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biocompatibility of
electrospinning PDLLA/b-TCP/collagen for
peripheral nerve regeneration

Fei Lin,ab Xinyu Wang, *ab Yiyu Wang,ab Yushi Yangab and Yi Lic

A unique nerve conduit composed of poly(D,L-lactic acid) (PDLLA), b-tricalcium phosphate (b-TCP) and

collagen was prepared by electrospinning for the first time. Scanning electron microscopy (SEM) showed

that the mean diameters of the pores in the nerve conduits were less than 10 mm and greater than 1 mm.

These conduits had bionic structures, larger porosity and relatively higher surface area than traditional

nerve conduits, thus not only permitting the transportation of nerve growth factor and glucose but also

blocking the entry of lymphatic tissue and fibroblasts. The uniform fibers of nerve conduits can mimic

the natural extracellular matrix, which is beneficial to cell adhesion, cell proliferation and cell migration.

PDLLA/b-TCP/collagen overcomes the challenge of low degradation rate, and maintains the basic pH

environment for cell growth. PDLLA/b-TCP/collagen showed good cellular affinity and a low hemolytic

rate, which is beneficial for RSC96 Schwann cells adhesion, migration and proliferation. Its good

biocompatibility enables its safety in in vivo tests. A 10 mm sciatic nerve defect was bridged in vivo with

PDLLA/b-TCP/collagen conduits (c) in Wistar rats. PDLLA groups (a) and PDLLA/b-TCP groups (b) were

set and autotransplants (d) were used as control groups. Compared to a and b, c achieved significantly

more effective regeneration of sciatic nerve injuries after 3 months' implantation and the mean diameter

of soleus muscle fibers in c (39.62 � 3.91 mm) was 1.28 times larger than that in b (30.89 � 5.89 mm), and

it was closer to that in d. The regenerated nerve fibers in c had a more regular round shape, the density

of neurofilaments in c was more than those in a and b, and was close to that in d. PDLLA/b-TCP/

collagen has a bionic structure, good cellular affinity and biodegradability, which can overcome the

drawbacks of the current nerve conduits; hence, it holds great promise for effective of sciatic nerve

regeneration.
Introduction

In recent years, with the increase in cases of nerve injuries,
nerve gras couldn't meet the demands of neural restoration.
Autogras in peripheral nerve injuries have inevitable draw-
backs in the repair of injured nerves, particularly in the vast area
of injuries to peripheral nerves.1 Autogras are oen ineffective
because of the gap length between the injured nerves, forma-
tion of neuromas, and shortage of donor sources.2 Complete
restoration of function in damaged nerves will signicantly
improve the lives of affected individuals and reduce the asso-
ciated socioeconomic costs.3 To achieve such restoration,
various types of articial nerve conduits that connect the ends
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of injured peripheral nerves were developed in order to provide
micro-environment and growth orientation for the nerve cells.4

Nerve conduits have sufficient material source and can repair
even a long-distance nerve injury; however, the mechanical
properties and the biological activity of nerve conduits are
poor. Therefore, preparing excellent nerve conduits is still
challenging.5,6

To avoid unnecessary surgery, the nerve conduits to be
implanted in vivo should be biocompatible and biodegradable.7

As a result, more attention has been placed on the research of
synthetic nerve conduits with different biomaterials; the mate-
rial of these conduits should also be biocompatible and
biodegradable. Currently, materials such as PLLA,8 genipin-
cross-linked gelatin,9 collagen,10,11 silicone,12 gelatin,13 lam-
inin,14 and chitin have been used to prepare nerve conduits.
PDLLA is widely applied in drug delivery and tissue engineering
scaffold,15,16 due to its good biocompatibility and mechanical
properties; however, its poor cellular affinity limits application
in tissue engineering. Dawei Li et al.17 reported the technique of
electrospinning P(LLA-CL) nanobers and PLLA nanober
yarns, which is used for nerve repair, but it showed poor cell
RSC Adv., 2017, 7, 41593–41602 | 41593

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra05966c&domain=pdf&date_stamp=2017-08-25
http://orcid.org/0000-0002-6596-3188
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra05966c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007066


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 3
/2

2/
20

26
 5

:2
2:

02
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
compatibility; hence, the addition of collagen is very important
for improving the cell compatibility of nerve conduits. Tong Wu
et al.18 prepared a conduit that contains laminin (LC-YE-PLGA
NGC) to promote SC's proliferation andmigration. Collagen has
an abundant amount of laminin, which has good cellular
affinity, which in turn canmediate cell adhesion, migration and
proliferation. Low antigenicity and cytotoxicity of collagen play
an important role in vivo and no signicant rejection reactions
between tissues and nerve conduits; however, the mechanical
properties of collagen are poor,19 because of which it is unable
to sustain its morphology and size in nerve conduits. The ideal
nerve conduit should also have appropriate mechanical prop-
erties in order to provide a suitable stress environment. In
addition, such a conduit should be porous and permeable in
order to permit the ingress of cells and nutrients.20

