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Abstract This study deals with the fabrication of a

peripheral nerve scaffold prepared with poly (lactic acid -

co- glycolic acid) [PLGA] and acellularized pigskin colla-

gen micro particles and the investigation of its sustained

release property in vitro. We took bovine serum albumin

[BSA] as model drug to investigate the sustained-release

property of the scaffold in vitro. The results showed the

scaffold could release BSA steadily with a rate of 6.6 ng/d

(r = 0.994) or so. In a 1-month test period, the accumulative

release ratio of BSA from the scaffold was up to 43%, and

the shape of the scaffold was still originally well kept. In

addition, the scaffold outcome non-immunogenicity, good

cell adhesion and biodegradability. The results indicated a

scaffold constructed by this technique would be a potential

implanting support with prolonged sustained release func-

tion, such as for the use of nerve scaffold.

Introduction

The human being peripheral nerve has a strong regenera-

tion potentiality. The disrupted peripheral nerve could

successfully regenerate [1–4] if a proper environment were

provided. At present, to recover the disrupted nerve is

clinically carried out by autograft, but there still exist

certain limits and disadvantages: the donator source limi-

tation for autograft, and the accompanying risks in har-

vesting autograft [1–4]. To overcome those disadvantages,

artificial nerve scaffold has been developed and showed

great potentiality [3, 5–10]. Moreover, studies confirm the

addition of nerve growth factors [NGFs] into artificial

nerve scaffold can promote its regeneration and repair [11–

15], however, due to the very short half-life time of NGFs

in vivo [16], thus sustained release of NGFs is required for

them to function better. PLGA, a polymer with excellent
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biocompatibility and biodegradability as well as proper

mechanical property, has been extensively used in surgery

and tissue engineering, and as sustained release supporter

[3, 17–21]. Meanwhile, collagen has been used in periph-

eral nerve repair for it was considered to promote cell

proliferation and tissue healing [5, 6, 16, 22–25].

Bovine serum albumin [BSA] and NGFs are of protein

category, and BSA has usually been taken as a model drug to

investigate the sustained release property of protein from

matrix [26–28]. NGFs, due to its very short half-life time, may

not be an appropriate model drug for testing the sustained

release property of supporter. In addition, study [29] found

increase of ionic strength could enhance the thermo-stability

of BSA in PBS solution. Based on the findings, in this study,

we took PLGA and cell-free pigskin collagen micro particle

as dual-components to construct a peripheral nerve scaffold.

To pre-investigate its’ property of sustained release in vitro,

BSA was chosen as model drug to carry the experiment out.

Materials and methods

Preparation of cell-free pigskin collagen

The preparation method was similar to that reported in the

literature [30] with modification. Briefly:

First, fresh pigskin purchased from market was cleaned

in warm water (<40 �C) and then immersed in 1.0 M

NaOH at 37 �C for 4–6 h to degrease, repeating the process

for 3 times.

Second, the treated pigskin was immersed in 1.0 M

NaHCO3 for 8–10 h at 37 �C to further degrease.

Third, the treated pigskin was flushed in water for

2 days.

Fourth, the treated pigskin was immersed in the water

solution (0.5% trypsin [purchased from Sigma] + 0.02 %

EDTA + 0.5 million unit penicilin + 0.5 million unit phyto-

mycin) with slightly shaking at 37 �C for 24 h.

Fifth, the treated pigskin was immersed in the buf-

fer (10 mM PH = 8.0 Tris–HCl [purchased from Sig-

ma] + 1-million unit antibiotics) with slightly shaking at

37 �C for 24 h.

Sixth, the treated pigskin was immersed in detergent

(5.0 mM Tris–HCl pH 8.0 + 2% Triton ·–100 [purchased

from Sigma] + 0.5 million unit penicilin + 0.5 million

unit phytomycin) with slightly shaking at 37 �C for 3 days.

Seventh, flushing the treated pigskin in water for 3 days

thus made the cell-free pigskin ECM.

