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A B S T R A C T

Antioxidant is critical for the successful of nerve tissue regeneration, and biomaterials with antioxidant activity
might be favorable for peripheral nerve repair. Lignin, a biopolymer from wood with excellent antioxidant
properties, is still “unexplored” as biomaterials. To design an antioxidative bioscaffold for nerve regeneration,
here we synthesized lignin-polycaprolactone (PCL) copolymers via solvent free ring-opening polymerization
(ROP). Then such lignin-PCL copolymers were incorporated with PCL and engineered into nanofibrous scaffolds
for supporting the growth of neuron and Schwann cell. Our results showed that the addition of lignin-PCL
enhanced the mechanical properties of PCL nanofibers and endowed them with good antioxidant properties (up
to 98.3 ± 1.9% free radical inhibition within 4 h). Cell proliferation assay showed that PCL/lignin-PCL nano-
fibers increased cell viability compared to PCL fibers, especially after an oxidative challenge. Moreover,
Schwann cells and dorsal root ganglion (DRG) neurons cultured on the nanofibers to assess their potential for
nerve regeneration. These results suggested that nanofibers with lignin copolymers promoted cell proliferation
of both BMSCs and Schwann cells, enhanced myelin basic protein expressions of Schwann cells and stimulated
neurite outgrowth of DRG neurons. In all, these sustainable, intrinsically antioxidant nanofibers may be a po-
tential candidate for nerve TE applications.

1. Introduction

Nervous system loses its functions due to disease, trauma, or aging
[1,2]. Nerve damage is always in company with inflammation and
oxidant stress [3]. Human nervous system is especially vulnerable to
oxidant stress-related injury due to many reasons, including high
oxygen consumption, excessive reactive oxygen species (ROS) genera-
tion, rich in polyunsaturated fatty acids, special neuronal conduction
and synaptic transmission activity (high Ca2+ traffic) [4]. Tissue en-
gineered (TE) nerve grafts showed their potential as an alternative to
autologous nerve grafts for peripheral nerve repair [5–7]. However,
many synthetic polymeric biomaterials, such as polycaprolactone (PCL)
and poly (lactic acid), always induces an inflammatory response,

triggers oxidant stress and generates ROS and other radicals in local
tissue. The overdose of ROS can cause the damage of cell membrane
lipids, proteins, and DNA, leading to the death of the grafted cells and
failure of the implants. Therefore, nerve TE grafts with antioxidant
properties maybe a suitable solution to overcome such issues. Different
antioxidants including melatonin [8,9], acetyl-L-carnitine [10,11], β-
carotene, Vitamin E and B-complex vitamins [12], were successfully
applied for supporting the nerve repair by countervailing harmful ef-
fects of ROS. However, there are some limitations of all these tradi-
tional antioxidant agents, such as risk of enzymolysis, difficulty to reach
the desired destination, and short half-life [13]. Biodegradable poly-
mers with native intrinsic antioxidant potential may therefore provide
another avenue for antioxidant therapy [14]. The nerve TE grafts
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contained this kind of polymers may have continuous local antioxidant
property, as long as the polymer doesn't degrade completely.

Lignin is a well-known scavenger of oxygen free radical for stabi-
lizing the reactions initiated by oxygen radicals [15]. This complex
aromatic macromolecule contains large numbers of hydroxyl and
methoxyl functional groups, which can donate hydrogen to terminate
oxidation propagation reaction [16,17]. Many research groups have
reported that lignin could be potentially used as antioxidant agents for
healthcare applications [17–20], but still lignin is “rather unexplored”
as biomaterials. In our previous studies, we designed and developed
functional lignin-based materials and these materials exhibited ex-
cellent antioxidant properties and biocompatibility [21–24]. Here our
aim is to evaluate the potential of lignin-PCL copolymer as a material
for nerve tissue repair and regeneration.

