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Abstract

Peripheral nerve transection has a high prevalence and results in functional loss of affected limbs.
The current clinical treatment using suture anastomosis significantly limits nerve recovery due to
severe inflammation, secondary damage, and fibrosis. Fibrin glue, a commercial nerve adhesive
as an alternative, avoids secondary damage but suffers from poor adhesion strength. To address
their limitations, a highly efficacious nerve adhesive based on dual-crosslinking of dopamine-
isothiocyanate modified hyaluronic acid and decellularized nerve matrix is reported in this paper.
This dual-network nerve adhesive (DNNA) shows controllable gelation behaviors feasible for
surgical applications, robust adhesion strength, and promoted axonal outgrowth /7 vitro. The in
vivo therapeutic efficacy is tested using a rat-based sciatic nerve transection model. The DNNA
decreases fibrosis and accelerates axon/myelin debris clearance at 10 days post-surgery, compared
to suture and commercial fibrin glue treatments. At 10 weeks post-surgery, the strong adhesion
and bioactivity allow DNNA to significantly decrease intraneural inflammation and fibrosis,
enhance axon connection and remyelination, aid motor and sensory function recovery, as well as
improve muscle contraction, compared to suture and fibrin treatments. Overall, this dual-network
hydrogel with robust adhesion provides a rapid and highly efficacious nerve transection treatment
to facilitate nerve repair and neuromuscular function recovery.

Graphical Abstract
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Dual-network nerve adhesive for peripheral nerve transection repair
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A dual-network nerve adhesive (DNNA) is developed based on dopamine-isothiocyanate modified
hyaluronic acid (HA-TU-Cat) and decellularized nerve matrix (DPN). HA-TU-Cat crosslinks
quickly through thiourea-quinone couplings to form the first network. DPN is bioactive and
self-assembles physically into the second network. The two networks covalently bound with each
other, enhancing the adhesion strength and promoting axonal growth.
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1. Introduction

The peripheral nerve transection, an intractable clinical problem, is usually caused by
traumatic injuries or medical conditions.[!] It can significantly affect and lead to the loss
of motor activity and sensation in the respective part of the body.[2] The current clinical
standard treatment for peripheral nerve transection is to coapt injured nerves end-to-end
using sutures.[31 The proximal and distal nerve ends are connected to shorten the axonal
reconnection distance through epineural or perineural suturing in a tension-free manner.[]
However, the presence of the foreign suture material leads to intraneural inflammation,
increased fibrosis, and scar tissue formation.[*] This further results in misalignment of
axons, delayed remyelination, and failed nerve recovery.[3] At present, up to 33% of
peripheral nerve injuries in clinics exhibit incomplete nerve recovery and poor functional
outcomes, including the loss or partial recovery of motor and sensory function, chronic pain,
and end target muscle atrophy and weakness.[®] Besides limited efficacy, the microsurgical
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suturing procedure is time-consumingl”l and introduces multiple needle passages through
the nerve epineurium and perineurium. This secondary damage further induces inflammation
and aggravates fibrosis.[4 81 Nerve adhesives are promising alternatives to sutures since they
provide a fast and convenient way to connect injured nerve ends. By avoiding secondary
tissue trauma, nerve adhesive treatment can potentially decrease inflammation and fibrosis.
Among them, fibrin glues are commercially available, biocompatible, possess the longest
application history, and have been used in human and many animal studies with the belief
that they will minimize the induced trauma.[®] However, in clinical practice, concerns remain
about the lack of adequate adhesion strength for fibrin glue treatment alone, due to its

weak physical wrapping around the nerve.[19] A biomechanical study of rabbit sciatic nerve
transection repair reported a 4-time inferior load to failure/gapping strength with fibrin

glue relative to suture after treatment.[!1] Similar inferior load to failure results have been
found in a rat sciatic nerve model immediately and 7 days after surgery.[*2] Due to its
mechanical limitations, in clinical practice, fibrin glue is predominantly used as an adjunct
to sutures or to coapt nerves where suturing is not possible, for example, intervertebral
foramen.[20] Therefore, there is a critical need for a next-generation nerve adhesive with
enhanced adhesion.

Several new designs have been explored to enhance the strength and mechanics of tissue
adhesives. Most of them utilize various reactive groups to achieve covalent bonding with
tissue surface. The reactive groups typically include N-hydroxysuccinimide (NHS) esters,
[13] cyanoacrylates,[24] aldehydes,[2®] and catechol.[16] NHS esters react with primary
amines in tissues to form amide bonds spontaneously and fast, but its susceptibility to
hydrolysis impedes the adhesion stability.[17] Cyanoacrylates, with an alkoxy carbonyl
group and a nitrile group in the monomer, achieve strong covalent crosslinking with the
tissue during polymerization. However, their clinical use is limited by potential toxicity
concerns.[18] Despite their potential for strong bonding with amines and thiols in tissues, the
use of aldehydes often raises risks of cytotoxicity.[2%] Among them, catechol-based glues,
inspired by the strong underwater adhesion of mussels, have generated tremendous research
interests in developing tissue adhesives, including nerve adhesives.[20: 211 Catechol (Cat)

is the sidechain and adhesive moiety of dihydroxyphenylalanine (DOPA) residue, which is
believed to be the key component in adhesive mussel foot proteins.[21-23] After oxidation,
the catechol group is converted to quinone, which can self-polymerize through a quinone-
quinone complex and bonds with tissues covalently (through nucleophiles, like amines,
thiols, and imidazoles).[24] However, this process has its limitations. First, quinone-quinone
self-polymerization is random and inefficient, and the curing time ranges from dozens of
minutes to hours, which is beyond the surgical time frame.[2%] Second, a large amount

of quinone is accumulated during this process, undergoing reversible redox cycling.[26]
This redox cycling activates reactive oxygen species (ROS), produces reactive semiquinone,
increases inflammation, delays axon growth, and is highly cytotoxic.[27] However, nerve
adhesives have high requirements on their bioactivity and supportive environment for axonal
regrowth, besides the prerequisite of adhesion strength. Therefore, there is still an unmet
need for a nerve adhesive that is bioactive, feasible for surgery, and supports the nerve
regeneration process.
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To address the issues of current nerve glues, we developed a novel catechol-based nerve
adhesive, dual-network nerve adhesive (DNNA). Different from conventional catechol-based
adhesives, in the DNNA, dopamine-isothiocyanate containing catechol and thiourea (TU)
groups was conjugated to hyaluronic acid (HA), a well-known component of the endoneurial
extracellular matrix (ECM),[28] to obtain HA-TU-Cat. HA-TU-Cat was then crosslinked
with decellularized peripheral nerve matrices (DPN), a promising natural material with
bioactive peptides and growth factors. HA-TU-Cat can also self-polymerize through
quinone-thiourea couplings. Unlike the quinone-quinone complex, the quinone-thiourea
coupling has been reported to be efficient, strong, and reduce quinone back to catechol.

[29, 301 Al of these allow our DNNA to gelate rapidly, achieve strong adhesion, and

decrease quinone accumulation. We therefore hypothesize that this strong and bioactive
catechol-based adhesive can reconnect injured nerves and enhance nerve recovery.

Herein, we described the fabrication of DNNA for nerve transection treatment. Its gelation
behavior and physical and chemical performance were thoroughly characterized. Robust
adhesion strength was determined through lap shear and tensile tests ex vivo. The safety and
biocompatibility of our adhesive were verified using /n vitro Schwann cell (SC) proliferation
and dorsal root ganglion (DRG) neurite outgrowth. The /n vivo therapeutic efficacy of
DNNA was studied using a rat-based sciatic nerve transection model at 10-day and 10-week
post-surgery. Systematic investigations in terms of motor and sensory function recovery,
nerve reconnection and remyelination, and muscle structure and function were conducted
and compared with the clinical suture treatment and commercial fibrin glues. Importantly,
the strong adhesion and bioactivity allowed our adhesive to significantly decrease intraneural
inflammation and fibrosis, enhance aligned axon connection and remyelination, aid motor
and sensory function recovery, as well as muscle contraction, compared to suture and fibrin
treatments. Overall, we propose an innovative and efficacious adhesive hydrogel for the
repair and functional recovery of challenging peripheral nerve transections.

