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ABSTRACT

Background. The most severe peripheral nerve injuries (PNIs), classified as
neurotmesis, represent a significant cause of functional disability and neuropathic
pain due to the inadequacy of physiological repair processes. Despite the
remarkable advances in reconstructive microsurgery, the formation of neuromas,
fibrosis, and perineural adhesions at the injury site continues to represent one of the
main obstacles to axonal regeneration and functional recovery. In this context, the
human amniotic membrane (hAM) has attracted increasing interest owing to its
anti-inflammatory, immunomodulatory, anti-fibrotic, and pro-regenerative
properties.

Aim of the Study. The aim of this study was to characterize the human amniotic
membrane through a multidisciplinary approach, evaluating its biological,
structural, and biomechanical features of interest for its potential use as a
biomaterial in peripheral nerve surgery and for future translational applications.
Materials and Methods. Morphological, ultrastructural, histological, and
biochemical analyses of hAM were performed. The identified properties were
subsequently evaluated in vivo using two animal models of sciatic nerve
neurotmesis followed by surgical repair. In particular, the effect of applying an
amniotic membrane wrap in association with direct neurorrhaphy and autologous
nerve grafting was investigated, these being considered the gold standard
techniques for injuries without a gap and for those characterized by tissue loss,
respectively. The results obtained were interpreted considering current knowledge
regarding the mechanisms of peripheral nerve regeneration and the biological
strategies aimed at limiting the formation of adhesions and perineural fibrosis.
Results. The human amniotic membrane exhibited characteristics favorable to its
use as a '"biological neuroprotector" in nerve surgery, including high
biocompatibility, abundance of extracellular matrix components, the presence of
bioactive factors involved in tissue repair processes, and mechanical properties
suitable for supporting the reconstruction site. This was reflected in the in vivo

models by more effective muscle reinnervation and reduced formation of perineural



adhesions at the surgical site. Overall, the collected evidence suggests that hAM
can modulate the local microenvironment and contribute to the reduction of the
fibrotic response following nerve injury.

Conclusions. Although further preclinical and clinical studies are required to
accurately define its efficacy, application modalities, and therapeutic indications,
human amniotic membrane represents a promising biological strategy for the
development of regenerative approaches aimed at improving the outcomes of

peripheral nerve repair.



RIASSUNTO

Background. Le lesioni piu gravi dei nervi periferici (PNI, Peripheral Nerve
Injuries), classificate come neurotmesi, rappresentano una rilevante causa di
disabilita funzionale e dolore neuropatico a causa dell'insufficienza dei fisiologici
processi di riparazione. Nonostante i notevoli progressi della microchirurgia
ricostruttiva, la formazione di neuromi, fibrosi e aderenze perineurali nel sito di
lesione continua a costituire uno dei principali ostacoli alla rigenerazione assonale
e al recupero funzionale. In questo contesto, la membrana amniotica umana (human
Amniotic Membrane, hAM) ha suscitato crescente interesse grazie alle sue
proprieta antinflammatorie, immunomodulanti, anti-fibrotiche e pro-rigenerative.
Scopo dello studio. Lo scopo di questo studio ¢ stato caratterizzare la membrana
amniotica umana mediante un approccio multidisciplinare, valutandone le qualita
biologiche, strutturali e biomeccaniche di interesse per il possibile impiego come
biomateriale nella chirurgia dei nervi periferici e per future applicazioni
traslazionali.

Materiali e Metodi. Sono state condotte analisi morfologiche, ultrastrutturali,
istologiche e biochimiche della hAM. Le proprieta identificate sono state
successivamente valutate in vivo mediante due modelli animali di neurotmesi del
nervo sciatico seguita da riparazione chirurgica. In particolare, ¢ stato studiato
l'effetto dell'applicazione di un wrap di membrana amniotica in associazione a
neurorrafia diretta e innesto autologo di nervo, considerate rispettivamente il gold
standard per le lesioni senza gap e per quelle caratterizzate da perdita di sostanza. |
risultati ottenuti sono stati interpretati alla luce delle attuali conoscenze sui
meccanismi di rigenerazione nervosa periferica e sulle strategie biologiche volte a
limitare la formazione di aderenze e fibrosi perineurale.

Risultati. La membrana amniotica umana ha mostrato caratteristiche favorevoli al
suo impiego come ‘“‘neuroprotettore biologico” nella chirurgia nervosa, tra cui
elevata biocompatibilita, abbondanza di componenti della matrice extracellulare,
presenza di fattori bioattivi coinvolti nei processi di riparazione tissutale e proprieta

meccaniche idonee a sostenere il sito di ricostruzione Cio ha trovato riscontro nei



modelli in vivo attraverso una piu efficace reinnervazione muscolare e una minore
formazione di aderenze perineurali nel sito chirurgico. Nel complesso, le evidenze
raccolte suggeriscono che la hAM sia in grado di modulare il microambiente locale
e di contribuire alla riduzione della risposta fibrotica conseguente alla lesione
nervosa.

Conclusioni. Sebbene siano necessari ulteriori studi preclinici e clinici per
definirne con precisione efficacia, modalita di applicazione e indicazioni
terapeutiche, la membrana amniotica umana rappresenta una promettente strategia
biologica per lo sviluppo di approcci rigenerativi finalizzati al miglioramento degli

esiti della riparazione dei nervi periferici.



1. INTRODUCTION

1.1 Peripheral nerve injuries and the need for new repair strategies

Peripheral nerve injuries (Peripheral Nerve Injuries, PNIs) represent a frequent and
potentially disabling clinical condition capable of causing motor, sensory, and
autonomic deficits, often associated with chronic neuropathic pain. Clinical
manifestations include muscle weakness, paralysis, denervation atrophy, sensory
alterations, paresthesias, dysesthesias, and vasomotor or trophic disorders, with a
significant impact on patients' quality of life. The resulting functional limitations
may compromise autonomy in daily activities, work capacity, and psychological
well-being, generating conditions of disability that may even be permanent.
Despite the remarkable advances in microsurgery and the continuous refinement of
reconstructive techniques, functional recovery after peripheral nerve injury remains
a major clinical challenge. Tension-free neurorrhaphy still represents the gold
standard for the treatment of clean nerve injuries with minimal tissue loss; however,
simple restoration of the anatomical continuity of the nerve does not necessarily
guarantee functional recovery (1). For repair to be successful, regenerating axons
must cross the injury site, correctly reach the distal stump, become remyelinated,
and re-establish effective connections with target organs. This process is complex
and influenced by numerous factors, including patient age, the traumatic
mechanism, the site of injury, the length of the nerve gap, the timing of repair, and
the quality of surgical reconstruction (2). Even in the presence of technically
adequate repair, clinical recovery may be incomplete. The slow rate of axonal
regeneration, associated with the progressive degeneration of target tissues, may in
fact compromise effective reinnervation of muscles and sensory structures. At the
muscular level, prolonged denervation induces atrophy, loss of contractile mass,
and fibrotic replacement, changes that may become irreversible before the
regenerating axons reach the target. Consequently, many patients have residual
sensory and motor deficits, chronic pain, cold intolerance, neuromas, and persistent

functional limitations despite surgical treatment.



Among the principal biological obstacles to functional recovery is the formation of
intra- and extraneural scar tissue. Intraneural fibrosis can hinder the growth of
regenerating axons and nerve revascularization, whereas perineural fibrosis
promotes the formation of adhesions with surrounding tissues, limiting the
physiological gliding of the nerve during limb movement. These phenomena may
cause mechanical compression, local ischemia, persistent inflammation, and
neuropathic pain, contributing to regeneration failure and the onset of long-term
functional deficits. In addition, scar proliferation may promote dispersion of
regenerating axons and the formation of painful neuromas, sometimes making
secondary surgical procedures necessary.

In light of these limitations, in recent years research has turned toward strategies
complementary to conventional neurorrhaphy, aimed not only at restoring nerve
continuity but also at creating a microenvironment favorable to regeneration.
Among these, particular interest has been directed toward nerve wraps, biological
or synthetic devices applied around the repair site with the aim of reducing
inflammation, limiting the formation of adhesions and scar tissue, preserving local
vascularization, and improving nerve gliding relative to surrounding tissues.
Although numerous experimental studies have shown promising results, there is
still no consensus regarding the ideal material or the actual clinical benefit of their
routine application, owing to the heterogeneity of experimental models and the
limited availability of controlled clinical studies. Among the most extensively
studied biomaterials is the human amniotic membrane, characterized by high
biocompatibility, low immunogenicity, and anti-inflammatory, anti-fibrotic, and
regenerative properties. Preclinical evidence suggests that its use as a perineural
covering may reduce adhesion formation and promote the early phases of nerve
regeneration, also owing to the presence of bioactive factors involved in tissue
repair processes. However, despite encouraging results, the available clinical
evidence remains limited, and further studies are needed to clarify its real impact
on long-term functional outcomes.

In conclusion, peripheral nerve injuries continue to represent a relevant therapeutic

challenge because anatomical recovery does not necessarily coincide with



functional recovery. The persistence of neurological deficits, chronic pain, and
residual disability, together with the absence of universally effective strategies to
prevent fibrosis and optimize regeneration, justifies the continuing search for new
biological and biomaterial solutions capable of improving clinical outcomes and

patients' quality of life.

1.2 Structural organization of the peripheral nerve

The peripheral nervous system (PNS) comprises the set of nerves and ganglia
located outside the central nervous system and constitutes the principal
communication pathway between the brain, spinal cord, and peripheral tissues.
Through its sensory, motor, and autonomic components, the PNS enables the
transmission of sensory stimuli, the control of voluntary movement, and the
regulation of visceral functions.

The fundamental functional unit of the peripheral nervous system is the nerve fiber,
consisting of the axon and the Schwann cells that envelop it (3).

Axons are long cytoplasmic processes of neurons specialized in the conduction of
electrical impulses. They can reach considerable lengths, exceeding one meter in
the nerves of the lower limbs, making an efficient intracellular transport system
necessary to ensure maintenance of the structural and functional integrity of the
nerve fiber (3).

Nerve fibers are classified as myelinated and unmyelinated.

In myelinated fibers, each Schwann cell, in succession, wraps a segment of the axon
with its cytoplasm, forming several layers of cytoplasm and membrane. Myelin, a
substance rich in lipids and proteins, is formed by the compaction of these layers.
The thickness of the myelin sheath is proportional to the diameter of the axon and
can be assessed using the g-ratio, defined as the ratio between the axon diameter
and the overall diameter of the nerve fiber. In the human peripheral nerve, this ratio
is normally approximately 0.65 and represents an important morphometric
parameter for evaluating myelination. The portion of a fiber myelinated by a single
Schwann cell is defined as an internode. Internode length generally varies between

200 and 1500 pm and is closely correlated with axon diameter: small-caliber fibers



have relatively short internodes, whereas larger-diameter fibers have longer
internodes. During development, the number of Schwann cells associated with each
axon is established early; subsequent growth of the nerve fiber is therefore made
possible by elongation of the Schwann cells and their respective myelin segments.
From a diagnostic standpoint, internode length can be evaluated through
dissociation of individual nerve fibers and their longitudinal examination. The
presence of abnormally short internodes is generally indicative of a previous
episode of Schwann cell damage followed by processes of regeneration and
remyelination. At the point where two Schwann cells meet, the myelin sheath of
each terminates and the two cells extend thin cytoplasmic processes that
interdigitate with one another, separating the axolemma from the extracellular
space. This short myelin-free region is called the node of Ranvier and represents a
highly specialized structure for nerve impulse conduction. The basal lamina of
Schwann cells remains continuous through the node of Ranvier. Between the nodal
processes of Schwann cells and the basal lamina there is an intercellular substance
rich in glycosaminoglycans with cation-binding and exchange properties. This
material appears to perform an ion-buffering function, helping to maintain high
concentrations of sodium ions near the axolemma and limiting the dispersion of
potassium ions released during passage of the action potential. Functionally, the
node of Ranvier is characterized by an extremely high density of voltage-gated
sodium channels, which are essential for regeneration of the action potential. Under
the electron microscope, these channels are associated with a discontinuous
electron-dense coating consisting of amorphous osmophilic material approximately
20-30 nm thick. By contrast, in internodal regions the concentration of sodium
channels is insufficient to autonomously sustain propagation of the nerve impulse.
This asymmetric distribution of ion channels constitutes the anatomical basis of
saltatory conduction, in which the action potential is regenerated exclusively at the

nodes of Ranvier and rapidly propagates from one node to the next (3,4) .

Unlike myelinated fibers, unmyelinated axons are not wrapped by a compact

myelin sheath, while maintaining a close association with Schwann cells. In



unmyelinated fibers, a single Schwann cell simultaneously accommodates
numerous small-diameter axons within deep invaginations of its plasma membrane.
The unit formed by a Schwann cell and the multiple unmyelinated axons enclosed
within it is called a Remak bundle, a structure typical of peripheral nerve fibers
without myelin. Each is surrounded by a continuous basal lamina that encloses the
Schwann cell and the axons contained within it.

Unmyelinated axons generally have a diameter between 0.2 and 3 um and show a
cytoplasmic organization substantially similar to that of myelinated fibers.
However, the density of sodium channels is considerably higher than that observed
in the internodal regions of myelinated fibers, a feature that permits continuous
propagation of the action potential along the entire axonal surface, with slower
conduction. These fibers are typical of slow pain pathways, thermoception, and the
autonomic nervous system.

From a functional standpoint, peripheral nerves may contain different types of
fibers: somatic motor, sensory, sympathetic autonomic, and parasympathetic
autonomic fibers. Most peripheral nerves consist of a combination of these

components and are therefore configured as mixed nerves (4).

Epineurium

Perineurium

Figure 1. Anatomy of a peripheral nerve section. The inset on the left shows an unmyelinated fiber.

The lower inset shows a myelinated fiber (5).
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1.2.1 Connective tissue compartments of the peripheral nerve

One of the most distinctive aspects of the anatomical organization of the peripheral
nerve is the presence of a complex connective tissue architecture (Figures 1 and 2),
which performs protective, mechanical, and metabolic functions and can be studied
using electron microscopy and immunohistochemical techniques (3,5).

The endoneurium represents the innermost compartment of the peripheral nerve and
surrounds each nerve fiber.

It consists of a loose connective tissue matrix composed of collagen I and II fibers
arranged longitudinally with respect to the nerve, fibrils associated with the basal
laminae of the nerve fibers, and mucopolysaccharides (4,5). In this compartment,
the extracellular fluid is called endoneurial fluid, and the cellular populations are
represented predominantly by fibroblasts. Endothelial cells belonging to the
capillaries, macrophages, and mast cells are also present and take part in injury-
response processes. The endoneurial environment is highly specialized and has
biochemical characteristics that differ from those of the surrounding tissues (6).
The principal functions of the endoneurium include mechanical support, nutrient
supply to nerve fibers, maintenance of local homeostasis, and guidance of
regenerative processes following injury.

