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Introduction
Mammal’s salivary gland, an exocrine one composed of acinous 

cells and duct cells, has the main function of saliva secretion. In clinic, 
both the radiation treatment to the tumor on one’s head or neck, 
and Sjogren’s syndrome will cause the damage to the salivary gland 
irreversibly [1-3]. One of the therapeutic strategies is to develop a 
tissue-engineered salivary gland and transplant it to the oral mucous 
membrane, in which the artificial salivary gland will realize the saliva 
secretion. Wang et al. [4] seeded human salivary epithelial cells (HSG 
cells) in the lining of the rat trachea and then observed the cell growth 
and differentiation, which confirmed it feasible to use natural and 
synthetic biomaterials to prepare the artificial salivary gland. 

At present, poly(hydroxy esters) including poly(glycolic acid) 
(PGA), poly(lactic acid) (PLA) and their co-polymer poly(lactic-co-
glycolic acid) (PLGA), are commonly used synthetic polymers in tissue 
engineering owing to their good biodegradable properties and the fact 
that they are approved by the US Food and Drug Administration for 
clinical use [5]. Larsen et al. [6,7] cultured adult mouse submandibular 
salivary gland (SMG) ductal epithelial cells on PLGA nanofiber scaffold 
and observed their continuous proliferation on it. 

Poly(ether ester), another type of synthetic polymer, combines 
aliphatic and aromatic units in the same polyester chain. It has been 
envisaged for a long time as an attractive approach to obtain novel 
products encompassing suitable biodegradable and mechanical 
properties by changing the ratios of aliphatic units to aromatic ones 
[8,9]. Two important aliphatic-aromatic copolyesters, poly(butylene 
succinate-co-terephthalate) (PBST) and poly(ethylene glycol 
terephthalate)-poly(butylene terephthalate) (PEGT/PBT), were 
investigated intensively in the past years for the application on tissue 
engineering [10-12]. Furthermore, Feng et al. [13] found that the 
incorporation of aliphatic unit poly(butylene succinate) (PBS) in 
PEGT/PBT copolymer will increase its flexibility and hydrophilicity, 

and accelerate its degradation rate as well. The obtained copolyester 
was named poly(butylene terephthalate)-co-poly(butylene succinate)-
b-poly(ethylene glycol), i.e., PBT-co-PBS/PEG. 

To develop tissue-engineered products, it is important to mimic 
key features of the normal cellular microenvironment including 
extracellular matrix (ECM) structure and its chemical composition, 
which are involved in survival, spread, and proliferation of the cells. 
Although synthetic polymers possess some advantages mentioned 
above, they lack cell recognition signals and their hydrophobic 
nature will hinder cell seeding. In general, a higher surface energy 
(hydrophilic) material typically results in a higher number of attached 
cells, with a spread out and polygonal shape; in contrast, a lower surface 
energy (hydrophobic) material reduces cell attachment and leads to a 
rounded morphology [14,15]; Meanwhile, cell recognition signals on 
material surface are conducive to create cell-biomaterial interfaces that 
elicit controlled cell adhesion and maintain differentiated phenotypic 
expression [16]. So, it is essential for synthetic polymers to carry on 
some surface modifications when they are used in cell seeding. Such 
modifications generally involve enriching the substrates with ECM 
molecules and their derivatives, such as collagen, chitosan and gelatin, 
as surface modifiers, which have been found to significantly improve 
the cytocompatibility of polyesters [17]. 
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Abstract
We reported the preparation of surface modified poly(butylene terephthalate)-co-poly(butylene succinate)-b-

