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a  b  s  t  r  a  c  t

Surface  entrapment  is  a convenient  method  to  immobilize  the  natural  macromolecules  on  the  surface
of synthetic  polymers.  In this  study,  the  gelatin  modified  and  sodium  alginate/gelatin  modified  PLGA
nanofibrous  membranes  were  fabricated  via  surface  entrapment  and  entrapment-graft  techniques.  The
surface  morphology  of the  each  single  modified  PLGA  nanofiber  was  as  smooth  as  that  of  untreated
PLGA  nanofibers.  The  results  of  water  angle  contact  measurements  and  tensile  tests  showed  that  the
surface  entrapment  cannot  only  improve  the  hydrophilicity  but  also  enhance  mechanical  properties
of  the  modified  nanofibrous  membranes.  In addition,  the  sodium  alginate/gelatin  modified  electrospun
PLGA  nanofibrous  membrane  exhibited  higher  hydrophilicity  and  better  biocompatibility  than  the  simply
gelatin  modified  PLGA  nanofibrous  membrane,  which  suggested  the  surface  entrapment  is  a  facile  and
efficient  approach  to  surface  modification  for electrospun  nanofibours  membranes.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

As a facile and low-cost method of fabricating nanofiber tex-
tural structures, electrospinning has gained great attention from
biomedical field because the obtained nanofibrous membranes
possess interconnected pore structure with high porosity, high
volume to surface ratio, and small pore size. Such nanofibrous
membrane structure is similar to the structure of the natu-
ral extracellular matrix and can be an appropriate candidate
of tissue engineering scaffold for tissue replacement or restore-
ment such as skin, bone and vessel [1–5]. Various kinds of
biodegradable polymers have been successfully electrospun into
nanofibrous membrane including the aliphatic polyesters such as
PLGA, PLA and PCL which are the dominantly applied for the tissue
engineering scaffold because of their non-toxic degradable pro-
duction and excellent mechanical properties [6–8]. However, the
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hydrophobicity of the aliphatic polyester and the lack of func-
tional groups such as hydroxyl or amino groups are the main
disadvantages. These disadvantages induce a negative influence
on the biocompatibility and thus limit the further development
in the research. One approach to improving the biocompatibil-
ity is to composite aliphatic polyester with other materials. In
recent years, the aliphatic polyester/natural macromolecules com-
posites have been developed rapidly for biomedical applications
since natural macromolecules possess higher hydrophilicity and
much better biocompatibility [9–12]. For example, the electrospun
PLGA/gelatin nanofibrous scaffolds possessed higher cell adhe-
sion and proliferation than the pure PLGA nanofibrous scaffolds;
PLGA/chitosan composite nanofibrous membrane exhibits better
hydrophilicity than PLGA nanofibrous membrane as shown by
the water contact angles testing [13,14].  The synthetic materi-
als are also used to fabricate PLGA based composite materials
with improved properties, such as hydroxyapatite (HA) nanopar-
ticles for mimicing the environment of bone cells, and conducting
poly(aniline-co-ethyl 3-aminobenzoate) for electrical stimulating
the heart cells [15,16]. However, the mechanical property of the
PLGA composite materials could be decreased by natural macro-
molecules because it is soft [17,18],  or by the inhomogeneous
distribution of the HA nanoparticles in the PLGA matrix. In addition,
the non-degradable polymer probably could cause inflammation
in the long term run. The surface modification to PLGA is more
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Scheme 1. Schematic illustration of the procedures of fabrication of (A) gelatin and (B) sodium alginate/gelatin modified electrospun PLGA nanofibrous membrane.