Several methods such as freeze-drying,21,22 sol–gel,23

biopolymer replication24–26 and gas foaming27 have been utilized
to fabricate nerve conduits. Among these methods, electro-
spinning appears to be a simple and effective choice to produce
conduits composed of polymer bers. Such conduits have large
porosity and surface area; hence, they are suitable as scaffolds
for tissue engineering.28 Busra Mammadov et al.29 successfully
used the electrospinning method for preparing glycosamino-
glycan and laminin mimetic peptide nanober gels, which
present a promising treatment alternative for peripheral nerve
injuries. Esmaeil Biazar et al.30 electrospun a nanobrous PHBV
conduit to bridge a 30 mm sciatic nerve defect in a rat model of
sciatic nerve injury, which was repaired successfully. Electro-
spinning combined with the rotor drum receiving method was
used to fabricate nerve conduits (NCs) with PLGA–silk broin–
collagen (PLGA–SF–CL) and PLGA, which successfully bridged
a 10 mm sciatic nerve defect.31 In particular, these brous
structures can mimic the natural extracellular matrix of nerve
cells. As a result, the adhesion, proliferation and migration of
these cells are improved, which is helpful for the repair of
peripheral nerves.32

In this study, poly(D,L-lactic acid) (PDLLA) was chosen as the
host material on account of its novel biodegradability,
biocompatibility and mechanical properties. However, the
degradation of PDLLA is accompanied by a decrease in the pH
of the ambient environment, which is unfavorable for the
cells.33 In order to x this issue, beta tri-calcium phosphate (b-
TCP) was used to neutralize the acidic environment.34,35 More-
over, the cellular affinity of PDLLA was poor and PDLLA scaf-
folds could not connect with the polypeptide (RGD) due to the
lack of cell identication signals.36–39 To increase such affinity,
collagen was used to modify PDLLA due to the fact that collagen
is capable of enhancing the adhesion and migration of nerve
cells40–42 as well as guiding axon elongation.43–46 As an extra
benet, collagen can also enhance the exibility of the scaf-
fold47,48 at the cost of lowering the overall mechanical
strength.49,50

The academic signicance of the current study is very
important in that the composite conduits of PDLLA/b-TCP/
collagen have been prepared via electrospinning for the rst
time. These conduits can overcome the drawbacks of acid
degradation and weak cell affinity of traditional nerve conduits.
41594 | RSC Adv., 2017, 7, 41593–41602
The addition of b-TCP and collagen can neutralize the acid
generated by PDLLA, which is favorable to nerve regeneration.
The electrosurgical conduit of PDLLA/b-TCP/collagen has
changed the single structure of the traditional nerve conduits,
which have a bionic structure that can permit the trans-
portation of nerve growth factor and glucose, but blocks the
entry of lymphatic tissue and broblasts.

Composite materials with the advantages of biodegrad-
ability and biocompatibility are used to imitate the structure
and function of natural nerves9,13,50–53 and are commonly used
for several biomedical applications.54 Combined with the
advantages of PDLLA, b-TCP and collagen, composite nerve
conduits for peripheral nerve regeneration were prepared
through electrospinning, and they had excellent mechanical
properties, biocompatibility, and neutral microenvironment.
PDLLA can enhance the mechanical properties and improve
cell affinity. PDLLA and collagen produce an acidic substance
during degradation, which causes a pH decline that is harmful
to cell growth. However, b-TCP can upregulate mRNA expres-
sion of cytoskeletal protein and neutralize the acidic
substance; hence, the b-TCP composite with PDLLA and
collagen can adjust the pH of the microenvironment in nerve
conduits.55

In this article, PDLLA was purchased and polymer lms
composed of pure PDLLA, PDLLA/b-TCP and PDLLA/b-TCP/
collagen were prepared via electrospinning. These lms were
rolled up and stuck to make the nerve conduits. The conduits
were analyzed in terms of the material property, mechanical
property and biodegradation using scanning electron micros-
copy (SEM). We used MTT and the hemolytic test method to
assess the material toxicity and hemolytic rate. In order to study
the feasibility of this composite conduit, a 10 mm sciatic nerve
defect was bridged with PDLLA/b-TCP/collagen conduits in
Wistar rats. PDLLA and PDLLA/b-TCP were set and autotrans-
plants were used as control groups. The regenerated nerves
were analyzed by hematoxylin–eosin and immunouorescence
staining. The study plan was approved by the Animal Care and
Use Committees of Wuhan University of Technology, China and
performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (no. 85-23,
revised 1996). In this article, we analyzed the feasibility of this
composite conduit from material property, cell and animal
experiments.
Experimental section
Materials

