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Abstract In this paper, PLA/RSF with different mass

ratios and aspirin-loaded PLA/RSF composite nanofiber

membranes were prepared via electrospinning. Polylactic

acid (PLA) and regenerated silk fibroin (RSF) were dis-

solved in trifluoroacetic acid and dichloromethane at a

volume ratio of 70/30. The structure analysis made by

Fourier transform infrared spectroscopy (FTIR) suggested

that PLA and RSF blended very well in the composite

membranes. In addition, scanning electron microscopy

(SEM) and transmission electron microscopy (TEM)

revealed that the average diameters of composite nanofi-

bers were between 80 and 210 nm. Furthermore, the

composite nanofibers had better uniformity in the range of

the experiment, and the average diameter of composite

nanofibers decreased with the increase of aspirin content.

Wettability performance was investigated via contact water

angle meter; the hydrophilic property of composite mem-

branes had been improved with the existence of SF. Drug

release property was tested by detecting the absorbency of

drug in PBS solution via UV–visible spectroscopy, and the

results showed that drug release rate reached the maximum

when the mass ratio of PLA/RSF was 8/3. With the raise of

aspirin content, the drug release rate increased. The in vitro

anticoagulation behavior was studied by static platelet

adhesion test. The results revealed that the anticoagulation

property of composite membranes was superior to that of

pure PLA nanofiber membranes. The anticoagulation

property significantly improved in the presence of aspirin.
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Regenerated silk fibroin (RSF) � Drug controlled release �
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Introduction

Electrospinning is a versatile and effective technique to

prepare continuous fibers with large surface area to volume

ratio, small pores and diameters in the range from several

micrometers to several ten nanometers, and many polymers

have been successfully electrospun as nanofibers for sev-

eral years. In recent years, the electrospinning process has

received much attention in manufacturing composite

nanofibers for various technological applications.

Actually, polylactic acid (PLA) has been widely studied

due to its good film-forming ability, biocompatibility,

biodegradability and excellent mechanical properties [1, 2].

Furthermore, PLA is also a potential matrix for controlled

release in various forms including fibroin scaffolds, elec-

trospun non-woven mats, microspheres and films [3, 4].

However, the biological activity of PLA is low, and cell

adhesion is more difficult.

Regenerated silk fibroin (RSF) from Bombyx mori was

another component used in the preparation of electrospun

PLA/RSF composite nanofibers in our work. Silk fibroin

(SF) is a fibrous protein consisting 17 amino acids, and its

main components are nonpolar such as glycine, alanine and

serine. In addition, SF can exist in two general conforma-

tions, i.e., random coil and b-sheet form [5, 6]. Silk fibroin

exhibits favorable tunable degradation rates ranging from

weeks to months in vivo due to control of crystallinity,

excellent biocompatibility with low inflammatory and

immunogenic response, diverse processing windows and
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all aqueous material processing options to form films,

fibers, gels, sponges and microspheres [7]. It is currently

being investigated for several technological biomedical

applications [8–10]. An important application is in drug

delivery system.

However, normally used in biomaterials, regenerated

silk fibroin fiber is known to have low mechanical property,

mainly due to structure changes and disorientation of

proteins at the molecular level [11]. Therefore, we take the

advantages from PLA and SF by blending them into

composite nanofibers to form a composite material with

desirable properties. In contrast with other PLA or RSF

composite nanofibers reported in previous literatures [4, 5,

7], the advantages of aspirin-loaded electrospun PLA/RSF

composite nanofibers are listed as follows: improving the

wettability property of PLA since it is very essential for

biomedical application, while exploring a potential com-

posite material as a novel drug delivery system. The pre-

pared biodegradable and non-cytotoxic composite material

showed enormous potential in possessing a stable release

rate and was expected to solve the ‘‘brust release’’. In view

of this, the study aims to prepare a matrix of composite

polymer incorporating a drug for drug delivery application

and investigates the drug activity released from the elec-

trospun composite nanofibers simultaneously.

Micro- and nano-particulate systems have been widely

studied in the drug delivery system. For a drug delivery

system, the rate of drug delivery is controlled by the

equilibrium among drug diffusion across a concentration

gradient, the polymer relaxation occurring as the cross-

linked polymer imbibes water and the osmotic pressure

occurring during the swelling process [5].

Aspirin, which was attained by the acetylation of sali-

cylic acid, has a long history of being antipyretic analgesic

drug. It is applied in the prevention and treatment of

ischemic heart disease, angina and cerebral thrombosis

formation. It is the first drug for clinical anticoagulant-

platelet aggregation. Aspirin prohibits platelet cyclooxy-

genase from changing arachidonic acid to prostaglandin

intermediates. Thus, it prevents the generation of throm-

boxane A2 (TXA2, TXA2 may promote platelet aggrega-

tion) and thereby avoids platelet aggregation, making it

difficult to release clotting factors. Thus, aspirin has certain

anti-clotting effect [12].

At present, the preparation of electrospun PLA/RSF

composite nanofibers has been reported [13], but the

preparation of drug-loaded PLA/RSF composite nanofibers

via electrospinning and the study of its controlled-release

and blood compatibility properties have been seldom

described.

In this work, we described the preparation and charac-

terization of aspirin-loaded PLA/RSF composite nanofibers

via electrospinning. The morphology and mixing situation of

the composite nanofibers were revealed by scanning electron

microscopy (SEM) and transmission electron microscopy

(TEM). The chemical composition of PLA/RSF composite

membranes was investigated by Fourier transform infrared

spectroscopy (FTIR). The wettability of composite mem-

branes was characterized with static water contact angle

(WCA) test. The drug controlled-release property in vitro

was evaluated, as well. Drug activity released from mem-

brane was analyzed by platelet adhesion test.

