydrocephalus was commoner with hydrogel coils in a randomized trial [53], and a cohort study found it only after Hydro
Coil treatment, presenting 8 to 31 months later [54].

The testing gap. Swelling is usually reported as a free swelling ratio in buffer. At the implant site the gel swells against bone, dura and neural tissue, so
the force it exerts, and its time course matters as much as the ratio. Intracranially, the Monro Kellie doctrine holds that added volume must displace
brain, CSF or blood [55], and in the spinal canal a swollen or migrated gel is held by rigid bone and can press directly on cord or cauda equina. Late
swelling is a further concern: in model PEG hydrogels, mesh size and swelling ratio rose as ester crosslinks were cleaved [56,57], which a 24-hour test
in buffer would miss. No standard test for confined swelling force or swelling pressure of a sealant was identified, and the scope statements of ASTM
F2392 and the ASTM tissue adhesive test methods do not mention swelling [58,59].

Sealing strength

A sealant must stick to wet dura and hold together under pressure, and most laboratory tests measure only the second. Burst testing measures
the pressure at which the sealed repair system fails and does not isolate interfacial adhesive strength, so failure mode, substrate and test configuration
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need separate reporting. ASTM F2392 states that it measures burst strength of the adhesive and adherend system and not adhesive strength, that the
substrate is critical, and that in vitro results should not be extrapolated uncritically to the body [58].
What the repair must withstand. Lumbar CSF opening pressure in 242 adults had a 95% reference interval of 10 to 25 cm CSF [60], and coughing
adds pressure waves along the craniospinal axis [61]. Trials identify intraoperative leaks with a Valsalva man oeuvre [6,11], and in dogs hydrogel
treated repairs withstood Valsalva pressures up to 20 cm H-O [62]. A sealant must therefore hold repeated pressure peaks above the resting range, on a
wet surface, while the dura heals.
Burst numbers vary widely. Reported pressures for sealants range from about 21 to 325 mmHg (Table 3), and the spread reflects substrate, set up,
defect size and endpoint as much as chemistry. The rank of Dura Seal and Adheres changes between and within studies: Adheres exceeded Dura Seal in
one study's cranial model (87 + 47 against 51 + 42 mmHg) but not in its spinal model (179 + 71 against 216 + 95 mmHg), and Dura Seal exceeded
Adheres in a second study [26,63]. The large standard deviations in the first study make its ranking uncertain. Fibrin sits at the low end [5]: Tassel held
23 + 16 mmHg in a spinal model [63].
The dura is not a uniform test surface. Porcine dura varies by region in stiffness and composition [64], rat cranial and spinal dura differ in fiber
alignment and elastin [65], and in three human cadavers the force to rupture lumbar dura longitudinally was 3.5 to 6.7 times that needed transversely
[66].
Time is the next gap. Most burst tests record failure under rising pressure within minutes. In the one ex vivo study that held sealants under
physiological conditions for 72 hours, Tehsil (cranial model) and Dura Seal and TachoSil (spinal model) lost attachment in all three samples, and
Liqoseal, the authors' own patch, in one of three per model [63]. The other ASTM methods (lap shear, peel, tension and wound closure strength) are
general soft tissue tests [59], and none is written for dura or for pulsatile CSF loading.
How chemistry raises strength. Hydrogels combining ionically and covalently crosslinked networks reached fracture energies of about 9000 J/m?,
against about 10 for most hydrogels, because the covalent network bridges cracks while the ionic network dissipates energy [67]. A dural tough
adhesive built on a dissipative matrix exceeded five commercial agents in ex vivo porcine burst testing after 5 days in artificial CSF (P = 0.02), and in
two pigs held a 40-mmHg Valsalva challenge while Dura Seal leaked in 40%, failing by rupture of the hydrogel and not at the interface [68].
Does strength translate into fewer leaks? Acute sealing is good: the gel stopped intraoperative leaks in 111 of 111 patients [11], yet postoperative
leak rates did not differ significantly from standard closure in the cranial randomized trial (0.8% against 1.7%) [6] or the spinal post approval study
(6.6% against 6.5%) [9], and pooled analyses disagree [1,12,13]. Holding at time zero is not the same as fewer leaks.

Table 3. Burst or leak pressures reported for dural sealants, with test conditions as reported.

