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Abstract

Peripheral nerve injury (PNI) is a major burden to society with limited therapeutic options, and 

novel biomaterials have great potential for shifting the current paradigm of treatment. With a rising 

prevalence of chronic illnesses such as diabetes mellitus (DM), treatment of PNI is further 

complicated, and only few studies have proposed therapies suitable for peripheral nerve 

regeneration in DM. To provide a supportive environment to restore structure and/or function of 

nerves in DM, we developed a novel thermo-sensitive heparin-poloxamer (HP) hydrogel co-

delivered with basic fibroblast growth factor (bFGF) and nerve growth factor (NGF) in diabetic 

rats with sciatic nerve crush injury. The delivery vehicle not only had a good affinity for large 

amounts of growth factors (GFs), but also controlled their release in a steady fashion, preventing 

degradation in vitro. In vivo, compared with HP hydrogel alone or direct GFs administration, GFs-

HP hydrogel treatment is more effective at facilitating Schwann cell (SC) proliferation, leading to 
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an increased expression of nerve associated structural proteins, enhanced axonal regeneration and 

remyelination, and improved recovery of motor function (all p<0.05). Our mechanistic 

investigation also revealed that these neuroprotective and neuroregenerative effects of the GFs-HP 

hydrogel may be associated with activations of phosphatidylinositol 3 kinase and protein kinase B 

(PI3K/Akt), janus kinase/signal transducer and activator of transcription 3 (JAK/STAT3), and 

mitogen-activated protein kinase kinase/extracellular signal-regulated kinase (MAPK/ERK) 

signaling pathways. Our work provides a promising therapy option for peripheral nerve 

regeneration in patients with DM.
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1. Introduction

Peripheral nerve injury (PNI) is a worldwide medical problem with substantial socio-

economic costs [1,2]. It is predominantly caused by trauma and tumor resections, and 

altogether affects the quality of life of up to 2.8% of trauma patients [3]. Despite various 

advances in surgical techniques, recovery from nerve injury remains largely unsatisfactory. 

Poor outcomes may be correlated with the consistently rising prevalence of chronic illnesses 

among PNI patients including diabetes mellitus (DM), which is expected to affect 591.9 

million patients by 2035 [4]. Long standing hyperglycemia, a common manifestation of DM, 

significantly complicates treatment outcomes due to its direct impact on nervous system 

function [5,6], resulting in axonal atrophy, segmental demyelination, and slow regeneration 

of injured nerves [7,8]. Studies have shown that, compared with normal mice, diabetic mice 

are more susceptible to deficits in axonal regrowth after acute crush of the sciatic nerve [9], 

and clinically, treatments capable of inducing complete functional recovery of injured 

peripheral nerves in diabetics remain elusive. Thus, it is important to seek proper and 

effective therapies to reduce patient morbidity and financial burden due to PNI.

Growth factors (GFs), a large group of polypeptide therapeutic agents, have been shown to 

exert cytoprotective and restorative functions on neural repair [10,11]. More specifically, 

levels of specific GFs are down-regulated in animal models of sciatic nerve injury with 

diabetes, and administration of exogenous GFs could reverse pathological changes in 

lesioned nerves by reducing apoptosis and promoting regeneration [12–15]. Among the 

many GFs that show promise for nerve regeneration, basic fibroblast growth factor (bFGF) 

and nerve growth factor (NGF) are the most widely studied [16]. bFGF stimulates 

mitogenesis and proliferation of the dorsal root ganglion (DRG) neurons and Schwann cells 

(SCs) in vitro [17,18], and also accelerates angiogenesis, remyelination, and synaptogenesis 

[19,20]. NGF, a thoroughly studied neurotrophin [21], also improves sensorimotor recovery 

and axonal regeneration [22]. Local injection of recombinant NGF also attenuates nerve 

regeneration deficits due to diabetic neuropathy by up-regulating neuritin levels [23].

While growth factors are potent stimulators of nerve regeneration, growth factor therapy 

remains insufficient for adequate recovery from PNI largely due to their rapid degradation 
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and redistribution in vivo [24,25]. Thus, employing a suitable delivery vehicle that not only 

maintains the GFs’ bioactivity and bioavailability but also controls their spatiotemporal 

release is particularly important. Our previous studies have demonstrated that 

thermosensitive heparin-poloxamer (HP) hydrogel is biocompatible and improved the 

bioavailability of GFs [26]. Its ingredient, heparin, showed high affinity to a variety of GFs 

[27], allowing it to carry bFGF and NGF to cell-surface receptors to enhance intracellular 

signal transduction. Furthermore, while GFs have shown convincing efficacy when 

administered alone with/without biomaterials [22,23,28,29], the regeneration of injured 

peripheral nerves is a dynamic process that requires several GFs and cytokines to stimulate 

axonal outgrowth and remodeling of the intracellular cytoskeleton [30], so single GF 

administration are unlikely to adequately satisfy the curative demands of patients with multi-

illnesses [31].

In the present study, for the first time, we loaded both NGF and bFGF onto an HP hydrogel 

to form a [HP:(bFGF + NGF)] hydrogel (collectively called GFs-HP), and used this vehicle 

to deliver multi-GFs in situ to diabetic rats with sciatic nerve injury. Hydrogel 

micromorphology, rheology and cumulative release rate were monitored and characterized in 

vitro using scanning electron microscopy (SEM), coaxial cylinder rheometer and ELISA. 

Then, GFs-HP hydrogel was administered in situ to rat sciatic nerve lesions using a micro 

syringe, and SC proliferation, axonal regeneration, functional outcomes, and mechanisms of 

action were evaluated by morphological, pathological and functional assessments.

2. Materials and methods

2.1. Preparation of GFs–HP hydrogels

First, the synthesis of heparin-poloxamer (HP) was performed according to the 1-Ethyl-3-(3-

dimethyl aminopropyl) carbodiimide/N-Hydroxyl succinimide (EDC/NHS) method [32]. 

Briefly, poloxamer 407 (Badische Anilin Soda Fabrik Ga, Shanghai, China) reacted with 

1.3mM 4-nitrophenyl chloroformate and diamino ethylene to obtain a mono amine-

terminated Poloxamer (MATP). Then, this intermediate was coupled with heparin salt by 

EDC and NHS in 2-(N-morpholine) sulphonic acid (MES) buffer for 1 day at 25°C. The 

reactive mixture was dialyzed for 3 days and lyophilized to obtain HP powder. Next, GFs-

HP hydrogels were prepared using the cold method. Briefly, lyophilized HP powder was 

dissolved in fresh saline (4°C) to obtain the original hydrogel solution with 6.4×103mg/ml, 

and then added to the bFGF and NGF original solution (30mg/ml and 45mg/ml, 

respectively; Key Laboratory of Biotechnology and Pharmaceutical Engineering, Wenzhou 

Medical University, China) at 4°C under gentle stirring. The final concentrations of bFGF, 

NGF and HP polymer was 1mg/ml,1mg/ml and 160mg/ml, respectively. (These 

concentrations ensure complete incorporation of bFGF and NGF in HP (Supplemental Fig. 