In this study, we synthesized lignin-PCL copolymers (with different
lignin content) via the solvent free ring-opening polymerization (ROP)
of ε-caprolactone onto alkali lignin. Moreover, such anti-oxidative
lignin-PCL copolymers were blended with PCL and then engineered into
composite fibers via electrospinning. Electrospun nanofibers with si-
milar structure of native extracellular matrix (ECM) have been regarded
as a potential biomaterial graft for nerve TE [25–28]. PCL is a U.S. Food
and Drug Administration (FDA) approved biodegradable polyester,
while PCL based scaffolds have been widely used as scaffolds for var-
ious tissue engineering applications due to their biocompatibility, slow
degradation rate, and ease of processing [29–34]. Thus, PCL was used
as the matrix material and polymerized with lignin to obtain a copo-
lymer which can overcome the shortcomings of the use of PCL and
lignin alone including the mechanical property, biocompatibility and
anti-oxidative damage ability. The topographical, mechanical proper-
ties and antioxidant activity of the blending nanofibers were evaluated.
Furthermore, neurons and Schwann cells were cultured on the fibers to
evaluate its growth behavior. Our hypothesis is that such lignin-PCL
copolymers could provide mechanical reinforcement and antioxidant
properties to the resulting nanofibers, which might increase the viabi-
lity of nerve cells against oxidant stress, and promote neurite outgrowth
of neurons and Schwann cells growth for nerve regeneration.

2. Materials and methods

2.1. Materials

All chemicals were purchased from Sigma-Aldrich Chemicals and
used as received except where noted. The average Mn of
Polycaprolactone (PCL) was 80,000. Alkali lignin (Mn=5000 g/mol)
was dried at 105 °C overnight before use. Rat Schwann cells (S42 ATCC®

CRL2942™) were obtained from ATCC, USA, while Schwann cell culture
medium was purchase from Gene-Ethics Asia Pte Ltd, Singapore.
Human bone marrow mesenchymal stem cells (PT 2501) were obtained
from Lonza, Switzerland. Fetal bovine serum (FBS), trypsin/EDTA and
Neurobasal Medium and B27 supplement factors were all purchased
from GIBCO Invitrogen, USA. Alamar Blue (AbDSerotec) was purchased
from Chemoscience, Singapore, and nerve growth factor (NGF) was
purchased from Millipore, Singapore. All chemicals were of analytical

grade and used without further purification.

2.2. Synthesis of lignin-PCL copolymers

Lignin-PCL was synthesized by a solvent free polymerization. For
example, alkila lignin (4 g), ε-caprolactone (6 g) and Tin(II) 2-ethyl-
hexanoate (0.5 wt% of monomer as catalyst) were added into a round
bottomed flask. After purging with N2 for 30min, the mixture was
stirred at 130 °C for 24 h. Then the mixture was cooled down to room
temperature and dissolved with 100ml of chloroform. The synthesized
lignin-PCL copolymers will be dissolved in chloroform, and unreacted
lignin will be removed by centrifugation (5000 rpm for 5min). The
supernatant was poured into excess hexane, and the precipitate (lignin-
PCL) was collected and dried in vacuum oven at 50 °C for 24 h. 2 dif-
ferent PCL−lignin copolymers were synthesized under similar condi-
tions by varying the feeding ratio of lignin: ε-caprolactone (2: 8 and 4:
6) as shown in Table 1.