Study and substrate Method, endpoint and n Result (mmHg unless stated)
Kinaci 2021 [63]: porcine dura, 3 mm gap or | 2.0 mL/min artificial CSF; peak pressure Cranial: Liqoseal 145 + 39, Adheres 87 £ 47,
durotomy before loss, mean + SD; n = 14 to 20 per TachoSil 71 + 16, Dura Seal 51 + 42. Spinal:
group (Liqoseal 59) Liqoseal 233 + 81, DuraSeal 216 + 95,
Adheres 179 + 71, TachoSil 123 + 63, Tassel
23+ 16
Argiti 2025 [26]: bovine dura, 20 mm Saline column rose slowly; first visible leak, | Suture alone 8 (11 cm H20); Dura Seal 33
incision, suture median with 95% CI; n =20 (45.5); TachoSil 30 (41); Adheres 23 (31);
Dura Gen 23 (31); Hemopathy 21 (28)
‘Wu 2024 [68]: porcine dura, 3 mm punch PBS 2 mL/min, ASTM F2392; peak pressure | Above five commercial agents (P = 0.02);
at leak pig in vivo up to 100; cadaver 80 + 17.7

Cheng 2024 [50]: porcine casing, not dura Pressure at 5 and 30 min, mean + SD; n=6 5 min: 44.3 + 10.5 cm Hz0 (fibrin 27.6 +
7.3); 30 min: 208.0 + 38.0 cm H>0 (153)
Zhou 2025 [49]: bovine dura Homemade device, adhesion time 3 min, Patch 325 + 40; commercial hydrogel 76 +

applied pressure 18 kPa; maximum tolerated | 13
pressure, mean = SD; n=3

Preul 2007 [62]: canine dura, 8 weeks in Pressure testing at reopening, mean + SD; n Hydrogel 56.8 + 2.5 cm H-O (42); duality

Vivo = 6 per group alone 9.8 + 3.8 cm H20 (7)

Values in cm H20 were converted at 1 cm H>O = 0.736 mmHg (original in parentheses). Substrate, defect and method differ, so values are not directly
comparable. Electro spun cyanoacrylate fibers reached 149 mmHg against 37 for an FDA approved sealant on human dura (indirect evidence) [69].
Abbreviations: ASTM, ASTM International; CI, confidence interval; CSF, cerebrospinal fluid; PBS, phosphate buffered saline.

Degradation

Degradation is where chemistry, time and biology meet, and it is the least well tested of the three properties. A sealant must last long enough for
the dura to heal and then clear without leaving harmful products, and the bonds that hold the network together decide both the speed and the products.
Chemistry sets the clock. In PEG gels the ester linkages are the weak points: PEG diacrylate gels lost properties over 12 weeks under rat skin, with a
rising swelling ratio and a falling modulus, whereas a matched gel with amide links stayed stable, showing that ester hydrolysis was the main route in
vivo [57]. In a degradable PEG gel, degradation time tracked crosslinker molecular weight, functionality and polymer density [56]. Protein gels add
enzymatic routes: Gelman carries matrix metalloproteinase responsive motifs [32], and a trophoblastic sealant degraded in a controlled way in rodents
[33].

Real clocks are slow and poorly predicted. FDA documents give absorption times of about 4 to 8 weeks for Dura Seal, Dura Seal Spine and
CraniSeal, about 90 days for Adheres and 9 to 12 weeks for Spine Seal [7,8,25,42,43]. In pigs, a PEG ester sealant patch was estimated histologically to
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be 90% resorbed at 6 months and fully resorbed at 12 months [45], yet several recent academic dural sealant studies report follow up of only 3 to 4
weeks [49,68,70]. The only late human imaging data found are case reports: in one, an intradural collection seen on day 4 after Adheres use had
resolved by 5 months, leaving intradural inflammatory change and arachnoiditis, though the abscess that prompted surgery makes the contribution of
the sealant uncertain [18]. The FDA notes that clinical studies of some absorbable devices showed absorption kinetics that bench and animal studies
had not predicted accurately and asks for in vivo follow up until the material and its products are gone [71].

Standard methods help less than expected. ISO 10993 part 13 (2010), the standard for degradation of polymeric devices, considers only
nonrecordable polymers, although modified procedures may be applicable to resorbable ones, and for gels that set-in situ it tests the set polymer [72].
Other frameworks cover parts of the problem: ISO 10993 part 9 applies to materials designed to degrade and to those that are not [73], part 18 can be
used for chemical characterization of degradation products [74], ASTM F1635 covers in vitro degradation of hydrolytically degradable polymers but
not those degrading mainly by enzymatic or oxidative routes [75], and ASTM F2900 describes methods to assess formation, degradation and agent
release of hydrogels used in regenerative medicine [76]. No scope statement addresses resorbable in situ forming sealants specifically, so no standard
written for their degradation was identified. Tissue also matters in rats the inflammatory response to PEG hydrogels varied with implant site, suggesting
that tissue may alter degradation [77].