Results and discussions

2.1 Concept and design of DNNA

Figure 1 shows the concept and design of our catechol-based DNNA. HA is an important
endoneurial ECM component, which can reduce scar formation in peripheral nerve injuries,
[31] and is chosen as the polymer backbone for catechol-functionalization. It is modified

by dopamine-isothiocyanate to obtain Cat and TU groups simultaneously (HA-TU-Cat in
Figure 1A). After oxidation, HA-TU-Cat crosslinks quickly through uniform and strong
thiourea-quinone couplings, forming the first network (Figure 1B). DPN, a promising
nerve-specific biomaterial with abundant bioactive peptides and growth factors, is then
incorporated. DPN self-assembles physically into the second network. The two networks
covalently interact with each other through quinone in HA-TU-Cat and nucleophiles in
DPN, forming the DNNA. When the DNNA is applied to the injured nerve ends, it
connects nerve ends through quinone bonding to amines and thiols on the tissue surface
covalently or noncovalently through hydrogen bonding (Figure 1C). The two interacted
polymer networks in our adhesive serve three important roles: 1) HA-TU-Cat ensures strong
hydrogel adhesion and cohesion, feasible curing time for clinical application, and reduced
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quinone accumulation; 2) DPN provides abundant bioactive proteins, growth factors, and
ECM components for axon regrowth; 3) interactions between HA-TU-Cat and DPN further
reduce quinone amount and improve hydrogel cohesion, which could help resist failure and
crack formation of the bulk matrix and increase adhesion strength, thereby.

2.2 Fabrication and characterization of DNNA

Based on our design concept, we described the detailed fabrication and characterization of
our dual-network nerve adhesive here. Catechol-modified HA was prepared in two ways for
comparison, namely, the Schiff base condensation and the isothiocyanate—amine coupling.
The Schiff base was formed between the aldehyde-modified HA and dopamine, resulting the
catechol-modified HA conjugates (HA-Cat), as reported before.[22] Its successful synthesis
was confirmed by *H Nuclear Magnetic Resonance (*H NMR), as indicated by the presence
of catechol aromaticproton peaks at & ~ 7 ppm and catechol methylene-proton peaks at 6 3.1
and 2.8 ppm (Figure S1A). The catechol group grafting ratio in HA-Cat was about 40%. In
the second approach, we synthesized the dopamine-isothiocyanate derivative as reported
in,[301 which was then grafted onto the HA-adipic dihydrazide (HA-ADH) backbone

via isothiocyanate—amine coupling, thereby producing HA-TU-Cat (Figure 1A). The 1H
NMR of HA-ADH, dopamine-isothiocyanate, and HA-TU-Cat were shown in Figure S1B-
D, respectively. The degree of substitution (DS) of catechol groups in HA-TU-Cat was
determined to be about 20%.

Decellularized porcine nerves were prepared based on our previously reported protocols.[32]
Hematoxylin and eosin (H&E) staining revealed loosened matrix structures of nerves and
absent nuclei after decellularization, as shown in Figure S2A. The deoxyribonucleic acid
(DNA) content in porcine native peripheral nerves (NPN) decreased from 514 + 77 ng/mg

to 39 + 12 ng/mg after decellularization, which met the international requirement of 50
ng/mg (Figure S2B).[33] The collagen and glycosaminoglycan (GAG) concentrations slightly
decreased, but no significant differences were detected (Figure S2B). All these results
proved successful decellularization and collagen/GAG maintenance of porcine peripheral
nerves.

In order to produce in situ curable adhesive hydrogels, oxidation is required to induce
crosslinking of catechol-based polymers and to connect tissues covalently. In this study,
both a chemical oxidizing agent, i.e., sodium periodate (NalOg4), and an enzymatic oxidizing
agent, i.e., mushroom tyrosinase (MT), were implemented. Compared to NalOy4, MT is
advantageous due to its high specificity and biocompatibility.[34] 2500 U/mL MT was added
to induce HA-Cat (2%) gelation. After being incubated at 37 °C for 24 h, the color of the
HA-Cat solution became dark (Figure 2A). However, hydrogel formation was not noticed.
We then switched to NalOy, to accelerate catechol oxidation, and HA-Cat gelated after

30 min of incubation at room temperature with a 1:1 molar ratio of NalO4 to catechol
groups. In contrast, successful gelation of HA-TU-Cat (2%) and DNNA (1% HA-TU-Cat

+ 1% DPN) was induced after a 500 U/mL MT addition and incubation at 37 °C for 5

min, indicating quick gelation behavior and feasibility for surgical application. Different
from dark color of the HA-Cat hydrogel, the HA-TU-Cat and DNNA hydrogels were
greyish, suggesting less accumulated quinone groups (Figure 2A). It indicated that quinone-
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thiourea couplings could reduce quinone amount in the matrix compared to quinone-quinone
complex.

To further unveil the role of DPN on quinone consumption in DNNA, ultraviolet-visible
(UV-vis) spectroscopy was recorded before and after the addition of MT. As shown in Figure
2B, the quinone peak (~365 nm) appeared 10 min after the addition of MT and became
stronger throughout the gelation time in HA-TU-Cat. Since HA-TU-Cat and DNNA gelated
with the participation of quinone groups in 5 min (as shown by successful gelation within 5
min in Figure 2A), the catechol group was speculated to turn into quinone after the addition
of oxidants but was reduced back to catechol when bonding covalently with TU groups. TU
could delay and protect catechol from overoxidation and cytotoxicity from quinone thereby.
However, MT oxidized the catechol into quinone continuously, even after the depletion of
TU. Thus, the quinone peak became stronger with increasing oxidation time. In regards to
the DNNA with a decellularized matrix, an inconspicuous quinone peak appeared 30 min
after the addition of MT (Figure 2B) and stayed low even after a 3-hour reaction, compared
to HA-TU-Cat (Figure S3). This result indicated that, compared to HA-TU-Cat, the covalent
bonding of amines/thiols inside DPN with quinone could further decrease quinone amount,
which was favorable for adhesion enhancement and limiting reactive oxygen species.

The modulus of adhesive hydrogel was investigated to determine its cohesion. According to
the time sweep rheological analysis (Figure 2C), 2% HA-TU-Cat displayed quicker gelation
behavior and higher storage modulus (G”, 45 times) than those of 2% HA-Cat hydrogels,
even though the DS of HA-Cat was twice that of HA-TU-Cat. The differences in the gelation
and mechanical properties of HA-Cat and HA-TU-Cat were attributed to different gelation
mechanisms, where HA-Cat crosslinked through quinone self-polymerization, while HA-
TU-Cat crosslinked through quinone-thiourea couplings,[2%! which were more uniform and
efficient.[3%] We also noticed that the addition of DPN into HA-TU-Cat resulted in a
significantly higher storage modulus of DNNA (1% HA-TU-Cat + 1% DPN) than that of
1% DPN and 1% HA-TU-Cat individually (Figure 2D). This indicated that the DNNA was
more than just a physical mixture of DPN and HA-TU-Cat. Networks formed by DPN and
interactions between DPN and HA-TU-Cat networks strengthened the cohesion of DNNA
hydrogels.

We also found that the MT concentration did not show significant influence on the G’ of
HA-TU-Cat (Figure S4A), but a higher MT concentration did shorten the gelation time

(the time when storage modulus was higher than loss modulus) from around 5 min to 1

min when MT concentration increased from 250 U/mL to 2500 U/mL (Figure S4B). 500
U/mL MT was chosen to allow enough operation time as well as potential adjustment
during surgery. For future clinical applications, we can further regulate the gelation time
through MT concentration according to the surgical needs. But for commercial fibrin glues,
they crosslink rapidly (within 1 min), which restricts any further position adjustments once
applied. For HA-Cat with different NalO,4 concentrations, as shown in Figure S4C, the 1:0.5
molar ratio of catechol to NalOy illustrated similar storage modulus and loss modulus (G”),
while the 1:1 ratio demonstrated higher G’ than G”. Thus, the 1:1 ratio was chosen in our
further studies.
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The morphologies of HA-Cat, HA-TU-Cat, and DNNA were evaluated by scanning electron
microscopy (SEM), shown in Figure 2E and Figure S5. All hydrogels showed porous

and interconnected structures. The incorporation of DPN seemed to introduce more fiber-
like structures into DNNA. The HA-Cat fully dissociated within 14 days /n vitro, which

was faster than HA-TU-Cat and DNNA (Figure 2F). HA-TU-Cat and DNNA illustrated
comparable stability, with around 25% mass loss after 14 days. Hydrogel hydrolytic stability
normally depends on the cleavage of chemical bonds among polymer backbones. The
quinone-quinone oligomerization structure in HA-Cat is random and inefficient. Therefore,
it renders the HA-Cat more hydrolytically labile, which leads to a faster dissociation and
mass loss of HA-Cat. However, quinone-thiourea couplings in HA-TU-Cat and DNNA are
more stable. All hydrogels exhibited gradual swelling over time and reached equilibrium
after 20 h (Figure 2G). HA-Cat had a higher swelling ratio than that of HA-TU-Cat and
DNNA. The stability and swelling results were consistent with the random oligomerization
structure in HA-Cat and the uniform quinone-thiourea couplings in HA-TU-Cat and DNNA.