2.3. Characterization of lignin-PCL copolymers

Lignin-PCL copolymer was analyzed by 1H NMR (Bruker 400MHz).
Deuterated chloroform (CDCl3) was used as a solvent to dissolve syn-
thesized materials. Molecular weight and polydispersity index of
polymer sample were analyzed by Waters gel permeation chromato-
graphy (GPC, a Shimadzu SCL-10A and LC-8A system equipped with
two Phenogel 5mm 50 and 1000 Å columns in series and a Shimadzu
RID-10A refractive index detector) by using HPLC tetrahydrofuran as
an eluent. The flow rate of tetrahydrofuran eluent was 1.0ml/min at
25 °C. The number average molecular weights (Mn), weight average
molecular weights (Mw) and polydispersity index (PDI, Mw/Mn) were
determined with a calibration based on linear poly(methyl methacry-
late) standards. Thermal behaviors of the copolymers were also in-
vestigated. Thermogravimetric analysis (TGA) was carried out on a
thermogravimetric analyzer (Q500, TA Instruments, USA). Samples
were heated at 20 °C/min from room temperature to 700 °C in a dy-
namic nitrogen atmosphere (flow rate= 60ml/min). DSC thermal
analysis was performed on a differential Scanning Calorimeter (DSC,
Q100, TA Instruments, USA) equipped with an auto cool accessory and
calibrated using indium. The following protocol was used for each
sample: heating from −80 °C to +150 °C at 20 °C/min, holding at
+150 °C from 5min, cooling from +150 °C to −80 °C at 20 °C/min,
and finally reheating from −80 to +150 °C at 20 °C/min. Melting
temperatures and melting enthalpy change (ΔHm) was determined from
the endothermic melting peak.

2.4. Electrospinning of PCL/lignin-PCL nanofibers

PCL along with lignin-PCL copolymers were dissolved in 1, 1, 1, 3,
3, 3-hexafluoro-2-propanol (HFP). The mass ratios of PCL and each
lignin-PCL copolymer were 95:5, 90:10 and 85:15. The total con-
centration of the solution was 10% (w/v). The electrospinning process
was the same as described in the previous work [35]. The solution was
pumped out at 1ml/h with 15 kV of voltage applied on the needle. The

Table 1
Material characterization of PCL/lignin-PCL nanofibers.

Fibers Copolymer blended Feed ratio (PCL: LP) Fiber diameter (nm) Tensile strength (MPa) Y modulus (MPa) Elongation at break (%)

PCL N.A. 100:0 383 ± 89 13.3 ± 1.1 24.0 ± 2.8 137 ± 16
PCL5LP2 LP2 95:5 338 ± 47 6.3 ± 1.1* 13.2 ± 1.4* 94 ± 22*

PCL10LP2 LP2 90:10 321 ± 56 10.0 ± 2.1* 16.7 ± 2.0* 160 ± 25
PCL15LP2 LP2 85:15 330 ± 49 8.4 ± 0.9* 16.1 ± 2.5* 116 ± 6*

PCL5LP4 LP4 95:5 214 ± 34* 9.8 ± 2.0* 24.7 ± 3.7 86 ± 16*

PCL10LP4 LP4 90:10 259 ± 42* 17.3 ± 1.8* 24.4 ± 2.9 160 ± 8*

PCL15LP4 LP4 85:15 289 ± 88 11.2 ± 2.5 22.8 ± 1.2 119 ± 15

* Significantly different from corresponding parameters of PCL fibers (p < 0.05).
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formed fibers were collected onto an aluminum foil covered platform.
(10 cm away from the needle tip). The fabricated fiber mats were dried
overnight in vacuum oven. Neat PCL fibers were fabricated under the
same parameters as control. PCL nanofibers with 10% (w/w) Vitamin E
(10% VE in PCL) labeled as PCL10VE were also fabricated as the control
group. In detail, PCL was dissolved in HFP at a concentration of 10% w/
v. Then VE, which accounted for 10% of the mass of PCL, was added to
the solution. After stirring, the fibers were fabricated under the same
parameters described above.

2.5. Characterization of electrospun fibers

The surface topographies of the fibers were characterized by scan-
ning electron microscopy (SEM, JSM6700F, JEOL, Japan). The average
diameter of fibers was calculated from 50 random fibers based on the
image with Image J software (National Institutes of Health, Bethesda,
USA).

Mechanical property of nerve TE grafts is an essential aspect which
should be considered in nerve regeneration. A favorable nerve graft
should mechanically match the strength of natural nerves to withstand
physiological loads. The mechanical properties of the PCL/lignin-PCL
fibers were measured by using uniaxial tensile testing technique
(Instron 5943, USA) with 10 N load capacity with a rate of 10mm/min.
5 pieces were prepared for each samples.