Products matter as much as speed. The PEG backbone is not biodegradable, and hazards reviewed for PEG in drug delivery include hypersensitivity,
altered pharmacokinetics, toxic side products and possible accumulation [78]; these have not been shown for dural sealants. Polyester links release
acids, and the inside of degrading particles of a lactic and glycolic acid polyester (PLGA) reached a pH as low as 1.5 in a laboratory study [79].
Cationic polymers such as polyethyleneimine can induce apoptosis in many human cell lines [80], a laboratory hazard of the polymer and not a finding
about any sealant. Adheres contain polyethylene mine [10], so whether any is released as the gel breaks down is, for now, a theoretical chemistry based
concern.

How swelling, strength and degradation trade off

The three properties cannot be tuned one at a time, because the same chemical choices move all three. First, degradation raises swelling: in model
PEG gels, mesh size and swelling ratio rose and modulus fell as ester links broke [56,57], so a gel that looks safe at 24 hours may be at its most swollen
and weakest later, while the dura is still healing. Second, swelling weakens strength: conventional hydrogels all swell under physiological conditions,
which drastically degrades their mechanical properties [81], and designs that suppress swelling report keeping wet adhesion [49]. Third, strong
crosslinkers buy strength with toxicity: glutaraldehyde gives strong adherence [30], but its leachates and cyanoacrylate extracts were cytotoxic [30,31],
while fibrin avoids those problems but sealed less well in bench models [5,63]. Fourth, the fix is often architecture and not a single bond: dissipative
double networks reach high fracture energy [67], opposing swelling and shrinking components suppress swelling [81], and a backed PEG ester patch
did not swell significantly in pigs [45].

Laboratory safety testing

The standard biocompatibility battery shows whether a gel is toxic to common cells and tissues. It does not show whether the gel is safe beside
neural tissue. Part 1 of ISO 10993, the risk management process, was revised in 2025 as a sixth edition and partly recognized by the FDA in May 2026
[82]. The FDA's 2023 guidance on its use lists endpoints from in vitro cytotoxicity and sensitization through implantation and genotoxicity to
carcinogenicity and reproductive effects and says that neurotoxicity and immunotoxicity should be considered [71]. Table 4 sets out what the routine
tests can and cannot show.

Cytotoxicity is the workhorse, and its result depends on how the test is set up. ISO 10993 part 5 describes extract, direct contact and indirect
contact formats, and the test is simple, fast and sensitive [83]. Glub ran extracts were toxic when undiluted and acceptable at a tenfold dilution [31], and
the FDA describes dilution series for inherently cytotoxic materials, read against the clinical dose [71]. A pass on a fibroblast or myoblast line (L929,
MRCS and C2C12 in these studies [30,31]) says little about neurons, astrocytes, microglia or oligodendrocytes.

Implantation site matters. The FDA says animal implant studies should use a clinically relevant site [71]. Brain tissue has its own reaction with a
defined acute and chronic time course [84], and the foreign body reaction is shaped by surface properties in the first two to four weeks yet persists for
the life of the implant [85], so a four-week study captures the early phase only.

Neurotoxicity is recognized but not standardized. The FDA guidance says neurotoxicity should be considered where a traditional study would not
assess end organ toxicity. Its example is a neurological device in contact with brain tissue and CSF, which may need an animal implant test of
pathology, neurobehavioral effects, neurological deficits, and choroid plexus and arachnoid villi function, but this is a case-by-case judgement and not a
fixed test [71].

Immunity responses to PEG are an open question. PEG is often described as inert, yet a review described 37 reported cases of immediate type
hypersensitivity since 1977 and concluded that its allergenic potential is probably underestimated [86], and antibodies against PEG have been found
even in healthy people not treated with PEGylated drugs [87]. Neither source addresses neurosurgical sealants, nor data on PEG sensitization after
sealant placement on dura were found.