2.3 Robust adhesion of DNNA

Nerves are subjected to different deformations during daily walking and exercise, including
shear and stretch. The adhesive performances of DNNA were evaluated through lap shear
and tensile tests to determine its shearing and tensile resistance, respectively, and compared
to commercial fibrin glues.

A lap shear test based on fresh porcine skins was applied to assess the ability of adhesives

to withstand the stress in a plane when shear forces displaced two skins joined by the
adhesive. Figure 3A shows the displacement-force curves of HA-Cat, HA-TU-Cat, DNNA,
and commercial fibrin glues. DNNA demonstrated a remarkably increased adhesion force, as
well as failure displacement, compared to its counterparts. The adhesion strength was further
calculated. DNNA illustrated 5 times higher values compared to fibrin glue and HA-Cat
(Figure 3B). In comparison to HA-TU-Cat, the addition of DPN significantly improved the
shear resistance ability of the DNNA (Figure 3B). The successful function of adhesives not
only depends on the adhesion between adhesives and tissues but also the cohesion among
the adhesive matrix.[36] On one hand, DPN introduced more nucleophiles into the DNNA,
which increased its hydrogen bonding with tissues. On the other hand, the addition of

DPN strengthened the cohesion of DNNA hydrogels. In DNNA, besides quinone-thiourea
couplings, DPN self-assembled and neutrophils from DPN could covalently bond with
oxidized catechol from HA-TU-Cat. These reactions greatly enhanced DNNA cohesion and
adhesion, compared to HA-TU-Cat.

Stretch is another common deformation of nerves, especially for transected nerves
undergoing strong retraction due to the elastic endoneurium.[371 A tensile test was used

to pull two nerves connected by adhesives to determine stretching adhesion forces. The
DNNA showed a higher failure force and adhesion strength than HA-Cat, but no significant
difference was observed between HA-TU-Cat and DNNA (Figure 3C and Figure 3D).
Although there was weak shear adhesion performance, the tensile force and tensile adhesion
strength of fibrin were high and had no statistical differences with those of DNNA (Figure
3C and Figure 3D). We speculated that the enhanced adhesion performance of DNNA was
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not shown in the tensile tests due to smaller contact area and less hydrogel amount applied
(200 pL for the lap shear test and 20 uL for the tensile test), compared to the lap shear test
through porcine skins.

To qualitatively show the adhesion performance of the DNNA for peripheral nerve
anastomosis, a rabbit sciatic nerve was transected into three sections (Figure 3E-a), and

the DNNA was applied at the nerve ends to adhere them (Figure 3E-b). After gelation at

37 °C for 5 min, the reconnected nerve was hung by a pair of tweezers, and the DNNA
could successfully bear the reconnected nerve weight. In situ adhesion of a transected rabbit
sciatic nerve was also demonstrated after 5 min at room temperature, and the adhesive nerve
can even withstand a slight stretch by a blade (Figure 3E-c). DNNA with green food dye
was applied onto the surface of porcine skins. The gelated DNNA showed strong adhesion
to the porcine skin, as evidenced by the capability to withstand external deformations like
twisting, soaking in PBS for 30 min (Figure 3F-a), and flushing under running water for 5
min (Figure 3F-b and Supplementary Video S1). Longer time in PBS was shownln addition
to porcine skins, adherent hydrogels on slides were also able to bear flushing under water
(Figure 3F-c and Supplementary Video S2).

Overall, these quantitative results demonstrated stronger adhesion of DNNA compared to
fibrin glues. The addition of DPN further significantly improved hydrogel shearing adhesion
resistance. The robust adhesion performance of the DNNA in tissues, slides, and wet
environments was also confirmed qualitatively.

2.4 DNNA supports SC proliferation and promotes neurite outgrowth in vitro

SCs and peripheral axons are two of the most important cell types during peripheral

nerve injury and repair processes. SCs are responsible for myelin sheath and axonal debris
clearance, providing essential trophic support for injured neurons and further remyelination.
Peripheral neuron axonal outgrowth and myelination reflect the nerve injury repair status.
The bioactivity and biocompatibility of the decellularized matrix in DNNA were evaluated
through SC proliferation and neurite outgrowth /in vitro.

Primary rat SCs were encapsulated within HA-TU-Cat and DNNA hydrogels, and they
were alive in both hydrogels after 7 days (Figure 4A). A spherical cell shape without
spreading was also noticed in both hydrogels. SCs proliferated significantly from day 3

to day 7 in both HA-TU-Cat and DNNA, and the addition of DPN did not significantly
affect cell growth rate (Figure 4B). The main reason DPN incorporation did not efficiently
promote SCs spreading and growth was that hydrogel mechanics regulated cell behaviors
besides hydrogel composition. In our previous work, SCs were encapsulated within two
concentrations of commercial rat collagen hydrogels (0.15% and 0.4%) and decellularized
rat nerve hydrogels (0.4% and 0.9%).[32] We found that SCs in two concentrations of
collagen hydrogels had the spherical shape without spreading. For decellularized nerve
hydrogels, 0.9% ones with storage moduli around 100 Pa also illustrated spherical cell shape
and lower proliferation rate, while cells in 0.4% ones with moduli around 20 Pa illustrated
strong SC remodeling capacities, with spreading morphology and higher cell proliferation
rates. The results indicated that, apart from the material composition, hydrogel mechanics
also played important roles in regulating SC behaviors. In our current study, both DNNA
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and HA-TU-Cat had storage moduli above 100 Pa, which may lead to weak cell remodeling
abilities. Besides, it was reported that despite round morphology of encapsulated SCs in

the decellularized matrix /in vitro, SCs illustrated high viability and maintained functionality
after transplantation Jn vivo.[38]

In contrast to SC growth behaviors, the addition of DPN remarkably improved axonal
outgrowth from the DRGs (Figure 4C). Tubulin beta 111 (TUBB3) stained axons had longer
extension distances and more branches in the DNNA than those in HA-TU-Cat hydrogels.
A semiquantitative measurement illustrated 5 times longer neurite length in the DNNA than
those in HA-TU-Cat hydrogels without the decellularized matrix (Figure 4D). Consistent
with previous studies, DPN facilitated DRG neurite outgrowth and hydrogel composition
was dominant in regulating neurite behaviors, compared to hydrogel mechanics.[32]
Bioactive ECM components in the DPN and peptides/growth factors generated after
hydrogel degradation were reported to play important roles. For example, it was suggested
that collagen IV in DPN could promote neurite attachment and growth through integrin
ITGAL.I39] Laminin was also abundantly found in DPN and played positive roles in neurite
extension.[32]

The results here verified good biocompatibility of our adhesive and positive role of bioactive
components from decellularized nerve matrix, which could facilitate axonal outgrowth and
branching.

2.5 DNNA accelerates the axon and myelin debris clearance in vivo

To test the therapeutic efficacy of DNNA and compare it with a clinical standard suture

and a commercial fibrin glue, we applied them for nerve anastomosis in a rat-based nerve
transection model (Figure 5A). After 10 days of surgery, the injured nerves were collected
for short-term histological analysis. We performed Masson’s Trichrome (Figure 5B) and
H&E (Figure 5C and Figure S6) staining of harvested sciatic nerves. In Figure 5B, collagen-
rich fibrotic tissues were found in the suture and fibrin repaired nerves, while there were
much less in the DNNA group (indicated by the arrows in Figure 5B). Besides, compared

to fibrin and DNNA adhesives, the suture application caused nerve structure interruption
and axon mis-direction. Residual sutures and hydrogels without complete degradation were
observed in suture and DNNA treated nerves, respectively. According to the H&E staining,
foreign body granulomas with abundant nuclei surrounding the residual suture were noted in
the suture group (Figure 5C). There were also some foreign body reactions at the boundary
between the hydrogel and the nerve in the DNNA group (Figure 5C). For fibrin treated
nerve, although no obvious hydrogel residue was detected, many proliferative fibroblasts
disrupted nerve fascicle structures (Figure 5C). Moreover, it was worth noting that TUBB3
and myelin basic protein (MBP) staining showed little axon and myelin debris in our DNNA
adhesive at the injury site. In contrast, plentiful remaining myelin and axon debris still
existed in the suture and fibrin treated nerves (Figure 5D).