The antioxidant activity of lignin-PCL copolymers and PCL/lignin-
PCL fibers was assessed by 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay
[36,37]. Lignin-PCL copolymers (10mg) and fibers (20mg) were placed
in glass vials. Pure PCL and Vitamin E of the same weight as Lignin-PCL
copolymers were used as control. A 60 μM DPPH solution in MeOH was
prepared, and 10ml of such solution was added into each vial. DPPH
free radical content was measured by monitoring the absorbance
changes at 517 nm at each time point. All samples were prepared in
triplicate. The antiradical activity was measured as% inhibition of free
radicals by measuring the decrease in absorbance compared to control
solutions.

2.6. The evaluation of nanofiber biocompatibility

Bone marrow mesenchymal stem cell (BMSC) is one of the most
commonly used seed cells in nerve tissue engineering [38,39]. There-
fore, the viability of BMSCs on the nanofibers was used to evaluate the
biocompatibility of different nanofibers. The circular nanofiber mat
with a diameter of 15mm was placed in 24-well plate and pressed with
a stainless steel ring to ensure complete contact of the scaffolds with
wells. And then the nanofiber mats were washed thrice with PBS after
sterilization with UV light. Subsequently, all samples were immersed in
culture medium before cell seeding. The cells were seeded on nanofiber
mat at a density of 104 cells per well.

The proliferation viability of BMSCs was determined by Alamar blue
assay after 5 and 10 days of culture. In detail, the medium was removed
and 1ml 10% Alamar blue solution (10% Alamar blue, 90% pure
medium without FBS) were added to each well and then incubated for
further 4 h at 37 °C. The mixture solution was pipetted into 96-well
plate and obtained the fluorescence intensity using a Thermo Scientific
Microplate Reader (Varioskan Flash Multimode Reader, Thermo
Scientific).

2.7. The oxidative stress in cells on nanofibers

To investigate the protective effect of nanofibers on oxidative-stress
damage in nerve cells, Schwann cells were seeded on sterilized PCL/
lignin nanofibers at a density of 2×104 cells per well. And PCL na-
nofibers with 10% (w/w) Vitamin E (10% VE in PCL) labeled as
PCL10VE was fabricated as the control group to evaluate the oxidation
resistance of lignin containing fibers. Then the cells were treated with
hydrogen peroxide (H2O2), a typical oxidative stress inducer, known to

induce rapid cell death due to excessive ROS generation. In detail, the
cells were treated with H2O2 (200 μM in PBS) for 20min after seeding
overnight. Then the H2O2 solution was removed and the cells were
rinsed thrice with PBS. Fresh cell culture medium was added and cul-
tured in incubator at 37 °C. The cell viability was performed with
Alamar blue after 1 and 3 days of incubation.

2.8. Cell behavior of Schwann cells on electrospun nanofibers

Schwann cells play a critical role in neuron survival and nerve re-
generation [40,41]. In order to evaluate the behavior of Schwann cells
on different nanofibers, the proliferation was performed after 1, 3,
5 days of culture by Alamar blue assay as described above. Additionally,
the morphology of Schwann cells on different nanofibers was also ob-
served after 7 days of culture. The samples were treated with formalin
solution for 20min, washed thrice with PBS and dehydrated with a
series of graded ethanol solutions (50%, 70%, 90% and 100%) for
15min each. Then, all samples were treated with HDMS and air-dried
overnight. Finally, the morphology of cells were visualized under SEM
after sputter coating with gold.