PDLLA, b-TCP, dichloromethane, ethyl acetate and dimethyl
sulfoxide (DMSO) were purchased from Sinopharm Chemical
Reagent Co. Ltd (China). Phosphate buffered saline (PBS),
collagen andMTT were purchased from Soho Biotechnology Co.
Ltd. (China). Anti-neurolament 200, hematoxylin and eosin
and DAPI were purchased from Beyotime Institute of Biotech-
nology (China). Collagen (type I) was purchased from Biosharp
(from Bovine Achilles Tendon). All other reagents were of
analytical grade.
This journal is © The Royal Society of Chemistry 2017
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Fabrication of the nerve conduits

The electrospinning solution of pure PDLLA was prepared by
dissolving PDLLA (w/v% ¼ 10%) in a mixture of dichloro-
methane and ethyl acetate (volume ratio ¼ 7 : 3). In order to
obtain the PDLLA/b-TCP lm, excess of b-TCP (w/v% ¼ 3%) was
added into the PDLLA solution. For the PDLLA/b-TCP/collagen
lm, collagen (w/v% ¼ 3%) was added to the PDLLA/b-TCP
solution. The electrospinning solution was loaded into a syringe
with an end nozzle controlled by a syringe pump at a feeding
rate of 0.8 mL h�1. A DC voltage of +3 kV was applied to the
nozzle. The ejected bers were collected on a collector covered
with aluminum foil. A voltage of �3 kV was applied to the
collector. The distance between the nozzle and the collector was
15 cm. Aer electrospinning, the as-obtained polymer lms
were placed in a vacuum drying oven for 72 h at 40 �C to remove
residual solvent. The lms of pure PDLLA, PDLLA/b-TCP and
PDLLA/b-TCP/collagen were labeled as sample a, b and c,
respectively. These lms were pasted into conduits with
dichloromethane. All these conduits were sterilized with
ethylene oxide and further irradiated with ultraviolet light
before further assessments to overcome the environmental and
other factors that could affect the experimental results. The
experiments were stringent in terms of scientic operation to
maintain safety during the process of the experiment. We also
set a large number of control groups so as to ensure the
objectivity of the experiment.
Material characterization

The composition of sample a, b and c were characterized by
Fourier transform infrared spectroscopy (FTIR) using an FTIR
spectrometer (Nexus, USA). The morphology of the polymer
lms was observed with scanning electron microscopy (SEM,
Hitachi S-4800, Japan). The mechanical strength of the samples
was characterized by a universal material testing machine
(Instron 5848, USA). To monitor the degradation of the polymer
lms, samples were incubated in phosphate buffer solution
(pH: 7.4 � 0.2) at 37 �C. The mass loss of the samples and the
pH value of the PBS solution were recorded on a weekly basis.
MTT

This test was conducted according to the standard of GB/T
16886 5-2003. The leaching solution of materials is 0.2 g mL�1.
The lms of (a) PDLLA, (b) PDLLA/b-TCP and (c) PDLLA/b-TCP/
collagen were lms of (a) PDLLA, (b) PDLLA/b-TCP and (c)
PDLLA/b-TCP/collagen were added to a liquid mixture (DMEM
(GIBCO)) in different centrifuge tubes with 10% FBS (GIBCO),
1.0 � 105 mg L�1 penicillin (Sigma), and 100 mg L�1 strepto-
mycin (Sigma), respectively, which was extracted then aer 24 h
at 37 �C, which afforded the leaching solution of the lms.
RSC96 cells were seeded on 96-well plates at a density of 2000
cells per cm2; the upper culture was removed aer the RSC96
cells adhered on the bottom. Then, 100 mL leaching solution of
different lms were added into each 96-well plate and set six
parallel samples. In addition, positive groups (DMSO) and
negative groups (blank control), as control groups, were put into
This journal is © The Royal Society of Chemistry 2017
96-well plates in a humidied incubator at 37 �C and 5% CO2

aer adding the leaching solution. Aer an incubation time of
1 d, 3 d and 5 d, the supernatant of the wells was removed. MTT
solution (20 mL; 5 mgmL�1 in PBS) was added and incubated for
4 h at a temperature of 37 �C and 5% CO2. Then 100 mL DMSO
was added into each well with a 10 min oscillation of the shaker.
The optical absorbance at 490 nm was recorded by the auto-
matic enzyme instrument (Thermo Labsystems 1500-206, USA),
and the average optical density (OD) values of six parallel
samples as experimental values were calculated.
Hemolytic test