During the early stage of nerve injury and repair, macrophages help clear axon and myelin
debris to create a microenvironment conducive for axonal regrowth and reconnection, which
is an essential part of Wallerian degeneration.[40] But large numbers of macrophages can
also lead to intraneural inflammation and fibrosis formation. We thus applied CD68 staining
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to examine any difference of macrophages in different treatments. As shown in Figure

S7, no significant difference was shown in three groups regarding macrophage intensity
and number. One possible explanation for different debris clearance results is that similar
amounts of macrophages infiltrated but took different responsibilities in different groups.
The infiltrated macrophages contributed to fibrosis induction in the suture and fibrin repaired
nerves, whereas with the regulation of bioactive decellularized matrix, the macrophages
helped with the Wallerian degeneration in the DNNA group. We speculated that those
macrophage contribution differences were caused by the treatment methods and hydrogel
materials applied. Suture treatment had secondary damage and foreign body reactions, and
the fibrin persistence at injury sites was reported to be linked to increased fibrosis.[] It
was demonstrated that the rate of collagen synthesis increased in a three-dimensional fibrin
matrix, as opposed to a collagen matrix.[2] In contrast, the incorporated decellularized
matrix in the DNNA has been reported to positively regulate the immune responses after
nerve injury.[39 431 |t was probable that the body took embedded signaling cues from the
DPN and used these cues to direct the /n7 vivo remodeling process.

2.6 DNNA promotes nerve sensory and motor function recoveries

Sensory and motor function recoveries are important aspects of nerve regeneration after
transection. Here, mechanical and thermal sensory functions of rats were tested by von
Frey and Hargreaves tests, respectively. We found that all animals started to recover

partial mechanical sensation after 6 weeks from surgery (Figure 6A). The foot withdrawal
thresholds in the rats treated by DNNA were lower, but no significant difference was found
in three different strategies. The mechanical sensory function gradually recovered to the
level of the sham control in all injured rats over time. The thermal sensation of rats treated
by DNNA was found to recover to the level of the sham control 2 weeks post-surgery and
kept a withdrawal latency time comparable to sham rats after that (Figure 6B). A statistical
difference was observed between DNNA and fibrin glue groups at weeks 2 and 4, indicating
that DNNA improved early thermal function recovery. Besides, faster thermal sensation
recovery than mechanical recovery was noticed in all groups. The mechanisms behind are
still not clearly understood.[44]

A rat-walking apparatus system was used to evaluate the recovery of locomotor functions
by comparing the experimental foot (left hind in the system, LH) with the contralateral
healthy foot (right hind in the system, RH) at week 10.[4: 461 The footprint intensity and
foot pressure of transected nerve rats were significantly lower than those of sham group, and
no statistical difference was noticed among nerve anastomosis groups for the foot pressure
(Figure 6C). Rat body wobble was reflected by stance trace (Figure 6D). Perpendicular
anterior extreme position (AEP) and posterior extreme position (PEP) recorded the foot
position relative to the body center of paw touchdown and stance end, respectively.[4’] Rats
treated by DNNA illustrated comparable perpendicular AEP and PEP values with those of
the sham, while they showed obvious body wobble, with AEP and PEP far from the body
axis in the suture and fibrin glue groups (Figure 6E). Unequally distributed gait patterns
with shorter stance phases (white squares) and extended swing durations (gray squares)
were observed in all transected nerve animals (Figure 6F). This indicated hesitations of paw
touchdown after nerve transection injury. However, a significantly longer stance duration
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was shown in DNNA repaired rats, suggesting better lower limb motor function recovery.
Differences in the swing duration among the groups were statistically insignificant (Figure
6F).

2.7 DNNA decreases intraneural inflammation and fibrosis, and enhances nerve
reconnection and remyelination

In section 2.5, we have demonstrated accelerated myelin and axon debris clearance in
DNNA treated rats 10 days after surgery, which may be beneficial for long-term nerve
regeneration. To further determine and verify the long-stage efficacy of DNNA treatments,
nerves in different groups were harvested 10 weeks postoperatively. Here, the reconnection
and remyelination of nerves were evaluated systematically.

According to nerve photographs, nerves were uniform in diameter with complete hydrogel
degradation and without evidence of injury in the DNNA group, while suture and fibrin
treated nerves showed bulges at the injury sites (Figure 7A). To further evaluate the structure
continuity and connective tissue deposition of the treated nerves, we performed Masson’s
Trichrome and H&E staining (Figure 7B and Figure S8A). Dense scar tissue surrounding
the nerve trunk was distinguishable as bands of blue-stained collagen in the suture and

fibrin groups, while there was much less collagen observed in the DNNA group (Figure

7B and 7C). Scar deposition also led to nerve thickening in the suture and fibrin repaired
groups, which were twice larger in diameter compared to DNNA (Figure S8B). In addition,
the fibrosis in the suture and fibrin groups was more severe compared with that at 10

days postoperatively, indicating persistent immune reactions and collagen depositions. As
for the nerve continuity, fibrosis and foreign body reactions led to granuloma formation,
structure disturbance, and nerve fiber misdirection in the suture coapted nerves (Figure 7B).
Fibrin treated nerves showed intermittent nerve fiber distribution and poor reconnections
with numerous connective tissues at the injury site. In contrast, directed nerve fiber regrowth
and reconnection were demonstrated in the DNNA group, which was consistent with better
sensory and motor function recovery described previously.

Myofibroblasts and macrophages are two important cells responsible for the excessive
synthesis, deposition, and remodeling of collagens during fibrosis.[*8] Immunofluorescence
(IF) staining of alpha-smooth muscle actin (¢ SMA) showed a considerable increase of
myofibroblast expression in the suture and fibrin groups, compared to the DNNA group
(Figure 7D and 7E). We then performed CD68 IF staining to identify macrophages in
sciatic nerves (Figure 7F). Nerves from sham rats showed rare CDG68 positive cells, while
suture and fibrin groups exhibited markedly increased macrophage numbers, especially for
the fibrin group. DNNA alleviated long-term inflammation, compared to suture and fibrin,
suggested by the decreased CD68 intensity and positive area (Figure 7G).

IF staining with TUBB3 and MBP was then performed to specifically assess axonal
reconnection and myelination after nerve transection and repair (Figure 7H). Like previous
histological staining results, the connection of TUBB3 positive axons was diverted and
blocked by the granuloma in suture group, and misdirection and misalignment of nerve
fibers were also noticed. Discontinuous and mussy axons were shown in fibrin group. In
contrast, nerves treated by DNNA illustrated directed regrowth, and the density of the nerve
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fibers was significantly higher than that in the suture and fibrin groups (Figure 71). Most
importantly, more MBP positive myelin was observed in the DNNA group at the injury site,
which was also confirmed by higher magnification images (Figure S8C).

We further studied the remyelination of regenerated nerves through toluidine blue staining
and transmission electron microscopy (TEM) (Figure 8A). Nerve samples were collected
from the distal ends and imaged in the cross-sectional directions. Toluidine blue images
revealed much denser and larger neural fibers in the DNNA group than those in the

suture and fibrin groups, indicating better regeneration and remyelination of DNNA treated
nerves. However, all injured nerves had smaller nerve fibers and decreased myelin sheath
thicknesses than the sham control. TEM examination also showed the presence of clusters
of large, myelinated fibers in the DNNA group, in contrast to thin and sparse myelinated
fibers in the suture and fibrin groups. Statistical analysis based on TEM images confirmed
significantly increased sizes of myelinated axons (axon area in myelinated nerve fibers)

and nerve fibers (including axon and myelin sheath) after treatment by DNNA, compared

to suture and fibrin glues, though still smaller than native ones (Figure 8B and 8C). The

G ratio of regenerated myelinated fibers, defined as the ratio of axonal area to nerve fiber
area used for indicating optimal function and structure of neural myelination,[4%] was also
calculated. As shown in Figure 8D, the G ratio distribution trend of DNNA repaired nerves
was comparable to that of the sham group, and the value of the G ratio gradually decreased
following the order: fibrin glue group (0.35 = 0.09) > suture group (0.30 £ 0.09) > DNNA
group (0.28 + 0.09) > sham nerve (0.27 + 0. 07). In addition, the thickness of myelin sheaths
from the DNNA group (1.15 + 0.60 pm) was about 2 times higher than those from the suture
(0.67 £ 0.23 pm) and fibrin glue (0.57 £ 0.19 um) groups (Figure 8E).

In addition to fibrosis, macrophages also contribute to other pathogenic processes at the
late stage of peripheral nerve repair. It was reported that persistent inflammatory responses
with continuing macrophage presence impaired SC remyelination and suppressed nerve
regeneration after injury.[5%] Similar to results 10 days after surgery, the DNNA showed
immune-regulatory behaviors in long term. It weakened intraneural inflammation and
fibrosis, and enhanced nerve reconnection and remyelination, compared to suture and fibrin
groups.