poly(ethylene glycol) (i.e. PBT-co-PBS/PEG) films by three methods: silk fibroin coating, SO2 plasma treatment and silk 
fibroin anchoring. The obtained composite films were named SF/(PBT-co-PBS/PEG), SO2/(PBT-co-PBS/PEG) and SF/
SO2/(PBT-co-PBS/PEG), respectively. Their surface properties were characterized by contact angles, surface energies 
and XPS. The biocompatibility of the films were further evaluated by in vitro and in vivo tests including the morphology, 
attachment, proliferation and viability of human salivary epithelial cells (HSG cells) and the following histological 
observation of the films implanting in Sprague Dawley rattus norregicus (SD rat). Results revealed that SF/SO2/(PBT-
co-PBS/PEG) possessed the high surface free energy (59.67 mJ/m2) and could immobilize a great amount of fibroin (SF 
surface coverage: 26.39 wt%), which attributed to the formation of such polar groups as hydrosulfide group, sulfonic 
group, carboxyl and carbonyl ones in the process of SO2 plasma treatment. The tests in vitro and in vivo suggested 
that the silk fibroin anchoring could significantly enhance the biocompatibility of PBT-co-PBS/PEG, which implied the 
potential application of fibroin modified PBT-co-PBS/PEG for clinical HSG cells transplantation in artificial salivary gland 
constructs.
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Silk fibroin (SF), a structural protein without physiological 
activity, is composed of 17 amino acids and its main components 
are weak polar ones (alanine, glycine and serine residues). Fibroin is 
considered to possess the excellent biocompatibility as the same as 
that of ECM molecules [18,19] and its excellent biocompatibility has 
attracted researchers’ significant attentions in recent years to prepare 
some artificial tissues such as skin, blood vessel and cornea [20-23]. 
Fibroin modified synthetic polymer will merge the advantages of two 
materials. In this scheme, the synthetic polymer is the main provider of 
the profile due to its good mechanical and biodegradable property; and 
the silk fibroin is the main contributor to realize the cell attachment 
and spreading due to its excellent biocompatibility. Yao et al. [24] 
prepared silk fibroin modified poly(D,L-lactic acid) film and the studies 
indicated that fibroin modification could improve osteoblasts viability 
and differentiated cell function significantly on poly (D,L-lactic acid) film. 

Previously, ECM molecules modified biomaterials could be 
realized by either physical coating, or chemical crosslinking. In spite of 
some advantages such as safety and convenience, the physical coating 
is easy to wash away from the surface due to their weak affinity. On the 
contrary, although the ECM molecules can be tightly immobilized onto 
the surface by the method of chemical crosslinking, the preparation 
process involved some coupling agents such as glutaraldehyde, which 
is harmful to the health of human and will cause some environmental 
problems.

ECM anchoring, a convenient and efficient surface modification 
method with a combination of plasma treatment and physical 
coating, can be used for the purpose of resolving the disadvantages of 
traditional methods. Low-temperature plasma treatment is regarded 
as a green and effective one for modifying the surface properties or 
introducing desired chemical groups at the surface of a material 
without affecting its bulk properties [25]. By choosing an appropriate 
plasma source, diverse functional groups could be introduced to the 
surface to improve biocompatibility or to allow subsequent covalent 
immobilization of various bioactive molecules [5,26]. Chen et al. [5] 
prepared the cationized gelatin (CG) modified poly(lactic acid) (PLLA) 
nanofibers (NF) (CG-PLLA NFM) with the method of CG anchoring 
and the studies indicated the superior ability of PLLA NFM after 
surface modification with CG to support chondrocyte proliferation, 
differentiation and cartilaginous matrix biosynthesis.

In this work, silk fibroin was anchored onto SO2 plasma treated 
PBT-co-PBS/PEG film and the synthesized composite was named SF/
SiO2/(PBT-co-PBS/PEG). PBT-co-PBS/PEG is selected as the substrate 
because it is an elastomeric material which has the good properties on 
swelling, degradability and mechanical strength. These properties make 
it suitable as the scaffold for the artificial soft tissues, such as the glands, 
blood vessels and derma [13]. The performance of surface modified 
PBT-co-PBS/PEG films here was evaluated by analyzing the culture of 

HSG cells in vitro and their implantation in vivo for the purpose of 
investigating the potential application in artificial salivary gland.