The perineurium groups the nerve fibers embedded in the endoneurium, organizing
them into fascicles. It consists of numerous concentric layers of flattened cells,
known as perineurial cells, each surrounded by the lamina propria, connected to one
another by tight junctions and embedded in an extracellular matrix rich in collagen
(6). The innermost layer is composed of a single row of perineurial cells joined by
tight junctions; the intermediate layer consists of overlapping perineurocytes in 3-
15 layers. The outermost component, by contrast, is characterized by the
interposition between the cells of type I and II collagen fibers and elastin fibers
arranged circumferentially, obliquely, and longitudinally. Fibroblasts and mast cells
may also be found there. The inner perineurial layers originate from extensions of
the pia mater that cover the nerve roots; the subarachnoid space continues into the
perineurial space, whereas the outer layers represent the continuation of the

arachnoid. The perineurium forms a capsule around sensory ganglia, whereas
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distally it continues to approximately 1 mm from the neuromuscular junctions and
near sensory organs. In particular, it forms a sheath around Pacinian corpuscles,
Ruffini endings, neuromuscular spindles, and Golgi tendon organs (3).

From a functional standpoint, the perineurium is the structure that confers the
greatest mechanical resistance to the nerve (5). The layers that compose it vary
according to the type of nerve and its portions, representing 30 to 70% of the cross-
section (7). For example, the perineurium can be observed to thicken at bifurcations
or in areas where the nerve passes through joints. Large fascicles are delimited by
multiple layers to withstand compressive and tensile forces. When the fascicles
within the nerve are smaller and more numerous, the layers are less thick in order
to facilitate their longitudinal and transverse movements. Moreover, owing to their
tight junctions, perineurial cells constitute the principal element of the blood-nerve
barrier (Blood-Nerve Barrier), selectively regulating the passage of molecules and
cells between the endoneurial compartment and the external environment (6).

The epineurium is the outermost covering of the nerve, grouping all fascicles into
a single structure. It represents the continuation of the dura mater and consists of
dense connective tissue rich in type I and III collagen, wavy elastic fibers,
fibroblasts, adipocytes, and blood vessels.

It can be divided into two zones; the interfascicular zone is interposed between the
fascicles, allowing them to glide. It also serves as support for the vessels and for the
extraneural nerve fibers (nerva nervorum). The epifascicular zone is the outermost
zone, corresponding to the surface of the nerve. It creates areas of connection to the
tissues of the nerve bed, mostly loose, but which can firmly anchor the nerve in
some regions.

The epineurium participates in the mechanical protection of the nerve bundle,
distributes tensile forces by allowing gliding between fascicles, provides support to
the vessels, and confers on the nerve a certain degree of gliding and mobility
relative to surrounding tissues (gliding). This characteristic permits adequate
adaptation to joint movements and postural variations without the nerve structure

suffering damage (3,4).
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Figure 2. Normal architecture of a peripheral nerve. Five individual fascicles delimited by the

perineurium are present, with surrounding epineurium (Epi); Peri: perineurium, Endo: endoneurium

1.2.2 Vascularization of the peripheral nerve

The vascular network of the peripheral nerve (Figure 3) originates from the vasa
nervorum, arterioles and venules that run longitudinally along the epifascicular
epineurium. These are fenestrated vessels that anastomose to form a plexus at the
level of the interfascicular epineurium. Some of these penetrate the perineurial
sheath perpendicularly and run parallel to the perineurium. From here, the
capillaries penetrate as far as the endoneurial space, where they are organized into
a network. In passing from the epineurium to the endoneurium, the vessels carry
some perineurial cells with them. The capillaries participate in the BNB owing to
the presence of tight junctions between endothelial cells. This organization ensures
an adequate supply of oxygen and nutrients to the nerve fibers (8). Nerve blood
flow is of particular importance during regenerative processes. After an injury, in
fact, a profound reorganization of the vascular compartment occurs, characterized

by intense angiogenesis (9).
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Cattin and colleagues demonstrated that macrophages infiltrating the injury site
release VEGF-A, inducing the formation of new blood vessels that serve as
guidance structures for Schwann cell migration across the regeneration bridge. This

mechanism represents one of the key steps in peripheral nerve repair (9).

Vascular plexa
in epineurium

Vascular system
in endoneurium
/ : Regional
— nutrient
vessel

Extrinsic

vessel
Wascular system

in perineurium

Figure 3. Vascularization of a peripheral nerve

1.2.3 Endoneurial microenvironment and blood-nerve barrier

Peripheral nerve function depends on the maintenance of a highly controlled
microenvironment. The endoneurial compartment, which communicates with the
cerebrospinal fluid, is bounded by the endothelium of the endoneurial capillaries
and by the perineurial cells.

Together, these structures constitute the so-called Blood-Nerve Interface (BNI),
defined by Mizisin and Weerasuriya as a dynamic system responsible for regulating
metabolic exchanges between blood and nervous tissue. Endoneurial homeostasis
is, in fact, essential for the proper functioning of both axons and Schwann cells
(6,10).

The BNI protects the nerve from circulating toxins, electrolyte variations, systemic
inflammatory processes, and osmotic alterations. It also ensures the maintenance of

a local pressure that promotes blood flow, counteracting oncotic pressure and
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thereby preventing fluid accumulation in the endoneurial compartment. This
compartment lacks lymphatic vessels and has reduced compliance because of the
surrounding sheaths and the presence of tight junctions. It follows that any damage
to the capillaries, with subsequent leakage of albumin and fluids, would cause an
increase in pressure sufficient to compress the vessels, impairing perfusion of the
neural structures and leading to ischemic phenomena.

Recent studies have shown that alterations of the blood-nerve barrier are involved
in the pathogenesis of numerous traumatic, metabolic, and inflammatory

neuropathies (6).

1.2.4 Schwann cells

Schwann cells represent the most important cell population of the peripheral
nervous system from both a functional and regenerative standpoint.

They derive from neural crest cells through a complex sequence of differentiation
events that leads to the formation of immature Schwann cells and subsequently of
mature myelinating and non-myelinating cells (10).

Myelinating Schwann cells establish a one-to-one relationship with large-caliber
axons. Their main function is the formation of the myelin sheath, which is essential
for increasing conduction velocity, reducing energy consumption, and ensuring
axonal metabolic support.

Non-myelinating Schwann cells simultaneously surround numerous small-diameter
axons, forming Remak bundles. They perform trophic and metabolic support
functions, contributing to neuronal survival and to the regulation of nociceptive
activity (10).

A distinctive feature of Schwann cells is their phenotypic plasticity. Following
nerve injury, they temporarily abandon the myelinating phenotype and transform
into repair Schwann cells ("repair Schwann cells") (11-13).

This is a process of transdifferentiation, in which the cell dedifferentiates through
downregulation of genes belonging to the myelination program. In addition, there
is de novo expression of a series of genes involved in nerve repair, together with a

proliferative phenotype more typical of the immature cell. The basis of this
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plasticity lies in epigenetic modifications activated by signals emitted by injured
distal axons (for example through activation of the VEGFR1/Pak1/F-actin axis)
(13,14). The morphological and functional changes of repair cells are promoted by
several regulators, including c-Jun, Sox 2, and neuregulin 1. According to Jessen
and Mirsky, the conversion of Schwann cells into the repair phenotype represents
the main biological event responsible for the high regenerative capacity of the
peripheral nervous system (11). The ways in which Schwann cells participate in

nerve repair processes are examined in greater detail in the following chapter.

1.2.5 Biomechanical properties of the peripheral nerve

Peripheral nerves are constantly subjected to mechanical forces arising from body
movements. Neural mechanosensitivity is the ability of cellular and structural
components to perceive and respond to mechanical stimuli, such as traction,
compression, and deformation, through mechanotransduction mechanisms that
influence the maintenance of nerve homeostasis and regeneration processes after
injury.

Compressive and tensile stresses affect conduction capacity, axonal transport, and
blood flow. Owing to their structural characteristics, peripheral nerves possess
adaptive properties that allow them to withstand these forces without resulting in
injury. The epineurium and perineurium play a fundamental role in distributing
tensile and compressive forces (3).

One of these intrinsic properties is strain, namely the ability to change length in
order to counteract a tensile force. Thanks to its viscoelastic components, the nerve
returns to its original dimensions once the applied tension is reduced.

Excursion is the ability to glide relative to the surrounding tissues. When stressed,
the nerve moves in the direction of the joint that produces flexion or extension
movements. However, gliding can generate shear forces (shear stress) because of
interaction with other tissues, for example tendons.

Recent evidence further suggests that the biomechanical microenvironment directly

influences the behavior of Schwann cells, fibroblasts, and axons through
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mechanotransduction mechanisms mediated by FAK, YAP/TAZ, and
mechanosensitive ion channels (7).

Following injury, the biomechanical adaptive properties generally decrease. In
addition, areas of altered nerve conduction may develop, which may account for
transmission hyperexcitability. These elements, together with the presence of nerva
nervorum, may be responsible for increased sensitivity to mechanical stimuli,

causing pain even during physiological movements (3).

1.3 Peripheral nerve injuries: classification and pathophysiology

Peripheral nerve injuries represent a clinical problem of considerable relevance
because of their high incidence in the general population and the significant
functional consequences that result. Each year, thousands of patients sustain nerve
trauma following road accidents, occupational injuries, sports injuries, surgical
procedures, or chronic compressive diseases. The consequences may range from
transient sensory deficits to complete loss of motor and autonomic function in the
affected region, with a significant impact on the patient's quality of life and working
capacity (15,16).

Although the peripheral nervous system has a markedly greater regenerative
capacity than the central nervous system, complete functional recovery often
remains unsatisfactory. This discrepancy depends on the complexity of the
biological processes involved in regeneration, the length of the distance to be
regenerated, the loss of specificity of reinnervation, and the changes that occur in
the nerve microenvironment after injury (17).

There is a close biological interdependence among the neuronal cell body
(ganglionic), the axon or dendrite, the Schwann cell, and the supporting connective
and vascular tissue. Consequently, nerve fibers exhibit a relatively stereotyped
response to numerous and different types of pathological insult. In other words,
although the causes may be highly diverse (ischemia, trauma, toxins, inflammation,
compression, or metabolic diseases), the peripheral nerve tends to respond through

a limited number of fundamental mechanisms, described below (18).
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1.3.1 Mechanisms of injury

Peripheral nerve injuries may result from different traumatic mechanisms, each
characterized by distinctive anatomopathological alterations.

Compression injuries

Compression represents one of the most frequent causes of peripheral neuropathy.
It may occur in acute form (prolonged compression during anesthesia or
immobilization) or chronic form (entrapment syndromes). Among the most
common examples are carpal tunnel syndrome, ulnar nerve neuropathy at the elbow,
and radial nerve palsy due to compression ("Saturday night palsy") (17).
Compression initially causes microvascular alterations and local ischemia,
followed by endoneurial edema, focal demyelination, and, in the most severe cases,
axonal degeneration (5). Another theory identifies deformation of the compressed
myelin as the mechanism of injury, with myelin shifting from areas of higher
pressure to areas of lower pressure (7).

In these injuries, focal demyelination results in an increased g-ratio and a reduction
in internodal length (4).

There is a type of injury known as double crush syndrome, in which an axon
compressed or damaged at one point along its course becomes more vulnerable to
a second compression, even if the latter would in itself be insufficient to cause
clinically significant symptoms (4). This occurs because, after the first
compression, axonal transport within the nerve is reduced; consequently, the
structure is less able to withstand mechanical stress. The most common form is
represented by the association between cervical radiculopathy and carpal tunnel
syndrome.

Stretch injuries

Peripheral nerves possess a certain degree of elasticity owing to their connective
tissue structure. However, when tensile forces exceed the physiological capacity for
adaptation, stretch injuries may occur.

Such injuries are the most frequent (19) and may occur in isolation, as in obstetric
brachial plexus palsies, or in association with fractures or dislocations (for example,

the radial nerve may be stretched in the context of a humeral fracture). The extent
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of damage depends on the duration and intensity of the applied force. In this case
as well, the mechanism of injury can be attributed to ischemic phenomena resulting
from bleeding and subsequent obliteration of the vasa nervorum. In addition to
hypoxia, fluid accumulation in the neural spaces causes further compression and
stretching of the fibers.

Crush injuries

Crush injuries are frequently associated with trauma. They involve a component of
external pressure (and therefore direct injury), a component of deformation of the
nervous tissue, and an ischemic component (due to the application of pressure
greater than perfusion pressure). The latter stimulates inflammatory processes,
characterized by increased vascular permeability and consequent intraneural
edema, which in turn is responsible for increased pressure in the various
compartments of the nerve. If normal conditions are not promptly restored, the
damaged axon may undergo Wallerian degeneration. In addition, reperfusion of the
area may also cause injury through the release of free radicals (7). The prognosis is
generally worse than that of simple compression injuries.

Laceration injuries

Cut injuries represent the classic paradigm of neurotmesis and are the most easily
reproducible in the study setting. They may be complete or partial transections and
may be caused by stab wounds, sharp objects, surgical instruments, etc. When nerve
continuity is completely interrupted, complete spontaneous regeneration is
generally impossible, and surgical treatment becomes necessary (5). Neurotmesis,
in fact, provokes a greater biological response: in addition to retraction of the
stumps due to the fibroelastic properties of the endoneurium, there is a vigorous
inflammatory response. The marked proliferation and activity of fibroblasts leads
to the deposition of abundant scar tissue, which acts as an obstacle to regenerating
axons. These may remain trapped in the scar or be diverted toward fascicles and

targets different from the original ones (19).
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1.3.2 Classifications of nerve injuries

Seddon classification

In 1943, Seddon proposed a classification based on the anatomical severity of nerve
damage, distinguishing three fundamental categories (19).

Neurapraxia (I) represents the mildest form of nerve injury, as there is no loss of
continuity of the nerve tissues; rather, the damage is expressed only at a functional
level. Segmental demyelination and ischemic phenomena, as well as conduction
blocks, may be observed. Wallerian degeneration does not occur, and after the
origin of the injury is removed, recovery is complete and takes place within weeks
or months.

In axonotmesis (11), rupture of the axon and myelin occurs, with preservation of the
integrity of the perineurium and epineurium. Wallerian degeneration is activated
distally, but the nerve structure is maintained, serving as a guide for axonal
regeneration. In this case as well, complete spontaneous recovery is possible.
Neurotmesis (I11) represents the most severe injury, in which complete interruption
of the axon and connective structures is observed. It may result from penetrating
trauma, traction, or toxic substances and entails total loss of nerve function.
Spontaneous recovery is unlikely; therefore, these injuries require surgery.
Sunderland classification

In 1951, Sunderland expanded Seddon's classification by identifying five grades of
injury (3). (Figure 4)

Grade I: equivalent to neurapraxia.

Grade II: axonal injury with preservation of the endoneurium.

Grade III: injury involving the axon and endoneurium, with an intact perineurium.
It requires a longer healing time than grade II

Grade I'V: destruction of the axon, endoneurium, and perineurium with preservation
of the epineurium. These cases may be accompanied by hemorrhage, neuroma
formation, and fibrous scarring

Grade V neurotmesis: complete transection of the nerve.
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Subsequently, Mackinnon introduced a grade VI to describe mixed injuries
characterized by the coexistence of different degrees of damage within the same

nerve.

Damage classifications have prognostic significance.

Node of Ranvier  Endoneurium Epineurium Fascicle

Grade |

Grade Il

Grade lll

Grade IV ,% 4
Hreal) B

Figure 4. Sunderland classification of peripheral nerve injuries

Grade V
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The table below (Table I) presents a summary of the various classes, reporting the

main characteristics of each.