1A)). The preparation of GFs-HP hydrogels was performed under the aseptic conditions. 

The final mixture was stored at 4°C overnight to form clear colored GFs loaded hydrogel 

solution.
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2.2. Characterization of GFs-HP hydrogels

Rheological measurements of HP and GFs-HP were tested in a coaxial cylinder rheometer 

(DV-III, Brookfield, U.S.) at different temperatures from 10 to 40°C. The elastic modulus 

and viscous shear modulus were measured using stainless steel parallel flat plates (25mm), 

and rheological curves were plotted against temperature. The micromorphology of the dried 

samples was observed by scanning electron microscopy (SEM, Hitachi H-7500, Japan). The 

dehydrated specimens were cross-sectioned and sputter-coated with gold followed by 

scanning observation.

2.3. Release profile of bFGF/NGF from GFs-HP hydrogels

At predetermined time points (1d, 3d, 7d, 14d, 21d, 28d and 35d), supernatant from the GFs-

HP containing GFs were collected and replaced by an equal volume of fresh medium. Then, 

GF release was analyzed by specific GF enzyme-linked immunosorbent assay kit (ELISA, 

Westang system, Shanghai, China) and absorbance was measured at 450nm with a 

microplate reader.

2.4. Effects of HP on RSC 96 survival in vitro

RSC 96SCs (Sciencell, Shanghai, China) were cultured in 6-well plates (100,000cells/well) 

in Dulbecco’s modified Eagle Medium (DMEM) containing 1% penicillin/streptomycin 

solution (P/S) and 10% fetal bovine serum (FBS) (Gibco, USA) in a humidified incubator 

(37°C, 5% CO2). 24h later, the original medium was discarded and replaced with fresh 

medium (control), or medium containing HP hydrogel with/without GFs (100ng/ml bFGF 

and NGF) for another 48h, and the apoptosis of SCs was analyzed using Annexin V-

fluorescein isothiocyanate (Annexin V-FITC)/Propidium iodide (PI) staining to investigate 

early apoptosis as previously described [33]. Fluorescence intensity was analyzed via flow 

cytometry (BD, Biosciences).

2.5. The stability evaluation of the GFs in the hydrogel

PC12cells (Sciencell, Shanghai, China) were seeded and cultured on 96-well plates at the 

density of 5000cells per well for 24h. After removing medium and washing with PBS, the 

PC12cells were treated with free bFGF or NGF (100ng/ml), or HP hydrogel containing the 

same amount of single GFs (the prepared NGF-HP and bFGF-HP were placed in 37°C for 

10, 20, and 30 days) in medium for another 48h. Then, cells were incubated in medium with 

10μl of CCK-8 solution for 2h. Absorbance was measured at 450nm using a microplate 

reader (Bio-Rad, CA, USA).

2.6. Animal model and orthotopic injection

Male SD rats (200–220g) were obtained from the Laboratory Animals Center of Wenzhou 

Medical University. The living conditions and experimental procedures conformed to the 

National Institutes of Health (NIH) Guide Concerning the Care and Use of Laboratory 

Animals. All animal experiments described were approved by the Animal Experimentation 

Ethics Committee of Wenzhou Medical University, Wenzhou, China. Prior to the beginning 

of in vivo experiments, animals were maintained for at least 7d to adjust to the standardized 

laboratory temperature (23±2°C), humidity (35–60%), and a light-dark cycle (12:12h).
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40 animals were used in total, and were initially divided into two groups: Control (n=8), and 

Diabetes (n=32). Prior to any procedures, diabetes was induced in rats in the Diabetes group 

by intraperitoneal injection of streptozotocin (STZ) with a dose of 65mg/kg in phosphate-

buffered saline (PBS), and rats in which blood glucose concentration ≥16.7mmol/L after 7d 

were considered to have DM [34]. The control group received an equal volume of PBS. The 

values of blood glucose in the control groups and STZ-diabetes rats were 6.18±0.33 and 

20.50±0.95mmol/L, respectively.

4 weeks after initiation of diabetes, Diabetes rats were anesthetized by an intraperitoneal 

injection of 10% chloral hydrate (3.5ml/kg). Crushed injuries of sciatic nerves were 

administered to the Diabetes group according to a previously described method [35]. In 

brief, after an appropriate incision of the skin, the gluteal musculature was separated in order 

to expose the right sciatic nerve. The exposed nerve 7mm proximal from sciatic notch was 

subject to crush using two vascular clips (Oscar, China) at two ends with 30g force for 2min. 

Control group animals received the same surgical procedures for anesthesia and skin and 

muscle operations, but without sciatic nerve crush injury.

Following sciatic nerve crush injury, the diabetes rats were further divided into four groups 

(n=8 for each): PNI-diabetes, HP hydrogel, Free GFs and GFs-HP hydrogel. For the GFs-HP 

hydrogel group, GFs–HP hydrogels were administered via single dose orthotopic injection at 

a dose of 15μl through a micro syringe. Similarly, the HP hydrogel group received a single 

orthotopic injection of GFs-free hydrogel (OI). As for the free GFs group, 500ng bFGF and 

500ng NGF were mixed and injected in situ at the right hindlimb for 30 consecutive days. 

The rats in the PNI-diabetes group received the same dose of saline. 30 days after treatment, 

rats were sacrificed, 5 rats were randomly selected for various pathological studies, and the 

crushed nerves and corresponding gastrocnemius muscles were harvested for assessment.

2.7. BBB score assessment

Rat hindlimb patterns of recovery after sciatic nerve contusion injury was evaluated using 

the Basso, Beattie, and Bresnahan (BBB) scores. BBB is widely used to assess functional 

recovery in spinal cord injured animals, and has also been demonstrated to be valuable in 

assessing nerve repair in peripheral nerve injuries [36,37]. Two trained investigators who 

were blind to the experimental conditions scored hindlimb movements in an open field at 1, 

3, 7, 14 and 28 days post-operation. BBB is a 22-point scale (scores 0–21) that reflect the 

recovery of hindlimb locomotion recovery from a score of 0, indicative of no recovery of the 

movement in the hindlimb junctions, to 21, representative of a normal ambulating rodent.