Experimental
Materials

PBT-co-PBS/PEG is a gift of Prof. Zengguo Feng from the school of 
materials, Beijing Institute of Technology and its molecular structure 
is shown in Figure 1. In this work, the molecular weight of the starting 
PEG blocks used in the copolymerization was 1000 Da. The molar 
fractions of PBS, PBT and soft segment in the copolymer are 20%, 60% 
and 20%, respectively. The total molecular weight of PBT-co-PBS/PEG 
copolymer is approximately 6.6×104 Da.

Silk fibroin was prepared according to the reference [22]. 
Specifically, raw silk was degummed twice with 0.5 % (w/w) NaHCO3 
solution at 100°C for 1 h and washed with distilled water. Degummed 
silk was then dissolved in the mixture solution of CaCl2, H2O and 
ethanol at the molar ratio of 1:8:2. After dialysis against distilled water 
for 3 days and the following degradation of the gross fibroin with 
NaOH (0.2 mol/L) at a temperature of 85°C for 30 min, we obtained 
the fibroin product with the molecular weight about 30 kDa.

PBT-co-PBS/PEG film preparation and its surface 
modification

PBT-co-PBS/PEG was dissolved in chloroform (A.R, Sinopharm, 
China), in which the concentration of PEOT/PBT was kept fixed at 0.03 
g/mL. This solution was then transferred to a 60 mm diameter glass 
plate to form films by evaporation. 

Three treatment methods for PBT-co-PBS/PEG surface modification 
were used in this study. The first one was a physical method, SF coating, 
in which the silk fibroin was directly coated on the surface of PBT-
co-PBS/PEG film. Specifically, the prepared PBT-co-PBS/PEG film was 
impregnated in the fibroin solution for 2 h. After washing the film with 
distilled water 3 times and then drying overnight, the modified film was 
prepared. This sample was named SF/(PBT-co-PBS/PEG).

 The second one was SO2 plasma treatment, in which the prepared 
PBT-co-PBS/PEG film was grafted with sulfur functionalities by SO2 
glow discharges with the plasma treatment apparatus (HD-1A, Zhongke 
Changtai plasma Tech, Changzhou, China) under the atmosphere of 
SO2. The reaction conditions were as follows: SO2 flow rate 20 ml/min; 
working pressure 20 Pa; discharge power 30W and the treatment time 
5 min. This prepared sample was named SO2/(PBT-co-PBS/PEG).

The final one was fibroin anchoring, which combined SO2 plasma 
treatment with fibroin coating. Specifically, the surface of PBT-co-PBS/
PEG film was firstly grafted with sulfur functionalities by SO2 glow 
discharges. The obtained SO2/(PBT-co-PBS/PEG) sample was then 
coated with SF. The experimental conditions in the preparation process 
were the same as the above two treatments. The final sample prepared 
was SF/SO2/(PBT-co-PBS/PEG).

All the samples above were preserved in the desiccator and sterilized 
under the ultraviolet light for 3 h prior to cells seeding on them. 

Characterization of the surface

Contact angles of water and diiodomethane on the material surface 
were determined using the sessile drop method and an image analysis 
system on HARRE-SPCA contact angle analyzer. 

Element distribution and binding energy analysis of PBT-co-PBS/
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Figure 1: Structure diagram of PBT-co-PBS/PEG coploymer.
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PEG film before and after surface modification were performed using 
Perkin Elmer PHI 5300 X-ray photoelectron spectroscopy (XPS). 