2.9. Expression of myelin basic protein (MBP) on electrospun nanofibers

To evaluate the influence of different nanofibers on expression of
myelination related proteins of Schwann cells, the MBP expression was
determined with immunostaining. After 7 days of culture, all samples
were rinsed with PBS, fixed with formalin for 20min and treated with
0.1% Triton-X100 for permeabilization for 5min. Then 3% BSA solu-
tion was used to block nonspecific binding for 90min. Next, the cells
were stained with anti-MBP antibody produced in rabbit at a dilution of
1:200 overnight at 4 °C. Subsequently, all samples were washed thrice
with PBS and stained with FITC conjugated goat anti rabbit at a dilution
of 1:300 for 1 h. After rinsing with PBS for five times, the samples were
treated with mounting medium with DAPI (Vector Laboratories, USA).
Finally, the immunostained samples were visualized under laser scan-
ning confocal microscopy (LSCM) to observe the cell phenotype.

2.10. Neurite outgrowth of DRG neurons on electrospun nanofibers

DRG neurons were isolated from the embryo of the 14 day pregnant
rat. The neurons were seeded on nanofibrous scaffold in 24-well cell
culture plate with a density of 20,000 per well. All nanofibrous mats for
neurons seeding were sterilize under UV light for 5 h, followed by thrice
rinse with PBS and immersion in culture medium. The culture medium
for DRG neurons was Neuralbasal medium with 1% Penicillin-
Streptomycin Solution, 2% B27 supplement factors and 20 ngml−1

NGF. After 7 days of culture, the DRG neurons were treated with 4%
paraformaldehyde for 30min at 4 °C and then washed thrice with PBS.
Subsequently, the DRG neurons were immunostained with the primary
antibody solution (anti–160 kD neurofilament medium antibody,
Abcam) overnight at 4 °C. The samples were incubated with Goat anti-
mouse IgG H&L (Alexa Fluor 488, Abcam) after washing with PBS for
three times. The nuclei was stained with DAPI (Thermo Scientific) for
15min. The immunostained DRG neurons were visualized under LSCM.
The neurite length was measured using Image J software and the mean
values were then calculated.

2.11. Statistical analysis

All data were presented as mean ± standard deviation, and
Student’s t-test and one-way ANOVA were used in statistical analysis.
Differences between the groups are considered statistically significant
at p < 0.05.
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3. Results and discussion

3.1. Synthesis and characterization of lignin-PCL copolymers

Lignin is brittle and incompatible with many other polymer systems,
and therefore chemical modification of lignin is considered as an ef-
fective approach to engineering functional lignin-based composites. In
this study, we synthesized lignin-PCL copolymers via the solvent free
ROP of ε-caprolactone onto alkali lignin (Fig. 1). Fig. 2 shows the re-
presentative NMR spectrum of lignin-PCL copolymer. The characteristic
chemical shifts of lignin were observed at 3.85 ppm corresponding to
methoxyl protons and 6.85 ppm presenting the protons of the phenyl
ring. The appearance of strong signals was detected at 2.30 ppm,
1.62 ppm, 1.35 ppm and 4.05 ppm corresponding to the α-, β-, γ-, and ε-
methylene protons in PCL chains, respectively. Also the end group of
PCL (peak g) was observed at 4.21 ppm. Based on the integration of
peak d and f, the average PCL chain lengths in the copolymers could be
calculated as n= 23.5 for LP2 and 3.4 for LP4, respectively (Table S1).

The molecular weight of lignin-PCL copolymer was analyzed by
GPC. As shown in Table S1, LP2 (the mass feed ratio of lignin:CL was

2:8) showed the Mn of 12.0 kDa and Mw of 32.5 kDa, while LP4 (the
mass feed ratio of lignin:CL was 4:6)chains displayed the Mn of 7.5 kDa
and Mw of 10.5 kDa. Based on the molecular weight of lignin
(Mn=5 kDa), the mass% of lignin in copolymers were 41.7% for LP2
and 66.7% for LP4, respectively. DSC curves showed an interesting
result (Fig. 3). LP2 with long PCL chains is a semi-crystalline polymer
with a glass transition temperature (Tg) of −17 °C, a melting tem-
perature (Tm) of 48 °C and ΔHm of 61.9 J/g. On the other hand, LP4
displayed an amorphous properties with two different Tg (–15 °C and
108 °C) attributed by PCL segments and lignin segment, respectively.
All above results confirmed that the PCL chains were successfully
grafted onto the lignin core.