The ECM was underwent H-E Staining and SEM

(AMRAY 1000B, USA) to observe its structure. Then the

ECM was homogenized and lyophilized (Flexi-Dry lP,

FTS SYSTEM, USA), following degreased in CHCl3 at

room temperature for 6 h, finally the ECM was shattered

and sieved through 400-mesh grit, thus cell-free pigskin

collagen micro particles was prepared. The microparticles

underwent ethanol sterilization before use.

Fabrication of drug-preloaded collagen support

BSA was pre-diluted to make stock solution (1.0 mg/

10 mL), and then pipetted the stock solution into cell-free

pigskin collagen micro particle suspension, finally mixed

for uniform dispersion and then following lyophillization.

Thus made drug-preloaded collagen support.

Fabrication of the scaffold

First, quantitive PLGA was dissolved into di-chlorome-

thane (DCM); Second, addition of quantitive drug-pre-

loaded cell-free pigskin collagen micro particle into the

PLGA-DCM solution, and then following uniform disper-

sion of it in the solution; Third, Using a small cylinder stick

as tooting, then dipping the tooting into the solution;

Finally, taking the tooting out to remove solvent by air-dry.

Repeating the ‘‘dipping-drying’’ process for 12–

15 times thus made the scaffold (See Fig. 1), and then the

scaffold was vacuated at reduced pressure to remove

residual solvent (DCM).

Preparation of standard curve

It was carried out according to the literature [31]. Briefly,

the 96-well plates were coated with anti-BSA IgG

(monoclonal, purchased from Sigma) diluted with

0.05 mol/L bicarbonate buffer, incubated at 4 �C for

overnight and washed with PBS-Tween for three times.

Gradient concentrations of standard BSA (>99%, pur-

chased from Sigma) were prepared and loaded into wells

respectively, while the blanks with PBS-Tween. After

F i g . 1 T h e s c a f f o l d L e n g t h · T h i c k n e s s · D i a m e -

ter � 20 mm(L) · 0.2 mm(T) · 4 mm(D)
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incubation at 37 �C for 1 h, the plates were washed with

PBS for three times. Then standard HRP-labeled anti-BSA

IgG (monoclonal, purchased from Sigma) were added

respectively and incubated at 37 �C for 1 h, while the

blanks with PBS-Tween only. After washing with PBS for

three times, the substrate added and incubated at room

temperature away from light for 40 min, 2 mol/L H2SO4

was then added to terminate the reaction and the absor-

bance at 490 nm was recorded. The standard curve was

plotted according to the absorbance and the content of

samples evaluated.

Investigation on the sustained-release property of the

scaffold in vitro

Weighing the scaffold (0.1 mg precisely), measuring its

thickness, then immersing it into a culture flask with

10 mL PBS buffer solution containing 0.9% NaCl, finally

the flask was placed upon a constant temperature swing-

bed with 40 rmp at 37 �C to carry the experiment out. First,

sampling 1 mL solution out of the flask and supplying

1 mL the buffer solution into the flask in the first 12 h with

a 2-h interval respectively, then sampling with a 12-h

interval in the following 2 days respectively, finally sam-

pling once a day in the remaining days. The experimental

period was 1 month. 1 mL solution was sampled out and

1 mL buffer solution was supplied in for each sampling.

When the experiment ended, the scaffold was taken out to

observe its appearance and weigh its dry weight. The

absorption value was assayed as described in the section of

‘‘Preparation of standard curve’’, and at each sampling

point, the record was repeatedly done for three times to get

the mean value.

Cell adhesion test

Co-culturing the scaffold with SC cells (from mus’ sciatic

nerve) for 15 days and then observing its characteristics for

SC cell adhesion to evaluate its biocompatibility.

Allergy sensitization test [32]

First, preparing the scaffold free from BSA in accordance

with the process as was described in the section of ‘‘Fab-

rication of the scaffold’’; second, 2 g of this scaffold was

added into 30 mL saline, then following homogenation and

centrifugalization, thus supernate was obtained as test

sample.