2.8. Analysis of walking tracks

Animals are tested in a confined walkway (an 8.2cm wide by 42cm long white paper) with a 

dark shelter at the end. Individual ink footprints were recorded on the white paper after rats 

walked through the corridor. Three different parameters including PL (distance from the heel 

to the third toe), TS (distance from the first to the fifth toe) and IT (distance from the second 

to the fourth toe) were evaluated via the following formula for sciatic function index (SFI; 

derived by Bain et al. [37]):
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SFI = − 38.3 × (EPL − NPL)/NPL + 109.5 × (ETS − NTS)/NTS + 13.3 × (EIT − NIT)/NIT − 8.8

Schematic for measuring parameters of footprints is shown in Fig. 3D. E is the experimental 

side and N is the normal side. An SFI equal to −100 indicates total impairment, whereas an 

SFI oscillating around 0 is considered to reflect normal function. Two observers, unaware of 

the experimental procedures, performed the test from day 1 to day 28 following surgical 

procedures.

2.9. Histological assessment of nerve and muscle

Bilateral gastrocnemius muscles were harvested and wet weights were measured as 

described before [38,39]. The muscle wet weight ratio (%) was calculated as: the muscle wet 

weight of the injured limb/the weight of the contralateral one×100%. Muscle morphology 

were assessed in 10μm thick sections with H&E staining. Representative images were 

selected for analyzing muscle fiber using the software Image-Pro Plus (version 6.0, Media 

Cybernetics, Inc., MD, USA). The atrophy ratio of the gastrocnemius muscle was calculated 

as following equation: the atrophy ratio=the gastrocnemius muscle fiber area/the total image 

area×100% [54]. The longitudinal sections of the nerve samples were cut in 5μm thicknesses 

for masson’s trichrome staining (Beyotime). Sections were analyzed, and images were 

captured using a Nikon ECLPSE 80i camera (Nikon, Japan).

2.10. Transmission electron microscopy

The myelin sheath regeneration post-contusion at 30 days was detected by a transmission 

electron microscope (TEM, H7650, Hitachi, Tokyo, Japan). The fabrication of ultra-thin 

(50nm) sections of sciatic nerves, image capturing procedure, and quantification of 

morphometric data were performed as previously described [35].

2.11. Immunoblotting

2-cm length of regenerated nerve segment were extracted in separate pooled protein lysates. 

After protein concentration in each sample was quantified with Carmassi Bradford reagents 

(Thermo, Rockford, IL, USA), 50μg of protein were separated by SDS-PAGE and 

transferred onto PVDF membranes (Millipore, Bedford, MA). The following primary 

antibodies were used: Ace-tubulin (1μg/ml, T7451, Sigma), Tyr-tubulin (1μg/ml, ab6046, 

Abcam), Tau (1μg/ml, ab18207, Abcam), GAP43 (0.67μg/ml, sc-17790, Santa), PCNA 

(0.67μg/ml, sc-25280, Santa), Ki67 (1μg/ml, ab15580, Abcam), p-AKT (1μg/ml, ab183758, 

Abcam), AKT (0.67μg/ml, sc-8312, Santa), p-ERK (0.67μg/ml, sc-7383, Santa), ERK 

(0.67μg/ml, sc-292838, Santa), p-STAT3 (1μg/ml, ab76315, Abcam), STAT3 (1μg/ml, 

ab68153, Abcam) and GAPDH (0.1μg/ml, AP0063, Bioworld). Signals were detected by 

chemiluminescence using gel imaging system (Bio-Rad Laboratories, Hercules, CA, USA). 

Density values were normalized to GAPDH and results are representative of five 

independent experiments.
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2.12. Immunofluorescence evaluation

Standard immunohistochemistry procedures are described previously [35], and the following 

primary antibodies were used: anti-MBP (myelin marker, 1μg/ml, ab40390, Abcam) and 

anti-NF200 (heavy subunit of neurofilament for axons, 0.01μg/ml, ab4680, Abcam), anti-

GFAP (SCs, 0.67μg/ml, sc-6170, Santa) and anti-Ki67 (marker for cell proliferation, 1μg/ml, 

ab15580, Abcam). All images were captured on an inverted confocal microscope (Nikon) or 

a Nikon Eclipse 80i fluorescence microscope. The percentages of MBP and NF200 positive 

areas were calculated by dividing Integrated option density (IOD, 6 randomly selected 

middle-power fields in each animal) by selected region area, then multiplied by 100%. All 

parameters were measured using Image-Pro Plus (images threshold: H (0–30), S (0–255) 

and I (0–230)).

2.13. Statistical analysis

All numerical data were presented as mean±SEM. Walking track test was compared using 

two-way repeated measurements analysis of variance (ANOVA). The Kruskal–Wallis 

ANOVA on Ranks was applied with Dunn’s method to test BBB scores. Data from 

immunoblotting and immunofluorescent evaluation were validated using one-way ANOVA 

with Bonferroni’s multiple comparisons for post-hoc analysis. All statistical analyses were 

performed with statistical software SPSS 21.0 (SPSS Inc, Chicago, IL, USA) and GraphPad 

Prism software Version 5 (GraphPad Software, Inc, San Diego, CA) and P <0.05 was 

considered statistically significant.

3. Results

3.1. HP hydrogels loaded with GFs retain thermal-sensitive characteristics

Our purchased Poloxamer 407 and synthetic HP are highly pure copolymers with the 

weight-average molecular weight (Mw) of ∼10.6 KD and ∼18.7 KD, respectively 

(Supplemental Fig. 1B and C). The block ratio of Poloxamer 407 to Heparin are estimated to 

be 44% (Supplemental Fig. 1D). To achieve a suitable gelation temperature for restoration 

surgery at body temperature, we prepared a HP so lution concentration of 17% (w/w) for this 

research, which has been demonstrated to be the most suitable in prior studies [40]. As 

shown in Fig. 1A, HP was a liquid at 4°C, but it quickly transitioned to the hydrogel (gel) 

state after heating to 37°C, and it transitioned back to a solution (sol) state again after the 

temperature returned to 4°C. We further explored phase transition temperature of this 

thermosensitive HP by rheology tests. In this experiment, two gelatinous parameters, storage 

modulus (G′) and loss modulus (G″), respectively reflect the change of viscosity and 

elasticity. The G′, G″ values of the HP hydrogel increased rapidly under the temperature 

between 17 and 22°C (Fig. 1B), indicating a process of sol-gel phase transition. Thus, it can 

easily form gels under body temperature (37°C). There were unchanged sol-gel-sol phase 

transitions under the same three temperature points after mixing bFGF and NGF to the HP 

(Fig. 1C). However, the phase transition temperature of GFs-HP decreased to 14 – 19 °C 

(Fig. 1D), which was a slight difference from HP alone. This may be due to micelle packing 

and entanglements of poloxamer 407 being disturbed after incorporating bFGF and NGF. 