3.2. Electrospinning and characterization of PCL/lignin-PCL nanofibers

The lignin-PCL copolymers combined with PCL were engineered
into composite fibers via electrospinning. The morphology and the
diameter distribution of different nanofibers were shown in Fig. 4 and
Table 1. The average diameters of PCL5LP2 (5% LP2 in PCL), PCL10LP2
(10% LP2 in PCL), and PCL15LP2 (15% LP2 in PCL) nanofibers were

Fig. 1. Synthetic route for lignin-PCL copolymers via a solvent free polymerization.

Fig. 2. 1H NMR spectrum of lignin-PCL copolymer in CDCl3.
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Fig. 3. DSC curves of lignin-PCL copolymers.

Fig. 4. SEM images and diameter distribution of different nanofibrous scaffold. A-C: PCL5LP2, PCL10LP2, PCL15LP2; D-E: PCL5LP4, PCL10LP4, PCL15LP4. The scale
bar is 5 μm.
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338 ± 47, 321 ± 56, and 330 ± 49 nm, respectively. There was no
significant difference between three groups of values, indicating that
there was no significant effect on fiber diameters with the increase of
LP2 content from 5% to 15%. As for the nanofibers containing LP4, the
average diameters of PCL5LP4 (5% LP4 in PCL), PCL10LP4 (10% LP4 in
PCL), and PCL15LP4 (15% LP4 in PCL) were respectively 214 ± 34,
259 ± 42, 289 ± 88 nm, indicating that the fiber diameter increased
with increasing of LP4 content. Compared with the average diameter
(383 ± 89 nm) of pure PCL nanofibers, the average diameters of na-
nofibers reduced with the addition of copolymer LP2 and LP4.

The results of mechanical test were summarized in Table 1. Typical
stress–strain curves of the PCL/lignin-PCL nanofibers were shown in
Fig. S1. Neat PCL nanofibers displayed elastic mechanical properties
(tensile strength of 13.3 ± 1.1MPa; Young’s modulus of
24.0 ± 2.8MPa and elongation at break of 137 ± 16%).The addition
of the copolymer LP2 significantly reduce the mechanical properties of
the resulting nanofibers. PCL5LP2 showed the lowest tensile strength of
6.3 ± 1.1MPa and Young’s modulus of 13.2 ± 1.4MPa among all the
nanofibers. On the other hand, PCL10LP4 with 10% amorphous copo-
lymer LP4 exhibited reinforced tensile strength (17.3 ± 1.8MPa) and
elongation at break (160 ± 8%) compared to pure PCL nanofibers. It is
reported that the elastic modulus and ultimate tensile strength of intact
human nerve were 15.87 ± 2.21MPa and 6.78 ± 0.57MPa, respec-
tively [42]. Therefore, the mechanical properties of all scaffolds sa-
tisfied the requirement of nerve tissue engineering especially for those
LP2 nanofibers.

The result of DPPH assay was shown in Fig. 5A. PCL showed very
low antioxidant activities with 11.5 ± 3.4% free radical inhibition,
while both copolymers exhibited good antioxidant properties. LP2
showed the free radical inhibition of 47.9 ± 5.9%, which is similar to

the antioxidant activity of vitamin E (VE, 43.2 ± 5.8%). LP4 with high
content of lignin exhibited the highest free radical inhibition of
95.7 ± 0.3%. Lignin with high content of phenolic moieties exhibits
good antioxidant activity. Fig. 5B shows the antioxidant activities of
PCL/lignin-PCL nanofibers. Neat PCL nanofiber showed the lowest an-
tioxidant activities. The incorporation of lignin copolymers improved
the antioxidant activities of the nanofibers, and higher amount of lignin
copolymers resulted in a higher free radical inhibition. Among all na-
nofibers, PCL15LP4 showed the highest free radical inhibition, which
reached 98.3 ± 1.9% only after 4 h of incubation.