The wrong paradigm. Williams argued that biocompatibility for long term implants has mostly meant chemical and biological inertness [88]. A
sealant is reactive when applied and designed to degrade, so tests built on inertness fit it poorly.
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Table 4. What routine laboratory tests show for a neurosurgical hydrogel sealant, and what they miss.

Test or endpoint What it can show What it can miss

Extract and direct contact cytotoxicity on Acute cell damage from leachable Neurotoxicity, which the FDA says

fibroblast lines [30,31,71,83] considers for neurological devices [71];
products that appear only during degradation
[71,72]

Subcutaneous or muscle implantation [71] Local tissue response Response of brain, dura and CSF pathways
[71]

Dural implantation in animals [62,71,84] Tissue response at the intended site Follow up in the studies reviewed ranged

from 2 weeks to 12 months
[45,49,50,51,62,68,70]

Sensitization tests [71,86,87] Allergy potential of leachable PEG specific immune responses [86,87]
Degradation product analysis, ISO 10993 Chemical products of degrading or set Part 13 considers only nonrecordable
parts 9, 13 and 18 [72,73,74] polymers polymers [72]; no scope names resorbable in
situ forming sealants
Burst test, ASTM F2392 [58] Failure pressure of the sealed repair system Interfacial adhesive strength alone [58];
at one time point repeated cough or pulsatile loading [61]
Free swelling ratio in buffer [47,48] Water uptake without constraint Confined swelling force [55] and late

swelling [56]

Abbreviations: ASTM, ASTM International; CSF, cerebrospinal fluid; ISO, International Organization for Standardization; PEG, polyethylene glycol.

How convincing is the laboratory evidence?

The tests answer narrower questions than the one being asked. The burst test measures failure of the repair system, and its own standard cautions
on extrapolating to the body [58]. A free swelling ratio in buffer does not measure force in a confined space. A pass on fibroblast cytotoxicity does not
address neurons or glia [71], and no standard written for the degradation of resorbable in situ forming sealants was identified. None of these tests show
what the gel does over weeks beside neural tissue.
The tests do show useful things: overtly toxic chemistry [30,31], sealing at zero under controlled conditions [26,63], and swelling early enough for
labels to bound it and warning against confined spaces with nerves [7,8,25,43]. Table 5 sets out how well each safety question is addressed.

Table 5. How well does the current evidence base addresses key safety and performance questions for neurosurgical hydrogel sealants.

Safety question What current evidence addresses Main unresolved limitation

Is the set gel overtly cytotoxic? Extract tests detect cytotoxic leachable, as Fibroblast lines say little about neurons or
with glutaraldehyde and cyanoacrylate glia [71]

(indirect) [30,31]

Is it neurotoxic or immunogenic? Guidance asks that neurotoxicity be No standardized neural test and no data on
considered [71]; PEG allergy is documented | PEG sensitization after sealant placement on
outside sealants [86,87] dura

Does it seal at time zero? Ex vivo burst tests [26,63] About 21 to 325 mmHg; methods differ;

interface not isolated [58]

Does it keep sealing for days to weeks? 72-hour hold [63]; 8-week leak pressure in Three samples per product in the 72-hour
dogs [62] study; no cough loading [61]

How much does it swell in the body? Labelled limits and bench ratios [7,8,25,43]; No confined swelling test [55]

MRI thickness in pigs and rabbits [45,51]

Does swelling or migration compress neural Swelling flagged by bench data and labels Confined swelling force and late swelling in

tissue? [7,8,25,43]; compression in case reports the body were not tested; late swelling is
[15,16,17,18] and MAUDE reports [52] extrapolated from model PEG gels [56,57]

How fast does it degrade, and into what? Labelled absorption times [7,8,25,42,43]; pig | Tissue may alter degradation [77]; products
histology to 12 months [45] rarely identified [72]

Abbreviations: MAUDE, Manufacturer and User Facility Device Experience; MRI, magnetic resonance imaging; PEG, polyethylene glycol.

Proposed multidomain framework for evaluating neurosurgical hydrogel sealants

Based on the gaps identified in this review, a framework of eight connected evidence domains is proposed for evaluating hydrogel sealants. It
has not been validated or agreed by consensus, the domains inform one another and are not sequential pass or fail gates, and the criteria are starting
points for discussion. Three domains address areas where no standard written for resorbable neurosurgical hydrogel sealants was identified: measuring
swelling (2), measuring degradation (4) and testing neural cells and immunity (5). Sealing (3) is left unshaded because a general burst standard exists,
although it was not written for dura or pulsatile loading. Figure 1 shows the domains.
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proposed multidomain framework - 8 linked evidence domains, 3 lack a fit for purpose standard

Figure 1. Proposed multidomain framework for evaluating neurosurgical hydrogel sealants. The eight domains are connected, and a finding in one
should prompt reassessment of others. The framework is a proposal and has not been validated. Shaded domains are those for which no standard written
for resorbable neurosurgical hydrogel sealants was identified.