Six Japanese albino rabbits were taken as test animal

(female and male in half, 2 kg ± 200 g). Each rabbit was

intraperitoneally injected once a day with 0.5 mL of the

supernate in the first 6 days with 1-day interval. On the

14th day and the 21th day after the first injection, three of

the rabbits were intravenously injected with 2 mL of the

supernate from their ears, then observing those rabbits’

symptoms such as scratching nose, sneezing, piloerecting,

retching or coughing over three times, convulsing, red-

dening, gatism (urinary incontinence), shock and death.

Results

Microstructure of cell-free pigskin ECM

The well-treated cell-free pigskin ECM was stained by H-E

as shown in Fig. 2. From the H-E staining result, it can be

confirmed there were no cells left in the matrix.

Sustained-release performance in vitro

The total original mass of the scaffold was 48.4 mg (con-

taining 1.2 lg BSA) with a mean thickness of 0.22 mm,

while with a end residual mass of 39.8 mg after the

experiment ended, thus the mass loss of the scaffold was

about 18%(=(48.4–39.8)/48.4 · 100%). On the 30th day,

the scaffold still kept its original shape.

Recording the A of each sample (done three parallel

records and calculated their mean value), and then looking

up the BSA content of each sample from the standard curve

as made in the section of ‘‘Preparation of standard curve’’,

finally converting the BSA content of each sample into the

accumulative releasing ratio thus made a curve of accu-

mulative releasing ratio of BSA with time as shown in

Fig. 3. The formula of accumulative releasing ratio was:

ri ¼
V
Pn

i¼1

Ci�1 þ CiV0

m0

� 100%

Fig. 2 Microstructure of completely acellularized pigskin ECM,

stained by H-E. No cells left in the ECM
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where m0 is the initial total mass of BSA in the scaffold; n

is the total sampling number of times;

i is the index of sampling point; V0 is the initial total

Volume of degradation solution;

V is the Volume of each sampling; C0 is the initiate

Concentration of BSA in degradation solution;

Ci is the Concentration of BSA in degradation solution

at each sampling point;

ri is the accumulative ratio of BSA released from the

scaffold into the degradation solution at each sampling

point.

In this study, C0 = 0 ng/mL, V = 1 mL, V0 = 10 mL,

n = 37, m0 = 1 200 ng.

From Fig. 3 it could be seen there exists a burst release

phase in the first 2 h and the burst ratio of BSA took up to

7%, then the release rate slow down. Among 2–48 h, the

release rate was about 21.7 ng per sampling point

(r = 0.996), then the release rate kept going down to a

steady rate about 6.6 ng/d (r = 0.994). In the 30-day

experimental period, the accumulative release ratio of BSA

from the scaffold was up to 43%.

SC cell adhesion test

Co-culturing the scaffold with SC cell suspension for

15 days then underwent SEM scanning. The SEM outcome

was shown in Fig. 4. It could be observed SC cells can

adhere to the matrix and extend, thus indicates the matrix is

biocompatible.

Allergy sensitization test

The rabbits were raised in cages, when shouting at the

rabbits to frighten them on the 14th day and the 21th day

respectively after the first injection, no symptoms as

described in the section ‘‘Allergy sensitization test’’

appeared. According to the Chinese Government Standard

[32], the scaffold was considered not to cause allergy

sensitization.

Discussions

The human peripheral nerve has a strong regeneration

potentiality [1–4], which is the clinical prerequisite for the

repair of peripheral nerve lesions. Due to the limit [1] of

autograft, the development of artificial nerve scaffold is

clinically in demand. In previous studies, the materials for

fabricating those artificial scaffolds were focused on arti-

ficial polymers with excellent biocompatibility and biode-

gradability or native giant molecule materials [5–8, 16, 17,

22–28]. Moreover, studies indicated the addition of NGFs

into and/or the seeding of Schwann cell upon scaffolds

could promote the nerve regeneration [11–13, 33–36].