Cell culture and cell morphology

HSG cells were cultured at 37°C, in a humidified atmosphere of a 
5% CO2 in air, in 50 cm2 flasks containing 5 ml Dulbecco’s Modified 
Eagle Medium (DMEM, Hyclone, USA), 10% fetal bovine serum (FBS, 
Tianhang Biotech, China). The cells used in this work were all between 
passages 10 and 20. The morphology of the cells cultured on the films 
was examined by Opton 405M fluorescence inverted microscope. 
Scanning electron images of the cells on the prepared films were 
recorded using a JEOL JSM-6360 LA scanning electron microscope.

Cell attachment

The film samples were completely filled the bottom of the well in 
a 24-well plate (Nunclon Inc, Denmark). HSG cells were then seeded 
onto the film at a density of about 1.0×105 cells/mL. The blank well 
without any films acted as the control. The cells were allowed to attach 
onto the film undisturbed in a humidified incubator (37°C and 5% 
CO2) for 2, 4, 6 and 8 h, respectively. At each time interval, the quantity 
of floating cells in culture suspension was counted using a light 
microscope to determine adherent ones on the film. Cell attachment 
rate (R) was calculated by the expression (1) as follows:

100%s u

s

C CR
C
−

= ×                       (1)

where Cs is the initial cell density seeding on the samples; Cu is that of 
floating cell density in suspension after cultivation.

Cell proliferation and viability

The MTT (Sigma) assay was used as a measure of relative cell 
quantity and viability. Specifically, HSG cells were cultured on the film 
samples with 1 mL cell suspension at the density of about 1.0×104 cells/
mL in 24-well plate (Nunclon Inc, Denmark) for 5 days. The culture 
medium was refreshed every 2 days. Assay was performed at 1, 3 and 
5 days, respectively. At each time interval, the cell proliferation and 
viability was evaluated using the MTT assay, in which 100 ml of MTT 
(5 mg/ml) was added to the medium and incubated at 37°C for 4 h. At 
the end of the assay, the blue formazan reaction product was dissolved 
by adding 0.5 ml DMSO and transferred to a 96-well plate (Nunclon 
Inc, Denmark). The absorbance was measured at 570 nm using a Bio-
Rad 550 spectrophotometric microplate reader.

Implantation in vivo and histological observation

Sprague Dawley rattus norregicus (SD rat), the experimental animal 
in this work, was provided by Experimental Animal Center of China 
Agricultural University. The sample of SF/SO2/(PBT-co-PBS/PEG) 
film were cut to the blocks with the size of 1 cm ×1 cm. After 60Co 
radiation with the dose of 200 million Rad, the blocks were implanted 
into the subcutaneous tissue of the SD rats. 8 weeks later, the blocks 
and the tissues around them were taken out to make the slices with 
H-E stain. Histological observation was carried out to evaluate the 
histocompatibility of SF/SO2/(PBT-co-PBS/PEG).

Statistical analysis

Experiments were run in 4 duplicates per sample. All data were 
expressed as means ± standard deviation (SD) for n=4; Single factor 
analysis of variance (ANOVA) technique was used to evaluate the 
statistical significance of results. Multiple comparison tests were 

performed using Student’s t-test. P values <0.05 were considered 
significant.

Results and Discussion
Characterization of films

Water contact angle and surface free energy analysis: Water 
contact angle (WCA) and the calculated surface free energy were 
usually employed to evaluate the hydrophobicity or hydrophilicity of 
one material surface, with more hydrophilic surface having the smaller 
water contact angle and the higher surface free energy. 

According to the mathematical model proposed by Owens [27,28], 
the surface free energy is composed of dispersion and polar components 
(γd and γp). On a solid-liquid interface, the surface free energy of the 
solid (γs) can be calculated by the expression “γs

d+γs
p”, and that of the 

liquid (γl) has the similar expression “γl
d+γl

p”. 