Table 1. Classes of peripheral nerve injuries

Injury Degree Pathology Treatment TEC Prognosis
| Axons not disrupted None Not Full recovery
Neurapraxia Possible segmented demy- needed Days up to 3 months
elination
Il Axon loss None Not Good, rate is slow
Axonotmesis Endoneurium, perineurium,  Slow regenera-  needed
epineurium intact tion 2-3 cm per
month
1l Axon loss None ? Incomplete
Endonurium disrupted Surgery only if Axonal loss and mis-
Perineurium, epineurium no recovery in direction
intact 2-3 months
Slow regenera-
tion 2-3 cm per
month
v Axon loss Surgery re- Yes Regeneration only
Endonurium, perineurium quired to after repair
disrupted remove scar Availability of graft
Epineurium intact tissue. material
Autograft or
conduit for gaps
' Complete disruption of Surgical repair Yes Regeneration only
MNeurotmesis nerve to proximate after repair
the two ends Availability of graft
Direct repair, material
Autograft or
conduit for gaps
Vi Mixed injury Surgical repair Yes

*Adapted from Refs. 6, 1; TEC = tissue engineered construct.

1.4 Peripheral nerve response to injury

Nerve injury determines a complex cascade of biological events that simultaneously
involves neurons, Schwann cells, immune cells, fibroblasts, and endothelial cells.
When a large number of axons is involved, as in major crush lesions and
neurotmesis, recovery cannot occur through collateral branching (4), but only
through axonal regeneration. This type of peripheral nerve repair consists of several
necessary phases: Wallerian degeneration, axon regeneration, and reinnervation of
the target tissues

Axonal injury entails an interruption of the cell membrane, with consequent influx
of calcium into the axoplasm and the involved Schwann cells. This event activates
calpains, calcium-dependent proteases that initiate the degradation of cytoskeletal

proteins and the process of Wallerian degeneration.
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1.4.1 Wallerian degeneration

Wallerian degeneration represents the key phenomenon in the response to nerve
injury. It consists of a particular form of axonal degeneration that develops in the
distal segment of a nerve after traumatic or ischemic injury. Unlike chronic axonal
neuropathies, in which degenerative and regenerative processes may coexist within
the same nerve fascicle, Wallerian degeneration is characterized by an orderly and
synchronized progression of histopathological changes (18).

The objective of this process is to create a microenvironment favorable to axonal
regeneration, preventing axons from becoming obstructed by cellular debris and
any scar tissue.

At the level of the distal stump, the efflux of sodium and calcium consequent to
injury triggers a series of apoptosis-like events to recruit inflammatory cells, also
through the mediation of Schwann cells. In addition to disintegration of the
axoplasm and fragmentation of the axon, demyelination of the fiber also begins:
initially this is carried out by Schwann cells through autophagy. In addition to
resident macrophages, circulating macrophages are also recruited and contribute to
the degradation and removal of myelin remnants. The efficiency of removal of
myelin debris is fundamental because degenerated myelin contains numerous
molecules that inhibit axonal growth. Although Wallerian degeneration is
fundamental for the subsequent steps, an excess of these mechanisms may lead to
failure of reparative activity and neuronal death.

Degeneration also involves the proximal stump up to the first node of Ranvier. If
the injury is too close to the cell body, the cell may undergo apoptosis. If, instead,
the neuron withstands the injury, it temporarily undergoes chromatolysis, an
adaptive response that begins approximately 24-48 hours after injury and aims to
create a cellular state useful for repair. It consists of dispersion and fragmentation
of the Nissl substance (rough endoplasmic reticulum and free ribosomes), swelling
of the neuronal soma, and eccentric displacement of the nucleus toward the
periphery of the cell (4,7). Along with morphology, the differentiation pattern also
changes in favor of the repair phenotype; proteins for axonal growth such as

tubulins, actin, and Growth Associated Protein 43 (GAP43) are upregulated,
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whereas those useful for maintenance, such as neurofilaments, are downregulated

(4).

1.4.2 Schwann cells and the repair program

Schwann cells constitute the principal biological orchestrator of peripheral
regeneration (Figure 5). After injury, because of loss of contact with the axon and
thanks to stimulation by cytokines such as Placental Growth Factor (PIGF), they
undergo profound phenotypic reprogramming (13). As anticipated, SC
transdifferentiate into "repair cells", which perform various functions thanks to their
expression pattern. During the phase of Wallerian degeneration, in the first 5-7 days,
they are fundamental for demyelination, which they carry out through autophagy
and by recruiting macrophages through the release of proinflammatory cytokines
and chemokines (for example Monocyte Chemoattractant Protein-1 MCP-1).
Repair cells are also able to release neurotrophins required for axonal regeneration,
such as Brain Derived Neurotrophic Factor (BDNF), Glial cell line-Derived
Neurotrophic Factor (GDNF), neurotrophin 3 (NT3), Nerve Growth Factor (NGF),
Vascular Endothelial Growth Factor (VEGF), and N-CAM adhesion proteins.
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Myelinated peripheral nerve

1) Peripheral nerve injury 7) SCs remyelinate regenerated axcns

6) SCs proliferate and promote axconal regrowth

Figure 5. Repair processes organized by Schwann cells

After Wallerian degeneration, repair SC undergo rapid mitoses and acquire a
bipolar, flattened morphology. At this point they make contact with the remnants of
basal lamina that have remained intact or with newly forming vessels, in the case
of more severe injuries, at the site where the axon has undergone degeneration. The
aligned arrangement of these cells and the neosynthesis of matrix give rise to the
Bands of Biingner, structures that act as tracks for axonal regeneration. It follows
that the greater the residual endoneurium, which represents the scaffold for the

Bands of Biingner, the greater the success of reinnervation will be. (4)
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1.4.3 Inflammation, role of macrophages, and neoangiogenesis

Inflammation is an indispensable component of nerve regeneration. Macrophages
are rapidly recruited to the injury site by chemokines produced by Schwann cells
(e.g., NCP1), adding to those resident in the endoneurial space. Here they intervene
through phagocytosis of myelin debris and sustain the activity and proliferation of
Schwann cells by secreting cytokines. Infiltrating macrophages also participate in
axonal regeneration through the release of interleukin 1 (IL-1), which promotes the
synthesis of neurotrophic factors by the target organs and by SC, in which the
proportion of receptors for these same factors also increases (19).

In recent years, the central role of vascularization in the regenerative process has
emerged. After neurotmesis, a tissue bridge forms between the nerve stumps.
Within this bridge, macrophages detect hypoxia and release VEGF-A (Vascular
Endothelial Growth Factor — A), inducing the synthesis of new blood vessels. Cattin
and colleagues demonstrated that newly formed vessels act as a physical substrate
for the migration of Schwann cells, which subsequently guide the growth of
regenerating axons (8,13).

Peripheral nerve regeneration, therefore, does not depend exclusively on axonal
regrowth, but on a complex reprogramming of Schwann cells, orchestrated by
transcription factors (c-Jun, Sox2, STAT3), intracellular signaling pathways (ERK,
JNK, p38MAPK, Notch), and interactions with macrophages, fibroblasts, and

endothelial cells.

1.4.4 Axonal regeneration

Regeneration originates from the proximal stump of the injury and begins after
Wallerian degeneration. Multiple axonal sprouts emerge from the injured end and
advance along the Bands of Biingner. In this phase, the importance of the
relationship between the cell body and the axon is evident; progression of the
growth cone, in fact, depends on the rate of protein synthesis at the level of the
soma, as well as on axonal transport systems. More precisely, the rate of growth is

influenced by the distance from the cell body, the severity of the injury, the duration
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of denervation, and the condition of the peripheral tissues. It has also been observed
that regeneration after surgical repair is slower (19).

The average growth rate is 3—4 mm/day in crush injuries and 1-3 mm/day in more
severe injuries (4). Growth cones have filopodia that interact with surrounding
molecules and tissues to orient themselves. On their surface there are receptors that
mediate neurotropism: the cone is guided by signals from semaphorins, ephrins,
and neurotrophic factors. The latter, secreted primarily by Schwann cells, interact
with tyrosine kinase receptors, whose activation stimulates a pro-reparative gene
expression profile. SC also synthesize proneuritic factors, such as laminin and
fibronectin, which, by integrating into the extracellular matrix, are used by the
growth cone to adhere to the basal lamina of the endoneurium. (4,7,19) Because
scar tissue may be present at the repair site, the axon releases proteases and
plasminogen activators to limit interaction with the non-neural matrix. If the fibrotic
tissue is excessive, however, the growth cone may remain trapped or be diverted
(4). Axon guidance therefore occurs through chemotactic and contact factors. The

final objective is to reach the target organ and reconstitute the functional synapse.

1.4.5 Synapse maturation and specificity of reinnervation

Axonal regeneration represents only one of the phases required for functional
recovery after peripheral nerve injury. In order for function to be restored,
regenerating axons must be remyelinated, re-establish effective connections with
the target organs, and reintegrate into the circuits of the central nervous system.
Remyelination is promoted by the return of Schwann cells to the myelinating
phenotype and allows progressive recovery of nerve conduction velocity. However,
newly formed myelin generally has inferior characteristics compared with the
original myelin, with shorter internodes and thinner myelin sheaths, resulting in
nerve conduction that is often not fully comparable to physiological conduction.
In parallel, the connections between regenerated axons and their peripheral targets
undergo a prolonged process of maturation and remodeling. Initially immature
synapses are progressively stabilized, while others are eliminated through selection

mechanisms that improve the efficiency of neuromuscular and sensory



27

transmission. Recovery may be further limited by the changes that occur in
denervated tissues: muscles undergo progressive atrophy and fibrosis, phenomena
that may become irreversible in cases of prolonged denervation.

A further critical factor is the loss of specificity of axonal regeneration.
Regenerating axons do not always reach the correct peripheral target, resulting in
phenomena of aberrant reinnervation that contribute to incomplete recovery of
motor and sensory function. Although Schwann cells and various molecular signals
guide axons toward their targets, the precision of reconnection rarely equals that
present before injury, especially in more severe lesions.

Finally, functional recovery also requires processes of plasticity at the level of the
central nervous system, which are necessary to adapt spinal and cortical circuits to
the new peripheral connections. Overall, the success of nerve repair does not depend
exclusively on axonal regrowth, but on the ability to re-establish specific and
functionally effective connections with the target tissues, which is why clinical
recovery often remains incomplete despite apparently satisfactory anatomical

regeneration.

1.5 General principles of nerve reconstruction

The objective of surgical treatment of PNI is to restore the anatomical and
functional continuity of the injured nerve, in order to allow axonal regeneration and
reinnervation of the target organs through the creation of a biological
microenvironment capable of guiding the growth of regenerating fibers toward the
distal stump (20).

Despite the intrinsic regenerative capacity of the peripheral nervous system,
functional recovery depends on numerous factors, including the mechanism of
injury, the time elapsed since trauma, the length of the nerve defect, the patient's
age, and the reconstructive technique employed.

The surgical strategy is selected on the basis of the anatomical characteristics of the
lesion. In particular, the most important parameter is the presence or absence of a
loss of nerve substance that prevents direct approximation of the stumps without

tension. From this perspective, reconstructive procedures can be divided into
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techniques for lesions without a gap and techniques for lesions with a gap. The need
to achieve a tension-free repair is a fundamental principle of nerve microsurgery.
Indeed, it has been demonstrated that tension exceeding 10-15% of the
physiological length of the nerve causes alterations in intraneural perfusion, local
ischemia, scar tissue formation, and reduced axonal regeneration. For this reason,
when direct approximation of the stumps requires excessive traction, it is preferable
to use interposed reconstruction procedures with grafts or conduits rather than

perform a neurorrhaphy under tension (21-23).

1.5.1 Surgical classification: lesions without a gap and lesions with a gap

The presence or absence of a loss of nerve substance represents the fundamental
criterion guiding the choice of reconstructive technique.

Lesions without a gap include all situations in which the nerve stumps can be
directly reapproximated without generating excessive tension on the suture line.
This condition is observed more frequently in clean sharp lacerations, in lesions
treated early, in minimal defects, or after adequate mobilization of the stumps.

In such circumstances, the treatment of choice is primary repair by end-to-end
neurorrhaphy, which is still considered the gold standard for the treatment of
peripheral nerve injuries (5). Numerous studies have demonstrated that direct
neurorrhaphy offers the best likelihood of functional recovery, because it enables
regenerating axons to cross a single coaptation line without having to traverse
interposed segments of graft or biomaterials (24).

When the loss of nerve substance prevents a tension-free direct repair, the lesion is
referred to as a lesion with a gap. The gap may result from traumatic loss of nerve
tissue, resection of traumatic neuromas, surgical debridement of nonviable
segments, or retraction of the nerve stumps.

In these situations, direct neurorrhaphy performed under tension would be
associated with intraneural ischemia, scar tissue formation, impairment of axonal
transport, and reduced nerve regeneration (21,7).

For this reason, when the defect cannot be bridged by simple mobilization of the

stumps, bridging techniques must be used (22,25).
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1.5.2 End-to-end repair

End-to-end repair represents the ideal procedure for the treatment of peripheral
nerve injuries. It enables restoration of the anatomical continuity of the nerve while
preserving the original fascicular organization as much as possible.

For the repair to be effective, several fundamental principles must be observed,
namely accurate alignment of the stumps, minimal tissue manipulation,
preservation of intraneural vascularization, absence of tension, and mechanical
stability of the coaptation (5).

Adherence to these principles promotes Schwann cell migration and the formation
of an extracellular matrix suitable for the growth of regenerating axons.

Numerous studies have shown that direct neurorrhaphy ensures the best functional
outcomes compared with reconstructive techniques involving the interposition of a
graft or conduit, particularly in digital sensory lesions with defects smaller than 5

mm (5).

1.5.3 Neurorrhaphy

Neurorrhaphy consists of microsurgical suturing of the nerve stumps and remains
the most widely used technique in primary repair of peripheral nerve injuries
without a gap.

The procedure is generally performed using an operating microscope or high-
magnification systems with nonabsorbable monofilament sutures ranging from 8-0
to 11-0.

Historically, three main neurorrhaphy techniques have been described.

Epineurial neurorrhaphy (fig. 6). involves suturing only the epineurium. It is the
most widely used technique in clinical practice, because it is the simplest to
perform, requires limited intraneural dissection, and carries a lower risk of vascular
injury. Numerous studies have not demonstrated clinically significant advantages
of more complex techniques over epineurial neurorrhaphy, which is why it

continues to represent the surgical reference standard for most nerve injuries (5,26).



30

Fascicular or perineurial neurorrhaphy involves identification and suturing of the
corresponding individual fascicles. The theoretical advantage consists of improved
alignment of motor and sensory components. However, intraneural dissection
increases the risk of vascular injury and scar tissue formation, limiting its use to

selected cases (3).

Figure 6. Epineurial neurorrhaphy

Finally, group fascicular neurorrhaphy (figure 7) represents an intermediate
technique in which functionally related fascicular groups are identified and sutured
selectively. Although it may improve fascicular matching, its superiority over

epineurial neurorrhaphy has not been definitively demonstrated .(21)

Figure 7. Group fascicular neurorrhaphy. The epineurial tissue has been divided and the fascicular

groups have been approximated with sutures at the perineurial level or in the surrounding tissue
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1.5.4 Biological glues

To reduce the trauma associated with traditional suturing, various adhesive systems
have been developed and used as an adjunct or alternative to conventional
neurorrhaphy.