The samples of the three groups were cut into small pieces and
placed in three centrifuge tubes. 10mL PBS was added into each
centrifuge tube and the tubes were placed in a thermostatic
water bath at 37 �C for 24 h, aer which the leaching solution
was obtained. Fresh blood was collected from the vein of rabbit
ear, putting the blood into anticoagulant which was congured
to anticoagulation. A solution of 0.2 mL anticoagulant was
added to ve centrifuge tubes, each containing 10 mL leaching
solution ((a) PDLLA; (b) PDLLA/b-TCP; (c) PDLLA/b-TCP/
collagen; (d) autologous nerve groups; (positive groups) distilled
water; (negative groups) NaCl solution), respectively. All
centrifuge tubes were put in a thermostatic water bath at 37 �C
for 1 h with the positive groups (distilled water) and negative
groups (NaCl solution); then the supernatants of the centrifuge
tubes were sucked up and tested by the automatic enzyme
instrument (Thermo Labsystems 1500-206, USA) at 542 mm
aer centrifugation (3000 rpm, 5 min), and the optical absor-
bance was recorded.

Hemolysis ratio/% ¼ (A � B)/(C � B) � 100%

(A, B and C represent the absorbance value of text groups,
negative groups and positive groups).
Experimental animal and surgical procedure

The Disease Control and Prevention of Hubei Province (China)
(license no. SCXK (E) 2015-0018) supplied forty 8 week-old,
female Wistar (200–250 g) rats, which were randomly distrib-
uted into four groups ((a) PDLLA; (b) PDLLA/b-TCP; (c) PDLLA/b-
TCP/collagen; (d) autologous nerve groups), each group having
10 rats. The composite lms (PDLLA, PDLLA/b-TCP, PDLLA/b-
TCP/collagen) were stuck into conduits (14 mm length; 2 mm
inner diameter; 0.2 mm thickness) using dichloromethane. The
Wistar rats were anesthetized with 10 mL kg�1 pentobarbital
sodium through intraperitoneal injection method, aer which
the hair on their right legs were shaved clean, daubed with
a tincture of iodine and made skin incision following the skin
incision, then cut off 5 mm sciatic nerve until the broken end
natural retraction 10 mm. Then, both the proximal and distal
stumps were sutured with 9-0 absorbable sutures to a depth of
2 mm into the conduits. In autologous nerve groups where the
defect nerves were bridged with autologous nerves and con-
nected by 9-0 absorbable sutures (PGA, Shanghai), the surgical
incisions were sutured with surgery sutures. All rats were put
RSC Adv., 2017, 7, 41593–41602 | 41595
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Fig. 1 FTIR spectroscopy of different groups. (a) PDLLA; (b) PDLLA/b-
TCP; (c) PDLLA/b-TCP/collagen; (d) collagen.
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into an animal house aer disinfection, and the temperature
was maintained at 23 �C. In this article, autogra groups were
set as control groups, that is widely used in clinics as the gold
standard.56

Gross view

The rats were observed at regular intervals aer the surgical
operation for wound healing, the degree of swelling, gait, etc.
Attention was paid to observe whether the presence of glioma
and tissue adhesion during the process that regenerated nerves
were removed from rats.

Hematoxylin–eosin staining

The conduits were opened aer 3 months' implantation;
subsequently, regenerated nerves, normal nerves and soleus
muscles around the sciatic nerves were collected aer cleaning
the samples with normal saline. The regenerated nerves and
soleus muscles were put into immobilizing solution containing
1% glutaraldehyde, 0.1 M cacodylate and 1% para-
formaldehyde, dehydrated in a rank, and embedded with
paraffin following standard histological techniques. The
samples of the nerves and soleus muscles were cut into slices
(0.5–1 mm) and stained with hematoxylin and eosin, and the
slices of hematoxylin and eosin were observed and analyzed
using an electron microscope (TE2000U, NiKon).

Immunouorescence staining

The antibody of DAPI (labeling Schwann cells) and mouse anti-
neurolament 200 (labeling regenerated neurolament) were
used in immunouorescence. The antibody of DAPI and mouse
anti-neurolament 200 were dissolved in the mixed liquor (PBS
and goat serum) prepared as dye liquor. Sections of the samples
were added to a solution of goat serum at 37 �C for 30 min. Then
these sections were taken out from the goat serum and added to
the dye liquor for overnight incubation at 4 �C. The process of
staining was carried out under the exits of humidor. The nerve
tissue sections were carefully washed with PBS aer incubation,
then put in dye liquor for incubation at 4 �C. When the process
of immunouorescence was completed, the slices of DAPI and
mouse anti-neurolament 200 were observed and analyzed
using the electron microscope (TE2000U, NiKon).

Statistical analysis

The experimental data was expressed as mean� standard error.
Statistical signicance analysis was carried out using SPSS10.0
(SPSS Inc, Chicago, IL, USA). A value of P # 0.05 shows statis-
tical signicance.