2.8 DNNA improves muscle structure and contraction force maintenance

Nerve related muscle structure and function maintenance is also a crucial aspect for

nerve regeneration. We thus evaluated the weight, structure, and contraction force of the
gastrocnemius muscles after treatment. Gastrocnemius muscles were harvested 10 weeks
post-operation (Figure 9A), and the wet weight ratio (injured side/healthy side) was
calculated. After injury and repair, the muscle weight was significantly decreased compared
to sham group, but no statistical significance was noticed among different treatments (Figure
9B). Next, the morphology of the gastrocnemius muscles was studied by the H&E staining
(Figure 9A). Of note, the DNNA group had significantly larger cross-sectional area of
myofibers, compared to the suture and fibrin groups (Figure 9C). The maximum muscle
contraction force was an important indication of muscle reinnervation and function after
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injury. The DNNA group illustrated muscle contraction force close to the sham group, with
low standard deviation, and was significantly higher than the fibrin group (Figure 9D).

Taken together, our current design strategy of incorporating dopamine-isothiocyanate
modified HA and decellularized matrix provides an efficacious adhesive hydrogel. For the
first time, we demonstrated that our nerve adhesive was superior, or at least comparable

(in some aspects), to commercial fibrin glue and microsurgical suture for peripheral nerve
transection treatment. It can also inspire the development of other tissue adhesive systems,
like gastrointestinal defect sealing (Supplemental Video S3 and S4). In addition, promising
applications of DNNA as the bioactive cargo delivery system could be expanded in the
future.[51-531 The DNNA could effectively connect the injured nerve ends, and deliver

cells and therapeutic agents at the same time to further enhance nerve regeneration. Adipose-
derived stem cells (ADSCs) and SCs have been reported to enhance axonal growth and lead
to improved nerve repair i vivo.[53 541 Drug-assisted treatments with neurotrophic factors,
including nerve growth factors (NGF) and glial derived neurotrophic factors (GDNF),

have potentials in the treatment of peripheral nerve injuries.[5®] They play key roles in
proliferation of Schwann cells and the survival of sensory and motor neurons. Sustained
delivery of other therapeutic agents like magnesium (Mg) ions or extracellular vesicles can
also stimulate the nerve regeneration process and facilitate nerve recovery.[52. 56]

Although promising, our current study has several limitations. Even though we can

clearly illustrate the differences of axon and myelin clearance among different groups 10
days after surgery, to better understand whether delayed macrophage infiltration or the
microenvironment led to delayed Wallerian degeneration, earlier time points after surgery
still need to be investigated in a future study. In addition, the role of infiltrated macrophages
in transected peripheral nerve repair at a late stage should be further confirmed on the
cellular and molecular levels, and more detailed mechanisms can be revealed to identify how
the DPN in the DNNA regulates immune response. Additional electrophysiological tests,
like nerve conduction studies and compound muscle action potential, might be considered in
the future study to evaluate the repaired peripheral nerve and the targeted muscle.

3 Conclusion

To summarize, we described a bioactive, dual-crosslinked, and high-efficacy nerve adhesive
for nerve transection treatment. Our nerve adhesive exhibited fast and adjustable gelation
behaviors and robust adhesion strength feasible for clinical applications. When applied to rat
transected sciatic nerves, our adhesive significantly decreased intraneural inflammation and
fibrosis, enhanced aligned axon connection and remyelination, as well as muscle function,
compared to clinical suture and commercial fibrin treatments. These results collectively
suggest that our nerve adhesive is a promising alternative to suture for nerve transection
treatment.
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4 Materials and methods

4.1 Study design

This study is dedicated to developing a nerve adhesive with robust adhesion strength and

a bioactive composition for effective nerve transection treatment. The DNNA incorporated
with catechol groups and decellularized nerve matrices was prepared to promote nerve
regeneration and functional recovery of transected sciatic nerves. It was thoroughly
characterized in terms of gelation behavior and mechanism, rheology, morphology, and
adhesion performance. The /n vitro biocompatibility was further tested to illustrate improved
axonal outgrowth rendered by the addition of DPN. A sciatic nerve anastomosis model in
rats was chosen to rigorously examine and compare the /in vivo efficacy of the DNNA with

a standard suture treatment and commercial fibrin glue. Nerve regeneration and functional
recovery was characterized by sensory and motor behavior analysis every 2 weeks until the
end of week 10. The gastrocnemius muscle contractile force and structure were determined
to directly evaluate muscle atrophy. The histology, including fibrosis, foreign body reactions,
axon reconnection, and myelination of injured nerves from the early stage (day 10) and late
stage (week 10) was also examined.

4.2 Synthesis and characterization of HA-Cat

HA-Cat was synthesized according to the method reported previously.[?2] Briefly, 0.5 g

of HA powder (300 kDa, Bloomage Biotechnology Corporation Limited) and 0.25 g of
NalOy4 (Alfa Aesar) were dissolved in 50 mL of phosphate buffered saline (PBS, pH=5)
and stirred for 5 h at room temperature (avoid light). Afterwards, 0.5 mL of ethylene glycol
(Sigma-Aldrich) were added and stirred for another 1 h to neutralize the NalOg4. The mixed
solution was then dialyzed against deionized (DI) water for 2 days and lyophilized to obtain
the aldehyde-modified HA.

To get dopamine conjugated HA, 0.5 g of aldehyde-modified HA were dissolved in PBS
(pH=5). 0.5 g of dopamine hydrochloride (Combi-Blocks) were then added and stirred for
10 h at room temperature. After dialysis against DI water and lyophilization, the 1H NMR
spectrum was recorded on a 500 MHz Bruker NMR system. The DS was determined by the
ratio of the integral of catechol methylene protons from the conjugated dopamine (between
2.8 ppm, -CHj>) to the integral of the HA methyl proton peak (at 2.0 ppm, -CH3) using the
equation DS = 3 x Ay g/(2 x Ay ).

4.3 Synthesis and characterization of HA-TU-Cat

HA-ADH wias first synthesized. Briefly, 0.5 g of HA was dissolved in 100 mL of

DI water. 1.2 g of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC,
Combi-blocks), 1 g of HOBt hydrate (Oakwood Chemical), and 17 g of adipic dihydrazide
(Tokyo Chemical Industry) were added. The pH of mixed solution was then adjusted to 6
and stirred at room temperature for 24 h. After the reactions were finished, the solution
was dialyzed against sodium chloride (NaCl, Fisher Chemical) for 3 days and DI water for
another 3 days and then lyophilized. The TH NMR was examined to confirm its successful
synthesis.
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Dopamine-isothiocyanate was then synthesized.[30. 601 Briefly, 6 g of dopamine
hydrochloride were dissolved in 80 mL of tetrahydrofuran (Fisher Chemical) with 5.8 mL
of triethylamine (Sigma-Aldrich). 82 mL of methanol (Fisher Chemical) were slowly added
to help dissolution under the ice-cold conditions and nitrogen atmosphere. After forming a
clear, colorless solution, 10 mL of carbon disulfide (Sigma-Aldrich) was added dropwise.
The solution was left stirring for 2 h at 5-10 °C for reaction. The mixture was then warmed
to room temperature while stirring for a further 10 to 12 h. The reaction mixture was cooled
again to 5 °C, and 10 mL of 30 % hydrogen peroxide (H,O,, Fisher Chemical) were slowly
added and stirred for 10 min under nitrogen atmosphere. The mixture was then neutralized
with 37 % hydrochloric acid (HCI, Fisher Chemical, 2 mL). The resulting mixture was
filtered and concentrated under vacuum. Then 50 mL of DI water and 50 mL of ethyl acetate
(Alfa Aesar) were added into the mixture, and the crude product was purified by a silica
column chromatograph (300-400 mesh, Acros Organics) using a chloroform/ethyl acetate
(3:1, v/v) mixture. The final product was obtained as a white powder, and the 1H NMR was
recorded.

HA-TU-Cat was then obtained by dissolving 0.5 g of HA-ADH in 50 mL of DI water and
reacting it with 0.3 g of dopamine-isothiocyanate powder in 50 mL of dimethyl sulfoxide
(DMSO) for 3 days at room temperature (Figure 1A). The mixture was purified by dialysis
against NaCl solution for 3 days and DI water for another 3 days. 1H NMR was conducted,
and the degree of substitution was calculated by the ratio of the integral of aromatic protons
from the conjugated catechol group (between 6.5~7.0 ppm, -CgHs) to the integral of the HA
methyl proton peak (at 2.0 ppm, -CHy).