Combining Young equation, the relationship between the surface 
energy and the contact angle can be expressed as the equation (2):

( ) ( ) ( )( )1 4 d d d d p p p p
l l s l s l s l sCOSθ γ γ γ γ γ γ γ γ γ+ = + + +  (2)

Equation (2) indicated that the surface energy of one solid material 
including dispersion and polar components could be calculated if only 
contact angles of two different test liquids on the solid surface were 
measured in the experiment. In this study, water and diiodomethane 
were employed to calculate the surface energy of the samples. Based 
on the reference [29], the dispersion/polar components (γl

d/γl
p) of 

water and diiodomethane are 22.1/50.7 mJ/m2 and 44.1/6.7 mJ/m2, 
respectively.

Contact angles of modified surfaces via three methods and their 

Sample
Water contact anglea 

(°) Surface free energyb,c (mJ/m2)

θ H2O θ CH2I2 γ γd γp Xp

A: PEOT/PBT 81 ± 4 59 ± 3 34.13 22.12 12.01 0.35
B: SF/(PEOT/PBT) 68 ± 5 43 ± 2 45.07 28.22 16.85 0.38
C: SO2/(PEOT/PBT) 42 ± 2 18 ± 3 63.06 34.45 28.61 0.45
D: SF/SO2/(PEOT/

PBT) 48 ± 3 21 ± 2 59.67 34.18 25.49 0.43

Note: (a) average ± standard deviation (n=4)
(b) γ: total surface free energy; γ=γd + γp

γd: dispersion component of the surface free energy;
γp: polar component of the surface free energy;
Xp: percentage of the polar component in total surface free energy, γp/γ.
(c) Surface free energy calculated with the average contact angles of the samples. 

Table 1: The surface wettability of PBT-co-PBS/PEG copolymers before and after 
surface modification (n=4).

Sample C (wt %) O (wt %) N (wt %) S (wt %)
A: PBT-co-PBS/PEG 81.74 18.26 - -
B: SO2/(PBT-co-PBS/PEG) 74.08 24.37 - 1.55
C: SF/(PBT-co-PBS/PEG) 78.31 18.13 3.28 0.27
D: SF/SO2/(PBT-co-PBS/PEG) 70.71 21.59 6.73 0.97
E: pure SF 41.82 43.12 15.06 -

Table 2: Elements composition on the surface of the materials before and after 
surface modification.

Functional group -S-H -SO3H
Binding energy (ev) 165.03 169.60 170.43
Sulfur distribution 
(wt %) 26.71 41.13 32.16

Table 3: Sulfur composition on the surface of PBT-co-PBS/PEG copolymer after 
the surface modification with SO2 plasma treatment.
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calculated surface energies as well as the control were shown in Table 1. 
It indicated that the hydrophilicity of PBT-co-PBS/PEG film increased 
greatly after its surface modification including SF coating, SO2 plasma 
and SF anchoring (WCA: pAB, pAC and pAD<0.01). So, the surface 
modifications with three methods could all cause the amelioration 
of PBT-co-PBS/PEG biocompatibility. It was noted that among the 
samples, SO2/(PBT-co-PBS/PEG) has the highest surface energy due 
to the strong polarity produced via SO2 plasma treatment, which was 
proved by a higher percentage of polar component (Xp) on SO2/(PBT-
co-PBS/PEG) (0.45) than that on PBT-co-PBS/PEG (0.35). However, 
because of the weak polarity of alanine, glycine and serine, which are 
the main compositions of silk fibroin, the method of SF coating could 
not increase PBT-co-PBS/PEG surface energy to the same extent as SO2 
plasma treatment did. 

XPS analysis: Element compositions and functional group 
properties on PBT-co-PBS/PEG film before and after surface 

modifications had been analyzed by XPS and the results were shown in 
Tables 2-4 and Figures 2 and 3.