Fibrin glue is the most extensively studied material. It reproduces the terminal
phases of the coagulation cascade by forming a three-dimensional fibrin matrix that
holds the nerve stumps in position. Its advantages include reduced operative time,
less nerve manipulation, uniform distribution of mechanical forces, and a lower
inflammatory response.

However, its mechanical strength is lower than that of traditional suturing and,
therefore, fibrin glue is generally used in combination with microscopic

neurorrhaphy rather than as an exclusive technique (22,27).

1.5.5 Nerve transfer and end-to-side neurorrhaphy

Nerve transfer consists of transecting an intact nerve and subsequently suturing it
end-to-end to the distal segment of an injured nerve, sacrificing a neurological
function considered redundant or less relevant in order to restore a more important
function.

The biological principle underlying the procedure is to reduce the distance that
axons must travel to reach the peripheral target. Nerve transfer provides a source of
axonal regeneration closer to the target muscle, increasing the likelihood of
functional recovery owing to the shorter time required for healing. Unlike nerve
grafting, which requires axonal regrowth along the entire length of the graft, nerve
transfer makes it possible to bypass the lesion site and rapidly provide new motor
or sensory axons to denervated structures (1,23,25).

This technique is particularly applicable to brachial plexus injuries, traumatic radial
nerve palsies, and high-level ulnar and median nerve injuries. Its disadvantages
include partial loss of donor nerve function and the need for substantial cortical
reorganization so that the patient can learn to use the new motor circuit. According
to the most recent literature reviews, nerve transfer is now a valid alternative to

graft reconstruction in proximal lesions, often allowing superior functional
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outcomes compared with conventional nerve grafting when the distance from the
motor endplate is very great. (21,28)

A particularly interesting variant of nerve transfer techniques is end-to-side
neurorrhaphy (ETS). In this procedure (figure 8), the distal stump of the injured
nerve is sutured to the lateral surface of an intact donor nerve by creating an
epineurial or perineurial window through which axons from the healthy nerve can
emit collaterals directed toward the recipient nerve (collateral sprouting) (20). The
biological mechanism underlying ETS remains partially controversial. The most
widely accepted hypothesis is that Wallerian degeneration of the recipient nerve
induces the production of neurotrophic factors and chemotactic signals capable of
stimulating collateral emission by axons of the donor nerve. Schwann cells in the
distal stump appear to play a fundamental role in the production of these
regenerative signals.

The clinical results reported in the literature remain heterogeneous. Some studies
have observed significant functional recovery, whereas others have reported
inferior outcomes compared with traditional nerve grafting techniques.

For this reason, ETS is currently considered a complementary procedure, to be
reserved for selected cases in which the proximal stump is absent, unusable, or too

distant from the target organ. (29)

Motor branch
musculocutaneous nerve

:

Ulnar
nerve

Figure 8. Conceptual representation of ETS
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1.5.6 Bridging techniques

When the loss of nerve substance prevents a tension-free direct repair, a structure
capable of connecting the two stumps and guiding axonal regeneration must be
interposed. The purpose of bridging techniques is to create an environment
favorable to Schwann cell migration, extracellular matrix deposition, and orderly
growth of regenerating axons.

Current major strategies include nerve autografts, nerve allografts, biological
conduits, and synthetic conduits.

The choice depends on several factors, including the length of the defect, the caliber
and function of the injured nerve, the availability of donor sites, the cost of the

procedure, and the experience of the surgical team.

1.5.7 Nerve autograft

Nerve autograft still represents the gold standard for the treatment of large nerve
defects.

The procedure involves harvesting a dispensable sensory nerve and subsequently
implanting it between the two stumps of the injured nerve. The nerves most
frequently used are the sural nerve, the medial and lateral antebrachial cutaneous
nerves, and the posterior interosseous nerve.

Autograft offers numerous biological advantages because it is a biocompatible and
nonimmunogenic substrate that provides a physiological endoneurial architecture,
viable Schwann cells, and therefore endogenous neurotrophic factors. These
characteristics make autograft the most effective biological substrate for axonal
regeneration and explain why it continues to represent the benchmark for all new
regenerative strategies (30,31).

Despite its advantages, autograft has important limitations. Harvesting inevitably
causes donor-site morbidity, with possible onset of hypoesthesia, neuropathic pain,
neuroma, and scarring. In addition, the availability of nerve tissue is limited, and
the need for a second surgical site increases operative time and the risk of

complications.(25)
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Regeneration through the graft also depends on the length of the defect. The best
results are generally observed in defects shorter than 5 cm, whereas functional
recovery tends to decrease progressively as the distance to be regenerated increases.
For these reasons, contemporary research is directed toward the development of
biological substitutes and biomaterials capable of reproducing the properties of

autograft while limiting its complications.

1.5.8 Nerve allograft

Nerve allografts represent one of the main innovations introduced into
reconstructive surgery of peripheral nerves over the past two decades. They consist
of nerve segments obtained from human donors and subjected to decellularization
processes aimed at removing immunogenic cellular components while preserving
the three-dimensional structure of the nerve extracellular matrix (25,30,31).

The objective of these procedures is to maintain intact the fundamental architectural
elements of the nerve, including endoneurial tubes, basal laminae, ECM proteins,
and fascicular organization.

Decellularization eliminates Schwann cells and histocompatibility antigens
responsible for the immune response, making implantation possible without the
need for systemic immunosuppressive therapy (30).

Currently, the device most widely used in clinical practice is the Processed Nerve
Allograft (PNA), marketed as Avance® Nerve Graft, obtained through a
combination of chemical detergents, enzymes, and controlled sterilization that
preserves the nerve microarchitecture while eliminating viable cellular elements
(31). The efficacy of allografts derives from their ability to provide a biological
scaffold that is extremely similar to the physiological nerve.

After implantation, the graft is progressively colonized by Schwann cells
originating from the proximal and distal nerve stumps. These cells migrate within
the decellularized structure and progressively reconstitute an environment
favorable to axonal growth, stimulating revascularization, ECM remodeling, and
macrophage infiltration. These phenomena allow regenerating axons to cross the

nerve defect using biologically organized and oriented pathways (25,31).
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The principal advantage of allograft compared with autograft consists of
eliminating donor-site morbidity. Compared with artificial conduits, by contrast, it
provides a biological structure more similar to the original.

In addition, allografts are characterized by immediate availability and a variety of
lengths and diameters. Their use avoids the prolonged operative times due to the
need for a second surgical site, as occurs with autografts. Postoperative pain will
therefore also be lower. These characteristics are particularly useful in multiple
injuries, polytraumatized patients, and revision surgery.

Despite encouraging results, allografts have some biological limitations. Unlike
autograft, they do not contain cellular components (SCs, endothelial cells) or the
corresponding synthesized neurotrophic factors. Regeneration therefore depends on
the ability of host tissue to progressively colonize the graft.

Furthermore, the cost of these devices is high and their availability varies according
to the healthcare system and the facility. In very long gaps, outcomes are less
predictable than with autografts, and evidence regarding their use for nerves with a
high motor component and large caliber remains limited. For these reasons,
autograft continues to be considered the reference standard in the most complex

lesions.

1.5.9 Nerve conduits

Nerve conduits represent one of the main alternatives to autograft in the treatment
of nerve injuries with loss of substance. They are tubular structures that connect the
nerve stumps, creating a protected environment in which axons can regenerate.
Their use arose from the need to overcome some limitations of autograft, such as
donor-site morbidity, limited availability of nerve tissue, and increased surgical
time associated with graft harvesting (32,37,41).

After implantation, a fibrin bridge rich in extracellular matrix, neurotrophic factors,
Schwann cells, and neovessels forms inside the conduit, providing the substrate for
axonal growth toward the distal stump (28,37). The principle of action is based on

the creation of a biologically protected chamber that isolates the regeneration site
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from surrounding tissues, limits perineural fibrosis, and promotes the accumulation
of molecular signals useful for regeneration.

Conduits can be divided into biological and synthetic conduits. The former are
made of natural materials, including collagen, chitosan, fibrin, and decellularized
extracellular matrices, and are characterized by high biocompatibility and the
ability to interact with the cells involved in reparative processes. Among these,
collagen conduits are the most widely used in clinical practice and have shown
satisfactory results especially in sensory lesions with gaps smaller than 20 mm
(32,39). Decellularized extracellular matrices, by contrast, aim to reproduce the
nerve microenvironment more faithfully, promoting Schwann cell migration and
axonal regeneration.

Synthetic conduits, generally composed of biodegradable polymers such as
polyglycolic acid (PGA), polycaprolactone (PCL), and poly-L-lactide (PLLA),
offer the advantages of standardized production, immediate availability, and the
possibility of customizing the mechanical properties of the device. However, the
absence of cellular and biologically active components limits neurotrophic support
for regeneration; moreover, excessively slow degradation may induce local
inflammatory phenomena. For this reason, more recent research is oriented toward
new-generation devices capable of delivering Schwann cells, stem cells, or growth
factors (37).

Despite the progress achieved, conduits are still unable to fully reproduce the
complex fascicular architecture of the nerve and are less effective in larger defects.
Consequently, their use is generally recommended for gaps shorter than 20 mm,
particularly in sensory and small-caliber nerves, whereas for more extensive defects
autografts and allografts continue to represent the reference reconstructive

strategies (2,32,37,39,41).

1.5.10 Current state of the evidence
The most recent evidence has compared the efficacy of autografts, processed
allografts, and conduits in the reconstruction of peripheral nerve injuries. A meta-

analysis by Lans and colleagues, including more than 1500 reconstructive
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procedures, showed rates of meaningful functional recovery of 81.6% for
autografts, 87.1% for allografts, and 62.2% for conduits, with no significant
differences between autografts and allografts in terms of complications or need for
surgical revision. In addition, the performance of conduits was inferior especially
in defects larger than 15 mm, highlighting the limitations of this technology in
longer gaps (38).

Similar results were reported by Zhang and colleagues in a meta-analysis including
2446 digital nerve injuries, in which autologous grafts showed the best sensory
outcomes, with satisfactory recovery rates on Semmes-Weinstein testing of 91%.
The authors also observed a progressive reduction in conduit efficacy as the length
of the nerve gap increased (2). Similarly, Braga Silva and colleagues reported
particularly favorable autograft results in patients older than 40 years and in defects
between 11 and 18 mm, suggesting an advantage of autologous grafts in more
complex lesions (39).

Further confirmation comes from the prospective multicenter RECON study,
published by Isaacs and colleagues, which compared collagen conduits and
processed allografts in digital nerve injuries. In gaps between 15 and 25 mm,
allografts provided significantly higher rates of functional recovery and lower
failure rates than conduits (41).

Overall, this evidence suggests that conduits represent a valid option for
reconstruction of small nerve defects, whereas autografts and allografts continue to
offer the most reliable results in gaps of intermediate or greater length. In particular,
allografts appear to constitute a valid biological alternative to autografts in sensory
lesions, in short-to-intermediate defects, in multiple injuries, or in cases
characterized by limited availability of donor sites. However, autograft continues
to be considered the gold standard for reconstruction of nerve injuries with loss of
substance, especially when the defect exceeds the critical length for the use of
artificial nerve substitutes. Further prospective and randomized studies will
nevertheless be necessary to define more precisely the optimal indications and

dimensional limits of the different reconstructive strategies. (2,38,39,41)
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In summary: direct neurorrhaphy remains the gold standard for lesions without a
gap; autograft represents the gold standard for larger losses of substance; allograft
constitutes the most promising biological alternative; conduits are particularly

indicated for short gaps and small-caliber nerves.

1.5.11 Nerve wraps

Despite the continuous refinement of microsurgical techniques, functional recovery
after nerve repair often remains incomplete. Among the main factors responsible
for regenerative failure is the formation of extraneural and intraneural scar tissue.
This is a complex biological phenomenon characterized by fibroblast proliferation,
collagen deposition, and local inflammatory infiltration. When particularly
pronounced, it may cause mechanical compression, local ischemia, alteration of
axonal transport, and obstruction of regenerating axon growth, especially at the
intraneural level. Extraneural fibrosis, by contrast, gives rise to adhesions with
tissues of the nerve bed, limiting the physiological gliding of the nerve during limb
movement. This may cause neuropathic pain, alterations in nerve conduction,
secondary compression, and reduced axonal regeneration, with failure of functional
recovery (5).

To counteract these phenomena, so-called nerve wraps have been developed:
biological or synthetic devices applied around the repair site as barriers capable of
isolating the nerve from the surrounding environment and modulating postoperative
scarring processes. Several studies have shown that placement of a wrap around the
neurorrhaphy site can reduce local inflammation, limit the formation of perineural
adhesions and scars, improve nerve gliding, and reduce aberrant escape of
regenerating axons, with potential benefits for functional recovery. The presence of
a wrap is also able to reduce the risk of secondary compression (7,32).

Although numerous materials have been proposed as perineural barriers, the ideal
device has not yet been identified. According to the literature, an effective wrap
should possess several fundamental characteristics (7), namely high
biocompatibility, adequate porosity to allow nutrient diffusion while preventing

aberrant axonal growth, the ability to preserve local vascularization, reduction of
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intraneural and extraneural fibrosis, maintenance of physiological nerve gliding,
absence of donor-site morbidity and long-term compressive effects, and finally
economic sustainability.

The difficulty of simultaneously satisfying all these requirements explains the
absence of a definitive consensus on the ideal material to be used in clinical
practice.

In recent years, interest has progressively shifted from simple mechanical barriers
toward biologically active biomaterials capable of modulating the reparative
process and promoting nerve regeneration.

Wraps may be composed of biological materials, such as autologous tissues (veins
and fasciae), adipose tissue, human amniotic membrane (hAM), or derived
extracellular matrices. These biomaterials possess bioactive properties that make it
possible not only to limit fibrosis but also to modulate inflammation and support
regenerative processes. Synthetic wraps, by contrast, may be made of collagen,
polycaprolactone (PCL), polyglycolide (PGA), poly-L-lactide (PLLA), oxidized
polyvinyl alcohol (ox-PVA), or other composite biomaterials.

Among all available solutions, human amniotic membrane has recently attracted
considerable interest because of its distinctive biological and immunological

properties.

1.6 Human Amniotic Membrane (hAM)

Human amniotic membrane (hAM) is one of the most extensively studied biological
biomaterials in recent years in the field of regenerative surgery of peripheral nerves.
Owing to its distinctive histological structure and biological properties, it has been
proposed both as a simple anti-adhesion wrap and as a bioactive scaffold capable
of promoting nerve regeneration (33,34)

The amniotic membrane consists of two main components: the amnion and the
chorion. The amnion comprises an epithelial layer rich in amniotic epithelial cells,
a basement membrane, and a stromal layer containing mesenchymal stromal cells.
The chorion, by contrast, consists of a reticular layer rich in chorionic mesenchymal

cells, a basement membrane, and a trophoblastic layer.
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From a histological perspective, the amniotic membrane contains high
concentrations of type I, III, IV, V, and VII collagen, fibronectin, laminin,
proteoglycans, and numerous bioactive molecules involved in tissue healing
processes. It is also devoid of vascularization, innervation, and lymphatic drainage,
characteristics that contribute to its low immunogenicity (34).

In recent decades, hAM has been widely used in ophthalmology, plastic surgery,
burn treatment, and regenerative medicine because of its anti-inflammatory,
antifibrotic and anti-adhesive, antimicrobial, and pro-regenerative properties. These

characteristics have progressively led to its use also in peripheral nerve surgery.