4.4 Decellularization of porcine peripheral nerves

Fresh porcine sciatic nerves (freshly isolated from five domestic pigs) were obtained from
Tissue Source, LLC. Before decellularization, the fat tissues around the nerves were cleaned
and removed. Then, the nerves were subjected to a combined chemical and enzymatic
decellularization process.[®1] Briefly, fresh nerves were stirred in 50 mM Tris buffer (pH=8)
overnight and then in 1% Triton-X 100 in 50 mM Tris buffer solution at 4 °C for 24

h. The enzymatic treatment with 40 units/mL DNase (04536282001, Roche), 20 mg/L
RNase (R4875, Sigma-Aldrich), and 0.01% Trypsin (Sigma-Aldrich) in Hank’s Balanced
Salt Solution (HBSS) was performed for 4 h at 37 °C. Then the nerves were stirred overnight
in 1% Triton-X 100 in 50 mM Tris buffer at 4 °C. After lyophilization, the decellularized
nerves were sterilized in 70% ethanol for 2 h and rinsed thoroughly with PBS. They were
then cut into small pieces and digested in 1 mg/mL pepsin (Sigma-Aldrich) in 0.01 N HCI
solution (with 20 mg/mL decellularized nerve). After constant agitation for 72 h at room
temperature, the pH of the solution was adjusted to 7.5 by adding 1 N sodium hydroxide
(NaOH, Fisher Chemical), and the salt concentration was adjusted by adding 10x PBS (1/10
of the final volume). This pre-gel solution was stored at =20 °C until use.

Histological sectioning and H&E staining were performed to verify the decellularization
results. Native nerves and decellularized nerves were fixed in 10% formalin buffer for 4
h. After washing with PBS thrice, they were embedded in paraffin, sectioned, and stained
by H&E. To determine the DNA, collagen, and GAG contents, native and decellularized
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nerve tissues were digested in 0.3 mg/mL papain solution (Sigma-Aldrich). The residual
amount of DNA of NPNs and DPNs were quantitatively evaluated by a Quant-iT picoGreen
kit (Invitrogen) following the manufacturer’s procedures. The collagen contents were
measured through a hydroxyproline assay, and the GAG contents were measured using a
1,9- dimethylmethylene blue (DMMB) assay, as described in our previous studies.[32 62]

4.5 Preparation of HA-Cat and DNNA hydrogels

For HA-Cat adhesive hydrogel preparation, 2% HA-Cat was dissolved in PBS and mixed
with MT at 37 °C (2500 U/mL, Sigma-Aldrich) or NalO,4 at room temperature for

30 min (1:1 molar ratio of dopamine to NalO,). Note that the MT is a gentle and
biocompatible oxidizing enzyme, compared to chemical oxidants like NalO4. However, to
ensure successful gelation of the HA-Cat, NalO,4 was also utilized here. 2% HA-TU-Cat was
also dissolved in PBS and mixed with MT (500 U/mL). The solution was then incubated at
37 °C for 5 min to gelate.

To prepare the DNNA, 2% HA-TU-Cat in PBS was mixed with an equal volume of 20
mg/mL DPN pre-gel solution at 4 °C. MT (500 U/mL) was then added into the mixed
solution and vortexed immediately. The whole solution was kept at 37 °C for 5 min to form
physically and chemically double interacted hydrogel networks.

The influence of the DPN addition into HA-TU-Cat on its crosslinking mechanism was
examined by UV-vis spectroscopy. The spectrum of the HA-TU-Cat and DNNA before and
after oxidation was recorded over time in the wavelength range from 260 nm to 600 nm.

4.6 Rheological performance of nerve adhesives

The rheological performances of 1% DPN, 2% HA-Cat, 1% and 2% HA-TU-Cat, and
DNNA were tested on a rheometer (HR-2, TA Instruments). The plate diameter was 20 mm,
and the gap was 0.6 mm. The initial temperature of the plate was set as 4 °C to ensure
liquidity of the pre-gel solutions. Then the plate temperature was rapidly increased to 37 °C
at the rate of 100 °C /min, followed by a dynamic time sweep at the frequency of 1 Hz and
1% strain. The G’ and G” of the hydrogels were recorded.

4.7 Morphology of nerve adhesives

For the morphological observation, 2% HA-Cat, 2% HA-TU-Cat, and DNNA were
lyophilized and quenched in liquid nitrogen. Gold sputter coating was conducted, and they
were observed by SEM (FEI Quanta 200) at 25 kV.

4.8 In vitro stability and swelling of nerve adhesives

For the stability evaluation, 50 pL of 2% HA-Cat, 2% HA-TU-Cat, and DNNA solutions
were added into silicone molds with 6 mm diameters and formed hydrogels at 37 °C for 30
min. They were then incubated in PBS (pH=7.4) at 37 °C. At predetermined time points,
the hydrogels were taken out of the PBS, rinsed with DI water, and lyophilized. The mass
loss rate (%) was determined as: (original lyophilized hydrogel mass — lyophilized hydrogel
mass at each time point)/ original lyophilized hydrogel mass x 100%.
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As for the hydrogel swelling, lyophilized hydrogel samples were prepared and immersed
in PBS (pH=7.4) at 37 °C. At specific time points, the mass of rehydrated hydrogels was
measured. The swelling ratio (%) was calculated as: (rehydrated hydrogel mass at each time
point — original lyophilized hydrogel mass)/ original lyophilized hydrogel mass x 100%.

4.9 Adhesion performances of nerve adhesives

4.10

The adhesion performances of HA-Cat, HA-TU-Cat, DNNA, and commercial fibrin glues
(Tisseel) were evaluated by lap shear tests through porcine skins and tensile tests through
rabbit nerves. The lap shear tests of nerve adhesives were conducted according to the ASTM
F2255-05 standard.[®3] Fresh porcine skins were bought from Nebraska Scientific and rinsed
in PBS before removal of their fat layers. They were then cut into pieces of 20 mm in

width and 40 mm in length. Then 0.2 mL of 2% HA-Cat/NalO4 (1:1 molar ratio), 2%
HA-TU-Cat/MT (500 U/mL), 2% DNNA/MT (500 U/mL) solutions, or fibrin glue were
applied onto the inner surface of one piece of porcine skin. It was covered by another
porcine skin immediately, and the bonding area was 20 mm x 10 mm. All samples were
kept at 37 °C for 30 min before measurements. Tests were performed on the Cellscale
Univert tensile machine at a 6 mm/min take-up rate until failure. Force-displacement curves
were recorded, and the adhesion strength was calculated as the failure force divided by the
bonding area.

A tensile adhesion test determines the force required to pull adhesives off nerve surface.
Rabbit sciatic nerves were collected from New Zealand White rabbits after euthanasia. The
rabbits were euthanized subjects from another research protocol, which was approved by
the Institutional Animal Care and Use Committee (IACUC) of the University of Nebraska
Medical Center (UNMC). Rabbit nerves with lengths around 50-60 mm were cut into two
halves. 20 pL of nerve adhesives prepared as formally mentioned were applied to one end of
the cut nerve and connected with the other end immediately. All samples were kept at 37 °C
for 30 min before tensile evaluations. Tests were conducted on the Cellscale Univert tensile
machine at a 6 mm/min take-up rate until failure.

To further qualitatively demonstrate the utilization and feasibility of the DNNA, the isolated
rabbit sciatic nerve was transected into three parts and reconnected with the DNNA at 37

°C for 5 min. In situ application on rabbits (after euthanasia) was conducted by connecting
transected sciatic nerves for 5 min at room temperature. To evaluate adhesive performance
of the DNNA under wet conditions, DNNA mixed with green food dye was first gelated on
porcine skins and then twisted and immersed in PBS for 30 min. In addition, the DNNA was
gelated on porcine skins and glass slides and was continuously flushed under water for 5
min.

In vitro SC and DRG culture in nerve adhesives

Rat SCs were isolated from fresh rat sciatic nerves, as previously reported.[32] 4x10°
SCs/mL were suspended in 2% HA-TU-Cat/MT (500 U/mL) and DNNA/MT (500 U/mL)
solution. Because NalOy is cytotoxic, the 2% HA-Cat/NalO,4 group was not included in the
in vitro cell evaluations or /n vivo experiments. 50 pL of SCs/adhesives mixed solutions
were then added into silicone molds with 6 mm diameters and formed hydrogels at 37 °C for
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30 min. Afterwards, SC culture medium, consisting of DMEM/low glucose medium (Cytiva
HyClone™), 10% fetal bovine serum (FBS, Gibco), and 1% Pen/Strep (P/S, Gibco), was
added and cultured for 7 days. A Live/Dead assay (Invitrogen) was applied to evaluate cell
viability after 7 days of culture. The samples were imaged by a confocal laser scanning
microscope (CLSM, LSM 710, Zeiss). The SC proliferation was determined at days 3 and 7
by a Cell Counting Kit 8 (CCK8, Abcam), following the manufacturer’s protocol.