Compared with original film, the obtained SO2/(PBT-co-PBS/PEG) 
after SO2 plasma treatment owned about 1.55 wt% sulfur element on its 
surface (Table 2, Figure 2a and 2b). Through the further fitting to the 
XPS spectrum line of sulfur element (Figure 2c), the sulfuric functional 
groups on the surface were composed of hydrosulfide group (-SH) and 
sulfonic group (-SO3H), which have the characteristic binding energies 
at 165.03 ev, 169.6 ev and 170.43 ev, respectively. The sulfur percent in 
hydrosulfide group accounted for 26.71 wt% of the total sulfur element 
and sulfonic group for 73.29 wt%, which implied that sulfonic group 
was the main existence form of sulfur element on the surface (Table 2). 
It was just the strong polarities of two sulfuric functional groups that 
caused the great increase on PBT-co-PBS/PEG surface energy, thereafter 
ameliorating its biocompatibility. Meanwhile, the comparatively higher 
ratio of oxygen to carbon (O/C=0.33) on SO2/(PBT-co-PBS/PEG) than 
that on PBT-co-PBS/PEG (O/C=0.22) hinted the occurrence of surface 
oxidation in the process of SO2 plasma treatment, which caused the 
increase of the content on the groups involving carbon-oxygen bonds 
such as carboxyl and carbonyl one. This is another possible reason that 
caused the increase of the surface energy.

In addition, the surface modifications of SF coating and SF 
anchoring both caused the increase of nitrogen percent on the materials. 
However, compared with SF/(PBT-co-PBS/PEG), SF/SO2/(PBT-co-
PBS/PEG) owned the higher nitrogen percent (about 6.73 wt%), more 
than two times of SF/(PBT-co-PBS/PEG) (only 3.28 wt%) (Table 2), 
which indicated that the fibroin fixed on the surface by the method 
of SF anchoring is more efficient than the direct SF coating. It could 
be explained that a great amount of polar groups such as hydrosulfide 
group, sulfonic group, carboxyl and carbonyl ones on the surface of 
SO2/(PBT-co-PBS/PEG) would help to immobilize the fibroin by the 

Functional group -N-H -C(=O)-N-H
Binding energy (ev) 398.9 399.7 170.43
Nitrogen 
composition (wt %) 36.30 63.70 32.16

Table 4: Nitrogen composition on the surface of PBT-co-PBS/PEG copolymer after 
the surface modification with silk fibroin anchoring.
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Figure 2: XPS spectrum of PBT-co-PBS/PEG copolymer before and after 
SO2 plasma treatment: (a) PBT-co-PBS/PEG copolymer; (b) SO2/(PBT-co-
PBS/PEG); (c) The fitting curve of sulfur element on SO2/(PBT-co-PBS/PEG).
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SO2/(PBT-co-PBS/PEG) (pDC<0.05) at all the time points. It could be 
explained that the cell attachment depends not only on the surface 
hydrophilicity, but also the ECM molecules which could be recognized 
by the cells to attachment. Hence, the fibroin anchoring on the surface 
would help HSG cells adherence to the surface as same as ECM did. In 
addition, compared to the blank well in the 24-well culture plate, SF/
SO2/(PBT-co-PBS/PEG) possesses the better attachment property at all 
the time points (pDN<0.05 or pDN<0.01), which displayed its potential 
advantages in biomaterials.

Figure 5 shows the morphology of HSG cells cultured on original 
PBT-co-PBS/PEG, SO2/(PBT-co-PBS/PEG) and SF/SO2/(PBT-co-PBS/
PEG) after 2 h. Obvious differences in morphology were observed 
between the cells grown on PBT-co-PBS/PEG films before and after 
surface modification. HSG cells were smooth and rounded on the 
original film (Figure 5a), which hinted their weak attachment; On the 
contrary, after surface modification, cells attaching on SO2/(PBT-co-
PBS/PEG) and SF/SO2/(PBT-co-PBS/PEG) samples (Figures 5b and 
5c) spread outward to form the irregular shape with a great amount 
of filopodia, which suggested the excellent cell attachment property on 
the sample surface.