1.6.1 Biological mechanisms of action

The effect of amniotic membrane in nerve regeneration is not limited to a simple
mechanical barrier function.

Neurotrophic effect

Numerous studies have demonstrated that the amniotic membrane constitutes an
important natural reservoir of bioactive molecules involved in tissue regeneration.
Proteomic analyses have identified high concentrations of Hepatocyte Growth
Factor (HGF) and Epidermal Growth Factor (EGF), associated with the presence of
Glial Cell-Derived Neurotrophic Factor (GDNF), Neurotrophin-3 (NT-3),
Neurotrophin-4 (NT-4), B-Nerve Growth Factor (B-NGF), Placental Growth Factor
(PIGF), and members of the VEGF family. These factors may contribute to neuronal
survival, Schwann-cell proliferation, angiogenesis, and axonal regeneration,
providing a plausible biological explanation for the effects observed in
experimental models of nerve repair. (33-35) For example, in an experimental
model of common peroneal nerve injury, Zhang and colleagues demonstrated that
wrapping with amniotic membrane increases nerve conduction velocity and
improves motor recovery, increases the expression of NGF, BDNF, and GAP-43,
and reduces the expression of Lingo-1, an inhibitory molecule of nerve
regeneration. In parallel, improved recovery of the tibialis anterior muscle and more

effective axonal regeneration were observed. These data support the hypothesis that
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the amniotic membrane actively contributes to the creation of a microenvironment
favorable to axonal growth .(35)

Recently, Wolfe and colleagues directly compared amniotic membranes and
collagen wraps in a sciatic nerve reverse autograft model. Both materials
demonstrated the ability to reduce fibrosis and support nerve regeneration, but the
amniotic membrane showed greater biological activity and better modulation of the
inflammatory response (32). The authors hypothesized that these differences are
attributable to the presence of intrinsic bioactive factors in the amniotic membrane,
which are absent from traditional collagen wraps.

Anti-fibrotic effect

The formation of extraneural adhesions represents one of the main complications
after nerve surgery, as these adhesions can limit nerve mobility, alter local
vascularization, and hinder the processes of axonal regeneration. The amniotic
membrane reduces fibroblast proliferation and collagen deposition around the
neurorrhaphy site, limiting the formation of scar tissue that may impede axonal
regeneration. Furthermore, it acts as a physical barrier between the nerve and the
surrounding tissues, preventing the formation of pathological adhesions.

Kim and colleagues evaluated the effect of wrapping with human amniotic
membrane in a rabbit model of ulnar nerve neurorrhaphy. The authors demonstrated
a significant reduction in perineural adhesions and fibrosis in nerves treated with
hAM compared with controls, suggesting a protective role of the membrane against
the scarring process (36).

Similar results were obtained by Meng et al., who used the amniotic membrane as
a protective barrier in a rat sciatic nerve injury model with autograft interposition.
In this case as well, a significant reduction in adhesions and scar formation was
observed. Although the final functional improvement did not reach statistical
significance, the authors emphasized that the reduction in fibrosis could preserve
nerve mobility and prevent chronic traction phenomena and local ischemia (37).
Subsequently, Lemke and colleagues demonstrated that human amnion
transplantation in a model of recurrent sciatic nerve scarring significantly reduces

fibrosis and prevents the formation of new adhesions, confirming the clinical
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potential of the amniotic membrane in the prevention of scarring-related
complications (38).

Anti-inflammatory effect

The low immunogenicity of the amniotic membrane appears to be correlated with
reduced expression of major histocompatibility complex antigens. In particular,
hAM exhibits weak expression of MHC class I molecules and is substantially
devoid of MHC class II molecules, resulting in a minimal immune response by the
host. The amniotic membrane also contains numerous immunomodulatory
molecules capable of reducing the local inflammatory response. Recent studies
have shown a reduction in the expression of TNF-o and IL-6 associated with an
increase in anti-inflammatory cytokines such as IL-10 and IL-13. In parallel,
macrophage polarization toward the regenerative M2 phenotype is observed,
together with a decrease in pro-inflammatory M1 macrophages and fibroblast
activation. Modulation of inflammation appears particularly relevant in peripheral
nerve injuries, because an excessive inflammatory response is closely associated

with fibrosis formation and loss of the regenerative function of Schwann cells.

1.6.2 Human amniotic membrane in clinical practice

Despite the extensive preclinical evidence supporting the use of the human amniotic
membrane in nerve regeneration, the clinical translation of this technology remains
relatively recent.

The earliest clinical applications mainly involved the prevention of perineural
adhesions and the treatment of recurrent compressive neuropathies, particularly
carpal tunnel syndrome. In these contexts, hAM is generally used as a biological
wrap applied around the nerve after surgical decompression or neurorrhaphy.

One of the most relevant clinical studies is that conducted by Buentello-Volante and
colleagues, which compared carpal tunnel release associated with amniotic
membrane transplantation with conventional surgical treatment. The authors
observed a significantly greater improvement in symptoms, upper-limb function,

and quality-of-life indices in patients treated with amniotic membrane compared



43

with controls, suggesting a possible role of hAM in the prevention of postoperative
fibrosis and recurrent compression (39).

Kalra and colleagues reported the case of a high radial nerve injury following a
monkey bite, treated by neurorrhaphy associated with wrapping with human
amniotic membrane. The authors observed satisfactory motor and sensory recovery,
associated with the absence of neuromas or clinically relevant fibrosis during
follow-up (40).

Additional cases and observational studies have reported promising results in the
use of the amniotic membrane in revision surgical procedures for painful neuromas,

recurrent compressive syndromes, and complex neurorrhaphies.

1.6.3 Limitations of hAM

Despite the favorable results observed in experimental models, the clinical
application of the amniotic membrane in peripheral nerve surgery still presents
numerous limitations. The available evidence is derived predominantly from
preclinical studies characterized by heterogeneous animal models, different and
generally limited follow-up durations, and non-uniform application and assessment
criteria.

Furthermore, aspects such as the standardization of tissue procurement,
preservation, and processing procedures (fresh, cryopreserved, decellularized),
regulatory issues, and the costs associated with tissue banks still represent important
obstacles to the large-scale dissemination of the method. Therefore, although hAM
appears safe and biologically promising, randomized controlled multicenter studies
are needed to define more precisely the clinical indications, the cost-benefit ratio,
and its actual superiority over other available biomaterials. (33,37)

Although the amniotic membrane represents one of the most promising
biomaterials currently available, its routine use in nerve surgery requires further

clinical confirmation.
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1.6.4 Future perspectives

Current lines of research are directed toward the development of bioengineered
devices that combine the human amniotic membrane (hAM) with pro-regenerative
cells, growth factors, or synthetic biomaterials, with the aim of enhancing its
regenerative activity.

Among the most promising approaches is the association of hAM with biologically
active molecules. Fesli et al. demonstrated that the combination of amniotic
membrane and granulocyte colony-stimulating factor (G-CSF) produces superior
results compared with the isolated use of the two strategies, with a greater number
of myelinated axons, better electrophysiological parameters, and a reduction in
perineural fibrosis (51). These data suggest that hAM may represent an ideal
platform for the local delivery of neurotrophic factors and regenerative cells.
Recently, attention has shifted toward integration of the amniotic membrane with
nerve conduits. Iwao and colleagues observed that wrapping PGA-collagen
conduits with hAM significantly improves nerve regeneration compared with the
conduit alone, increasing the number of regenerated fibers, myelin thickness, local
angiogenesis, and overall functional recovery (52). These findings suggest that the
amniotic membrane may transform conduits from simple passive scaffolds into
biologically active devices.

A further development is represented by the association between hAM and
Photochemical Tissue Bonding (PTB), a technique that uses a photosensitizer
activated by visible light to create stable tissue sealing without thermal damage.
This method makes it possible to preserve the endoneurial microenvironment, limit
inflammatory infiltration, and reduce perineural fibrosis. In experimental models,
O'Neill et al. demonstrated that the combination of PTB and amniotic membrane
improves functional recovery, axonal diameter, and myelin thickness compared
with conventional neurorrhaphy (53). Similar results were confirmed by Henry et
al., who observed an electrophysiological improvement of approximately 26%
associated with greater maturation of the regenerated nerve fibers (54). More
recently, Rossi et al. demonstrated that photosealing applied to cross-linked

amniotic membranes or autologous tissues produces results at least equivalent to
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traditional microsurgery, underscoring the importance of maintaining endoneurial
homeostasis in nerve regeneration (55). In addition, King et al. confirmed the
adequate biomechanical strength of the hAM-nerve union obtained by PTB (56).
In addition to its role as an anti-adhesion wrap, hAM has also been studied as a
biological conduit because of its biocompatibility, biodegradability, and low
immunogenicity. However, its limited mechanical strength and rapid degradation
have restricted its clinical application as an isolated material. To overcome these
limitations, composite scaffolds combining amniotic membrane and synthetic
biomaterials have been developed. Among these, Bai and colleagues produced a
nanofibrous conduit composed of polycaprolactone (PCL) and hAM-derived
components, achieving greater Schwann-cell adhesion and proliferation and
superior functional and histological outcomes compared with conventional
synthetic conduits in sciatic nerve injury models (57).

Overall, the integration of the amniotic membrane with bioactive factors,
photosealing techniques, and tissue-engineering scaffolds represents one of the
main future directions in reconstructive nerve surgery, with the objective of
developing bioactive nerve substitutes capable of approaching the outcomes of

autografting while eliminating donor-site morbidity.
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2. OBJECTIVES OF THE STUDY

Despite the progress achieved in the field of reparative surgery for peripheral nerve
injuries, outcomes in affected patients are still not entirely satisfactory. Attention is
therefore turning toward strategies capable of modulating normal repair processes,
in order to promote axonal regeneration and correct reinnervation of the targets, and
to limit the formation of scar tissue and adhesions in the nerve bed, which impair
functional recovery.

Recent evidence has shown that the human amniotic membrane may be used in
peripheral nerve surgery, owing to properties already observed in other fields of
regenerative medicine. These include its anti-inflammatory and anti-fibrotic
potential. The amniotic membrane used as a wrap could not only serve as an
"insulating" layer at the injury site, but also act as a true drug-delivery system for
growth factors.

Therefore, the present study aims to perform a multidisciplinary characterization of
the human amniotic membrane and to evaluate its potential use as a biomaterial for
translational applications in peripheral nerve surgery.

More specifically, a preliminary objective of the study is to explore the biological
determinants of the regenerative properties of the human amniotic membrane
through an in-depth structural and molecular characterization, aimed at
understanding which tissue components may contribute to the modulation of
healing and nerve regeneration processes.

Subsequently, wrapping with amniotic membrane was evaluated in two
experimental PNI models, in order to determine whether the identified properties
could translate into favorable effects on nerve repair and regeneration processes

after surgery, including complex cases of gap injuries.
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3. MATERIALS AND METHODS

In this preclinical study, the potential of hAM (human Amniotic Membrane) in
peripheral nerve regeneration was evaluated. As a preliminary step, hAM was
characterized by considering both the specific morpho-structural characteristics of
the tissue and its biological properties.

The hAM samples were provided by the "Banca dei Tessuti del Veneto" in Treviso.
The cryopreserved tissues were delivered on dry ice. Therefore, before use, the
package was immersed in a thermostatic bath at approximately +37 °C until the
preservation fluid was completely thawed, thereby allowing extraction of the tissue
under sterile conditions.

After thorough washing in phosphate-buftered saline (PBS), the hAM was sampled
for structural analyses or implanted in vivo. Specifically, the membrane was used
as a wrap in two different surgical approaches to nerve repair: i) directly for the
treatment of a sharp transection injury; ii) applied as a wrap over an autograft

(autograft followed by membrane wrapping).

3.1 Histological and ultrastructural analyses and biochemical characterization
of hAM

The structure, general organization, and extracellular matrix (ECM) proteins of
hAM were evaluated by histological analyses. The samples were fixed in 10%
formalin, dehydrated through graded passages of ethanol and xylene, embedded in
paraffin, and cut with a microtome into 5 um sections. Before staining, the sections

were deparaffinized in xylene and rehydrated to distilled water.

3.1.1 Hematoxylin and Eosin staining

Hematoxylin and Eosin (H&E) staining was used to evaluate the overall structural
organization of the tissue. The sections were immersed in hematoxylin for 1 minute
(blue/purple staining of nuclei), differentiated in 1% hydrochloric acid, rinsed in
running water for 5 minutes, and counterstained with eosin for 1 minute (pink

staining of the cytoplasm).
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3.1.2 Masson-Goldner Trichrome staining

This staining method was used as the method of choice to distinguish cellular
components from connective components. The protocol included staining of nuclei
with Weigert's iron hematoxylin (10 min), erythrocytes with picric acid (4 min), and
cytoplasm with ponceau fuchsin (4 min). After differentiation in phosphomolybdic
acid (10 min), collagen was selectively stained green using a light green solution (5
min).

For both methods, after staining the sections were dehydrated in ethanol, cleared in
xylene, and mounted with Eukitt mounting medium. Microphotographs were finally
acquired with a Leica LMD6 optical microscope (connected to a DFC320 digital

camera and operated using LasX software).

3.1.3 Ultrastructural evaluation by scanning electron microscopy

The ultrastructure of hAM was analyzed by scanning electron microscopy (SEM),
focusing in particular on the stromal side, the epithelial side, and the transverse
section of the membrane.

Briefly, the samples were fixed in a solution of 2.5% glutaraldehyde in 0.2 M PBS
(pH 7.2). Subsequently, they were rinsed in PBS to remove residual fixative and
dehydrated through a graded ethanol series (from 30% to 100%).

At the end of dehydration, the samples were transferred to the Department of
Biology of the University of Padua where, with the support of Dr. Federico Caicci,
critical point drying was performed using the Polaron CDP7501 instrument. Finally,
after being coated with a thin layer of gold to render them conductive, the samples

were examined by SEM (JSM-6490LA, JEOL, Eching b. Miinchen, Germany).

3.1.4 Analysis of hAM growth factors

To identify growth factors potentially involved in nerve regeneration processes, a
semi-quantitative analysis was performed using the Human Growth Factor
Antibody Array - Membrane kit (Abcam), which can simultaneously detect 41

different human growth factors (Figure 9).
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As a preliminary step, the total protein concentration of the hAM homogenate was

determined by bicinchoninic acid assay using the QuantiPro™ BCA Assay kit

(Sigma-Aldrich). The antibody assay was then performed according to the

manufacturer's protocol:

1.

Saturation (Blocking): The kit membrane was incubated with 2 ml of 1X
Blocking Buffer for 30 minutes at room temperature (RT) to prevent
nonspecific binding.

Sample incubation: The diluted sample (corresponding to 250 pg of total
protein in 1 ml of 1X Blocking Buffer) was added to the membrane and

incubated for 2 hours at RT.

. Antibody incubation: After appropriate washes with Wash Buffers I and II,

the membrane was incubated for 2 hours at RT with 1 ml of biotin-
conjugated anti-cytokine antibodies (Biotin-Conjugated Anti-Cytokines).

Enzymatic conjugation and Detection: Following an additional washing
cycle, the membrane was incubated for 2 hours at RT with peroxidase-
conjugated streptavidin (HRP-conjugated Streptavidin). After the final
washes, the membrane was treated with 500 pl of Detection Buffer for 2

minutes at RT.