promising because it can maintain its excellent mechanical prop-
erty and also improve the surface property. The common surface
modification methods for the biopolymers include physical adsorp-
tion and surface chemical treatment such as direct coating
with natural macromolecules, surface hydrolyzation and plasma
treatment [19–22].  However, direct coating with natural macro-
molecules to the biopolymers has a weak interaction at the
interface [19]. Surface hydrolyzation using NaOH or surface aminol-
ysis using diamine often damages the surfaces of nanofibers and
results in the decrease of the mechanical property [20,21]. Despite
plasma treatment could improve the hydrophilicity effectively, it
needs expensive equipments. Thus it is not a convenient method
either [22]. On the other hand, surface entrapment is a kind of phys-
ical surface modification based on the polymer matrix swelling in
the excellent solvent and deswelling in the poor solvent which
was firstly proposed by Desai and Hubbell [23]. It has been suc-
cessfully developed to immobilize the natural macromolecule such
as chitosan, gelatin, and alginate on the surface of PLA [24–29].
In the present work, we immobilize both gelatin and sodium
alginate/gelatin on the surface of PLGA electrospun nanofibers
via surface entrapment and entrapment-graft process to improve
the hydrophilicity while maintain the mechanical property of the
nanofibrous membrane.

2. Materials and methods

2.1. Materials

Poly (d,l-lactide-co-glycolide) (LA/GA 85/15, Mw = 200,000)
was purchased from Jinan Daigang Biomaterial Co. Ltd. (China).
The gelatin was purchased from Tianjin Bodi Chemical Co.
Ltd. (China). Sodium alginate, 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC), N-hydroxysuccinamide (NHS)
and 2,2,2-trifluoroethanol (TFE) were purchased from Shanghai

Aladdin Co. Ltd. (China). All chemicals were used directly without
further purification. Aqueous solutions were prepared with doubly
distilled water.

2.2. Surface modification process

For electrospinning, the PLGA was  dissolved in the TFE to
form uniform solution with concentration of 10 w/v%. The solu-
tion was loaded in a 5 mL  plastic syringe and then was injected
through a stainless-steel blunt needle using an infusion pump
(TS2-60, Baoding Longer Precision Pump Co. Ltd., China) at an injec-
tion rate of 0.5 mL  h−1 and 8 kV voltage (HB-F303-1-AC, China).
The nanofibers were collected on a flat collector which was kept
10 cm away from the needle tip. The obtained PLGA nanofibrous
membranes were dried overnight under vacuum at room temper-
ature. Scheme 1 schematically describes the procedures of surface
modification. PLGA nanofibrous membranes were immersed in a
mixture of TFE/water with concentration of 10% for 20 min. Then
the PLGA nanofibrous membranes were transferred to a gelatin
or sodium alginate solution for 24 h. Subsequently, the sodium
alginate entrapped PLGA nanofibrous membrane needed further
immerse in the EDC/NHS solution and then transfer into the
gelatin solution for another 24 h. The resulting gelatin entrapped
and sodium alginate/gelatin entrapment-grafted PLGA nanofibrous
membranes were washed by doubly distilled water and dried
overnight under vacuum at room temperature.

2.3. Characterization

The morphologies of the gelatin and sodium alginate/gelatin
modified electrospun PLGA nanofibrous membranes were char-
acterized by scanning electron microscopy (SEM, CamScan
MX2600FE, UK) at an accelerating voltage of 15 kV. All samples
were coated with a thin layer of platinum in two  30 s consecutive
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Fig. 1. Morphologies of PLGA nanofibers (A) and the PLGA nanofibers entrapped with gelatin with the concentration of (B) 10 mg/mL, (C) 15 mg/mL, (D) 20 mg/mL, (E)
25  mg/mL, and (F) 30 mg/mL.

cycles at 45 mA  to reduce charging and produce a conductive sur-
face.

FT-IR spectra of the gelatin modified electrospun PLGA nanofi-
brous membranes were recorded by an attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectrophotometer (Perkin-
Elmer Spectrum One, Perkin-Elmer Co., USA) in the range of
650–4000 cm−1 with a resolution of 4.0 cm−1 and 16 scans.

