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Abstract: In this study, we fabricated glial cell-line derived neurotrophic factor (GDNF)-loaded 

microspheres, then seeded the microspheres in gelatin-methacrylamide hydrogel, which was finally 

integrated with the commercial bilayer collagen membrane (Bio-Gide®). The novel composite of 

nerve conduit was employed to bridge a 10 mm long sciatic nerve defect in a rat. GDNF-loaded 

gelatin microspheres had a smooth surface with an average diameter of 3.9±1.8 μm. Scanning 

electron microscopy showed that microspheres were uniformly distributed in both the GelMA 

gel and the layered structure. Using enzyme-linked immunosorbent assay, in vitro release studies 

(pH 7.4) of GDNF from microspheres exhibited an initial burst release during the first 3 days 

(18.0%±1.3%), and then, a prolonged-release profile extended to 32 days. However, in an acidic 

condition (pH 2.5), the initial release percentage of GDNF was up to 91.2%±0.9% within 4 hours 

and the cumulative release percentage of GDNF was 99.2%±0.2% at 48 hours. Then the composite 

conduct was implanted in a 10 mm critical defect gap of sciatic nerve in a rat. We found that the 

nerve was regenerated in both conduit and autograft (AG) groups. A combination of electrophysi-

ological assessment and histomorphometry analysis of regenerated nerves showed that axonal 

regeneration and functional recovery in collagen tube filled with GDNF-loaded microspheres 

(GM + CT) group were similar to AG group (P.0.05). Most myelinated nerves were matured 

and arranged densely with a uniform structure of myelin in a neat pattern along the long axis in 

the AG and GM + CT groups, however, regenerated nerve was absent in the BLANK group, left 

the 10 mm gap empty after resection, and the nerve fiber exhibited a disordered arrangement in 

the collagen tube group. These results indicated that the hybrid system of bilayer collagen conduit 

and GDNF-loaded gelatin microspheres combined with gelatin-methacrylamide hydrogels could 

serve as a new biodegradable artificial nerve guide for nerve tissue engineering.

Keywords: controlled release of GDNF, gelatin microspheres, biodegradable nerve conduit, 

gelatin-methacrylamide hydrogel, sciatic nerve regeneration

Introduction
Injuries of peripheral nervous system (PNS) lead to permanent functional loss of target 

tissue and neuropathic pain and decrease life quality. The regeneration of defected 

or damaged peripheral nerve has become a difficult and challenging problem. So far, 

existing problems in repairing PNS include (1) difficulty in building appropriate 

microenvironment for nerve regeneration, such as lack of required growth factors, and 

(2) diminishing neuronal apoptosis and muscle atrophy.1 For peripheral nerve repair, 

nerve autograft has been considered as the “gold standard” for the restoration of nerve 

regeneration.2 But autograft is limited by the short age availability of donor nerves, 

wound pain, increased morbidity, and scar formation at the donor site.3
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To seek alternatives for autograft, biodegradable artificial 

nerve guide scaffolds (NGSs) have attracted considerable 

interest. NGS, as a physical scaffold, generally can be loaded 

with cells and growth factors for nerve regeneration. It is 

facile to modify its conduit sizes and chemical and physi-

cal properties by using different materials and preparation 

methods. Many studies show that NGSs are used hopefully 

to create a favorable microenvironment to regenerate axons 

and to support the cellular growth and migration.4,5

Material selection and optimization of NGS is important 

for an ultimately good restoration outcome. NGS should meet 

the following requirements: bridging the gap of defected 

nerve, protecting the regenerating axons from invasion by 

the surrounding tissue, guiding the regenerating axons into 

the distal nerve stump, and scaffold degrading with con-

tinuous nerve regeneration.1,2,6 Therefore, an ideal material 

of NGS should be biodegradable and biocompatible, and 

should have proper mechanical strength and no immunogenic 

response.2 Varieties of biopolymers have been employed 

for nerve conduit as an alternative to autografts. Collagen, a 

primary constituent of natural extracellular matrix, has been 

employed as material of scaffolds for tissue engineering due 

to many excellent properties: low antigenicity, promotion 

of cell attachment, and full bioabsorption.7,8 Bio-Gide® is 

a kind of bilayer collagen membrane derived from porcine 

dermis.9 Moreover, it has been approved by the US Food and 

Drug Administration and widely used in clinics for guided 

tissue/bone regeneration. Bilayer structure not only prevents 

ingrowth of soft tissue into the lumen due to outer layer with 

small porosity but also promotes cell attachment attributed to 

inner layer with large aperture.9,10 Many studies indicate that 

the scaffold can promote nerve regeneration individually.11–13 

However, if combined with growth factors or seed cells, 

nerve regeneration will get better outcome.8,14 It  is an 

important yet-to-be-solved problem about how to combine 

scaffold with growth factors or seed cells to establish an 

optimal microenvironment efficiently and effectively.