The chemiluminescence signal was acquired using the Top-Sensitivity Chemidoc

system and the corresponding analysis software (UVITEC, Cambridge, UK). Semi-

quantitative analysis of the bands was finally performed using ImageJ software,

expressing the presence of each growth factor as a percentage relative to the positive

control, set at 100%.
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Figure 9. Output of the Human Growth Factor Antibody Array - Membrane kit (Abcam), which

enables simultaneous detection of 41 human growth factors.

3.2 Preclinical study and outcome assessment

3.2.1 Experimental design

This preclinical study evaluated the potential of hAM as a wrap to promote sciatic

nerve regeneration in Sprague Dawley rats. The experimental design comprises two

surgical models, differentiated by type of injury and assessment time points.

Model 1: Sharp transection injury (Endpoint: 6 weeks). The rats (n=8)

subjected to sharp transection injury and subsequent neurorrhaphy (NR)

were divided into two groups:

o

nerve covering (n=4).

NR Group: neurorrhaphy performed without the application of any
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o NR +hAM Group: neurorrhaphy covered with an hAM wrap (patch
measuring approximately 1.5 x 3 cm), ensuring complete coverage
of the suture (n=4).

Model 2: Autograft (Endpoint: 12 weeks). The rats (n=8) subjected to nerve
resection and subsequent reconstruction by autologous graft were divided
into two groups:

o Autograft Group: repair of the injury by autologous graft, without
covering (n=4).

o Autograft + hAM Group: repair by autologous graft, with the entire
graft area and the related sutures subsequently covered by wrapping

with the amniotic membrane (n=4).

3.2.2 Surgical procedure

All animal procedures were approved by the Ethics Committee of the University of

Padua, in accordance with the guidelines of the Italian Ministry of Health. On the

day of surgery, the rats were anesthetized with a gaseous mixture of isoflurane and

oxygen, and their weight was recorded. After shaving of the fur and disinfection of

the left hind limb with Betadine®, a 2.5 cm incision was made to expose the sciatic

nerve. The procedures then differed according to the experimental model:

Model 1 (Sharp transection): The nerve was sharply transected with
microsurgical scissors. In the NR Group, the proximal and distal stumps
were reconnected by direct neurorrhaphy using 8-0 nylon suture. In the NR
+ hAM Group, neurorrhaphy was performed in the same manner, but the
suture site was wrapped with amniotic membrane (wrap).

Model 2 (Autograft): A nerve segment (1 cm in length) was removed to
create a loss of substance, which was bridged by inversion and
reimplantation of the same segment (autograft). In the Autograft Group, the
graft was sutured to the stumps with 8-0 nylon without further coverings. In
the Autograft + hAM Group, the entire autograft area and the related sutures

were covered by wrapping with hAM.
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All procedures were completed by suturing the muscles and skin. After
administration of appropriate therapy, the animals were housed in dedicated cages

with free access to water and food throughout the follow-up period.

3.2.3 Animal welfare and body-weight analysis

Animal monitoring is essential to ensure health and obtain reliable, high-quality
data. The rats were housed in temperature-controlled rooms, with a 12-hour light-
dark cycle and free access to water and food. To assess general well-being, physical
appearance, behavior, and body weight were monitored. The latter parameter is a
crucial indicator of the animal's response to surgical stress, because significant
changes may indicate a state of distress or poor tolerance of the intervention.

The animals were weighed immediately before surgery and at subsequent endpoints
throughout the postoperative period, until sacrifice (6 weeks for Model 1; 12 weeks
for Model 2). For each rat, the recorded weight values were normalized to the initial
weight, i.e., expressed as a percentage of the weight measured on the day of surgery.
Finally, the normalized values for each experimental group were reported as mean

+ standard deviation.

3.2.4 Excision and tissue sampling
Upon reaching the respective endpoint (6 weeks for Model 1; 12 weeks for Model
2), the rats were euthanized by exposure to carbon dioxide. The surgeon exposed
the operated sciatic nerve for an initial macroscopic assessment of adhesions.
Subsequently, the sciatic nerves and gastrocnemius muscles, from both the operated
side and the contralateral (healthy) side, were harvested and photographed, then
assigned to subsequent analyses:
e Sciatic nerves: for each group, three samples were fixed in 2.5%
glutaraldehyde in 0.1 M phosphate buffer for analysis of semithin sections.
e Gastrocnemius muscles: for each group, the muscles of two rats (operated
and contralateral sides) were fixed in 2.5% glutaraldehyde in 0.2 M
phosphate buffer for SEM analysis; the muscle of one rat was fixed in 10%

formalin for histology.
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3.2.5 Assessment of adhesions
One of the main challenges in peripheral nerve regeneration is preventing the
formation of epineural adhesions, which may cause pain, functional limitations, and
compromise the surgical outcome. Minimizing the development of such adhesions
is one of the primary objectives of applying the membrane wrap.
For this purpose, at the time of sacrifice and before sample harvesting, the surgeon
performed a macroscopic assessment of the implantation site based on the Petersen
numerical grading system, which defines three different grades of adhesion:
e Grade 1: absence of adhesions or very mild adhesions; the nerve can be
easily isolated by blunt dissection.
e Grade 2: moderate adhesions; vigorous blunt dissection is required to isolate
the nerve.
e Grade 3: significant adhesions; sharp dissection is required to separate the

nerve from the surrounding tissues.

3.2.6. Preparation of semithin sections and morphometric analysis

To assess axonal regeneration, the ultrastructural characteristics of the excised
nerves were analyzed. The samples were divided into 4-5 segments to accurately
identify the surgical site. Subsequently, the segments were post-fixed in 1% osmium
tetroxide in 0.1 M phosphate buffer, dehydrated in a graded alcohol series, and
embedded in epoxy resin. From each block, 0.5 pm semithin sections were obtained
using an RMC-PTX PowerTome ultramicrotome, then stained on a hot plate with

1% Toluidine Blue. Images were acquired with a Leica DMR microscope.

Quantitative analysis (Model 1: Sharp transection injury)

Quantitative morphometric analysis was conducted on the central portion of
samples belonging to the first experimental model. ImageJ software was used to
measure the total cross-sectional area and the fascicular area; from these data, the
percentage of the epineurial sheath area was calculated using the formula:
Epineurium area % = [(Total cross-sectional area — Fascicular area) / Total cross-

sectional area] x 100
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In parallel, the count of total myelinated axons was performed by automatic
segmentation with AxoNet2 software, thereby allowing determination of the mean
density of myelinated axons.

Qualitative analysis (Model 2: Autograft)

With regard to the second experimental model (autograft), quantitative and
morphometric analyses are currently in progress. For these samples, the semithin
sections were analyzed and compared exclusively from a qualitative perspective, in
order to preliminarily evaluate the general organization of the regenerated tissue

and the presence of myelinated fibers.

3.2.7 Macroscopic evaluation and weight analysis of the gastrocnemius muscle
Immediately after excision of the nerves, the gastrocnemius muscles (from both the
operated side and the healthy contralateral side) were isolated from origin to
insertion and harvested. As a preliminary step, an ex vivo macroscopic evaluation
was performed to detect any visible differences in volume related to the surgical
intervention.

Subsequently, the weight of each gastrocnemius muscle was recorded using an
electronic balance. To reduce inter-individual variability, the value for the operated
muscle was normalized and expressed as a percentage relative to the corresponding
healthy contralateral muscle. Data from each experimental group were then
reported as mean + standard deviation.

This analysis was conducted to monitor changes in muscle mass following nerve
injury: peripheral denervation, indeed, typically induces progressive atrophy of the
associated skeletal muscle. At the end of the measurements, the samples were

immersed in their respective fixatives for subsequent histological analyses.

3.2.8. Histological and morphometric analysis of the gastrocnemius muscles
The gastrocnemius muscles (both from the operated and contralateral sides) were
subjected to histological staining to assess their structural characteristics and

identify any morphological alterations induced by the procedure. The samples,
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previously fixed in 10% formalin, were embedded in paraffin; 5 pm-thick sections
were obtained from them and subsequently stained with EE.

Since muscle atrophy is characterized by a reduction in myofiber size, an analysis
of the cross-sectional area of gastrocnemius muscle fibers (both from the operated
and contralateral sides) was performed using ImagelJ software. Briefly, the profiles
of the muscle fibers were manually traced on H&E-stained sections acquired by
light microscopy at 20x magnification. The final data were expressed as the
percentage ratio between the mean fiber area on the operated side and that on the
contralateral side, calculated for each experimental group.

With regard to the second experimental model (autograft), the morphometric

analyses are currently ongoing.

3.2.9 Quantification of total collagen in muscle tissue

Quantitative assessment of interstitial fibrosis and collagen deposition at the level
of the target organ was performed through biochemical analysis of total collagen
content in the excised gastrocnemius muscles. For this purpose, the commercial
Total Collagen Assay Kit (perchlorate-free) (ab222942, Abcam) was used, based on
the spectrophotometric quantification of hydroxyproline after alkaline hydrolysis
of the sample. The colorimetric reaction was ultimately evaluated by measuring
absorbance using a VICTOR3™ microplate reader (PerkinElmer, Waltham, MA,
USA). The absorbance values obtained for each sample and for the standards of
known concentration (used to generate the calibration curve) were interpolated by
linear regression. The final results were expressed as total collagen content

normalized per milligram of muscle tissue.

3.3. Statistical analysis

Statistical analysis for comparison between the two groups was performed using
Student's t-test for independent samples or the non-parametric Mann-Whitney test,
after verification of data distribution normality. Results were expressed as mean +

standard deviation (SD), and differences with p < 0.05 were considered statistically



56

significant. All analyses were conducted using GraphPad Prism 9 software

(GraphPad Software, San Diego, CA, USA).
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4. RESULTS

4.1 Characterization of the amniotic membrane

4.1.1 Macroscopic assessment

Macroscopically, the hAM appears as a thin and transparent membrane, with a
variable, typically ultra-thin thickness ranging between 0.02 and 0.5 mm. From a
structural and morphological standpoint, the tissue exhibits a characteristically
rough surface texture and is physiologically devoid of blood vascularization,
lymphatic channels, and nerve endings.

The hAM patch used in the present study (Figure 10), with standardized dimensions
of 10 x 12.5 cm, was provided by "FBTV - Fondazione Banca dei Tessuti del Veneto
ETS" based in Treviso. To ensure the correct orientation of the biomaterial during
experimental and surgical procedures, placement of a specific adhesive filter
allowed accurate discrimination of the stromal surface (corresponding to the outer

side) from the epithelial surface (corresponding to the inner side).

Figure 10. Macroscopic appearance of the hAM. The presence of the clip with tag allows

differentiation between the stromal and epithelial surfaces.
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4.1.2 Histological assessment

Histological characterization of the hAM patches by H&E staining and Masson's
trichrome staining allowed identification of the structural organization and
distribution of the tissue matrix components (Figure 11 A).

Analysis of the H&E-stained preparations showed compartmentalization of the
tissue into three main layers:

a. epithelial layer: located on the inner surface of the membrane, it appears as
a continuous, homogeneous, and highly ordered monolayer of amniotic
epithelial cells with cuboidal to low columnar morphology and well-defined
nuclei;

b. basement membrane: detectable as a sharp, linear transition positioned
immediately beneath the epithelial monolayer, serving as the anchoring
interface with the underlying stroma;

c. stromal layer: Located on the outer surface, this compartment appears as an
acellular or low-cell-density matrix, lacking visible vascular structures,
lymphatic ducts, or nerve fascicles.

Masson's trichrome staining (Figure 11 B) complemented the morphological
assessment by highlighting the protein component of the extracellular matrix. The
stromal layer showed marked and diffuse positivity for collagen, which was
organized into a dense network of interconnected fibers. This collagenous
component appeared differentially distributed within the stroma: a denser and more
compact sub-epithelial band was observed, progressively assuming a looser and

more undulating fibrillar arrangement toward the outside.
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Figure 11. Sections of hAM stained with Hematoxylin and Eosin (A) and Masson's trichrome (B).

Magnification: 10x

4.1.3 Ultrastructural assessment by scanning electron microscopy

Scanning electron microscopy was used to map, at high resolution, the surface

topography and three-dimensional architecture of the hAM, separately analyzing

the epithelial surface, the stromal surface, and the tissue cross-section (Figure 12).

Microscopic examination revealed the following ultrastructural characteristics:

a.

epithelial surface: the micrographs show a highly cohesive cellular lining.
The amniotic epithelial cells appear uniformly distributed, delineating a
compact and geometrically ordered sheet in which individual cell junctions
are clearly visible;

stromal surface: The stromal counterpart exhibits an opposite structural
conformation, characterized by a markedly three-dimensional and irregular
profile. This surface is dominated by a dense meshwork of protein
macrofibrils arranged in undulating and interconnected bundles, conferring
a reticular appearance to the tissue;

cross-section: the perpendicular fracture plane documents the transition
between the compartments of the hAM. The image clearly resolves the
stratification of the biomaterial, showing the thickness of the fibrillar matrix

and, superimposed on it, the epithelial cell monolayer.

Overall, the SEM data complement the histological findings, providing direct visual

documentation of the cytoarchitecture and degree of structural preservation of the

hAM.
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Epithelial side

Stromal Side

Cross Section

100pm

Figure 12. Ultrastructure of the hAM visualized by scanning electron microscopy at different

magnifications. The epithelial side, stromal side, and transverse section were evaluated.

4.1.4 Expression and relative quantification of growth factors in the hAM
Identification and relative quantification of an array of 41 human growth factors
within the hAM samples allowed mapping of the biological profile of the matrix
(Table II). The growth factors analyzed were divided into expression classes based
on their relative percentage:

o High Expression Range: This grouping is dominated by the prevalence of
HGF (89.76%) and EGF (66.62%), which rank as the quantitatively most
abundant trophic factors in the tissue.

e Moderate-High Range: Within this range, a relevant presence of the EGF-R
and M-CSF R receptors was detected.

e Moderate and Low-Moderate Range: Most of the signaling molecules
assayed fall within this range (with values between 10% and 30%). This
heterogeneous group includes, among others, members of the PDGF and

VEGF families.
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o Low Expression Range: The lowest quantitative levels were recorded for

molecules such as TGF-, IGFBP-3, FGF-7, and GM-CSF, whose percentage

values consistently remained below the 10% threshold.