Overall, this gelation process demonstrated that GFs-HP has a preferable phase change 
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temperature, which is particularly suitable for in vivo treatment and drug delivery to repair 

nerve damage.

3.2. The 3D porous structure of GFs-HP is safe and persistently maintains GFs stability

The micromorphology of dehydrated HP-based hydrogels was investigated by SEM (Fig. 

2A). The results showed a highly aligned porous structure resembling a cribriform plate in 

the blank hydrogel. Moreover, the porous structure on the surface was interconnected. For 

GFs-HP hydrogel, we also observed similar porous domains. Structures are shown with 

higher resolution with higher magnification (Supplementary Fig. 2). These observations 

suggest that HP hydrogels are suitable for GFs’ absorption and retention. To further 

determine the safety of GFs-HP hydrogel, RSC96cells, a rat Schwann cell (SC) line, were 

cultured in the medium with HP containing with/without GFs. The result of Annexin V+/PI− 

showed no obvious difference on early apoptotic rate between GFs-HP and HP groups via 

Fluorescence Activated Cell Sorting (FACS), and was consistent with the SC cultured in 

normal medium (Fig. 2B, control group: 1.69±0.08, vs. GFs-HP group: 1.48±0.05, P 
=0.124), suggesting that the ingredient of HP in the GFs-HP hydrogel did not impact RSC 

96cell survival. We next investigated the stability of the bFGF and NGF in the HP hydrogel 

within 30 days. From the CCK-8 results, it was demonstrated that NGF and NGF-HP both 

significantly increased cell viability, but there was no significant difference in cell viability 

between NGF and NGF-HP (Fig. 2C). This trend was also confirmed when comparing bFGF 

and bFGF-HP. These results indicate that NGF and bFGF are incorporated in HP without 

deactivation over time, and maintains stability over 30 days.

3.3. Controlled release of bFGF and NGF from GFs-HP persistently improves motor 
functional recovery of PNI-diabetic rats

In vitro release profile of NGF/bFGF-HP hydrogel showed an initial rapid phase for both 

GFs over the first week, followed by a slow and nearly linear phase during the rest of the 

detection time points, with 35% of bFGF and almost 48% of NGF being released by day 35 

(Fig. 3A). This indicated that GFs-HP hydrogels controlled the release of incorporated two 

GFs well. To evaluate whether the sustained-release of bFGF and NGF from the GFs-HP 

coincides with locomotor recovery, the walking tracks and BBB rating scale at indicated 

time points were evaluated. Results revealed that the SFI value and BBB score displayed no 

obvious difference among the four injured groups during the first week. At week 2 after the 

operation, these scoring parameters in the GFs treatment groups showed improvements 

when compared with the no GFs treatment groups, with the GFs-HP group showing 

significantly higher scores than PNI-diabetes group (− 59.65 ± 4.01 vs. − 77.62 ± 3.94, P 
=0.007 for SFI and 14.63±0.73 vs. 11.25±0.45, P =0.002 for BBB). At 4 weeks post-

operation, this difference became more pronounced, and the motor functional recovery in the 

GFs-HP hydrogel group was clearly superior to that of free GFs group (Fig. 3B and C, 

− 31.34 ± 3.71 vs. − 47.62 ± 4.28, P =0.013 for SFI and 18.50±0.60 vs. 16.38±0.42, P 
=0.014 for BBB), manifesting the best per formance. Photographic evaluation visibly 

indicated unambiguous footprints with the most superior toe spread in the GFs-HP group 

when compared other groups, almost resembling the control group (Fig. 3E). These results 

indicated that sustained-release mediated by HP hydrogel was able maintain bFGF and NGF 

Li et al. Page 8

Biomaterials. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at an efficient and stable concentration in the contusion region, which led to effective 

restoration of motor function in the PNI-diabetic rats.

3.4. GFs-HP hydrogel attenuates gastrocnemius muscle atrophy after injury

30 days after the repair, the gastrocnemius muscles of both hind limbs in all groups were 

separated, and wet weight and atrophy were analyzed. Fig. 4A showed the gross images of 

the isolated gastrocnemius muscles in the injured side were obviously atrophic when 

compared with the contralateral side in all four surgery groups, and was especially 

pronounced for the PNI-diabetics group. HE staining showed that when compared with GFs 

or HP-hydrogel groups, the degree of muscle atrophy in GFs-HP group was obviously 

attenuated, resulting in larger muscle fibers with well-defined organization (Fig. 4B and C. 

GFs-HP group: 83.37±2.86%, vs. PNI-diabetics group: 55.85±2.76%, P < 0.001; GFs-HP 

group: 83.37±2.86%, vs. Free GFs group: 70.46±2.42%, P =0.011). Similarly, the relative 

wet weight of the gastrocnemius muscles in the GFs-HP hydrogel group was significantly 

higher than that of the GFs group and other surgery groups (Fig. 4D. GFs-HP group: 

89.41±2.75%, vs. PNI-diabetics group: 55.16±4.40%, P < 0.001; GFs-HP group: 

89.41±2.75%, vs. Free GFs group: 74.40±3.26%, P =0.017). Taken together, these results 

suggest that the HP hydrogel incorporating bFGF and NGF maintains the morphology of 

muscle fibers and prevents atrophy after sciatic nerve injury.