DRGs were dissected from 15-day-old mice (C57BL/6 background) from another research
protocol, which was approved by the IACUC of UNMC. The dissected DRGs (from L4-L6
lumbar segments) were placed on 2% HA-TU-Cat/MT (500 U/mL) and 2% DNNA/MT
(500 U/mL) hydrogels on glass slides (incubated at 37 °C for 30 min). After allowing

DRG attachment on the adhesives at 37 °C for 1 h, DRG growth medium, consisting of
DMEM/F12 medium (Cytiva HyClone™), 10% FBS, 1% P/S, and 10 ng/mL nerve growth
factor (NGF, Peprotech), was added and cultured for 7 days. For IF staining of neurites
from DRGs, the constructs were fixed in 4% paraformaldehyde (PFA) at 4 °C for 4 h and
then rinsed with PBS. The samples were blocked by 1% bovine serum albumin (BSA)
overnight at 4 °C. They were then incubated with primary antibodies to TUBB3 (1:400,
rabbit, BioLegend) with 0.04% Triton X-100 in 1% BSA overnight at 4 °C. Alexa Fluor™
568 goat anti-rabbit antibody (1:100 in 1% BSA) was then added and cultured for 2 h at
room temperature. Finally, the cell nuclei were stained by DAPI (1:1000 in PBS) for 10 min.
Imaging was performed with a 710 CLSM. The lengths of DRG neurites were quantified by
the NeuronJ Plugin of Image J software, as reported in a previous study.[32]

In vivo peripheral nerve anastomosis

Animal experiments were approved by the IACUU of UNMC. A total of 40 female
Sprague—-Dawley rats (aged 9 weeks with weights ranging 170-250 g) were randomly
divided into four groups: sham group (nerve was exposed without transection); suture

group (nerve was transected and anastomosed with sutures); fibrin glue group (nerve was
transected and anastomosed using commercial fibrin glue from Tisseel); DNNA group
(nerve was transected and anastomosed with DNNA). Rats were anesthetized with isoflurane
gas throughout the procedure. A skin incision was made parallel to the femur on the

right side to expose the sciatic nerve. Afterwards, the sciatic nerve was transected with
microsurgery scissors carefully under an operating microscope. For the suture group, end-to-
end coaption of cut nerves was performed by two-stiches suturing (10-0 polyglycolic acid,
Shapoint). For the fibrin glue and DNNA groups, 50 uL of the adhesives were applied

onto the anastomosis site and cured for 5 min. Afterwards, the muscles and skins were
sutured separately, and the rats received routine postoperative care and were kept in standard
conditions. Random selected rats from suture, fibrin, and the DNNA groups were euthanized
on day 10 for nerve collection. At the end of the experiment (week 10), rats from each group
were anesthetized for muscle contraction testing. After animal euthanasia, the ipsilateral
gastrocnemius muscles, sciatic nerves, L4/L5 DRGs, and spinal cords were harvested for
further physiological and histological analysis.
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4,12 Evaluation of sensory and motor function recoveries

The sensory and motor functions of the hindlimbs were evaluated based on behavior
analyses, including von Frey, Hargreaves, and gait analysis tests, every two weeks post-
surgery (weeks 2, 4, 6, 8, 10). To test the mechanical sensitivity, we confined the rats

in boxes with a metal-mesh floor. After 30 min of habituation, we stimulated their
experimental hind paws with von Frey filaments (Aesthesio) in incremental pressures
(maximum of 50 g).[43. 641 Immediate foot lifting or licking was regarded as a withdrawal
response. Five trials were conducted for each rat at intervals of 5 min, and the mechanical
withdrawal threshold (g) was calculated as the mean of five consecutive trials. Thermal
sensitivity was tested using a Hargreaves radiant heat apparatus (Ugo Basile Instrument),
with an intensity of 45% and a cut-off time set as 30 s to avoid tissue damage. The latency
of licking, withdraw, or shaking was recorded, and six trials for each rat were conducted
with an interval of 10 min. To evaluate the rats’ locomotor functions, a homemade
rat-walking apparatus based on a prototype of a MouseWalker system was utilized to
analyze gait behaviors.[46] The apparatus was composed of a red backlit top panel, acrylic
glass surrounded by green lights, a walking corridor above the glass, and a mirror at a
45-degree angle below the glass. Each rat received the training to walk from the entrance
to the exit of the walking corridor before the test until there were no distractions or
hesitation behaviors observed during the walking. During the test, rat walking was observed
through the mirror and recorded by using a GoPro camera. The videos were uploaded

into and run in the MouseWalker program in Matlab (Mathworks). The gait parameters
for experimental hindlimbs of foot pressure; gait tracking information, including AEP and
PEP; and stance and swing durations were quantified and compared to these of contralateral
healthy hindlimbs.

4.13 Muscle characterization and contractile force

The rats were anesthetized with urethane (800 mg/kg ip) and a-chloralose (40 mg/kg ip) at
week 10 to characterize the contractile force of gastrocnemius muscle. The gastrocnemius
muscle was isolated, and its distal end was connected to a wide range force transducer
(1030/D; AD Instruments, Colorado Springs). A bipolar hooked stimulating electrode

was applied to the exposed sciatic nerve. To induce the tetanic contractile force of

the gastrocnemius muscle, a constant-current stimulation was generated by a Grass S9
stimulator (Grass Instruments, West Warwick, RI, USA) at three times the motor threshold
(defined as the minimum current required to produce a muscle twitch) with a pulse duration
of 0.1ms at 50 Hz. After the measurement of muscle contraction force, the rats were
sacrificed to harvest gastrocnemius muscles and measure their wet weights. Then the
gastrocnemius muscles were fixed in 4% PFA overnight at 4 °C, embedded into paraffin, and
sectioned (4 um). H&E staining was conducted to evaluate the atrophy of myofibers in the
gastrocnemius muscles by calculating their cross-sectional area by using ImageJ software.
Images were taken from 3 randomly selected fields of each rat, and 3 rats in each group were
analyzed.
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4.14 Histological and morphological analyses

At day 10 post-surgery, sciatic nerves in the suture, fibrin, and DNNA groups were
harvested and fixed in 4% PFA overnight at 4 °C. They were then embedded into paraffin,
sectioned (4 um), and subjected to H&E and Masson’s Trichrome staining according to

the standard protocols in the Tissue Science Facility at UNMC. For the IF staining, slides
were deparaffinized and rehydrated, followed by antigen retrieval in heated citrate buffer
for 20 min (citrate buffer solution, pH 6.0 at 100 °C).[%5] Nonspecific antibody binding was
blocked by 5% goat serum solution for 2 hours at room temperature, followed by overnight
incubation at 4 °C with primary antibody in 0.04% Triton X-100 and 5% goat serum.

Then corresponding secondary antibodies were added and incubated for 2 hours at room
temperature. Samples were imaged by a 710 CLSM after nucleus staining with DAPI for 10
min. The primary antibodies used included TUBB3, MBP (1:400, rat, Millipore), and CD68
(1:100, mouse, AbboMax).

At week 10 post-surgery, sciatic nerves in the sham, suture, fibrin, and DNNA groups were
harvested and fixed. H&E and Masson’s Trichrome staining were conducted as mentioned
before. For the IF staining, nerves were dehydrated in 30% sucrose overnight, embedded
into optimal cutting temperature (OCT, Fisher HealthCare) compound, and cut into 10 pm
sections for the staining of a SMA (1:200, mouse, Sigma-Aldrich), CD68, TUBB3, and
MBP. For semiquantitative analysis of collagen, aSMA, CD68, and TUBB3 positive areas,
randomly selected Masson’s Trichrome and IF images from each group were split into three
channels (red, green, and blue) in ImageJ software. By adjusting the threshold, target areas
were measured and divided by the whole image area to calculate the target area ratios.

Nerve segments distal to the injury site were isolated and fixed with 2% glutaraldehyde

and 2% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.2). They were then transverse
sectioned into 1 um sections for toluidine blue staining and 100 nm sections for TEM using
a Leica UC7 microtome. Toluidine blue images were observed with a brightfield microscope
(DMi1, Leica). After a staining with 2% Uranyl Acetate and Reynolds Lead Citrate, sections
for TEM were observed on a Tecnai G2 Spirit TWIN (Thermo Fisher Scientific) operating at
80 kV. Thirty images from 3 rats (ten images from each rat) from each group were randomly
captured, and 300 nerve fibers were randomly selected for neural morphological analysis.
The areas of axons and nerve fibers and the myelin thickness were measured using ImageJ.
The area-based G ratio was further determined as the ratio of the axon area to the nerve fiber
area.