The water contact angles of the surface modified electrospun
nanofibrous membranes were measured using water contact angle
analyzer (FTA200, U.S.). The samples were put on the testing plate

and a drop of distilled water was  carefully placed on the surface
of the samples. The measurements were carried out five times for
each sample.

The mechanical properties of the surface modified electro-
spun nanofibrous membranes were characterized using a uni-axial
testing machine (Instron 3365) with a 100 N load cell under a
cross-head speed of 10 mm/min. All the samples were cut into
rectangular shape with 2D-dimensions of 40 mm × 5 mm.  At least
five samples for each type of electrospun fibrous membranes were
tested.
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Murine neural stem cells (collected by Second Affiliated Hos-
pital of Harbin Medical University) were cultured in DMEM/F-12
medium containing 10% fetal bovine serum (FBS), B27(1:50) and
bFGF (20 ng/mL) at 37 ◦C with 5% CO2 in humidified incuba-
tor. After reaching 80–90% confluence, the cells were trypsinized
and counted with a hemocytometer. The electrospun nanofibrous
membranes were cut into small slices and placed in the cell cul-
ture plate. After sterilization under UV radiation for 2 h, they
were washed several times with phosphate buffered saline and
soaked in B27 for 24 h before cells seeding. Subsequently, the
cells were seeded on pure, gelatin and sodium alginate/gelatin
modified PLGA nanofibrous membranes, respectively. B27 medium
containing supplement was used as a negative control with seed-
ing density of 5000 cells/well. They were cultured in a humidified
atmosphere with 5% CO2 at 37 ◦C up to desired time points. Cell
adhesion and proliferation on the membranes were measured by
MTT. Briefly, after 1, 2 and 4 days, 10 �L MTT  was added to each
well. After the plates were incubated for 4 h, 100 �L formazan sol-
ubilization solution was added and left overnight. The absorbance
was measured at the wavelength of 490 nm by microplate reader
(Bio-Rad 680).

3. Results and discussion

3.1. Gelatin modified electrospun PLGA nanofibers

PLGA is a biodegradable polymer which has been widely
explored in biomedical field due to its excellent mechanical prop-
erty and non-toxicity. However, the drawback of hydrophobicity
and lacking of bioactive groups impact the adhesion and pro-
liferation of cells in the long run. Therefore, we adopt surface
entrapment to improve the hydrophilicity and biocompatibility
of PLGA. For gelatin entrapment, the swelled PLGA nanofibers
were immerged in the gelatin solution with different concen-
tration, ranging from 10 mg/mL  to 30 mg/mL. The SEM images
of gelatin modified PLGA nanofibrous membrane with individual
nanofibres are shown in Fig. 1. It can be seen from Fig. 1 that
the pure PLGA nanofibers were straight and smooth, but after
entrapment the nanofibers were winding and some cracks can
be found on the nanofibers surfaces, which may  be due to the
influence of the internal stress after the process of swelling in
the excellent solvent and deswelling in the poor solvent. And FT-
IR spectrum (Fig. 2A) shows the gelatin characteristic bands of
1680 cm−1 and 1540 cm−1, which attributed to the C O stretching
vibrations in the amide I band and N H bending vibrations cou-
pled with C N stretching vibrations in the amide II band. These
characteristic bands indicate that the gelatin macromolecule was
immobilized on the surface of electrospun PLGA nanofibers. More-
over, it is obviously that the absorbance of the gelatin characteristic
bands increased gradually when the gelatin concentrations were
increased from 10 to 30 mg/mL  in the solutions. However, when
the concentration of gelatin in the solution was  increased over
25 mg/mL, the gelatin was not only immobilized on the surfaces
of the PLGA nanofibres but also adhered the adjacent nanofibers
together which ruined the porosity structure of the nanofibrous
membrane (Fig. 1E and F). To further confirm the immobilization
of gelatin on the surfaces of PLGA nanofibers, the control experi-
ments were done using non-swelling PLGA nanofibers in the gelatin
solution for the same time as a comparison group and the FT-
IR spectra were illustrated in Fig. 2B. Compared to the surface
entrapment group, there was almost no characteristic bands of
gelatin in the spectra of comparison group, which demonstrated
that the gelatin was successfully immobilized on the surfaces of
PLGA nanofibers instead of simple adhesion during the entrapment
process.
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Fig. 2. FT-IR of PLGA nanofibers entrapped with gelatin with different concentra-
tions of gelatin (A) and control experimental results (B).