3.5. GFs-HP hydrogel stimulates axonal regeneration and remyelination

Masson trichrome staining (MTS) was used to evaluate the regenerated nerves of the 

longitudinal sectionsat 30 days. Results of histological evaluation showed the number and 

arrangement of nascent nerve fibers in the PNI-diabetes and HP-hydrogel groups were 

scarce and disorganized. On the contrary, the GFs group and GFs-HP group showed a large 

number of myelinated nerve fibers with oriented growth and clear outlines. Moreover, the 

GFs-HP group nearly approximated to that of the Control group (Fig. 5A). TEM was also 

used for visualizing myelin sheath regeneration. Consistent with the result of MTS, at 30 

days postoperatively, most regenerated axons were encased by thick electrondense myelin 

sheaths in the Free GFs and GFs-HP groups, while the myelin sheath regeneration in PNI-

diabetes and HP-hydrogel groups remained thin, loose, and exhibited vacuolar-like defects 

which were typical features of demyelination (Fig. 5B). Statistical analysis of myelinated 

axonal counts also showed that the GFs-HP group was significantly superior to other 

treatment groups (Fig. 5D, from 469±14 in the GFs-HP to 374±16, 275±29, and 267±29 in 

Free GFs, HP hydrogel and PNI-diabetics, respectively. GFs-HP group vs. Free GFs group, 

P =0.003; GFs-HP group vs. PNI-diabetes group, P < 0.001), and its G-ratio was the 

smallest (Fig. 5E, the rankings were 0.83±0.02 > 0.82±0.02 > 0.68±0.03 > 0.56±0.04 in the 

four crushed groups for PNI-diabetics, HP hydrogel, Free GFs, and GFs-HP groups, 

respectively. GFs-HP group vs. Free GFs group, P =0.047; GFs-HP group vs. PNI-diabetes 

group, P < 0.001).

To further investigate the effects of GFs-HP on nerve regeneration, we performed 

immunohistochemical staining on longitudinal nerve sections stained with an antibody 

against Myelin basic protein (MBP, representing myelination) and Neurofilament 200 

(NF-200, marked for neurofilaments for axonal tracing). The result of co-staining showed 
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that MBP was densely and regularly distributed along the NF-200 in the Control group. The 

number and distribution of myelin and neurofilament in the PNI-diabetics and HP-hydrogel 

groups were scarce and disorganized, indicating a severe remyelination defect, while in the 

Free GFs or GFs-HP groups, the presence of myelinated axons was evident (Fig. 5C). 

Quantitative analysis of NF-200 and MBP expression showed that the Free GFs group had 

significantly higher levels than the PNI-diabetes and HP-hydrogel groups, but were inferior 

to the GFs-HP hydrogel group (Fig. 5F and G. 54.17±1.78% vs. 39.30±2.40%, P =0.002 for 

MBP and 42.04±2.37% vs. 32.68±1.19%, P =0.017 for NF-200). These data indicated that 

co-delivery of bFGF and NGF were favorable for axon outgrowth and remyelination after 

sciatic nerve damage.

3.6. GFs-HP augments microtubule stabilization and functional protein secretion

Microtubules (MTs) are polar constituents of the cell cytoskeleton, participate in growth 

cone steering and extension, and play a pivotal role in axon formation [41]. MT stability and 

dynamics are regulated by combined actions of several classes of intrinsic proteins, 

including acetylated a-tubulin (Ace-tubulin) and tyrosinated a-tubulin (tubulin) [42]. The 

ratio of Ace-tubulin/tubulin represent the stability of dynamic MTs [43]. Tau protein, one of 

the major microtubule-associated proteins, can combine with tubulin to promote microtubule 

formation via polymerization effect. The expression of Tau reflects the amount of 

microtubules. As shown in Fig. 6A–C, the ratio of Ace-tubulin/ tubulin value and the 

expression levels of Tau protein were as follows: GFs-HP hydrogel group>Free GFs 

group>GFs-HP hydrogel group>PNI-diabetes group (Supplementary Table 1). GAP-43, a 

protein highly expressed in growth cones of developing and regenerating neurons, was tested 

in each group by western blotting. The result showed the same trend with the Tau protein 

(Fig. 6D. GFs-HP group vs. Free GFs group, P =0.004; GFs-HP group vs. PNI-diabetes 

group, P < 0.001; Free GFs group vs. PNI-diabetes group, P =0.004). Thus, GFs-HP 

hydrogel exerts positive effects on microtubule stabilization and augment the expression of 

functional proteins, allowing for sustained inducing axonal growth.

3.7. GFs-HP hydrogel facilitates SC proliferation

SCs are responsible for myelin formation and maintenance in the peripheral nervous system 

[11,44]. To verify that GFs-HP’s facilitation of structural and functional recovery of injured 

sciatic nerve in diabetic was associated with SCs proliferation, immunocytochemical 

double-labelling analysis for Ki67 (a proliferation marker) and GFAP (marker of immature 

SCs) was evaluated in all experimental groups. Results showed that the fluorescence 

intensity of Ki67 was co-localized with the nuclei and surrounded within the GFAP in all 

groups, and the numbers of Ki67 positive cells was obviously increased in the Free GFs 

group when compared with the PNI-diabetes group. Furthermore, the GFs–HP hydrogel 

group showed significantly larger fluorescence intensity and many more Ki67 positive cells 

than the GFs group (Fig. 7A and B, 41.63±2.07% vs. 34.57±1.89%, P =0.040). In addition, 

the result of western blotting showed that the Free GFs group significantly increased the 

expression of Ki67 and proliferating cell nuclear antigen (PCNA, another typical cell 

proliferation marker), but to a lesser extent than the GFs-HP group (Fig. 7C–E, comparison 

between the GFs-HP group and Free GFs group: 0.44±0.02 vs. 0.34±0.02, P =0.005 for 
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Ki67 and 1.05±0.04 vs. 0.92±0.01, P =0.027 for PCNA). Collectively, these data suggest the 

beneficial role of GFs–HP hydrogel on nerve repair involves improved SCs proliferation.

3.8 Therapeutic effects of GFs–HP is linked with activation of MAPK/ERK, PI3K/Akt and 
JAK/STAT3 pathways

Phosphatidylinositol 3 kinase and protein kinase B (PI3K/Akt), janus kinase/signal 

transducer and activator of transcription (JAK/STAT3), and mitogen-activated protein kinase 

kinase/extracellular signal-regulated kinase (MAPK/ERK) are three common signaling 

pathways that regulate cell proliferation [45]. Activation of these distinct pathways 

correlates with neurotrophin participation [46,47]. To reveal the underlying mechanism by 

which GFs–HP hydrogel promotes SCs proliferation, the expression levels of p-AKT, AKT, 

p-ERK, ERK, p-STAT3, STAT3 of the lesioned sciatic nerves 30 days post-surgery were 

measured in each group by western blotting. As shown in Fig. 8A, the ratio of p-AKT/AKT, 

p-ERK/ERK, p-STAT3/STAT3 in the Free GFs and GFs–HP groups exhibited a marked 

increase compared with the PNI-diabetics group, and the percentage of the phosphorylation 

levels of AKT, ERK, and STAT3 in the GFs-HP hydrogel group showed the highest 

expression among the five groups, which were significantly higher than the Free GFs group 

(Fig. 8B, C and D: 0.47±0.02 vs. 0.35±0.02, P = 0.005 for p-AKT/AKT ratio, 5.42 ± 0.51 

vs. 3.95 ± 0.30, P = 0.047 for p-ERK/ERK ratio and 0.60±0.04 vs. 0.47±0.02, P =0.019 for 

p-STAT3/STAT3 ratio, respectively). These data reveal that GFs–HP’s administration may 

contribute to activations of the MAPK/ERK, PI3K/Akt, and JAK/STAT3 signal pathways, 

which is correlated with increased SCs proliferation.