Gelatin, which is essentially denatured collagen, can 

tune its degradation rate via crosslinking and functionalized 

side groups of polymer chains. It has become a favorite 

scaffolding material in tissue engineering.15–20 For instance, 

gelatin can form thermos-reversible hydrogels below their 

upper critical solution temperature of 25°C–35°C.21 Gelatin-

methacrylamide (GelMA), modification of gelatin with 

unsaturated methacrylate groups, can be copolymerized to 

form hydrogel via light or chemical initiators under mild 

conditions with low cytotoxicity.21–23

Growth factors play a key role in the regeneration of 

damaged tissues by stimulating cellular activities such as cell 

migration, proliferation, and differentiation. However, growth 

factors, released directly without protection, will be quickly 

degraded and deactivated by enzymes and other physical–

chemical effectors in vivo and in vitro. So polymeric local 

delivery systems are used for controlled release of growth 

factors.19,24 Theoretically, growth factors and polymers can 

form a relatively stable controlled-release system, under an 

appropriate environmental condition, for instance, via the 

interaction of static electricity between polymers and growth 

factors. Glial cell-line derived neurotrophic factor (GDNF) 

is a type of neurotrophic factor secreted by Schwann cells 

(SCs) after nerve injury. GDNF can improve motor and 

sensory nerve survival, influence SCs migration, improve 

the survival of dopamine neurons, and promote peripheral 

nerve regeneration.25,26

To this end, we fabricated GDNF-loaded gelatin micro-

spheres, and the microspheres were formed via complexation 

procedures between positively charged GDNF (isoelectric 

point [pI] =9.23) and negatively charged Type B gelatin 

(pI =4.7–5.2) in a neutral condition. We then studied the releas-

ing property of GDNF-loaded gelatin microspheres in vitro 

via enzyme-linked immunosorbent assay. We immersed  

the microspheres into GelMA hydrogel, which was then 

coated onto nerve conduit for bridging a 10 mm long sciatic 

nerve defect in rat. The objective of this study was to find 

a convenient way to combine GDNF-loaded gelatin micro-

spheres and bilayer collagen membrane via GelMA hydrogel 

for nerve tissue engineering.

A combination of scanning electron microscopy (SEM), 

electrophysiological assessment, histology of regenerated 

nerves for hematoxylin–eosin (HE) staining, Loyez staining, 

and transmission electron microscopy (TEM) of all regener-

ated nerves was conducted to study axonal regeneration and 

functional recovery.

Materials and methods
Materials
Type B gelatin B, 1-ethyl-3-(3-dimethyl aminopropyl) 

carbodiimide hydrochloride (EDC), tetramethylethylene-

diamine, ammonium persulfate, and methacrylic anhydride 

were purchased from Sigma. Recombinant rat GDNF was 

obtained from PeproTech. Acetone, petroleum ether, and 

polyoxymethylene were common laboratory analytical 

reagents from Sinopharm Chemical Reagent.

GelMA hydrogels synthesis
GelMA hydrogels were prepared by following previ-

ous reports.21,22 Briefly, 15% (w/v) gelatin was dissolved 

in stirred distilled water (dH
2
O) at 50°C for 1  hour. 
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Methacrylic anhydride was added dropwise to a final volume 

ratio of 1:400 methacrylic anhydride:aqueous solution of 

gelatin. The solution was then stirred at 50°C for 1 hour. The 

resulting mixture was dialyzed (12 kDa molecular weight 

cutoff) for 3 days against dH
2
O with frequent water replace-

ment every 8 hours. The dialyzed solution was lyophilized, 

and the resulting GelMA was stored at -20°C until use.

Gelatin microsphere synthesis and 
characterization
Gelatin microspheres were prepared according to a previ-

ously established method with slight modifications.18 Briefly, 

10 mL of an aqueous solution of 10% (w/v) Type B gelatin 

(Sigma) was preheated to 45°C, and added dropwise into 

50 mL of liquid paraffin containing 1% span 80.16 The two 

phases were emulsified for 15 minutes using magnetic stirrer. 