Results and discussion
Fourier transforms infrared spectroscopy (FTIR)

Fig. 1 illustrates the infrared absorption spectra of the polymer
lms. The absorption band at 1755 cm�1 is the characteristic peak
of the ester (C]O). The bands at 2995 cm�1 and 1455 cm�1 could
be assigned to the stretching of the C–H bond of methyl (CH3).
41596 | RSC Adv., 2017, 7, 41593–41602
The band located at 2945 cm�1 represents the characteristic peak
of CH2, the band located at 1090 cm�1 is the characteristic peak of
COO�. The above absorption bands reveal the existence of PDLLA
in samples a, b and c. The bands at 606 and 552 cm�1 could be
ascribed to the PO4

3� from b-TCP and they appeared in sample
b and c, revealing the embedding b-TCP in the PDLLAmatrix. The
typical amide I (ca. 1650 cm�1), amide II (ca. 1544 cm�1) and
amide III (ca. 1336 cm�1) absorption bands could be observed in
both sample c and pure collagen, indicating the successful
incorporation of collagen to the PDLLA/b-TCP matrix.
Scanning electron microscopy (SEM)

Fig. 2 shows the morphologies of the polymer lms (sample a1,
b1 and c1). Uniform bers are observed for all three samples as
revealed in gures a1, b1 and c1. Figures a2, b2 and c2 illustrate
the SEM images of sample a1, b1 and c1 with a higher magni-
cation. As measured from these images, the diameters of
bers in sample a1, b1 and c1 are 0.91 � 0.12 mm, 0.87 � 0.13
mm and 0.99 � 0.18 mm, respectively. It is also possible to
measure the pore size from images shown in gures a2, b2 and
c2, and the results for samples a1, b1 and c1 are 2.51� 0.53 mm,
2.72 � 0.61 mm and 3.01 � 0.74 mm, respectively. The mean
diameters of the pores in these lms are less than 10 mm and
greater than 1 mm. These lms have bionic structures that can
not only permit the transportation of nerve growth factor and
glucose but also block the entry of lymphatic and broblasts. As
a result, the growth of glioma could be effectively prevented in
the semi-permeable structure.57 The structures of these elec-
trospinning lms are believed to provide a suitable micro-
structure for the recovery of the peripheral nerves. Due to the
instability and swelling of collagen, the ber diameter and the
lmpore size of c were larger than those of a and b during the
process of electrospinning.
Mechanical property

Fig. 3 illustrates the mechanical performance of the obtained
polymer lms. Fig. 3A shows the tensile strength of sample a,
b and c. Fig. 3B shows the elongation at break of these three
samples. Clearly, the incorporation of both b-TCP and collagen
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Images of electrospinning films and themean diameter of fibers
and pores. (a1, a2) PDLLA; (b1, b2) PDLLA/b-TCP; (c1, c2) PDLLA/b-
TCP/collagen; (A) mean diameter of fibers; (B) mean diameter of pores.
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reduced the tensile strength and elongation percentage, leading
to poor mechanical performance. Previous studies have shown
that the polymer lms need a tensile strength of at least 1.3 MPa
for their applications in tissue engineering.58 In this study, all
three samples met these criteria thanks to the novel mechanical
property of the PDLLA matrix. b-TCP is a type of small solid
particle material which can't form a continuous ber via elec-
trospinning, so b-TCP is attached to the surface of the electro-
spinning bers or embedded in electrospinning bers. There is
no corresponding chemical bond, and mechanical effects
between b-TCP and the electrospinning bers can't play an
effective role in enhancing the mechanical strength of PDLLA/b-
TCP/collagen. Collagen is the main component of the extracel-
lular matrix that can be recognized by the cells, but the
mechanical properties of collagen are poor; hence, the addition
of collagen will reduce the overall mechanical properties of
PDLLA/b-TCP/collagen. In this study, the molecular weight of
PDLLA was low, its internal molecular chain was short and the
force between molecules was weak; thus, the addition of
collagen and b-TCP led to the formation of electrospinning
bers that were discontinuous and unstable, which further
Fig. 3 Mechanical property with different groups. (A) Tensile strength;
(B) elongation at break; (a) PDLLA; (b) PDLLA/b-TCP; (c) PDLLA/b-TCP/
collagen.
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reduced the overall mechanical properties of PDLLA/b-TCP/
collagen.
Biodegradation

Fig. 4 shows degradation of the polymer lms. As shown in
Fig. 4A, the mass loss rate of different samples is in the order of
4c > 4b > 4a, indicating that the addition of both b-TCP and
collagen accelerated the degradation process. For all these
samples, degradation was faster in the rst 56 days and then
slower later on. Such degradation was benecial for the recovery
of injured nerves.59 Fig. 4B illustrates the pH values of the
environment during the degradation of different samples. The
degradation of these polymer lms is accompanied by a drop in
pH values. For sample 4b and 4c, a lower drop was observed
aer the incorporation of b-TCP, whose dissolution can
neutralize the acidic environment.23 In the rst three weeks, the
pH values of sample 4b and 4c were close but the pH value of
sample 4c was signicantly higher than that of sample 4b since
the fourth week. Such phenomena could be related to the
higher mass loss rate of sample 4c. The pH values of the envi-
ronments of all these polymer lms are suitable for the growth
of cells in terms of nerve recovery.