3.3. The biocompatibility of PCL/lignin-PCL nanofibers

As shown in Fig. 5C, the proliferation of BMSCs gradually increased
on all the nanofibrous scaffolds. The cells on PCL10LP2 and PCL15LP2
nanofibers showed faster proliferation than that on PCL5LP2 nanofi-
bers, while PCL10LP4 nanofibers resulted in better cell proliferation
than PCL5LP4 and PCL15LP4. Overall, PCL10LP4 nanofibers showed
the favorable properties for BMSCs growth.

3.4. The protection of fibers on oxidative-stress damage in Schwann cells

Implantation of artificial nerve grafts is always companied with
inflammatory responses and oxidative stresses. Nerve cells under such
condition would generate excessive nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases and ROS, which then cause DNA damage
and necrosis [28]. Hence, it might be helpful of using such lignin-based
antioxidative nanofibers to locally lessen oxidative stress for better cell
viability. In order to further determine whether the nanofibers could
lessen oxidative stress for better nerve cell viability, Schwann cells

Fig. 5. Free radical inhibition (antioxidant activity) of lignin-PCL copolymers (A) and PCL/lignin-PCL nanofibers (B) by DPPH assay. (C) BMSCs proliferation on
different nanofibers and (D) Schwann cells proliferation on different nanofibers after H2O2 treatment. (* indicated the significance between two groups, p < 0.05,
n= 3). TCP= tissue culture plate.
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cultured on PCL10LP2 and PCL10LP4 nanofibers were treated with
H2O2 and their proliferation was evaluated. Exposing cells to H2O2

increases intracellular levels of ROS, leading to increased oxidative
stress and subsequent cell death due to excessive ROS [36]. As indicated
in Fig. 5D, the number of Schwann cells on PCL10LP2, PCL10LP4 and
PCL10VE nanofibers surpassed that on pure PCL and TCP in both 1 and
3 days. Furthermore, PCL10LP4 nanofibers resulted in better cell via-
bility than both PCL10LP2 and PCL10VE nanofibers after H2O2 treat-
ment. The results suggested that the nanofibers with lignin copolymers
exerted protective effect against H2O2 toxicity, and LP4 had better
antioxidant activity than the commonly-used antioxidant VE, which is
consistent with DPPH assay results. This should be attributed to the
well-known free radical scavenger, lignin. The hydroxyl and methoxyl
functional groups provided hydrogen to terminate oxidation propaga-
tion reaction and inhibited cell death caused by excessive ROS resulted
of H2O2.

3.5. Growth of Schwann cells on PCL/lignin-PCL nanofibers

Schwann cells play a critical role during repair and regeneration of

injured peripheral nervous system (PNS) via the synergetic effect with
macrophages and neurons [40,43]. Schwann cells that form myelin
sheath are capable of up-regulate many myelin gene expressions and
secrete diverse neurotrophins to recruit injured neurons and facilitate
axon elongation [41,44]. Thus the ability to support growth of Schwann
cells is one of the major criteria of scaffolds which determine its suc-
cessful application for nerve regeneration. Based on the previous re-
sults, PCL10LP2 and PCL10LP4 nanofibers were selected for further
study. Schwann cells proliferated continuously from day 1 to day 5 on
all nanofibers (Fig. S2A). The numbers of cells on PCL10LP2 and
PCL10LP4 nanofibers were significantly higher than that on PCL na-
nofibers on day 1 and day 3, indicating that the addition of LP2 and LP4
favored the proliferation of Schwann cells. The morphology of cells on
the nanofibers was evaluated after 7 days incubation by SEM (Fig. S2B).
It is observed that the Schwann cells on PCL10LP2 and PCL10LP4 in-
teracted well with the nanofibers and exhibited typical spindle shape
with bio-polar extensions. These cells grew in higher density and ar-
ranged in bundles. As we know, Schwann cells proliferate and form
columns of cells, identified as bands of Büngner to guide the re-
generation of axons.