The emulsion was then rapidly cooled to 4°C in an ice bath, 

and stirring was continued to allow the spontaneous gelation 

of the gelatin aqueous solution. After 30 minutes, 50 mL of 

chilled acetone (4°C) was added to the stirring solution. After 

1 hour, gelatin microspheres were formed in the aqueous 

phase. The gelatin microspheres were then rinsed in acetone 

several times to eliminate the remaining oil on their surfaces, 

and then air dried.

The microspheres (500 mg) were suspended in 25 mL of 

acetone:water (8:2) containing 25 mM of EDC and stirred 

using magnetic stirrer for 2 hours at 4°C, and then, at room 

temperature, stirring was continued for 10 hours to further 

crosslinking. Crosslinked microspheres were collected by 

filtration (,25  μm), washed three times with ultrapure 

deionized water (dH
2
O), and lyophilized.

The morphology of gelatin microspheres was observed 

by field-emission SEM (LEO 1530). The samples were 

mounted on copper stubs using a double-side adhesive tape 

and sputter coated with gold.

GDNF-loaded microspheres and in vitro 
release
Growth factor-loaded microspheres were prepared by a 

method of adsorption according to established methods.19 

Briefly, aqueous GDNF solutions at pH 7.4 were dropped 

onto the crosslinked microspheres (10 mg) at a volume of 

2 μL of aqueous GDNF solutions (8 μg/mL) per milligram of 

microspheres and incubated at 4°C for 20 hours before freeze-

drying. At pH 7.4, complexation occurs between positively 

charged GDNF (pI of 9.23) and negatively charged Type B 

gelatin (pI of 4.7–5.2). To ensure complete sorption of GDNF 

by gelatin microspheres,24 volume of GDNF-containing solu-

tions used was less than that required for complete swelling 

of gelatin microspheres (Figure 1B).

To determine growth factor release from crosslinked 

microspheres, 10  mg of GDNF-loaded microspheres was 

°

Figure 1 Schematic illustration of bilayer collagen conduit coated with gelatin-methacrylamide hydrogels of GDNF-loaded microspheres, bridging sciatic nerve in rats.
Notes: (A) The membrane was rolled around a stainless steel tube, and the overlapping edges were crosslinked with gelatin to form a tubular structure. (B) Aqueous GDNF 
solutions were dropped into the crosslinked microspheres. GDNF-loaded microspheres were then mixed with GelMA at 37°C. After polymerization, the gel was seeded into the 
inside layer of conduit. (C) A tube with a length of 12 mm was cut for implantation to bridge a 1 cm gap of sciatic nerve in rat with both ends entering the conduit by 1 mm.
Abbreviations: GDNF, glial cell-line derived neurotrophic factor; GelMA, gelatin-methacrylamide; EDC, 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride; 
AP, ammonium persulfate; TEMED, tetramethylethylenediamine.
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taken in a microcentrifuge tube containing 400  μL of 

phosphate-buffered saline (pH 7.4) (n=3) and placed on a 

rotary shaker at 40 rpm and 37°C for a month. At various 

points over a period of 32 days, samples were centrifuged, 

the supernatant was collected, and fresh release medium was 

added. In 32 days, all the supernatants were quantified by 

an enzyme-linked immunosorbent assay (Boster, Wuhan, 

People’s Republic of China) for rat GDNF according to 

the manufacturer’s instructions. The absorbance was read 

at 450 nm with an optical subtraction at 540 nm using a 

multi-well plate spectrophotometer, and sample concentra-

tions were calculated from a standard curve of known GDNF 

concentrations.

Collagen nerve conduit combined with 
GDNF-loaded microsphere fabrication
Bilayer collagen membrane (Bio-Gide) was cut to the appro-

priate size. Collagen membrane and GelMA hydrogels were 

UV sterilized for 1 hour. Then, the membrane was rolled 

around a stainless steel tube, and the edge was fixed with 

gelatin hydrogen (10%) and crosslinked with EDC (200 mM) 

for 10 hours to form a tubular structure (Figure 1A). Collagen 

nerve conduit was washed three times with dH
2
O, and then 

lyophilized. A volume of 10 mg GDNF-loaded microspheres 

was mixed with 110 μL of 15% GelMA hydrogels, which was 

preheated to 37°C. Then, 5 μL of tetramethylethylenediamine 

(800  mM) and 5  μL of ammonium persulfate (800  mM) 

were added into the mixture separately. Then, 130 μL of 

final mixture was seeded into the inside layer of conduit, and 

the conduit was rotated around longitudinal axis gently for 

uniform distribution of GelMA hydrogel, then incubated at 

37°C for at least 20 minutes before use. All these procedures 

were performed under sterile conditions.