Cell proliferation and viability

As shown in Figure 6, the quantity of HSG cells on film samples 
increased with the cultivation going on, which exhibited the cell 
proliferation occurring on all films. Compared to the original PBT-
co-PBS/PEG sample, HSG cells proliferation on surface modified ones 
was significantly higher than the former (pBA, pCA and pDA<0.01) at the 
whole period of cultivation, which further confirmed the efficiency 
of surface modification by the methods of SO2 plasma treatment and 
fibroin coating. This result was the same as that on cell attachment 
test. Meanwhile, the highest cell proliferation on SF/SO2/(PBT-co-

formation of hydrogen bonds. The fibroin surface coverage (η) can be 
further calculated in equation (3):

( )
( )

/
100%

/
i

SF

N C
N C

η = ×                      (3)

where N/C is the mass ratio of nitrogen to carbon on the sample 
surface, i represents the sample with surface modification, SF is the 
pure fibroin.

Based on Table 2, N/C in pure fibroin, SF/(PBT-co-PBS/PEG) and 
SF/SO2/(PBT-co-PBS/PEG) were 0.36, 0.042 and 0.095, respectively. 
So, the SF surface coverage on SF/(PBT-co-PBS/PEG) and SF/SO2/
(PBT-co-PBS/PEG) was equal to 11.67% and 26.39%. Since SF could 
enhance the growth of anchorage dependent mammalian cells as the 
substratum, as that of collagen did [30], a large amount of SF on SF/
SO2/(PBT-co-PBS/PEG) sample might be favorable for the interaction 
with the negative charged surface of cell film. Through the further 
analysis on the fitting curve of nitrogen element (Table 4 and Figure 
3b), the nitrogenous functional groups on the surface was mainly 
composed of the amine groups (-NH2) and amide groups (-CONH) 
with the characteristic binding energies at 398.9 ev and 399.7 ev, which 
was in accordance with the molecular structure of SF.

Since the outermost surface of biomaterials directly interfaces 
with the tissue or cells, the surface modification to PBT-co-PBS/PEG 
will change its surface properties, thereafter affecting the cell-material 
biocompatibility, which could be evaluated by some tests including the 
morphology, attachment, proliferation and viability of HSG cells in 
vitro and the implantation in vivo.

Cell attachment and morphology

To assess cellular attachment, the control and the PBT-co-PBS/PEG 
films before and after surface modifications were seeded with HSG cells 
(about 1.0×105 cells/mL), which had been cultivated in a period of 8 h. 
The results were shown in Figure 4. 

Generally, HSG cells attaching to the surface modified PBT-co-PBS/
PEG samples were significantly higher than that found on original PBT-
co-PBS/PEG (pBA, pCA and pDA<0.05) at all the time points. For example, 
the number of adherent cells on SF/SO2/(PBT-co-PBS/PEG) reached 
about (0.92 ± 0.06)×105 cells/mL after cultivation of 8 h, which was the 
highest one in all samples. The attachment rate (R) on it was calculated 
to be 92.0 ± 6.0 wt%, great more than that on the original film at the 
same time point (only 43.0 ± 3.5 wt%). It indicated the efficiency of 
surface modifications with silk fibroin and SO2 plasma treatment. The 
result was in agreement with the increase of PBT-co-PBS/PEG surface 
energy after modification. It was noted that although the surface energy 
of SO2/(PBT-co-PBS/PEG) was the highest in the samples (Table 1) 
which implied its best hydrophilic property, the quantities of HSG 
cells attaching on its surface were significantly less than that on SF/
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Figure 4: HSG Cells attachment on the surface of the materials over an 8 h 
time frame (n=4).
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Figure 5: SEM images of HSG cells on PBT-co-PBS/PEG (a); SF/(PBT-co-
PBS/PEG) (b) and SF/SO2/(PBT-co-PBS/PEG) (c).
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Figure 6: Proliferation kinetics of HSG Cells cultured on the surface of the 
materials over an 5 days time frame by MTT assay (n=4).
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PBS/PEG) samples in each time point also indicated that the method 
of fibroin anchoring possesses the obvious advantages to enhance the 
biocompatibility of PBT-co-PBS/PEG over the other two methods. 