PDLLA is a type of polyester and its degradation is mainly
through ester group hydrolysis, which is divided into two stages.
First, the polymer backbone begins to break and the molecular
weight is greatly reduced due to the penetration of water
molecules. Second, the ester groups on the molecular chain are
exposed to water and hydrolysis takes place. The process of
degradation in a, b and c occurs rapidly at rst and slow down
later. The degradation of b-TCP is mainly divided into two parts.
First, degradation with the body uids affects the implanted
tissue that contains some acidic metabolites that promote the
dissolution of b-TCP, which maintains the balance of pH in the
conduit microenvironment. Second, cell phagocytosis and
absorption affect a large number of broblasts, macrophages
and other cells that are involved in the absorption of b-TCP;
hence, the mass loss rate of b and c are faster than that of a.
Collagen is one of the commonly used natural polymers, which
has superior degradation performance and cytocompatibility in
the body. As the degradation rate of collagen is higher than that
of PDLLA and b-TCP, the mass loss rate of c is faster than those
of a and b. The pH of c is higher than that of b due to the
neutralization of b-TCP and physiological regulation of cells.
Fig. 4 Biodegradation of different groups. (A) Mass loss of different
materials; (B) pH of different degradation liquids; (a) PDLLA; (b) PDLLA/
b-TCP; (c) PDLLA/b-TCP/collagen.
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Table 1 The standard of cytotoxicity classificationa

Relative growth rate (%) Cell toxicity grade

$100 0
75–99 1
50–74 2
25–49 3
1–24 4
#0 5

a Relative growth rate/%¼ (A � B)/(C� B) � 100% (A, B and C represent
the absorbance value of test groups, positive groups and negative
groups).
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The degradation characteristics of each group are different
when implanted in the body due to the different degradation
mechanisms of each group.

MTT

As shown in Fig. 5 that the value of absorbance in 5c and
negative groups are higher than those in 5a and 5b, for the
relation between absorbance values and cytoactive are positive
correlation, so the cytoactive is very active that the RSC96 cells
adhesion, viability and proliferation in 5c are more superior
than 5a and 5b that is benecial to repair injured nerves. The
absorbance value between 5b and 5c showed a signicant
difference (*p < 0.05) between days 3 and 5, while the absor-
bance value between 5c and negative groups (blank control)
showed no signicant differences (*p > 0.05) in the same
interval, which indicated the low toxicity of 5c which was close
to that of negative groups. According to the cell toxicity grade
(Table 1), the relative growth rate of RSC96 cells in 5c is the
highest among three conduit groups and is close that of to
negative groups; hence, the cell toxicity grade of 5c (relative
growth rate¼ 93.5%) was ranked at grade 1, which indicates the
cell toxicity of 5c is so low that it meets the requirement of
biomedical materials. The leaching solution of c contains b-TCP
and collagen small molecules, which is conducive to RSC96 cell
growth and promotes RSC96 cell proliferation at a certain
concentration; hence, the cell rate of c is higher than those of
a and b (Fig. 5).

Hemolytic test

The blood compatibility of materials is a signicant index to
judge whether such materials can be used as biomedical
materials. The hemolysis ratio of national standard (GB-T16886
15-2003) used in medical implant materials should be lower
than 5%; hence, the hemolysis test is necessary. The color of
positive groups is red (+) because the addition of distilled water
caused erythrocyte rupture and changed the shape of the
erythrocyte. The sample groups (6a; 6b; and 6c) and the negative
groups were colorless and the erythrocyte deposited in the
bottom of the tubes were not broken, which indicated a low rate
Fig. 5 Results of MTT tests with different groups. (a) PDLLA; (b) PDLLA/
b-TCP; (c) PDLLA/b-TCP/collagen; (positive) DMSO; (negative) blank
control.