4. Discussion

Restoring the functional reinnervation of injured peripheral nerves to near normal levels 

remains a challenging clinical problem, and patients are often subjected to partial or 

permanent disability of sensory and autonomic functions, especially for those are also 

suffering from chronic illnesses such as DM [1,48]. Molecular therapies using neurotrophic 

factors such as NGF and bFGF, the two most widely studied GFs, to promote peripheral 

nerve repair and regeneration have been investigated [49–51], however, maintaining 

appropriate spatial and temporal release of GFs are major hurdles to optimal efficacy. In this 

study, we demonstrated that co-administering NGF and bFGF loaded onto a heparin-

poloxamer thermosensitive hydrogel (GFs-HP) via in situ injection efficiently and safely 

enhanced neuroprotection in diabetic rats suffering from peripheral nerve injury 

Additionally, the molecular mechanism of GFs-HP hydrogel’s positive effect may involve 

the activations of MAPK/ERK, PI3K/Akt and JAK/STAT3 signaling pathways.

During nerve development and regeneration, the axonal sprouting and myelinated 

reformulation is not only dependent on intrinsic growth capability that involves complex 

sequences of molecular and cellular mechanisms, but also influenced by extrinsic factors 

that regulate the microenvironment of PNI [52,53]. An effective way to create an optimal 

microenvironment for nerve repair is supplying GFs and cytokines to the injured site [54]. 

NGF and bFGF, two extensively studied GFs of the neurotrophin family, have been shown to 

accelerate morphological and functional recovery in PNI and neurological disease [55]. 

Li et al. Page 11

Biomaterials. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although both GFs can be endogenously synthesized and secreted by denervated neurons 

and SCs, their low expression levels are unable to induce survival and regrowth of damaged 

nerves [56,57]. Exogenous administration of GFs to lesioned areas has been well-studied, 

but most researches are focused on local administration a single GFs with or without 

materials to regulate spatial-temporal release of GFs. As proteinic drugs, bFGF and NGF are 

easily inactivated under physiological conditions, and their bioavailability varies 

dramatically in tissue and body fluids [58,59]. These shortcomings have required high-

dosage and repetitive administration of bFGF or NGF, increasing the risk of undesirable 

reactions. High frequency of administration is disadvantageous for nerve repair, thus, 

seeking a delivery vehicle that can retain and release multiple GFs at lesion sites for an 

adequate period of time has been regarded to hold a great deal of promise for GFs-based 

therapeutics.

Poloxamer-based hydrogel offers an ideal drug delivery tool compatible with most living 

tissues and thus facilitates widespread application in neuroprotection and regeneration. For 

instance, a hydrogel incorporating poloxamer-407/188 polymer and monosialoganglio-side 

(GM1-hydrogel) was found be effective in preventing cell apoptosis and glial scar formation 

in rabbit spinal cord injuries (SCI) [60]. Recently, our group prepared a thermosensitive GFs 

hydrogel system for delivering single GFs directly to the lesion area of damaged nerves [26], 

which consists of poloxamer 407 and heparin through a poly-condensation reaction. 

Poloxamer 407 is a safe biocompatible polymer, and has been approved by U.S. Food and 

Drug Administration (FDA) for suture-less and atraumatic vascular anastomosis [61]. 

Heparin is a glycosaminoglycan formed by the alternation of two polysaccharides. Together, 

heparin-poloxamer copolymer have been shown to improve SCI repair and regeneration via 

inhibition of chronic endoplasmic reticulum (ER) stress-induced and autophagy-induced 

apoptosis [26,62]. The temperature-sensitive property of HP is suitable for in situ 

administration and has been applied for medical adhesive anastomosis [27,32]. At 4°C, HP 

is in a solution state, which is convenient for loading GFs. In vivo, HP transforms into a gel 

state at body temperature (37°C), which provides suitable mechanical strength and mediates 

a localized steady release of GFs over time. Furthermore, another key feature of heparin is 

its ability to bind a number of protein and peptides and prevent their hydrolytic degradation, 

making it a frequently used substance to modulate GFs bioactivity [63,64]. Thus, poloxamer 

407 grafted with heparin helps to protect not only GFs activity and conformation, but also 

spatiotemporal controlled release of two GFs over a designated time-frame [27]. The current 

study’s use of heparin-based hydrogels to co-deliver bFGF and NGF holds several 

advantages: (i) Biosafety and biocompatibility of the hydrogel (documented in vitro and in 

vivo [26,62,65]). (ii) Encapsulation of multiple GFs and releasing them in a slow and 

sustained manner (Fig. 3A). (iii) Protection of GFs from enzymatic degradation. (iv) 

Temperature-sensitivity (Fig. 1) in favor of orthotopic administration in vivo. (v) Three-

dimensional network structure (Fig. 2A) that allows GFs to load at a high amount. In the 

present study, we investigated the effect of 30-day consecutive administration of free GFs 

and the effect of single injection of GFs loaded onto HPs (GFs-HP), and showed that GF 

deliver via HP hydrogel is clearly superior in terms of neuroprotection, regeneration, and 

functional reinnervation. Our in vivo experiments also showed that delivering GFs via HP 

hydrogel is clearly efficacious in terms of neuroprotection, regeneration, and functional 
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reinnervation. Our in vivo experiments also showed that one single in situ administration 

GFs-loaded HP hydrogel was sufficient to continuously promote axonal and myelinated 

reconstruction, neural tissue and gastrocnemius muscle regeneration, as well as motor 

function recovery after nerve crush injury in diabetic rats (Figs. 3–6), and the effect is 

markedly superior to consecutive free GFs injections. These results indicated that the 

neuroprotective effect of GFs could be enhanced after being loaded onto the heparin-based 

hydrogel.