However, the successful nerve regeneration was influenced

by many factors, e.g. the scaffold provides a proper route

and environment for the regeneration of neuraxon, while

drug or nerve growth factor [11–14] can also promote its

regeneration. Therefore, active compound nerve scaffold

would function better than those of inactive and/or simplex

ones.

In this study, we used PLGA and cell-free pigskin col-

lagen microparticle, which have been considered excellent

biocompatibility and biodegradability, to fabricate a arti-

ficial nerve scaffold in which PLGA provides mechanical

strength and sustained release performance while collagen

plays a role on adjusting the mechanical strength and

degradation property as well as preloading hydro-soluble

drug. From the sustained release curve in vitro (See

Fig. 3), there exists a burst phase for the scaffold, which

was a common phenomena upon encapsulating hydro-sol-

uble drug for the purpose [37], the reason may be: BSA

physically binding to the surface of the scaffold or/and the

micro-pores, which could be easily flushed away in water

solution, thus resulted in the burst phase at early stage. By

improving the fabricating technology, the burst level could

be lowered down. Subsequently, the releasing rate slowed

down to a steady one, this may result from the permeation/

diffusion process and/or the degradation of the scaffold.

In the 1-month testing period in vitro, the ratio of

Fig. 3 Accumulative releasing

ratio of BSA with time

(30 days; x, three parallel

records for each sample)
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accumulative release was up to 43% and the mass loss of

scaffold was up to 18%. According to the hypothesis that

PLGA was uniformly hydrolyzed and degradated in vivo

and in vitro [37], it could be predicted that the scaffold

maybe completely degradated in 3–5 months, which mat-

ched the period well with one reported by Tasuo Nakamura

[5] that the optimal period for disrupted nerve repair was in

the 1st–3rd month, and the repair should be completed in

6 months.

In our fabricating process, the water-soluble protein was

dissolved in water at room temperature or lower, and then

allowed the cell-free pigskin collagen microparticles to be

uniformly dispersed in the solution, following by vacuum

freeze-drying, thus could ensure the homogeneity of water-

soluble protein dispersing in the matrix. Because those

removed by vacuum freeze-drying are only moisture and/or

evanescent solvents, the process could also achieve the

quantitation of protein in the matrix, as well as avoid the

denaturalization and deactivation of thermal-sensitive drug

molecules, which is difficult to achieve by other technol-

ogies such as emulsification method. Meanwhile, Drying at

reduced pressure could produce micropores in the scaffold,

which were considered as an essential property for nerve

scaffold [4, 38].

From Fig. 2, it can be ensured that no cells were left in

the treated matrix. Klaus Kallenbach [30] et al has studied

the property of acellularized porcine matrix. They used

H-E staining and SEM to prove a completely acellularized

matrix, however, they found even if the matrix was com-

pletely cell free there is still cell debris left such as protein,

DNA and porcine endogenous retrovirus, and they thought

no technique can achieve the goal of no cell debris left in

acellularized matrix. Fortunately, from their study they

found the acellularized matrix does not cause significant

immunogenic response and does not transmit porcine

endogenous retrovirus to the host though there was still cell

debris left.

The immunogenicity evaluation for tissue-engineering

scaffold could be carried out by allergization test [39].

According to the result of allergy sensitization test and the

Chinese Government Standard [32], the scaffold could

be considered to be non-immunogenic or clinically

acceptable.

Cytotoxic test has been generally accepted for evaluat-

ing the biocompatibility of biomaterials [40]. From Fig. 4,

it was shown SC cell could adhere to the matrix and ex-

tend, therefore, the scaffold could be considered biocom-

patible.

The scaffold constructed in this study could release the

BSA steadily, if BSA were to be replaced with other water-

soluble NGFs or the scaffold were to be seeded with

Schwann cells [11–14, 33–36], the scaffold might become

an active compound one.

Conclusion

The active compound nerve scaffold constructed by this

technique possesses proper mechanical property, sustained

release performance, degradation behavior, non-immuno-

genicity and biocompatibility, which may make it to be a

potential implanting support with prolonged sustained

release effect.
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