41598 | RSC Adv., 2017, 7, 41593–41602
of erythrocyte rupture (Fig. 6). The hemolysis ratio of 6c was the
least among the three by calculation from the absorbance value,
and the hemolysis rate in 6c met the national standards of
medical implant material. Nonhemolysis materials are dened
as having 0–2% hemolysis rate, according to the American
Society for Testing and Materials,60 so the three groups (6a, 6b,
6c) are nonhemolysis materials. 6c had the lowest hemolysis
rate compared to 6a and 6b indicating that it has the best
biocompatibility compared to 6a and 6b when used in vivo. The
performance of the material has a signicant inuence on cell
affinity when the material surface makes contact with nerve
cells. The cell membrane can specically recognize the protein
on the material as proteins have several amino acids. Collagen
also contains several amino acids, which can make contact red
cells efficiently and not change the osmotic pressure of the
solution. b-TCP could improve the material hydrophilicity that
is conducive to erythrocyte survival, so c had a lower hemolysis
rate than a and b. These results imply that 6c with the lowest
hemolysis rate can be used in vivo securely (Table 2).
Gross view

The death of rats did not occur during the period of recovery. All
rats had difficulty in walking and had a slight limp and showed
poor mental state within 1 week of observations. None of
wounds were infected or bitten by rats, part of the toes showed
inammation and ulceration to some degree in 2 weeks, and all
rats exhibited myophagism aer 1 month. The PDLLA/b-TCP/
collagen and autologous groups showed an evident feeling of
Fig. 6 Images of the hemolytic test; (�) negative groups; (+) positive
groups; (a) PDLLA; (b) PDLLA/b-TCP; (c) PDLLA/b-TCP/collagen.

This journal is © The Royal Society of Chemistry 2017
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Table 2 The rate of hemolysis ratio with different materials

Groups Samples Hemolysis ratio/%

a PDLLA 0.46 � 0.19
b PDLLA/b-TCP 0.27 � 0.12
c PDLLA/b-TCP/collagen 0.20 � 0.09
� Negative groups 0 � 0.03
+ Positive groups 1 � 0.02
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pain in the right leg compared to the PDLLA and PDLLA/b-TCP
groups, and the ulceration of toes had disappeared aer 2
months. PDLLA/b-TCP/collagen and the autologous groups had
no difficulty in walking, and the walking ability of the rats in the
PDLLA/b-TCP/collagen group was better than that of rats in the
PDLLA and PDLLA/b-TCP groups aer surgical operation for 3
months. The recovery of muscle in the PDLLA/b-TCP/collagen
and autologous groups was signicantly improved compared to
that in the PDLLA and PDLLA/b-TCP groups.

The remaining conduits were removed and the regenerated
nerves were taken out 3 months aer implantation. No
conglutination was observed between conduits and the
surrounding tissues, the neuroma did not appear in the
regenerated nerves, and the ends of the distal and proximal
nerves were connected completely through regenerated nerves.
The regenerated nerves indicated that the nerve continuity was
fully recovered in all groups from the macroscopic observation.
The thickness of regenerated nerves in the PDLLA/b-TCP/
collagen group was higher than that in the PDLLA and PDLLA/
b-TCP groups. The shape of regenerated nerves was more
regular and well distributed in the PDLLA/b-TCP/collagen group
than in the groups PDLLA and PDLLA/b-TCP groups.
Fig. 7 Morphology of regenerated sciatic nerves in rats at 3 months
after surgical operation (hematoxylin–eosin staining). (a) PDLLA; (b)
PDLLA/b-TCP; (c) PDLLA/b-TCP/collagen; (d) autologous groups; (red
arrows) blood vessels; (blue arrows) the nucleus of Schwann cells.

This journal is © The Royal Society of Chemistry 2017
Hematoxylin–eosin (HE) staining