The images of HSG cells growth on surface of the samples after 
5 days cultivation were shown in Figure 7. The confluent HSG cells 
on surface modified samples, especially on SO2/(PBT-co-PBS/PEG) 
and SF/SO2/(PBT-co-PBS/PEG) ones (Figures 7d and 7e) displayed 
“differentiated” morphological characteristics, similar to in vivo 
with polygonal shaped cells and fine interdigitation, which implied 
the cell benign proliferation on these modified surfaces due to the 
hydrophilicity improvement and the ECM protein anchorage. In 
contrast, the separated cells with the rounded shape on original film 
(Figure 7b) further indicated the effects of surface modification on cell-
material biocompatibility.

In above sections, the cytocompatibility of the original film and the 
surface modified ones had been evaluated by some methods including 
cell morphology, attachment, proliferation and viability in vitro. The 
analysis revealed that SF/SO2/(PBT-co-PBS/PEG) obtained by fibroin 
anchoring possessed the excellent cytocompatibility in three modified 
samples. Herein, SF/SO2/(PBT-co-PBS/PEG) was further employed to 
assess its histocompatibility in vivo.

In vivo assessment of histocompatibility of SF/SO2/(PEOT/
PBT)

Histological images of SF/SO2/(PEOT/PBT) implanting in the 
subcutaneous tissue of SD rat for 8 weeks were shown in Figure 8. Some 
fibrous capsules in the image (Figure 8a) implied that SF/SO2/(PBT-co-
PBS/PEG) film had begun to degrade to the fragments and the fibrous 

    

   

 

(a)              (b)

(c)              (d)

 

                                 (e)

Figure 7: The images of HSG cells growth on the surface of five materials after 5 days cultivation: (a) Commercial cell culture plate; (b) PBT-co-PBS/PEG; (c) 
SF/(PBT-co-PBS/PEG); (d) SO2/(PBT-co-PBS/PEG) and (e) SF/SO2/(PBT-co-PBS/PEG).
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Figure 8: Histological images to SF/SO2/ PBT-co-PBS/PEG) implanted in the subcutaneous tissue for 8 weeks: (a) the image of low magnification; (b) the image 
of high magnification.
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tissues grew in their gaps in vivo. Meanwhile, little inflammatory cells 
were found to infiltrate the tissues around the capsules and they were 
mainly composed of lymphocytes. Little neutrophils were found in 
tissues. The Histological images verified the good histocompatibility of 
SF/SO2/(PBT-co-PBS/PEG) (Figure 8b). 

Conclusion
In this work, three surface modified PBT-co-PBS/PEG films 

were prepared via three different treatments: SF coating, SO2 plasma 
treatment and SF anchoring. By surface characterization, SF anchoring 
could immobilize more fibroin than the direct SF coating due to the 
formation of hydrogen bonds between the fibroin and polar groups 
on SO2/(PBT-co-PBS/PEG) surface such as hydrosulfide group, 
sulfonic group, carboxyl and carbonyl ones, which greatly enhanced 
the hydrophilic property of PBT-co-PBS/PEG. In vitro and in vivo tests 
including the morphology, attachment, proliferation and viability of 
HSG cells and the following histological observation of SF/SO2/(PBT-
co-PBS/PEG) films implanting in the subcutaneous tissue of SD rat 
indicated that the method of SF anchoring would significantly improve 
the biocompatibility of PBT-co-PBS/PEG. It attributed to not only the 
increase of the hydrophilicity, but also the anchorage of fibroin which 
could be recognized by the cells to attachment. These suggest the 
potential application of fibroin anchored PBT-co-PBS/PEG for clinical 
HSG cells transplantation in the artificial salivary gland constructs.
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