3.2. Sodium alginate/gelatin modified electrospun PLGA
nanofibers

As for the macromolecules such as gelatin, it is not easy for
them to diffuse into the interstice among the chains of PLGA
due to their large chains. Therefore, we initially immobilized the
sodium alginate on the surfaces of PLGA nanofibers and then
grafted it with gelatin because there are many carboxyl groups
in the chain of sodium alginate, and the carboxyl groups can be
bonded with amino groups of gelatin. The sodium alginate/gelatin
modified PLGA nanofibers by entrapment-graft method have more
advantages than single gelatin entrapment because the entrapped
dendritic macromolecules instead of linear macromolecules could
cover more surface area of PLGA nanofibers. Fig. 3 displays the typ-
ical SEM images of sodium alginate modified PLGA nanofibers and
sodium alginate/gelatin modified PLGA nanofibers. It can be seen
that the pores of PLGA nanofibrous membrane were almost covered
by sodium alginate when its concentration was  up to 10 mg/mL−1.
On the contrary, the morphology of the sodium alginate modi-
fied PLGA nanofibers after the gelatin grafting had no difference
from the nanofibers before grafting. They exhibited highly porous
structure and smooth surfaces without bead defects, as shown
in Fig. 3A and F. In addition, FT-IR spectra further confirms that
gelatin has been successfully grafted onto the sodium alginate
modified PLGA nanofibers surfaces as shown in Fig. 4. It could be
observed that the characteristic absorption band of sodium alginate
at 1602 cm−1 (black line) was  replaced by the bands at 1660 cm−1

and 1548 cm−1 of Amide I and Amide II after gelatin grafting (red
line in Fig. 4). This can be attributed to the reaction between the
carboxyl groups of sodium alginate entrapped on the surface of
PLGA nanofibers and the amino groups of gelatin during the gelatin
graft process. The formation of the acid amide under the action of
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Fig. 3. Morphologies of PLGA nanofibers modified with the sodium alginate with concentration (A) 1 mg/mL, (B) 5 mg/mL, (C) 10 mg/mL, (D) 15 mg/mL, (E) 20 mg/mL  and (F)
sodium alginate/gelatin entrapment-grafted PLGA nanofibers.

EDC/NHS demonstrated successful graft of the gelatin to the sodium
alginate.

3.3. Hydrophilicity

One of the objectives of this study is to improve the hydrophilic-
ity of PLGA nanofibrous membrane for increasing its cell adhesion
ability. Fig. 5 shows the change of water contact angles before
and after surface modification for electrospun PLGA nanofibers.
It can be seen that the water contact angle of gelatin modified

PLGA nanofibers (46.11 ± 8.85◦) and sodium alginate/gelatin mod-
ified PLGA nanofibers (37.86 ± 2.40◦) was far less than that
of the pure PLGA nanofibers (116.59 ± 10.18◦), showing the
significantly improved hydrophilicity of the PLGA nanofibrous
membrane through surface entrapment of gelatin and sodium algi-
nate macromolecules. In addition, the hydrophilicity of sodium
alginate/gelatin modified PLGA nanofibrous membrane was bet-
ter than that of gelatin modified PLGA nanofibrous membrane
because the density of macromolecules covered on surface of PLGA
nanofibers was much higher through entrapment-graft process.