Fig. 6. MBP expression of Schwann cells on different nanofibers. Green color: MBP; Blue color: the nuclei. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 7. (A) Fluorescence images of DRG neurons on different nanofibers. Green color: NF160; blue color: nuclei. Scale bar= 100 μm. (B) Neurite length of DRG
neurons on different nanofibers after 7 days of culture. (n= 50; * indicated the significance between two different groups, p < 0.05.). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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MBP has been shown to be very important during the myelination
process and is indispensable for proper formation of myelin thickness
and compactness in PNS [45]. As shown in Fig. 6. Schwann cells were
able to express MBP on the nanofibrous scaffolds. The cells on
PCL10LP4 nanofibers grew in high density with more MBP expression
than those on pure PCL and PCL10LP2 nanofibers. Moreover, the cells
grew into bundles with a matured morphology on nanofibers with LP2
and LP4. Thus the scaffolds with LP4 copolymers could enhance the
expression of MBP, which was beneficial to the formation of myelin
sheath. However the possible mechanism has not yet been fully un-
derstood, and the complete underlying relationship between lignin and
myelination is worth further studying in our next study.

3.6. Growth of primary neurons on PCL/lignin-PCL nanofibers

Neurofilaments are the major group of intermediate filaments which
are found mainly in cells of neuronal origin. The expression of the
neuronal protein (NF160) by DRG neurons was evaluated to assess its
neurite outgrowth on different nanofibers. As shown in Fig. 7A, more
neurons were grown on PCL10LP2 and PCL10LP4 nanofibers than pure
PCL nanofibers, particularly PCL10LP4. The neurons showed spindle-
shaped with long neurites on PCL10LP2 and PCL10LP4 nanofibers,
while those on pure PCL nanofibers exhibited round appearance with
very short neurites. The neurite length of DRG neurons on different
nanofibrous scaffolds are shown in Fig. 7B. The average neurite length
of DRG neurons on pure PCL nanofibers was only 46.75 ± 15.63 μm
and their longest neurite was up to 67.32 μm. While the mean length of
DRG neurons on PCL10LP2 scaffold was 89.21 ± 18.75 μm and the
maximum length of neurite observed was up to 135.76 μm. The mean
length of neurite projecting on PCL10LP4 nanofibers was the maximum
(108.83 ± 21.45 μm) among all samples, with a notably enhanced
maximum neurite length of 165.35 μm compared to those on both PCL
and PCL10LP2 scaffolds. PCL10LP4 promoted both proliferation and
neurite outgrowth of DRG neurons. We believe that the addition of LP4
improved the biocompatibility and antioxidant properties of the na-
nofibers, which promoted neurons adhesion, proliferation and growth.
Consequently, our nanofibrous scaffolds could be a potential substrate
for nerve regeneration and functional recovery in peripheral neural
tissue engineering.

4. Conclusion

This work opens a new approach for lignin valorization as bioma-
terials. Here, lignin-PCL copolymers were synthesized by solvent-free
ring-opening polymerization, and electrospinning of lignin-PCL copo-
lymers and PCL produced uniformed nanofibers with reinforced me-
chanical properties. The PCL/lignin-PCL nanofibers exhibited strong
free radical scavenging properties and showed capability of protecting
cells from oxidative stress effects. Moreover, PCL/lignin-PCL nanofibers
were found to promote myelin protein expressions of Schwann cells and
stimulate neurite outgrowth of DRG neurons. With suitable mechanical
properties, strong antioxidant properties and good biocompatibility,
such lignin-PCL copolymers containing nanofibers show their great
potential for nerve regeneration and possibly other tissues, especially
where cellular oxidative stress is a concern.
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