Surgical procedure
All the animals used in this study were purchased from 

Nanjing Medical University Experimental Animal Center. 

All animal handling procedures were performed according 

to the Guide for the Care and Use of Laboratory Animals 

of the National Institutes of Health and were approved 

by Animal Care and Use Committee of Nanjing Medical 

University/Institutional Animal Care and Use Committee 

(NJMU/IACUC). The animals had free access to standard 

food and water and were housed on a 12 hour light/dark cycle 

at 22°C room temperature in the animal facilities at Nanjing 

Medical University.

Male Sprague Dawley rats (n=21), weighing ~200–250 g, 

were randomly allocated into four groups: BLANK group 

(n=3), nerve autograft (AG) group (n=6), collagen tube 

(CT) group (n=6), and collagen tube filled with GDNF-

loaded microspheres (GM + CT) group (n=6). Each rat was 

anesthetized by an intraperitoneal injection of 10% chloral 

hydrate (300 mL/100 g body weight). The thigh areas on right 

sides were shaved, and povidone-iodine was applied. The 

operative instruments were autoclaved and packaged under 

sterile conditions, and disposable knife blades, syringes, and 

drapes were used. The surgical procedures were performed 

under sterile conditions. Right sciatic nerve was chosen as 

the experimental side in each animal, and left sciatic serve as 

normal nerve group. Then, a skin incision was made to expose 

the sciatic nerve, and the underlying muscles were split in 

the right thigh. In the nerve AG group, a 10 mm nerve was 

resected, and then reversed 180° and reimplanted bridging the 

gap. In the BLANK group, we left the 10 mm gap empty after 

resection. In the CT group and GM + CT group, a 7–8 mm 

long piece of nerve was removed, leaving a 1 cm gap follow-

ing retraction of the nerve ends. Then, 1 cm gap was bridged 

with collagen tube or collagen tube with GDNF-loaded 

microspheres. The conduit was sutured to both the proximal 

and distal nerve stumps with 7-0 nylon sutures (Figure 1C). 

In all animals, the skin was closed with 5-0 sutures.

Electrophysiological assessment 
of CMAPs
Each animal underwent electrophysiological testing at 

20 weeks postoperation. After anesthesia, the electrophysio

logic tests were performed by placing stimulation electrode 

on the sciatic nerve trunk and recording electrodes on the 

mid of gastrocnemius. The nerve stimulation parameters 

included a duration of 0.04 ms and intensity of 20 mA to elicit 

compound-evoked muscle action potential (CMAP). The 

distance between the stimulating electrode and the muscle-

recording electrode was 2 cm. Latency (LAT) and CMAPs 

were also recorded across the reconstructed defects in the 

postoperative period. The LAT was measured in milliseconds 

from stimulation site to start of the response. The amplitude 

(AMP) of CMAPs was also measured in millivolts.

Histology and histomorphometry
After sacrifice, the anastomotic sites (grafts or conduits 

plus an ~5 mm portion from the proximal and distal nerve 

stumps) were harvested for histological examination. A 5-0 

suture was inserted into the proximal end of the nerve at 

the time of harvest to provide anatomical orientation during 

analysis. Nerves were fixed in 10% neutral buffered formalin 

for 48 hours. The section of middle parts of the regenerated 

nerves was stained with HE and observed under a light 

microscope equipped with a camera.
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TEM sample preparation
Following harvesting, the specimens were fixed in 2.5% 

glutaraldehyde. After fixation in 1% osmium tetroxide 

and dehydration in ethanol, the specimens were embedded 

in Agar 100. Ultrathin sections of 50  nm thickness were 

prepared using an ultramicrotome, placed on copper grids, 

stained with lead citrate, and examined by TEM. Quantitative 

morphometry was performed measuring the mean diameter 

of axon, the myelination thickness, density of myelinated 

axons (the number of myelinated axons per 1,000 μm2), and 

G-ratio (axon-to-fiber diameter) in every section.

Statistical analysis
All quantitative results are presented as mean ± standard 

deviations. The data were evaluated using single-factor 

analysis of variance and Tukey’s test for simultaneous paired 

comparisons if conditions of normality and equal variance 

were met. Data of mean diameter of myelinated nerve fibers 

and thickness of nerve myelin were tested assuming unequal 

variance, so groups were compared with nonparametric tests 

(Kruskal–Wallis test). A value of P,0.05 was considered 

statistically significant.