Author's personal copy

Z.X. Meng et al. / Colloids and Surfaces B: Biointerfaces 94 (2012) 44– 50 49

Fig. 4. FT-IR of sodium alginate modified PLGA nanofibers before (black line) and
after (red line) gelatin graft. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

3.4. Mechanical property

It is known that the natural biopolymers have a weak mechan-
ical properties, which often deteriorate the mechanical property
of composite materials with other synthetic polymers. Therefore
maintaining the mechanical property of the PLGA nanofibrous
membranes is crucial for their biomedical applications, which is
also anther aim of this study. Fig. 6 shows the typical stress–strain
curves of PLGA nanofibrous membranes before and after the
entrapment. The tensile strength for the gelatin modified and
sodium alginate/gelatin modified PLGA nanofibrous membranes
are 11.85 ± 0.26 MPa  (blue line) and 12.25 ± 0.18 MPa  (green line),
respectively. The tensile strength of the PLGA nanofibrous mem-
branes after entrapment of was nearly 4 times as high as that of
the untreated pure PLGA nanofibrous membrane (3.26 ± 0.12 MPa)
(black line). The tensile strength of the pure PLGA nanofibrous
membrane after simply treated by swelling and deswelling pro-
cess was 10.08 ± 1.91 MPa  (red line) which was close to that of the
modified PLGA nanofibrous membranes. So the enhancement of
the tensile strength of the modified PLGA nanofibrous membranes
could be ascribed to the increase of the nanofibrous membrane
density due to the swelling and deswelling treatment.

3.5. Cytotoxicity evaluation

In order to identify the effects of surface modification on the
biocompatibility of the PLGA nanofibrous membranes, the neural
stem cells were cultured on the surface of both pure and surface
modified nanofibrous PLGA membranes, and the MTT  results are
shown in Fig. 7. On one hand, the cell proliferation onto pure PLGA,
gelatin modified PLGA and sodium alginate/gelatin modified PLGA

Fig. 6. Stress–strain curves of different kinds of PLGA nanofibrous membranes. PLGA
nanofibrous membrane (black line), PLGA nanofibrous membrane after swelling and
deswelling (red line), gelatin modified PLGA nanofibrous membrane (blue line),
sodium alginate/gelatin modified PLGA nanofibrous membrane (green line). (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of the article.)
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Fig. 7. MTT  results of mouse neural stem cells on pure PLGA and surface modified
PLGA nanofibrous membrane (*P < 0.05).

nanofibrous membranes were all increased with the increase of
culture time. On the other hand, the cell proliferation onto sodium
alginate/gelatin modified PLGA nanofibrous membrane was high-
est among all the groups. It shows that the sodium alginate/gelatin
entrapment-graft treatment could effectively enhance the biocom-
patibility of PLGA nanofibrous membrane. This may  be because the
sodium alginate entrapment followed by gelatin graft increases the

Fig. 5. Water contact angles of pure PLGA nanofibrous membrane (A), gelatin entrapped PLGA nanofibrous membrane (B) and sodium alginate/gelatin modified PLGA
nanofibrous membrane (C).
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length of molecular chains of natural macromolecules and cover
more surface areas of PLGA nanofibers.

4. Conclusions

In this study, the gelatin modified PLGA and sodium
alginate/gelatin modified PLGA nanofibrous membranes were
fabricated through surface entrapment and entrapment-graft
treatment. Both gelatin modified PLGA and sodium algi-
nate/gelatin modified PLGA nanofibrous membranes exhibited
high hydrophilicity and improved biocompatibility compared with
the pure PLGA nanofibrous membrane. Furthermore, the sodium
alginate/gelatin entrapment-graft treatment showed better effect
than single gelatin entrapment. In addition, compared to pure
PLGA nanofibrous membrane, both gelatin modified PLGA nanofi-
brous membranes and sodium alginate/gelatin modified PLGA
nanofibrous membranes possessed enhanced tensile strength. We
demonstrated the surface entrapment and entrapment-graft treat-
ment is a facile and efficient route to modify the surfaces of
electrospun nanofibrous membranes for the tissue engineering
applications.
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