The reasoning of co-administrating NGF and bGFG lies in the fact that single administration 

is largely suboptimal as nerve regeneration requires a multitude of steps that depend on 

different GFs in a time- and concentration-dependent fashion [66]. Here, for the first time, 

we combined multiple GFs to the injury site, which we hypothesize should have synergistic 

effects on nerve regeneration. Both NGF and bFGF have demonstrated neuroprotective and 

regenerative capacities for sustaining neural growth and extension after prolonged den-

ervation [67,68], however, bFGF is also an angiogenic inducer that strongly stimulates 

vessel sprouting and remodeling around the lesion region of injured nerve, which can 

contribute to axon regrowth and repair by enhancing transit of more nutrients and relieving 

toxic metabolites [69]. Thus, incorporating multiple GFs into injured nerve stump via a 

regulated spatial temporal method might be a superior and promising therapy for more 

efficient and effective nerve regeneration. In the present study, we demonstrated that the co-

application of bFGF and NGF loaded onto an HP hydrogel led to a robust neuroprotective 

response with extensive generation of new myelin en-sheathing axons at the nerve lesion site 

in diabetic rats. Compared with the PNI-diabetic group, the expression levels of MT-

associated proteins and intracellular growth associated proteins were significantly increased, 

reflecting microtubule stabilization and growth cone formation. Moreover, gastrocnemius 

atrophy and motor function impairment of the sciatic nerve were markedly attenuated with 

GFs-HP treatment. Therefore, our works show that when combined with spatial-temporal 

regulation via HP hydrogel, co-application of NGF and bFGF may synergistically induce the 

micro-structural alterations that enhance overall functional recovery of injured sciatic nerves 

in diabetic rats.

Nerve injury results in SCs dedifferentiation and proliferation, causing SCs to be confined to 

the basal lamina to form Büngner bands, which is an essential process for axonal repair and 

myelin regrowth [70,71]. Once proliferating, SCs contact the regenerative axons, 

redifferentiate to ensheath axon, and form myelin. Thus, promoting SCs proliferation in the 

distal lesion segment is crucial for the development and functional recovery of peripheral 

nerves [72]. In this study, our results showed a robustly enhanced activity of SCs 

proliferation after the application of dual GFs, especially when loaded onto the HP hydrogel 

(Fig. 7). This suggests that co-delivery of bFGF and NGF via a slow-release HP hydrogel 

platform may be a potent promoter of SC proliferation in peripheral regeneration following 

PNI.

The primary biological actions of GF signaling is pivotal to mount a proliferative response 

for SCs [73]. Recently, MAPK/ERK, PI3K/Akt, and JAK/STAT3 signaling pathways that 

regulate naturally-occurring cell proliferation have been identified following nerve injury in 

mammals [74,75]. In spinal cord injury models, neuregulin-1-erbB activating microglial 
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proliferation was dependent on the MAPK/ERK pathway [76]. Zuo et al. found that 

gastrodin effectively promoted proliferation and migration of RSC96cells by regulating gene 

expression of PI3K/Akt and ERK1/2 phosphorylation [77]. JAK/STAT3 is also an important 

regulator of neurotrophin growth factor signaling in neurite outgrowth [47]. To explore 

whether GFs-HP led to SCs proliferation following nerve injury via activation of these three 

signaling pathways, we explored the phosphorylation of AKT, ERK and STAT3 by western 

blotting. Our in vivo research demonstrated that bFGF and NGF combination therapy, 

especially when loaded onto an HP hydrogel, is clearly associated with increased 

phosphorylation of AKT, ERK, and STAT3 (Fig. 8), indicating that these three signaling 

pathways are activated following therapy. Combined with the observed SCs proliferation and 

differentiation enhancement, we hypothesize that GFs–HP’s administration may contribute 

to activations of the MAPK/ERK, PI3K/Akt, and JAK/STAT3 signal pathways, which is 

correlated with increased SCs proliferation. Further investigations via culturing primary SCs 

in high glucose conditions are necessary to verify this mechanistic relationship.

While we believe that our results show that in situ GFs-HP administration has great potential 

for peripheral nerve regeneration, this study carries several limitations. First, we do not have 

electrophysiology data to evaluate motor functional recovery after sciatic nerve injury. 

Electrophysiology assessment is an effective method to evaluate functional recovery of the 

regenerated sciatic nerve. These methods were widely adopted in many research papers [78–

80], including our previous studies [81–83]. However, it also carries several limitations, 

including the need for larger sample sizes (therefore more animals) to obtain sufficient 

statistical power due to the high variance of measurements. Second, while our results 

indicate that the therapeutic effects of GFs-HP likely involve promoting axonal regeneration 

and increasing myelination of surviving fibers, performing the immunofluorescence studies 

at additional time points may provide information about temporal morphological changes 

with hydrogel-GF treatment. However, our results can be used to demonstrate the superior 

therapeutic effect of single injection of GFs-HP hydrogel for 30-day treatment of sciatic 

nerve injury in diabetic rats compared to 30 days of consecutive injection of equal free GFs. 

Moreover, from the result of SFI values and BBB evaluation, we can conclude that the 

controlled released of GFs-HP is also beneficial for motor functional recovery. Third, we did 

not investigate the effect of single NGF or bFGF administration, thus, whether combining 

NGF and bFGF has synergistic effects is not fully known. The individual effect of bFGF and 

NGF has been validated in our prior studies [33,84]. Studies have indicated that co-

administration of NGF and bFGF together could synergistically promote tissue reinnervation 

and neural differentiation, compared with bFGF and NGF alone [85,86]. In this study, we 

evaluated the effectiveness of dual GF administration for the first time in peripheral nerve 

injuries, and focused on showing how HP hydrogel can augment this therapy strategy. 

Further studies involving electrophysiology measurements, temporal changes in tissue 

morphology, and comparisons of single vs. multiple GF administration may be needed to 

fully elaborate the effectiveness of the GFs-HP technology.