Results and discussion
In this study, we first fabricated collagen tube with com-

mercial bilayer collagen membrane (Bio-Gide). In order to 

improve the nerve growth, we synthesized GDNF-loaded 

microspheres. The microspheres were coated with GelMA 

hydrogel onto the inner conduit. The tube with microspheres 

formed a novel biodegradable nerve conduit to bridge a 

10 mm long sciatic nerve defect in rat.

When nerve injury occurs, the proximal stump of the 

peripheral nerve begins with a scenario of regeneration 

process, while the distal stump undergoes degeneration. 

After injury, the distal nerve stump and target tissues are 

chronically denervated along with nerve and target tissues 

atrophy. SCs play a key role in nerve regeneration. SCs 

maintain tubes of basal lamina which forms bands of 

Büngner; therefore, they play a significant guiding role in the 

linear growth of regenerated axons. Meanwhile, Wallerian 

degeneration occurs in the distal stump, and SCs and mac-

rophages interact to remove debris, specifically myelin and 

the damaged axon, for reinnervation.11 Together, these create 

a healthy microenvironment for PNS regeneration. So tissue-

engineering methods in different forms have been reported 

to regenerate nerve and achieved good results via enhancing 

proliferation of SCs or feeding SCs directly.11,27

GDNF-loaded microspheres
The GDNF-loaded gelatin microspheres were observed by 

scanning electron microscope (Figure 2A). Gelatin micro-

sphere had a smooth surface and good dispersion. The mean 

diameter of GDNF-loaded microspheres was 3.91±1.87 μm 

in normal distribution.

Figure 2 Macroscopic and microscopic morphology of bilayer collagen conduit filled with GelMA hydrogels of GDNF-loaded microspheres.
Notes: (A) GDNF-loaded gelatin microspheres were observed by scanning electron microscope. (B) Macroscopic morphology of bilayer collagen conduit fabricated with 
bilayer collagen membrane. (C) Bilayer collagen conduit showing the layered structures in SEM. (D–F) SEM observations of bilayer collagen conduit filled with GelMA 
hydrogels of GDNF-loaded microspheres. (E) Magnified views of the square area in (D). (F) The surface morphology of GelMA hydrogel mixed with GDNF-loaded gelatin 
microspheres (bar in (A) =4 μm; bar in (C) =100 μm; bar in (D) =100 μm; bar in (E) =20 μm; bar in (F) =10 μm).
Abbreviations: GelMA, gelatin-methacrylamide; GDNF, glial cell-line derived neurotrophic factor; SEM, scanning electron microscopy.
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Characterizations of bilayer collagen 
conduit filled with GelMA hydrogels of 
GDNF-loaded microspheres
An ideal nerve repair material should have the following 

properties: biocompatibility to prevent chronic inflamma-

tion, with no adverse impact on host; mechanism to provide 

appropriate room for nerve regeneration; permeability to 

prevent scar tissue from invading and permit the permeation 

of nutrients and oxygen; biodegradability to get degraded 

completely in a reasonable period of time; and production 

of nontoxic degradation products.

In this study, collagen conduit is ~1.2  cm in length, 

3.5  mm in outer diameter, and 2  mm in inner diameter 

(Figure  2B). The size of collagen conduit is suitable for 

bridging 1 cm gap of sciatic nerve in rat.

SEM images showed bilayer structure of collagen conduit 

(Figure 2C). The inner layer consisted of loosely arranged col-

lagen fibers, while the outer layer of the membrane contained 

dense and tight fibers. This structure can prevent ingrowth of 

soft tissue into the lumen, and promote cell attachment and 

exchange of nutrients and metabolites. Figure 2D shows that 

layer of GelMA hydrogel mixed with GDNF-loaded gelatin 

microspheres was coated on the inside layer of collagen con-

duit. GDNF-loaded gelatin microspheres could be observed 

in the transverse sections of GelMA hydrogel (Figure 2E). 

SEM image of the surface morphology of GelMA hydrogel 

mixed with GDNF-loaded gelatin microspheres showed that 

gelatin microsphere were densely arranged and distributed 

evenly on the surface (Figure 2F).