RANGE / FACTOR (ACRONYM & FULL NAME)

PERCENTAGE HEAT MAP

HIGH (> 60%)

HGF 89.76%

(Hepatocyte Growth Factor)

EGF 66.62%

(Epidermal Growth Factor)

MODERATE-HIGH (30% - 50%)

EGF-R 43.02% -
(Epidermal Growth Factor Receptor)

M-CSF R 31.85%

(Macrophage Colony-Stimulating Factor Receptor) -
MODERATE (20% - 30%)

IGFB P-2 29.59% -
(Insulin-like GF-Binding Protein 2)

IGFB P-1 29.05%

(Insulin-like GF-Binding Protein 1) -
GDNF 28.86%

(Glial Cell-Derived Neurotrophic Factor)

SCFR 26.44%

(Stem Cell Factor Receptor / c-Kit)

PDGF Rb 25.99%

(Platelet-Derived GF Receptor beta)

TGF-b3 25.28%

(Transforming Growth Factor-beta 3)

PDGF Ra 24.33%

(Platelet-Derived GF Receptor alpha)

IGF-I SR 24.13%

(Insulin-like GF-I Soluble Receptor)

SCF 23.68%

(Stem Cell Factor)

M-CSF 23.59%

(Macrophage Colony-Stimulating Factor)

GCSF 23.37%

(Granulocyte Colony-Stimulating Factor)

VEGF-D 22.82%

(Vascular Endothelial Growth Factor D)

VEGF R3 21.88%

(Vascular Endothelial GF Receptor 3)

PDGF-AA 21.51%

(Platelet-Derived GF-AA isoform)

NT-3 21.41%

(Neurotrophin-3)

LOW-MODERATE (10% - 20%)
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NT-4 19.97%
(Neurotrophin-4)

IGF-II 18.05%
(Insulin-like Growth Factor Il)

FGF-4 17.41%
(Fibroblast Growth Factor 4)

PDGF-AB 17.33%
(Platelet-Derived GF-AB isoform)

TGF-b2 16.99%
(Transforming Growth Factor-beta 2)

b-NGF 16.77%
(beta-Nerve Growth Factor)

VEGF R2 16.67%
(Vascular Endothelial GF Receptor 2)

AR 16.15%
(Amphiregulin)

HB-EGF 15.72%
(Heparin-Binding EGF-like GF)

PDGF-BB 15.72%
(Platelet-Derived GF-BB isoform)

PIGF 14.97%
(Placental Growth Factor)

VEGF 14.28%
(Vascular Endothelial Growth Factor)

IGF-I 13.93%
(Insulin-like Growth Factor I)

bFGF 13.68%
(basic Fibroblast Growth Factor)

IGFB P-6 13.25%
(Insulin-like GF-Binding Protein 6)

TGF-b 10.86%
(Transforming Growth Factor-beta)

FGF-6 10.96%
(Fibroblast Growth Factor 6)

IGFB P-4 10.35%

(Insulin-like GF-Binding Protein 4)
TRACE (< 10%)

TGF-a 9.05%
(Transforming Growth Factor-alpha)

IGFB P-3 8.19%
(Insulin-like GF-Binding Protein 3)

FGF-7 6.67%
(Fibroblast Growth Factor 7)

GM-CSF 1.75%

(Granulocyte-Macrophage CSF)

Table II. Stratified expression profile of 41 growth factors and receptors identified in the hAM. The

analyzed molecules are divided into five distinct classes according to their relative percentage
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intensity. The heat map gradient, shown in the intensity column, illustrates the quantitative

dominance of HGF and EGF within the tissue matrix.

4.2 Model 1: neurorrhaphy and neurorrhaphy with hAM wrap

The reconstructive microsurgical procedures preliminarily involved alignment of
the nerve stumps and execution of end-to-end epineurial neurorrhaphy. Coaptation
of the fascicles was performed by placing interrupted sutures of ultrathin
monofilament, obtaining precise and stable apposition of the transected margins in
the absence of macroscopic tension or axonal torsion.

Subsequently, management of the surgical site differentiated the two experimental
groups (Figure 13):

o control group: consisted exclusively of isolated neurorrhaphy, leaving the
epineurial coaptation site exposed, without the application of any biological
barrier or covering material,

e hAM group: the human amniotic membrane patch was applied so that it
adhered to the circumference of the nerve, completely wrapping the
neurorrhaphy suture line and the adjacent segments. During handling, the
hAM exhibited a soft consistency and a high capacity to conform perfectly
to the geometry of the nerve. The intrinsic adhesive properties of the
biomaterial ensured stable and immediate anchorage at the anastomosis site,
reducing the risk of patch migration and avoiding the need to apply
additional fixation sutures that could have damaged the epineurium. Despite
the translucent nature of the membrane, alignment of the stumps and
integrity of the neurorrhaphy sutures remained clearly visible under the
operating microscope.

All animals tolerated the anesthetic protocols and induction of injury followed by
microsurgical repair without intraoperative complications. Monitoring during
follow-up confirmed regular healing of the perineural soft tissues and surgical
wound, with complete absence of suture dehiscence, foreign-body reactions, or

clinical signs of local infection.
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Neurorrhaphy

Neurorrhaphy + hAM wrap
oo ) -

Figure 13. Macroscopic appearance of the surgical site following sciatic nerve transection and repair

with neurorrhaphy and neurorrhaphy + hAM wrap

4.2.2 Monitoring of animal welfare

Throughout the entire follow-up period (6 weeks), the welfare status of the animals
was regularly monitored through assessment of behavioral and physical parameters,
with particular reference to the trend in body weight. The subjects maintained a
stable health status, with no evidence of behavioral alterations, surgical wound
infections, or clinical signs of chromodacryorrhea.

Body weight monitoring was performed weekly from the day of surgery until the
experimental endpoint (6th week). During the first postoperative week, both groups
showed a transient decrease in weight gain, followed by progressive and steady
growth in the subsequent weeks.

At the sixth week, mean normalized body weight values were 122.67+ 6.04 % for
the group undergoing neurorrhaphy alone and 138.38+10.88% for the group treated
with neurorrhaphy + hAM.
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4.2.3 Excision and assessment of adhesions
Following euthanasia of the animals, the implantation sites were exposed for
preliminary macroscopic inspection. Across the entire examined cohort, no clinical
signs of local inflammation, tissue rejection, or formation of amputation neuromas
were observed.
Macroscopic assessment of perineural adhesions was performed by assigning a
semiquantitative score ranging from a minimum of 1 (absence of adhesions) to a
maximum of 3 (presence of significant adhesions):
e neurorrhaphy-alone group: showed the highest degree of perineural
adhesions with the surrounding tissues, recording a mean score of 2 + 0.82;
e neurorrhaphy + hAM group: showed minimal tissue adhesion formation,
with a uniform score of 1 £ 0.
The nerve segments were then excised for subsequent analyses. In the group
undergoing neurorrhaphy alone, the suture site between the proximal and distal
stumps was clearly recognizable and directly exposed. In the group treated with
neurorrhaphy + hAM, the human amniotic membrane patch applied during surgery

appeared completely resorbed, leaving the anastomosis site intact.

Neurorrhaphy Neurorrhaphy + hAM wrap
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Figure 14. Intraoperative assessment of adhesions at the surgical site
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4.2.4 Morphometric analysis of the sciatic nerve

Analysis of semithin sections stained with Toluidine Blue (Figure 15) allowed
detailed characterization of the endoneurial microenvironment and provided the
basis for subsequent quantitative morphometric assessment, integrating
observations on axonal morphology and myelin integrity with nerve dimensional
parameters.

Low-magnification examination of the cross-sections showed, in both experimental
groups, a regenerative pattern characterized by the coexistence of small-caliber
regenerating axons and medium- and large-caliber axons, likely pre-existing before
the injury. In all samples, axons showing signs of myelin degeneration and the

presence of macrophage infiltration were also observed.

Neurorrhaphy

Neurorrhaphy+wrapping hAM

Figure 15. Semithin sections of the central portion of the sciatic nerve, stained with Toluidine Blue,

at magnifications: 5x, 40x
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Morphometric analysis allowed quantification of the total cross-sectional area,
fascicular area, and percentage of the area occupied by the epineurial sheath (Figure
16):

o total cross-sectional area: the group undergoing neurorrhaphy alone
recorded a mean area of 2420187.11 £ 574187.11 um2, whereas the hAM-
treated group showed a lower mean value, equal to 1595161.49 +250718.49
um2;

o fascicular area: consistent with the total area data, the highest values were
found in the neurorrhaphy-alone group (1309360.01 £+ 252265.01 (um2),
followed by the hAM group (1121968.51 + 506939.77 um?2);

o percentage of the epineurial sheath: evaluation of epineurial thickness,
expressed as a percentage relative to the total cross-sectional area of the
nerve, showed a sheath incidence of 49.0 & 15.15% in the hAM group and
45.51 £ 21.42% in the neurorrhaphy-alone group.
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Figure 16. Morphometric analysis aimed at comparing cross-sectional area, fascicular area, and
percentage area of the epineurium between the two experimental groups, neurorrhaphy and

neurorrhaphy+hAM,

The morphometric investigation also allowed quantification of the total number of
myelinated axons per nerve (within the fascicles) and axonal density, expressed as

number of axons per um?2 (Figure 17):
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total number of myelinated axons: the neurorrhaphy-alone group and the
hAM group showed overlapping values, recording 16419 + 2318 and 16096
+ 2100.6 myelinated axons per nerve, respectively;

axonal density: in the hAM-treated group, an axon density (axons/um?2) of
0.021 + 0.006 was found, whereas the lower value was recorded in the
neurorrhaphy-alone group, equal to axons 0.013 £ 0.004. This lower density
in the control group was associated with the larger fascicular areas

previously detected.

With regard to the structural parameters of individual axons:

mean axoplasm area: The calculated values (um2) were 414.55 + 58.89 for
the neurorrhaphy-alone group and 360.27 + 2.24 for the hAM group;

g-ratio values: Both groups showed comparable g-ratio indices, with mean
values of 0.61 £ 0.03 for neurorrhaphy alone and 0.60 + 0.02 for the hAM-

treated group.
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Figure 17. Morphometric analysis aimed at comparing total number of myelinated axons/nerve,

myelinated axon density, axoplasm area, g-ratio, and percentage area of the epineurium between the

two experimental groups, neurorrhaphy and neurorrhaphy+hAM.
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4.2.5 Macroscopic assessment and weight analysis of the gastrocnemius muscle

After harvesting, a comparative morphological and weight analysis of the

gastrocnemius muscles was performed, examining both the operated limb and the

healthy contralateral limb for each animal (Figure 18).

Macroscopic appearance: in samples from the group undergoing
neurorrhaphy alone, a marked and visible reduction in muscle mass
affecting the operated limb was observed, associated with compensatory
hypertrophy of the contralateral muscle. Conversely, in the hAM-treated
group, the muscles of the two limbs exhibited a more comparable
morphological appearance, suggesting a lower degree of denervation-
induced atrophy.

Weight analysis: the macroscopic observations were confirmed by
quantification of muscle weight, assessed by expressing the weight of the
gastrocnemius of the operated limb as a percentage relative to the internal
contralateral control. In the neurorrhaphy-alone group, the operated muscle
reached 36.08+9.14% of the contralateral weight. In the hAM-treated group,

greater weight recovery was recorded, with a ratio of 44.58+6.77%.
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Figure 18. Macroscopic appearance of the gastrocnemius muscles excised from the healthy side and
the operated side. The bar graph represents the mean weights of the operated muscles expressed as

a percentage of the healthy contralateral muscle.

4.2.6 Histological and morphometric assessment of the gastrocnemius muscle

EE staining performed on transverse sections of the gastrocnemius muscle (from
both the operated and contralateral limbs) allowed assessment of the overall
architecture of the muscle fibers following surgery (Figure 19). Quantitative
morphometric analysis was subsequently conducted on the stained sections.

e Operated limb: The mean muscle fiber area was 2186 + 623.81 um?2 in the
neurorrhaphy-alone group, whereas a higher value of 2548 + 632.23 um2
was recorded in the hAM-treated group (Figure 19). Statistical analysis
showed a significant difference between the two groups, with markedly
larger fiber areas in the hAM group compared with the neurorrhaphy-alone

control (p=0.0002).
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o Contralateral limb: Mean areas of healthy fibers were 2861 + 520 um?2 for
the neurorrhaphy-alone group and 2935 + 772 um?2 for the hAM group,
showing a statistically significant difference (p=0.0008).

e Operated/contralateral ratio: Calculation of the percentage ratio between the
fiber area of the operated limb and that of the contralateral limb showed a
value of 76.4% in the group undergoing neurorrhaphy alone and 86.8% in
the hAM-treated group, documenting superior preservation of trophism and

muscle fiber size in subjects treated with the membrane.

Gastrocnemius of healthy side Gastrocnemius of operated side
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Figure 19. Transverse sections of gastrocnemius muscle stained with Hematoxylin and Eosin (H&E,
20x). Morphometric analysis for determination of the mean muscle fiber area of the operated limb

relative to the contralateral control, with the corresponding percentage ratio.
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4.2.7 Quantification of collagen in the gastrocnemius muscle

Collagen content was quantified in the Neurorrhaphy and hAM groups. As shown
in the graphs, values on the operated side were 2.77+0.06 ug/mg in the
Neurorrhaphy group and 5.37+0.06 pg/mg in the hAM group. On the contralateral
side, the values were 0.831+£0.03 pg/mg and 2.89+0.03 pg/mg, respectively.
Statistical analysis confirmed a significant difference in collagen content on the
operated side between the hAM group and the Neurorrhaphy group (p<0.0001). An
equally significant difference was observed on the contralateral side between the
hAM group and the Neurorrhaphy group (p<0.0001). Analysis of the percentage
ratio between the operated and contralateral sides showed that the Neurorrhaphy
group had a 332.9% increase in collagen compared with the contralateral side,

whereas the hAM group showed a lower ratio, equal to 186.6%.

4.3 Model 2: autograft and autograft with hAM wrap

4.3.1 Surgical procedure

For repair of the nerve gap, a segment of autologous nerve rotated by 180° (Reverse
Autograft) was interposed between the proximal and distal stumps. After epineurial
sutures had been performed at both ends of the graft, two different strategies were
applied:

o Reverse Autograft group: the interposed graft was positioned without any
additional covering;

o Reverse Autograft + hAM group: The entire grafted segment, including the
two suture lines, was wrapped with the hAM patch. As described previously,
the membrane adhered to the nerve surface, stabilizing the site without the
need for additional anchoring sutures. On macroscopic inspection, the

treated area appeared protected from external fibrous infiltration (figure 20).
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Figure 20. Surgical procedure; A the sciatic nerve is isolated; B: the nerve is transected at two points,
and the harvested segment is reversed; C: the segment is sutured at both ends; D: in 4 rats, the
reversed segment and the sutures are covered with hAM; E: appearance of the surgical site after

wrapping with hAM

4.3.2 Body weight monitoring

The trend in animal welfare was also assessed through periodic monitoring of body
weight, the mean values of which were normalized to the initial weight recorded at
the time of surgery (T0). Both experimental groups showed progressive and steady
weight gain throughout the study period.

e Reversed Autograft group: recorded a mean normalized weight of 110.81%
at mid follow-up (T3), reaching 161.52% at the final endpoint of the sixth
month (T6).

o Reversed Autograft + hAM group: Showed a similar growth trend, with a
normalized mean value of 127.87% at T3 and 146.89% at the time of

excision (T6).

4.3.3 Excision and assessment of adhesions
Once euthanasia had been performed on the animals, the implantation sites were
exposed for macroscopic inspection. Across the entire cohort, the operated site was
free of signs of local inflammation, rejection, or formation of amputation neuromas.
Perineural adhesions were macroscopically assessed (figure 21) by assigning a
semiquantitative score between 1 (absent/negligible adhesions) and 3 (presence of
significant adhesions).

e Reversed autograft-only group: the mean degree of adhesions at the surgical

site was higher, with a value of 2.5+0.58
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e Reversed autograft + hAM group: the adhesions observed were lower than

in the other group, with a mean of 1.5+0.58
The nerve segments were then excised for subsequent analyses. The operated stump
was clearly recognizable in the reversed autograft-only group. In the reversed
autograft group with hAM wrapping, the latter appeared completely resorbed and

the surgical site intact.