1. Define chemistry. List every component, reactive group, leaving group, residual, initiator and breakable linker, and expected products.
Criterion: all identified and assessed for toxicity [71,72].

2.  Measure swelling. Record free swelling in artificial CSF at 37 °C until the gel has degraded, and confined swelling in a standardized
apparatus of defined compliance, with force recorded. Criterion: peak force and volume, including late swelling [56,57], stay below limits
set in advance for the target compartment [55].

3.  Measure sealing. Use species matched dura, a real suture line, cyclic pressure, blood contamination and a hold of 72 hours or longer,
reporting mmHg and failure mode. Criterion: the seal holds above resting and cough pressures at the site [58,60,61,63].

4. Measure degradation. Follow mass, modulus and swelling in artificial CSF at 37 °C, with and without enzymes, identify products
chemically using ISO 10993 parts 9 and 18 as the starting framework [73,74], and test extracts of the unset, set and degrading gel. Criterion:
all products identified and none above toxicity limits [71,72].

5.  Test neural cells and immunity. Use neurons, astrocytes and microglia in extract and contact formats, plus sensitization testing [71];
antibody testing against PEG is an exploratory question [86,87]. Criterion: no toxicity at dilutions relevant to the local dose [71].

6. Study a large animal. Test at the clinically intended interface under worst case exposure, including neural contact through placement,
migration or expansion. Use a randomized, blinded design reported to ARRIVE 2.0 [89], measuring leak pressure, swelling on MRI,
neurological function and histology, with follow up to full resorption. Criterion: no neurological harm, complete clearance and a steady state
tissue response [45,62,71].

7. Introduce the device in stages. Start with a small series, scheduled imaging and stopping rules set in advance [90], and use it in the
posterior fossa, spinal canal and children only after earlier stages are clean [15,16].

8.  Watch after approval. Keep a registry with imaging and neurological outcomes and read adverse event reports with narrative review and
not only structured codes [52].

Future directions

Four changes would make the evidence for neurosurgical sealants more convincing.

First, agree with a consensus protocol for confined swelling that fixes the medium (artificial CSF), temperature, the compliance of the constraint and
the duration, which should run to full degradation, and reports force and volume together.

Second, build neural endpoints into the standard development package: neurons, glia and oligodendrocytes tested with extracts and in contact, and
animal studies that measure function as well as histology. The canine study of a PEG sealant shows that neurotoxicity can be assessed at the dural site
[62].

Third, make the sealant visible in patients through standardized imaging of its appearance, volume and temporal evolution. In a small skull base series,
Adheres was more likely than Dura Seal to be identifiable on the immediate postoperative MRI, 50% against 20.8% [91], and reliable imaging would
let teams catch early expansion.

Fourth, keep developing designs that break the couplings between swelling, strength and degradation, such as low swell, tough and layered gels
[45,49,50,67,81], and test each against the same pathway.

Limitations

This was a narrative review and not a systematic review, so relevant studies may be missing, and the selection may favor papers that fit the argument.
The search covered PubMed, Scopus and semantic searching only and was limited to English, so studies in other languages or databases may have been
missed. Many laboratory studies are single reports with different substrates, defects and endpoints, which limit comparison (Table 3). Statements about
standards refer to their published scope.

Conclusions

Hydrogel chemistry decides swelling, sealing strength and degradation together. Crosslink density, linker chemistry and hydrophilicity move all
three, so none can be tuned alone, although recent designs try to break the couplings with dissipative networks, hydrophobic domains, opposing
swelling and shrinking components and backing layers.

Laboratory evidence is useful for hazard screening and acute performance characterization but is insufficient, on its own, to establish
comprehensive neurosurgical safety, particularly for constrained swelling, degradation associated changes, breakdown products and
uncommon neurological complications. Swelling related compression has been reported in patients with PEG sealants even though swelling was
bound in the labels, and standard tests are least able to detect it. These findings support caution when hydrogel sealants are used in anatomically
confined spaces where even modest expansion could produce clinically important mass effects [15].
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