GDNF release study in vitro
In a neutral condition (pH 7.4) (Figure 3A), we tested Type B 

and Type A gelatin microspheres. We observed the initial burst 

release of GDNF-loaded Type B gelatin microspheres on the 

first day, and the release amounted to 15.0%±2.1%. Then, 

burst release reduced significantly in 2–3 days, amounting 

to 3.0%±1.4%. Three days later, the release slowed down 

in a linear manner (average release of 0.1% GDNF/day for 

4–32 days). We used Type A gelatin microspheres as control 

microsphere (Figure 3B). The initial burst release of Type A 

gelatin microspheres was significantly higher than Type B, and 

the release amounted up to 98.9%±0.9% on the first day.

Figure 3 The cumulative release curves of GDNF measured with ELISA.
Notes: (A) The cumulative release amount of GDNF from Type B gelatin microspheres in a neutral condition (pH 7.4) for 32 days. (B) In vitro release of GDNF from Type A 
gelatin microspheres in a neutral condition (pH 7.4) for 5 days. (C) The cumulative release percentage of GDNF from Type B gelatin microspheres in an acidic condition 
(pH 2.5) for 5 days.
Abbreviations: GDNF, glial cell-line derived neurotrophic factor; ELISA, enzyme-linked immunosorbent assay.
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In an acidic condition (pH 2.5), as shown in Figure 3C, 

Type B gelatin microspheres and GDNF were having the 

same charge. The initial release percentage of GDNF was 

up to 91.2%±0.9% within 4 hours. The cumulative release 

percentage of GDNF was 98.3%±0.2% at 24  hours and 

99.2%±0.2% at 48 hours.

GDNF can support the survival of dopaminergic and 

motor neurons, and is one of the most protective factors for 

motor neurons. And many studies have demonstrated that 

the effects of exogenous GDNF on motor axonal are not 

the more the better. Local delivery of low-dose GDNF can 

increase axonal regeneration effectively, while high-dose 

GDNF will not further enhance the effect, and even cause 

a worse outcome.28,29 Mills et al investigated the effects of 

GDNF delivered directly to dorsal root ganglion cell bodies 

in vivo.28 They reported that low-dose GDNF (0.2 ng/day/ 

7 days) increased axonal regeneration greater than high-dose 

GDNF (2.0 or 20 ng/day/7 days). So local delivery of low-

dose GDNF is appropriate for PNS regeneration.

We developed GDNF-loaded gelatin microspheres for 

sustained release. GDNF-loaded microspheres were prepared 

by complexation between positively charged GDNF (pI of 

9.23) and negatively charged Type B gelatin (pI of 4.7–5.2) 

in a neutral condition. The complexation provides the fol-

lowing advantages: binding of microspheres and growth 

factor under mild conditions without significant effects on 

the activity of growth factor and drug loading efficiency up 

to ~100%. Theoretically, in systems in which controlled 

release occurs via electrostatic attractions, there are two 

release mechanisms: carrier degradation (main factor) and 

ionic depolymerization due to environmental changes.30 

So the growth factors undergo sustained release as the 

gelatin degrades.19,24 In vitro release studies with gelatin 

microspheres exhibited minimal initial burst release during 

the first 3 days (18.0%±1.3%) in neutral release environ-

ment (pH 7) (Figure 3A). Then, the release slowed down 

in a linear manner (average release of 78 pg GDNF/day for 

4–32 days), and the average environmental concentration of 

GDNF was 195 pg/mL. A significantly higher initial burst 

release was observed in the first 3 days when we used Type A  

gelatin microspheres as control microspheres. However, in 

an acid condition (pH 2.5) (Figure 3C), gelatin microspheres 

release rate was up to 91.2%±0.9% within 4  hours. This 

may be due to charge change from negative to positive of 

Type B gelatin in acidic condition, which leads to its mutu-

ally exclusive status. This indicates that GDNF and Type B 

gelatin microspheres can form a stable controlled-release 

system via electrostatic attraction.

Electrophysiological assessment
Electrophysiological studies were performed to evaluate 

the functional reinnervation through NGS. The CMAPs of 

BLANK, GM-CT, CT, and AG group were compared with 

the normal group at 20 weeks postoperation (Figure 4A–D). 

Figure 4 CMAP detection of gastrocnemius muscle at 20 weeks’ postoperation.
Notes: Representative data of the (A) BLANK group, (B) GM + CT group, (C) the CT group, and (D) AG group. Data comparison of CMAP recovery index and latency 
is shown in (E) and (F) (n=6). *P,0.05.
Abbreviations: CMAP, compound-evoked muscle action potential; GM + CT, collagen tube filled with GDNF-loaded microspheres; CT, collagen tube; AG, autograft; 
GDNF, glial cell-line derived neurotrophic factor.
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LAT and CMAPs recovery index can serve as the important 

parameters for evaluating the function of the regenerated 

nerve. We could not evoke CMAP in BLANK group. The 

action potentials of regenerated nerves were similar to 

the normal nerves, with a lower AMP and longer LAT. 