Reversed autograft Reversed autograft + hAM wrap

Figure 21. Intraoperative assessment of adhesions

4.3.4 Qualitative analysis of the sciatic nerve

The central sections of the excised sciatic nerves were examined microscopically
after staining with Toluidine Blue. This allowed observation of the nerve structure
at low magnification (figure 22). In both groups, fascicular organization and the
presence of small regenerating axons were appreciable. In the group treated with
hAM wrap, these were also detectable in the areas around the fascicles. No residues
of the patch used were present, demonstrating complete resorption of the amniotic

membrane during the follow-up period.



Reversed Autograft

75

NVY+ JeIS0Iny pasioady]

&
&"
AR

Figure 22. Semithin sections of the central portion of the sciatic nerve, stained with Toluidine Blue,

at 5x magnification

4.3.5 Macroscopic assessment and weight analysis of the gastrocnemius muscle

A morphological and weight assessment of the gastrocnemius muscle was

conducted by examining, for each animal, both the operated limb and the healthy

contralateral limb (Figure 23).

Macroscopic appearance: in cases of reversed autograft alone, a reduction
in muscle mass could be observed in the operated limb, whereas the
contralateral muscles showed compensatory hypertrophy. In the hAM-
treated group, by contrast, muscle appearance did not differ significantly
between the two limbs, suggesting a lesser degree of denervation-induced
atrophy following surgery.

Weight analysis: in line with the macroscopic observations, quantification
of muscle weight confirmed the lower loss of mass in the group with the
hAM wrap. The weight of each operated gastrocnemius was expressed as a
percentage of that of the healthy contralateral muscle. The mean values were
53,40 £ 3,70 % for the group treated with reversed autograft alone and 62,92
+ 13,72 % in the group receiving the hAM wrap, demonstrating greater

muscle recovery.
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Healthy side gastrocnemius Operated side Gastrocnemius
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Figure 23. Macroscopic appearance of the gastrocnemius muscles on the healthy and operated sides.
The bar chart represents the mean weight of the operated muscles expressed as a percentage of the

healthy contralateral muscle.
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5. DISCUSSION

An ideal nerve covering should minimize the risk of fibrosis and scarring while
promoting nerve gliding (41). The literature reports substantial efforts aimed at
identifying a suitable option. Whereas synthetic coverings remain poorly adopted
and limited to the preclinical setting, biological alternatives have been investigated
more extensively. Tissues such as autologous veins, blood components, adipose
tissue, and fascia have attracted considerable interest because of their lack of
immunogenicity, low cost, and ready availability (42,43). A further advantage lies
in the fact that they do not act merely as mechanical barriers, but exert biological
activity that supports the regenerative process. Venous coverings may have
neuroprotective effects and promote M2 macrophage polarization, thereby reducing
neuropathic pain. Blood components promote healing through bioactive molecules
that improve vascularization and reduce inflammation (44). Adipose tissue is rich
in stem cells that secrete neurotrophic factors (45,46), whereas fascia may modulate
the inflammatory response (47,48). However, the use of autologous coverings
entails longer operative times and the need for a second surgical site, with a
consequent risk of donor-site morbidity.

In this context, the use of a safe, bioactive, and readily available material such as
hAM represents an option of considerable interest. In this preclinical study, the
cryopreserved tissue, supplied by the "Banca dei Tessuti del Veneto" in Treviso,
was handled according to a rigorous protocol involving thawing in a thermostatic
bath at +37 °C and washing in PBS before in vivo application. hAM, regarded as
surgical waste and therefore free of ethical implications, is widely available and
inexpensive. It also possesses anti-inflammatory, antifibrotic, analgesic, and
regenerative potential. Preliminarily, hAM was extensively characterized to define
its morpho-structural properties by means of E&E and Masson Goldner trichrome
histological staining (the method of choice for distinguishing cellular components
from green connective components), combined with ultrastructural scanning
electron microscopy (SEM) assessments focused on the epithelial, stromal, and

transverse surfaces.
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hAM should not be regarded as a passive barrier, but as an ECM-based bioactive
system capable of modulating the dynamics of tissue repair. Its supportive
architecture, composed of collagen and GAG, acts as a biologically active reservoir
of signaling molecules, regulating their gradual spatiotemporal release as a natural
controlled-release system (drug-delivery system). The total protein profile obtained
from the hAM homogenate by BCA assay and analyzed with the Human Growth
Factor Antibody Array - Membrane kit allowed the simultaneous detection of 41
different growth factors. Semi-quantitative analysis revealed that HGF was the most
abundantly represented molecule, confirming the antifibrotic signature of the tissue
and its ability to direct healing toward functional restoration rather than a scar-
forming response. During the acute phase following injury, factors of the TGF
family and colony-stimulating factors (CSF) present in the membrane
synergistically modulate the local environment, mitigating secondary tissue
damage, whereas the presence of factors such as FGF, PDGF, NGF, and GDNF
supports Schwann-cell activation and neuronal survival. Finally, angiogenic factors
such as VEGF provide metabolic support through revascularization
(8,33,36,38,49).

Sutures remain the gold standard for restoring nerve continuity; however, they may
induce mechanical trauma and localized inflammation. In this study, hAM was used
as a wrap in two different surgical approaches: directly for the treatment of a sharp
transection injury (Model 1) and applied over a reversed autograft (Model 2). In
both contexts, hAM offered a clear surgical advantage: its stromal side is
intrinsically adhesive, allowing it to adhere naturally to the neurorrhaphy site and
along the axis of the graft without the need for additional fixation sutures that would
have entailed further local trauma.

Assessment of physical indicators represents a simple and non-invasive approach
for monitoring animal welfare. In this study, the entire cohort showed a similar
weight profile until the third week; thereafter, the animals with hAM implantation
exhibited a greater increase, suggesting the efficacy and excellent tolerability of the

graft.
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At the time of sacrifice, macroscopic examination of the surgical site performed by
the surgeon before specimen collection confirmed, in both models, the favorable
properties of hAM as an anti-scarring interface. Quantification of perineural
adhesions, conducted through rigorous application of the Petersen numerical
grading system, showed that the neurorrhaphy-only group had a higher degree of
scar anchoring to the surrounding tissues, indicative of moderate adhesions
requiring dissection to free the nerve. By contrast, the hAM-treated group recorded
a uniform score corresponding to absence of adhesions or very mild adhesions, with
immediate isolation of the nerve. Since the formation of epineural adhesions often
leads to functional deficits and persistent pain, minimizing this phenomenon
through the barrier and bioactive action of the membrane is essential for preserving
the outcome of the procedure.

The macroscopic and clinical results of the Petersen classification are directly
reflected in the subsequent microscopic analyses performed on 0,5 m semithin
transverse sections stained with Toluidine Blue. In Model 1 (sharp injury),
quantitative morphometric analysis assisted by ImageJ software made it possible to
calculate the total cross-sectional area, the fascicular area, and the percentage of the
epineurial sheath. Although the total and fascicular areas were greater in the control
group because of a local inflammatory and edematous response, the count of total
myelinated axons performed by automatic segmentation with AxoNet2 software
revealed a comparable number of regenerated fibers between the two groups.
However, because of the large fascicular areas in the control group, mean axonal
density was significantly higher in the hAM group. In the first model, both groups
showed stable g-ratio values, around 0,6, a value considered functionally optimal
for saltatory electrical conduction, indicating that the intrinsic myelination process
of mature axons progressed regularly. Unlike Model 1, quantitative analyses are
currently ongoing for the Model 2 (autograft) samples; preliminary qualitative
examination of the semithin sections nevertheless confirmed optimal overall
organization of the regenerated tissue, good rehabilitation of the endoneurial
channels, and the presence of well-structured myelinated fibers along the reversed

segment, benefiting from the protected environment created by the membrane
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wrapping, which was macroscopically completely resorbed by the end of the 12-
week follow-up.

In the absence of direct electrophysiological data, maintenance of muscle trophism
and low levels of interstitial fibrosis represent robust surrogate markers of effective
functional reinnervation. The adoption of this multiparametric approach, based on
excision of the gastrocnemius muscles from origin to insertion, their normalized
weight assessment, and ImagelJ-assisted histomorphometric analysis on 5 m
sections stained with E&E, confirmed the superiority of hAM treatment. Wet-
weight analysis showed that, whereas the neurorrhaphy-only group underwent
severe atrophy (mass equal to 38,08+9,14% of the healthy contralateral muscle),
the hAM group demonstrated significantly greater preservation (44,58+6,77%),
partially sparing the muscle tissue from progressive denervation.

Quantitative histological analysis validated these data: the hAM-treated group
maintained a markedly higher ratio of myofiber area between the operated and
contralateral limbs (86,8%), with an absolute area in the operated limb of
25484632,81 um?2) compared with the neurorrhaphy-only control (76,4%, with
2186+623,81 um2; p=0,0002). The differences were also reflected in the levels of
interstitial fibrosis and collagen deposition. The hAM group showed the lowest
relative increase in fibrotic tissue and the best structural preservation of the skeletal
architecture.

Overall, consistently with the qualitative data still being completed for the autograft
model, placement of hAM at the injury and anastomosis sites was confirmed as an
effective strategy for mitigating the effects of peripheral denervation, establishing
a superior neurotrophic and bioactive microenvironment capable of limiting
external scarring processes and supporting preservation of the target tissues.

The clinical use of amniotic membrane is already established in numerous fields,
particularly in ophthalmology, dermatology, the treatment of difficult wounds
(burns, chronic ulcers), and surgical procedures in which it is necessary to promote
tissue healing and reduce adhesion formation (49-53). For these purposes, several
commercial amniotic membrane derivatives already exist, generally offered as

cryopreserved, lyophilized, or dehydrated membranes. Many of these, although
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providing practical advantages in terms of storage, handling, and intraoperative
availability, may present a biological profile different from that of native amniotic
membrane, particularly when dehydration, sterilization, or decellularization
processes reduce cell viability or modify the content of bioactive factors (49,53).

The use of native human amniotic membrane in the context of peripheral nerve
injuries would be justified by the properties and evidence described above;
however, there is still an insufficient number of clinical studies on its actual
application in this field. When considering the possible uses of amniotic membrane
for nerve reconstruction, the surgical context must be taken into account. Indeed,
the lesions that would particularly benefit from wrapping with hAM are
neurotmeses, which are characterized by frequent fibrosis and insufficient
functional recovery, with possible neuroma formation and development of pain
syndromes. This class of injury, however, almost always occurs as a consequence
of acute traumatic events, in which the initial surgical priority is wound
debridement, control of injured tissues, and restoration of nerve continuity by
neurorrhaphy or grafting. In such circumstances, the immediate use of native
amniotic membrane may be logistically complex, especially in healthcare systems
such as the Italian one, where the use of allogeneic human tissues requires referral
to tissue banks, donor selection and validation procedures, traceability, and
organizational time frames that are not always compatible with trauma urgency.
This aspect is particularly relevant because native or minimally manipulated
membranes are those that, at least theoretically, best preserve the extracellular
matrix, residual cell viability, and the repertoire of growth factors and mediators.
These logistical difficulties are compounded by biological and technical limitations
inherent to native amniotic membrane. Tissue composition may vary significantly
among donors, depending on growth-factor content, the membrane area used, and
the preparation method. Clinical use also requires accurate and costly
microbiological and serological testing to reduce the risk of transmission of
bacterial, viral, or fungal infections, which, although generally minimal in properly
processed tissues, cannot be considered null. Preservation methods also represent a

critical factor, since thawing and prolonged storage may reduce cell viability, a
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potentially relevant aspect when the aim is to fully exploit the bioactive properties
of the tissue (51).

In light of these considerations, the most realistic clinical use of native amniotic
membrane in peripheral nerve surgery could concern, at least in the immediate term,
not so much acute trauma as planned nerve revision procedures. This scenario
includes, for example, procedures for the removal of painful neuromas, revision
neurotomies, recurrent compression syndromes, and complex neurorrhaphies in an
already fibrotic surgical bed (Figure 24) (39,49-51). Under such conditions, the
possibility of scheduling the procedure allows the tissue to be procured and
prepared through authorized banks, taking advantage of the anti-adhesive, anti-
inflammatory, and antifibrotic properties of the amniotic membrane with the aim of
reducing scar recurrence, improving the regenerative microenvironment, and

protecting the nerve during the subsequent phases of healing.

Figure 24. Clinical case of median nerve neurotmesis. In Figure A, the appearance of the lesion site

following adhesion formation, causing a pain syndrome, is visible; B: appearance of the nerve after

neurolysis and wrapping with hAM
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6. CONCLUSIONS

The present preclinical study demonstrated the efficacy and promising
applicability of cryopreserved human amniotic membrane (hAM) as a bioactive
biological covering (wrap) in regenerative surgery of the peripheral nerve.
Compared with currently available synthetic and autologous options (often
limited by poor efficacy, high costs, or donor-site morbidity), hAM proved to
be a widely available, economically sustainable resource free of ethical
implications, capable of moving beyond the concept of a mere passive
mechanical barrier to constitute a true natural controlled-release system for
bioactive molecules.

The morpho-structural and biochemical characterization of the tissue confirmed

the presence of an intact extracellular architecture and a rich protein profile

comprising 41 different growth factors. Among these, the abundant expression
of HGF validated the intrinsic antifibrotic signature of hAM, supported by the
synergistic action of factors of the TGF, CSF, FGF, PDGF, NGF, GDNF, and

VEGF families, which are fundamental in mitigating secondary damage and

supporting cellular activation and neuronal survival.

From the surgical and clinical standpoint, the in vivo use of hAM in the two

experimental models (sharp injury and reversed autograft) highlighted three

fundamental achievements:

o Simplification of the surgical technique: the natural adhesiveness of the
stromal surface of the membrane allowed perfect positioning on the
neurorrhaphy site without the need for additional sutures, eliminating the
risk of further local mechanical trauma;

o Reduction of perineural adhesions: macroscopic assessments based on the
Petersen scale recorded a uniform score of 0 (absence or minimal presence
of adhesions) in the hAM-treated groups, demonstrating the excellent anti-
scarring and gliding properties of the tissue;

o support for regeneration and protection from muscle atrophy: in the sharp-

injury samples (Model 1), morphometric analysis revealed significantly
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higher axonal density in the hAM group, with optimal g-ratio values (~0,6)
indicative of regular myelination. These microscopic findings had a solid
counterpart in the maintenance of target-organ trophism: animals treated
with hAM showed significant preservation of gastrocnemius muscle wet
weight and a markedly greater myofiber area than controls, associated with
a drastic reduction in interstitial fibrosis.
Although the quantitative data relating to the autograft model (Model 2) are still
being completed, preliminary qualitative analyses at 12 weeks confirm optimal
rehabilitation of the endoneurial channels and the presence of well-structured
fibers within a tissue in which the membrane was macroscopically completely
resorbed.
In conclusion, the multiparametric results obtained confirm that conditioning of
the microenvironment by hAM offers new and concrete clinical prospects for
optimizing nerve repair procedures. Future research developments, aimed at
completing the morphometric analysis of Model 2 and integrating the current
data with direct electrophysiological assessments, will make it possible to
consolidate the positioning of this biomaterial as an emerging gold standard in
the prevention of painful neuropathy and in the restoration of motor functional

efficiency.
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