To better evaluate the recovery of injured nerves, the middle
segment of regenerated nerves was dyed with hematoxylin–
eosin staining 3 months aer the surgical operation. All rats
were in good health and no deaths were reported; wound
infection and severe tissue reactions happened during the
recovery. Arrows indicated in red and blue colors correspond to
blood vessels and the nucleus of Schwann cells, respectively.
Blood vessels existed in the composite conduit groups (7a; 7b;
7c; 7d), which indicated that the blood vessels generate and
provide nutrients to injured nerves during the process of
recovery. Schwann cells existed in the four groups and
promoted the growth of injured nerves. The myelinated nerve
bers in 7a and 7b were distributed in arrangement with thin
myelin sheath in a way and most irregular connective tissues in
growth. The nerve bers of regenerated nerves in 7c are more
circular in shape, better-proportioned in size and arranged
more densely than in 7a and 7b. There are a large number of
fascicular structures scattered throughout nerves in 7c. Based
on the morphology observation, the myelinated nerve bers in
7c are greater in number and more intensive than those in 7a
and 7b 3months aer implantation. Nerve bers were in greater
proportion in 7c than in 7a and 7b, and this proportion was
close to what was present in 7d (Fig. 7).
Fig. 8 Morphology and mean diameter of soleus muscles in rats at 3
months after sciatic nerve injury (hematoxylin–eosin staining). (a)
PDLLA; (b) PDLLA/b-TCP; (c) PDLLA/b-TCP/collagen; (d) autologous
groups; (black arrow) myocytes atrophy; (red arrow) connective
tissues; *P < 0.05.
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Fig. 8 shows the form of soleus muscles, which around
injured sciatic nerves shows the condition of nerve recovery
that plays a signicant role in the analyzed sciatic nerve
function in rats. Soleus muscles around the injured sciatic
nerves were collected and dyed with hematoxylin–eosin 3
months aer implantation. Muscular atrophy was observed
in the four groups wherein the myocytes (black arrow) were
degenerated, shrunken in different degrees and loosely
packed. The soleus muscles shown in 8a and 8b had obvious
atrophy from the form compared to those shown in 8c and 8d
aer surgical operation, and the mean diameter of muscle
bers were smaller in 8a and 8b. The morphology of myocytes
shown in 8c was better than those of myocytes shown in 8a
and 8b, but worse than that shown in 8d. We found an
obvious existence of regenerated soleus muscles and
connective tissues in 8c compared to that in 8a and 8b due to
the addition of b-TCP and collagen. b-TCP can neutralize
acid, which is produced by PDLLA and collagen, and this
maintains the neutral microenvironment between the soleus
muscles and nerve conduits. Collagen can improve the
cellular affinity of nerve conduits, and this is benecial to the
recovery of muscle atrophy. The mean diameter of muscle
bers in 8c (39.62 � 3.91 mm) was 1.28 times larger than those
of muscle bers in 8b (30.89 � 5.89 mm) (P < 0.05) and was
smaller than those of muscle bers in 8d (41.13 � 3.22 mm)
(P > 0.05); therefore, 8c had the largest mean diameter of
muscle bers among the three conduit groups (8a; 8b; 8c).
Mean diameter of muscle bers in 8c was close to the value in
8d. These results indicate that the recovery of sciatic nerve
function in 8c is closer to that observed in the autologous
groups.
Fig. 9 Morphology of regenerated nerves in rats at 3 months after
sciatic nerve injury (immunofluorescence staining). (a1, a2, a3) PDLLA;
(b1, b2, b3) PDLLA/b-TCP; (c1, c2, c3) PDLLA/b-TCP/collagen; (d1, d2,
d3) autologous groups; (blue) the nuclei of Schwann cells; (green)
regenerated neurofilaments.

41600 | RSC Adv., 2017, 7, 41593–41602
Immunouorescence staining

Immunouorescence staining is an effective way to observe
myelin growth andmaturity of nerves. Fig. 9 shows blue and green
color in all four groups (9a; 9b; 9c; 9d), which indicates that the
regenerated sciatic nerves showed growth of Schwann cells and
neurolaments during the recovery of injured nerves. Confocal
laser scanning microscopy revealed that the Schwann cells (blue)
were plump and the neurolaments (green) were dot-like in
appearance in all groups at 3 months aer surgery. The density of
Schwann cells in all groups (a1; b1; c1; d1) was high, while the
density of regenerated neurolaments in c2 wasmore than that in
a2 and b2, but less than that in d2. The morphology of regen-
erated neurolaments in c2 was more circular and packed in
arrangement than those in a2 and b2, while it was closer in value
to that in d2. Schwann cells grow around the regenerated neuro-
laments, which enhance nerve regeneration through secreted
nerve growth factor, brain derived neurotrophic factor, etc.
Conclusion

We have successfully prepared PDLLA/b-TCP/collagen conduits
via the electrospinning method and investigated its biocompat-
ibility and peripheral nerve regeneration. PDLLA, b-TCP and
collagen exist in PDLLA/b-TCP/collagen conduit through the
relevant absorption peaks shown from FTIR. The SEM image
shows that the lm of PDLLA/b-TCP/collagen has a bionic
structure that can not only permit the transportation of nerve
growth factor and glucose but also block the entry of lymphatic
and broblasts. The mass loss rate and the pH of PDLLA/b-TCP/
collagen are suitable for nerve regeneration. MTT and hemolytic
tests showed that PDLLA/b-TCP/collagen has better biocompati-
bility and efficiency compared to PDLLA and PDLLA/b-TCP.
PDLLA/b-TCP/collagen has well biocompatibility, whichmeet the
standard as a biomedical material implant in animals. The
PDLLA/b-TCP/collagen nerve conduit could repair 10 mm sciatic
nerve defects in rats at 3 months from gross view, which is close
to autologous groups. We observed that the morphology of
regenerated nerves in the PDLLA/b-TCP/collagen groups was
close to that of regenerated nerves in the autologous groups and
better than that of regenerated nerves in the PDLLA and PDLLA/
b-TCP groups. Similarly, the mean diameter of muscle bers in
the PDLLA/b-TCP/collagen groups was larger than that of muscle
bers in the PDLLA/b-TCP (P < 0.05) group and close to that
muscle bers in the autologous groups (P > 0.05) based on
a histological observation. To serve as a suitable biomaterial for
peripheral nerve regeneration with the least delay possible,
further investigations should be done on PDLLA/b-TCP/collagen.
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