The CMAPs recovery index showed that GM + CT group 

was not significantly different from AG group (P.0.5); 

CT group had significantly fewer CMAPs recovery index 

than AG and GM + CT group (P,0.05) (Figure 4E). The 

CMAPs LAT showed that only CT group had significantly 

longer LAT than the normal group. And there were no statisti-

cally significant differences between other groups (P.0.05) 

(Figure 4E and F).

Nerve histology
No regenerated nerve bridged the 1 cm defect in BLANK 

group, and neuroma was formed at the end of the proximal 

stump. Except in the BLANK group, the nerve regeneration 

was successful, and the structure of NGSs had degraded 

completely at 20 weeks postoperation, and no inflammatory 

signs or adverse tissue reaction were seen in GM + CT, CT, 

and AG groups (Figure 5C–E). Collagen, as a key component 

of nature extracellular matrix, can be degraded by collagenase 

in vivo, and the degradation product was nontoxic. Complete 

degradation of Bio-Gide was reported 3–4 months following 

implantation in animal experiment.31

HE staining was used to assess regenerated nerve mor-

phology. Nerve regeneration was observed in the transverse 

sections of midsection of regeneration nerve in all three 

groups. In AG and GM + CT group, apparently ordered 

structures could be observed, and the arrangements of nerve 

fibers appeared more compact and regular compared with 

CT group (Figure 6A1–D1). The nerve cross-sectional area 

is observed in descending order: normal, AG, GM + CT, and 

CT group (P,0.05) (Figure 6F). In CT group, compared 

with normal and AG groups, lots of new blood vessels and 

connective tissue were found around the nerve fiber.

Longitudinal histology of regenerated nerves for HE 

staining showed that nerve fibers in AG and GM + CT group 

were almost regenerated completely and arranged in neat 

pattern along the long axis, while the nerve fiber of CT group 

exhibited disordered arrangement (Figure 6A2–D2). Many 

cell nuclei of SCs can be observed in regenerated nerve 

unlike the normal nerve.

In BLANK group, the nerve could not regenerate to form 

normal nerve structure (Figure 6E1 and E2). Furthermore, 

we observed neuroma formed at the end of the proximal 

stump (Figure 6E3). Due to the absence of regenerated 

nerve bridging the defect gap, we could not evoke CMAP 

in electrophysiological assessment (Figure 4A).

Transmission electron microscopy
Figure 7A–C shows transverse sections of the regenerated 

nerve tissue at 20 weeks postoperation observed using TEM. 

Since nerve did not regenerate in BLANK group, TEM 

observation did not include the BLANK group.

We could observe the myelinated axons using the TEM in 

all groups. In GM + CT group (Figure 7B), most myelinated 

nerves were matured and densely arranged with a uniform 

structure of myelin which was similar to the AG group but 

with thinner myelin sheath and small diameters of axons. 

However, there were many nonmyelinated nerves and SCs 

observed in the CT group. Quantitative analysis showed 

that the mean thinness of the myelin sheath in AG and 

GM + CT group was significantly higher than that in the 

CT group (P,0.05) (Figure 7D). The mean diameter of 

myelinated axons in AG and GM + CT group was signifi-

cantly larger than that in the CT group (P,0.05) (Figure 7E). 

The myelinated fiber number (per 1,000 μm2) in AG and 

GM + CT group was significantly larger than that in the 

CT group (P,0.05) (Figure 7F). And these parameters were 

similar in AG and GM + CT groups (P.0.05) (Figure 7D–F). 