4.15 Statistical analysis

All quantitative data were expressed as the mean + standard deviation (SD). Statistical
analysis was also performed. In experiments with two groups, Student’s t-tests were used,
while in experiments with more than two groups, one-way analysis of variance ANOVA was
used with Tukey post-hoc tests for statistical analysis. Differences with p<0.05 were denoted
as *, while p<0.01 was denoted as **, p<0.001 was denoted as ***, p<0.0001 was denoted
as **** and nsindicated not significant.
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Figurel.
Schematic illustration of DNNA fabrication. (A) Schematic of the synthesis process of

HA-TU-Cat. (B) Schematic illustrating the formation of two interacting networks in DNNA
composed of HA-TU-Cat and DPN. (C) Adhesion mechanism of DNNA via hydrogen
bonding of neutrophils from DPN and covalent bonding of catechol from HA-TU-Cat to
nerve tissues. DPN provides biomimetic proteins to promote axonal growth.
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Figure 2.

Phg;/sical and chemical characterizations of DNNA. (A) Photographs showing gelation of
2% HA-Cat, 2% HA-TU-Cat, and DNNA. (B) UV-Vis spectra of HA-TU-Cat and DNNA
before and after oxidation over time. Insets: UV-Vis spectra of HA-TU-Cat and DNNA in
the wavelength range of 300-400 nm. (C) Storage (G’) and loss (G”) moduli of HA-Cat,
HA-TU-Cat, DPN, and DNNA recorded in a time sweep. (D) G’ of 1% DPN, 1% HA-TU-
Cat, and DNNA (n=3). (E) SEM of DNNA hydrogels. (F) Mass loss rate (%), and (G)
swelling ratio (%) of 2% HA-Cat, 2% HA-TU-Cat, and DNNA in PBS at 37 °C (n=3-4).
All quantitative data are expressed as the mean + standard deviation. Asterisks indicate
statistically significant comparisons, with **p < 0.01 and ***p < 0.001, by Student’s t-test
or one-way ANOVA with Tukey’s multiple comparisons tests.
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Figure 3.
Quantitative and qualitive determination of DNNA adhesion performances. (A) Force-

displacement curves of HA-Cat, fibrin, HA-TU-Cat, and DNNA under lap shear
measurement through fresh porcine skins. Inset: Illustration of the lap shear measurement.
(B) Shear adhesion strength of HA-Cat, fibrin, HA-TU-Cat, and DNNA (n=3-4). (C) Force-
displacement curves of HA-Cat, fibrin, HA-TU-Cat, and DNNA under tensile measurement
through rabbit sciatic nerves. Inset: Illustration of the tensile measurement. (D) Tensile
adhesion strength of HA-Cat, fibrin, HA-TU-Cat, and DNNA (n=3-5). (E) Qualitive
adhesion evaluation of DNNA through rabbit sciatic nerves. Rabbit nerve was cut into
three parts (a); The transected nerves were successfully connected by DNNA (b); In situ
rabbit nerve adhesion (c). (F) Qualitive adhesion evaluation of DNNA under deformations
and wet environments. DNNA (with green food dye) formed on porcine skin in situ was
twisted and soaked in PBS for 30 min (a); DNNA formed on the porcine skin in situ was
flushed continuously for 5 min (b); DNNA formed on the glass slide in situ was flushed
continuously for 5 min (c). All quantitative data are expressed as the mean + standard
deviation. Asterisks indicate statistically significant comparisons, with *p < 0.05 and **p <
0.01, by Student’s t-test or one-way ANOVA with Tukey’s multiple comparisons tests.
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Figure 4.
In vitro biocompatibility of DNNA. (A) Livability of SCs encapsulated in HA-TU-Cat

and DNNA hydrogels after 7 days. Red: dead cells; green: live cells. (B) Proliferation

of SCs encapsulated in HA-TU-Cat and DNNA hydrogels tested by CCK8. (C) Axonal
outgrowth from DRGs on HA-TU-Cat and DNNA hydrogels. Red: TUBB3 stained axon;
blue: DAPI stained nucleus. (D) Maximum axonal extension distance from DRGs on HA-
TU-Cat and DNNA hydrogels. 20-30 axons from 4 DRGs were included in each group.
All quantitative data are expressed as the mean + standard deviation. Asterisks indicate
statistically significant comparisons, ****p<0.0001, by Student’s t-test.
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Figureb5.
In vivo peripheral nerve anastomosis in a rat model and nerve histological evaluation on day

10 postoperatively. (A) Schematic illustrating the transection and anastomosis of rat sciatic
nerves through suture, fibrin glue, and DNNA. (B) Masson’s Trichrome staining of sham
nerve, suture, fibrin, and DNNA treated nerves 10 days postoperatively. (C) H&E staining of
sham nerve, suture, fibrin, and DNNA treated nerves 10 days postoperatively. (D) Axon and
myelin debris determination at the injury site 10 days postoperatively. Red: TUBB3 stained
axon; green: MBP stained myelin sheath; blue: DAPI stained nucleus.
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Figure®6.
Sensory and motor function recovery of rats with transected nerve injuries. (A) Mechanical

sensory functions of rats tested by a von Frey test over time (n=6). (B) Thermal sensory
functions of rats tested by a Hargreaves test over time (n=6). #: p<0.001 between DNNA and
Fibrin; @: p<0.05 between DNNA and Fibrin. (C) Footprints were captured by a rat-walking
apparatus, and the foot pressure ratio was calculated as LH/RH at 10 weeks after surgery
(n=3). (D) Stance trace of rats at 10 weeks after operation. (E) Perpendicular AEP and PEP
ratios (LH/RH) demonstrating body wobble (6-10 steps from 3 rats in each group). (F)
Stance/swing durations of each group and their ratios of experimental foot to healthy foot
(LH/RH, 6-10 steps from 3 rats in each group). All quantitative data are expressed as the
mean + standard deviation. Asterisks indicate statistically significant comparisons, with *p
< 0.05, **p<0.01, and ***p < 0.001, by Student’s t-test or one-way ANOVA with Tukey’s
multiple comparisons tests.
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Figure7.
Histological analysis of injured nerves 10 weeks after surgery. (A) Photograph of harvested

nerves in the sham, suture, fibrin, and DNNA groups. (B) Masson’s Trichrome staining of
nerves in each group. (C) Semi-quantification of collagen areas in each group (n=4-6). (D)
Myofibroblast determination by IF staining. Red: aSMA stained myofibroblasts, blue: DAPI
stained nucleus. (E) Semi-quantification of a SMA positive areas in each group (n=4-6).

(F) Macrophage determination by IF staining. Red: CD68 stained macrophages, blue: DAPI
stained nucleus. (G) Semi-quantification of CD68 positive areas in each group (n=4-6). (H)
Axon and myelin determination by IF staining. Red: TUBB3 stained axons, green: MBP
stained myelin, blue: DAPI stained nucleus. (I) Semi-quantification of TUBB3 positive areas
in each group (n=4-6). All quantitative data are expressed as the mean + standard deviation.
Asterisks indicate statistically significant comparisons, with *p < 0.05, **p < 0.01, and ***p
< 0.001, by Student’s t-test or one-way ANOVA with Tukey’s multiple comparisons tests.
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Figure8.
Nerve remyelination at the distal segment after 10 weeks. (A) Nerve cross-sections stained

with toluidine blue and TEM images at the distal site. (B-E) Quantitative data analysis by
measuring the average area of single myelinated axons (B), the average area of single neural
fibers (C), area-based G-ratio (D), and myelin thickness (E), in different groups according
to TEM images. 300 axons from 3 rats in each group were included. All quantitative data
are expressed as the mean + standard deviation. Asterisks indicate statistically significant
comparisons, with *p < 0.05, **p < 0.01, and ***p < 0.001, by Student’s t-test or one-way
ANOVA with Tukey’s multiple comparisons tests.
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Characterizations of gastrocnemius muscle function at week 10. (A) Photographs

(left: contralateral; right: ipsilateral) and corresponding cross-sectional H&E staining

of gastrocnemius muscles of each group. (B) Wet gastrocnemius muscle weight ratio
(ipsilateral to contralateral, n=6-8). (C) Average size of single myofiber of gastrocnemius
muscles (n=6-8). (D) Maximum muscle contraction force of the experimental leg (n=5-6).
All quantitative data are expressed as the mean + standard deviation. Asterisks indicate
statistically significant comparisons, with *p < 0.05, **p < 0.01, and ***p < 0.001, by
Student’s t-test or one-way ANOVA with Tukey’s multiple comparisons tests.
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