5. Conclusion

In summary, heparin-based hydrogel is a promising vehicle for localized, controlled delivery 

of multiple GFs by self-assembly. A single-dose HP hydrogel treatment with of bFGF and 
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NGF (15μg each) resulted in beneficial effects on motor recovery, axon and myelin 

rehabilitation and interaction, microtubule stabilization, and SC proliferation in diabetic rats 

with sciatic nerve injury. Furthermore, our mechanistic investigation also revealed GFs–

HP’s administration may contribute to activations of the MAPK/ERK, PI3K/Akt, and JAK/

STAT3 signal pathways, which is correlated with increased SCs proliferation 

(Supplementary Fig. 3). Thus, controlled in situ delivery of GFs via HP hydrogel may be a 

promising therapeutic intervention for peripheral nerve regeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The thermosensitive property of GFs-HP hydrogel. A, C. Visualization of the state of HP 

and GFs-HP respectively at different temperatures (4°C, 37°C and 4°C after 37°C). At 37°C, 

both hydrogels are clearly in a gel state, while at 4°C before or after heating, both hydrogels 

are clearly in a sol state. B, D. Storage (G′) and loss (G″) moduli as rheological markers in 

temperatures ranging from 10 to 40°C for HP and GFs-HP hydrogels, respectively. Results 

show that the temperature of gel-sol phase transition for HP is slightly higher than that of 

GFs-HP, but both are well below 37°C.
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Fig. 2. 
The microstructure and safety of HP-hydrogel with/without GFs. A. SEM image of the 

morphology HP and GFs-HP hydrogel. Scale bar=100μm; B. The survival rate of 

RSC96cells treated with HP with/without GFs using PI/annexin V-FITC staining and 

statistical results of early apoptosis rate. Results show that there is no appreciable change in 

apoptotic rate of SCs with GFs-HP hydrogel. n.s, nonsignifcant; C. The stability of the 

bFGF and NGF in the hydrogel at different times was evaluated by CCK-8 assay. All data 

represent mean values±SEM, n=3 for each group.
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Fig. 3. 
The continuous release of bFGF and NGF from GFs-HP hydrogel enhances motor 

functional recovery of the regenerated sciatic nerve. A. Release profile of encapsulated 

bFGF and NGF at different time points; B. The sciatic function index (SFI) values in all 

groups measured at the predetermined time postoperatively; C. Quantification of BBB 

scores in the indicated groups at the predetermined time postoperatively; D. A schematic for 

measuring parameters of footprints; E. Representative photographs of the rats’ paw prints in 

each group 28 days after sciatic nerve crush injury. Free GFs vs PNI-diabetes: *P <0.05, 

GFs-HP hydrogel vs PNI-diabetes: ##P <0.01, ###P <0.001, GFs-HP hydrogel vs Free GFs: 
&P <0.05. All data represent mean values±SEM, n=8 in each group.
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Fig. 4. 
Analyses gastrocnemius muscle morphology and wet weight for evaluation of post-injury 

muscle atrophy. A, Representative photographs of gastrocnemius muscles from both hind 

limbs in each group. Scale bar, 25mm; B, Representative light microscopy images of cross-

sectioned gastrocnemius muscles following H&E staining 30 days post-injury. Scale bar, 

50μm; C. Histograms showing the percentage of cross-sectional area of muscle fibers 

quantified with Image-Pro Plus software analysis of light microscopy results; D. Wet weight 

ratios of gastrocnemius muscles in each group at 30 days post injury. Free GFs vs PNI-

diabetes: **P <0.01, GFs-HP hydrogel vs PNI-diabetes: ###P <0.001, GFs-HP hydrogel vs 

Free GFs: &P <0.05. All data represent mean values±SEM, n=5 for each group.

Li et al. Page 23

Biomaterials. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Histological and microstructure evaluation of injured sciatic nerve. A. longitudinal sections 

of regenerated nerve stained with Masson’s trichrome 30 days after injury, Scale bar=50μm; 

B. TEM images of cross-sections of lesion regions, Scale bar=2μm; C. Double 

immunofluorescence staining for NF-200 and MBP-positive cells of the longitudinal 

sections in each experimental group. Scale bar=25μm; D, E. Quantification analysis of 

myelinated axonal count and G-ratio (G-ratio=axon diameter/fiber diameter) in the indicated 

groups; F, G. Quantitative analyses of fluorescence intensity of pixels for MBP and NF-200. 

Values are expressed as mean±SEM, n=5 per group. Free GFs vs PNI-diabetes: *P <0.05, 
**P <0.01, GFs-HP hydrogel vs PNI-diabetes: ###P <0.001, GFs-HP hydrogel vs Free GFs: 
&P <0.05, &&P <0.01.
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Fig. 6. 
GFs-HP hydrogel maintains MT stability in axons and upregulates GAP43 expression. A. 

the expression levels of MT-associated proteins (Ace-tubulin, Tyr-tubulin, Tau) and neural 

structural protein GAP43 in sciatic nerve lesions from diabetic rats via western blotting 

(GAPDH served as a protein loading control); B, C, D. Densitometrical analysis of Ace-

tubulin, Tyr-tubulin, Tau and GAP43, respectively. Data presented as mean±SEM, n=5 for 

each group. Free GFs vs PNI-diabetes: **P <0.01, GFs-HP hydrogel vs PNI-diabetes: ###P 
<0.001, GFs-HP hydrogel vs Free GFs: &P <0.05, &&P <0.01.
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Fig. 7. 
GFs-HP hydrogel facilitates SCs proliferation. A. The double immunofluorescence staining 

of Ki67 (green) with the GFAP (red) to label proliferating SCs in longitudinal sciatic nerve 

sections, Scale bar=50μm; B. The percentages of cells double-positive for Ki67 and GFAP 

out of total DAPI positive cells (representing proliferation rate of SCs); C. The protein levels 

of Ki67 and PCNA at 30 days after injury by western blotting; D, E. Densitometric analyses 

of PCNA and Ki67, respectively. GAPDH was used for band density normalization. Data 

presented as mean±SEM, n=5 for each group. Free GFs vs PNI-diabetes: **P <0.01, ***P 
<0.001, GFs-HP hydrogel vs PNI-diabetes: ###P<0.001, GFs-HP hydrogel vs Free GFs: &P 
<0.05, &&P <0.01. (For interpretation of the references to color in this figure legend, the 

reader is referred to the Web version of this article.)
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Fig. 8. 
GFs-HP hydrogel treatment activates SCs proliferation through MAPK/ERK, PI3K/Akt and 

JAK/STAT3 pathways. A. Immunoblot for p-AKT, p-ERK, p-STAT3; total proteins amount 

of AKT, ERK, STAT3 served as loading control; B–D: Densitometric quantification of p-

AKT/AKT, p-ERK/ERK and p-STAT3/STAT3, respectively. GAPDH was used for band 

density normalization. Data presented as Mean±SEM n=5 for each group. Significance 

markers: Free GFs vs PNI-diabetes: *P <0.05, **P <0.01, GFs-HP hydrogel vs PNI-diabetes: 
###P <0.001, GFs-HP hydrogel vs Free GFs: &P <0.05, &&P <0.01.
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