In  addition, G-ratio, a highly reliable ratio for assessing 

axonal myelination, was found to be statistically equivalent 

Figure 5 Experimental model.
Notes: Surgical implantation of (A) collagen tube or collagen tube with GDNF-loaded microspheres and (B) autograft nerve to bridge 1  cm defect of sciatic nerve. 
The regenerated nerve of (C) GM + CT group, (D) CT group, and (E) AG group at 20 weeks postoperation.
Abbreviations: GDNF, glial cell-line derived neurotrophic factor; GM + CT, collagen tube filled with GDNF-loaded microspheres; CT, collagen tube; AG, autograft.
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Figure 6 Histology of regenerated nerves for HE staining and Loyez staining under light microscopy at 20 weeks postoperation.
Notes: (A) Normal group. (B) AG group. (C) CT group. (D) GM + CT group. (E) BLANK group. (A1–D1) HE staining of transverse sections of midsection of regeneration 
nerve. (A2–D2, A3–D3, and E1) HE staining of longitudinal histology of regenerated nerves. (A4–D4 and E2, E3) Loyez staining. (E3) Neuroma formed at the end of the 
proximal stump (bar in [A1–D1] and [E3] =200 μm; bar in [A2–D2] and [E1 and E2] =500 μm; bar in [A3–D3] =20 μm; bar in [A4–D4] =10 μm). (F) Statistical analysis 
of the nerve cross-sectional area *P0.05.
Abbreviations: HE, hematoxylin–eosin; AG, autograft; CT, collagen tube; GM + CT, collagen tube filled with GDNF-loaded microspheres; GDNF, glial cell-line derived 
neurotrophic factor.
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in all groups: CT (0.73±0.10), GM + CT (0.71±0.09), and 

AG (0.73±0.08) (Figure 7G).

Histological assessment of target muscle
To evaluate the atrophy of rat gastrocnemius muscle, due to 

denervated status, gastrocnemius muscle of the four groups 

was stained with HE (Figure 8A–D). Gastrocnemius muscles 

suffered from degeneration and presented with a smaller 

diameter of muscle fibers, more fibrous connective tissue, and 

blood vessels. Gastrocnemius of AG, CT, and GM + CT group 

had remarkable atrophy compared to normal group, but the 

muscle fibers atrophy was found to be most obvious in the 

CT group. The muscle wet weight ratio shows no significant 

difference between CT and GM + CT group, but it was less 

than that of AG group (Figure 8E). The average diameter of 

muscle fibers of AG and GM + CT group was smaller than 

the normal group but larger than the CT group (Figure 8F).

For nerve regeneration, the main obstacle is to restore the 

function of the target organ. In this study, to evaluate axonal 

regeneration and functional recovery, electrophysiological 

assessment and histomorphometry analysis were performed. 

Theoretically, the AMP of CMAP can estimate the number 

of axons reinnervating in distal target muscle fibers, while 

the diameter of axons and the thickness of myelin sheath 

correlate with the velocity of conduction. From the electro-

physiological point of view, each nerve regeneration group 

could evoke CMAPs with varying degrees, and function of 

target organ could be recovered. However, the functional 

recovery was not perfect. The CMAPs recovery index in 

AG and GM + CT group hit 65%, while CT group seemed 

Figure 7 Histologic observation and morphometric analysis of regenerated nerves under transmission electron microscopy.
Notes: (A–C) Transmission electron microscopy of transverse sections of the regenerated nerve tissue at 20 weeks postoperation and (D) statistical analysis of the myelin 
sheath thickness, (E) diameters of myelinated nerves, (F) myelinated fibers number (per 1,000 μm2), and (G) G-ratio for each group. n=3. *P,0.05. (A) CT group. (B) GM + 
CT group. (C) AG group. Scale bar =5 μm.
Abbreviations: CT, collagen tube; GM + CT, collagen tube filled with GDNF-loaded microspheres; AG, autograft; GDNF, glial cell-line derived neurotrophic factor; SC, 
Schwann cells.
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worse (only 40%). Gastrocnemius atrophy was significant in 

each group, and in the CT group, it was most evident. This 

is consistent with CMAP results. However, AG and GM + 

CT groups have more significant regeneration effects from 

the nerve histological point of view. Perhaps, this is because 

nerve recovery is not equivalent to the functional recovery of 

target organ. In mice, a critical window of ~35 days seems 

to exist, during which regenerating axons can reestablish 

connections with the distal muscles.32 However, the effective 

time of nerve regeneration is 4–8 weeks in rodents. Once 

SC tubes deteriorate in the distal stump, the tissues are no 

longer receptive to innervation by new axons. Moreover, 

when reinnervation of remaining muscle finally occurs, neu-

romuscular synapses are able to form, but the muscle never 

fully recovers.1 So sometimes, even if the nerve regenerates, 

the function of target tissue is difficult to restore. For this 

reason, target organ is difficult to recover after nerve injuries 

in clinical practice. Thus, future research on the effect of 

nerve regeneration is needed, and target organ functional 

recovery should be paid more attention.
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