Experimental

Materials

Raw silk from Bombyx mori was purchased from Zhejiang

(China). Aspirin (purity of 99 wt%) was supplied by Xi’an

Shanlian Biotechnology Pharmaceutical Co., Ltd., China.

PLA (Mw = 100,000) was obtained from Shenzhen

Brightchina Industrial Co., Ltd., China. Trifluoroacetic acid

(TFA), dichloromethane (DCM) and trisodium citrate

dehydrate were purchased from Sinopharm Chemical

Reagent Co., Ltd., China. Glutaraldehyde solution (25 %

concentration) was bought from biochemical reagent,

Sinopharm Chemical Reagent Co., Ltd., China. Physio-

logical saline was supplied by Jiangsu Sihuan Bioengi-

neering Co., Ltd., China.

Instruments

The experiments involved the following instruments:

electrospinning instrument (self-constructed electrospin-

ning equipment in laboratory), the SEM and TEM (SEM,

SU-1510, TEM, H-800-1, Hitachi Co., Japan), FTIR

(Nicolet Nexus 470, Thermo Electron Corporation Co.,

USA), contact angle meter (SL200, Kino Industry Co.,

Ltd., USA), ultraviolet–visible spectrophotometer (UV-

9600, Beijing north points Rayleigh analysis instrument

Co., Ltd., China), vacuum freeze-drying machine (FreeZ-

one 2.5–7670570, Labconco Co., USA).

Preparation of RSF

Raw silk was degummed three times with 0.5 % (w/w)

Na2CO3 solution at 100 �C for 30 min and then washed

with deionized water three times. Degummed silk was

dissolved in a ternary solvent system of CaCl2/H2O/EtOH

solution (1/8/2 in mole ratio) at 75 �C for 90 min with a

liquor ratio at 1:50. After dialysis by a dialysis bag with a

cutoff molecular weight of 12 kD in deionized water for

3 day at room temperature (the water was renewed every

2 h), the silk fibroin solution was filtered and lyophilized to

obtain the RSF sponges [14, 15].
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Preparation of spinning solution

Calculated PLA, RSF and aspirin were dissolved in binary

solvent (TFA/DCM, 70/30, v/v) and stirred with a magnetic

stirrer for 12 h at room temperature. Then, pure PLA, PLA/

RSF (8/1, 8/3 and 8/5, wt/wt), aspirin-loaded (0.7 wt%)

PLA/RSF (8/1, 8/3 and 8/5, wt/wt) and PLA/RSF (8/3)

containing aspirin (0.7, 0.9 and 1.1 wt%) solutions were

prepared.

Electrospinning process

The solutions were filled into a plastic syringe (20 mL)

with a blunt-ended metal needle (inner diameter of

0.7 mm) as spinneret, which was connected with a high-

voltage power supply, and mounted in a micro-infusion

pump. A piece of grounded aluminum foil was placed

opposite the syringe as a collector at a distance of 18 cm. A

voltage of 22 kV was applied across the needle and col-

lector. The flow rate of syringe pump was maintained at

0.5 mL/h. The solvent evaporated during electrospinning,

leaving nanofibers attached on the aluminum foil, forming

randomly oriented nanofiber membranes [16].

Characterization of electrospinning membranes

The surface morphology of the nanofibers was observed

with an SEM operating at 5 kV after coating with gold.

Afterward, the average diameters of the nanofibers were

measured using Image Tool software statistically and cal-

culated by selecting 120–150 fibers in the SEM micro-

graphs randomly. The combination of PLA and RSF was

observed by TEM.

Chemical analysis of pure PLA and PLA/SF (8/1, 8/3

and 8/5, wt/wt) fiber films was performed using the Nicolet

Nexus 470 IR (USA) spectrometer in the range of

4000–700 cm-1 wavenumbers.

The hydrophilicity of the obtained nanofibrous mats was

measured with a static water contact angle instrument.

0.25 lL of deionized water was dropped onto the sample

and WCA was calculated automatically with the associated

software [17]. Each sample was measured at five different

locations and the readings were averaged.

The drug-loaded composite nanofiber films were accu-

rately cut off into pieces of 2 9 2 cm samples. The spec-

imens were placed in conical flasks which contained

10 mL phosphate buffer solution (PBS) aqua (pH = 7.4).

Finally, the specimens was incubated at 37 �C in the full

temperature flask cabinet with a shake speed of 150 rpm.

At intervals, 1 mL of PBS aqua was taken out and an equal

amount of fresh buffer solution was put into the conical

flask to keep the volume of PBS aqua constant. The aspirin

released from the composite nanofibers was monitored

using the UV spectrophotometer at a wavelength of

270 nm. The UV absorbance of aspirin in the PBS was

detected and converted to aspirin concentration according

to the calibration curve of aspirin in the same PBS aqua.

After that, the cumulative amount of the released aspirin

was calculated as a function of incubation time on the basis

of the following formula. The time of 72 h was chosen as

the maximum drug release duration.

Accumulative durg release rate ð%Þ

¼ solutionconcentration � solution volume

sample weight � drug percentage
� 100

Each specimen was accurately cut off into pieces of

2 9 2 cm samples, laid flat in a 96-well plate and

equilibrated with a definite amount of physiological

saline for 1 h. Simultaneously, anticoagulant fresh human

blood (mixed trisodium citrate dehydrate and human blood

at the rate of 1:9 in volume) was centrifuged at 800 rpm for

10 min to obtain platelet-rich plasma (PRP). After that,

0.2 mL of PRP was poured on each specimen and laid

aside for 1 h at 37 �C in a constant temperature incubator,

and then the samples were washed three times with

physiological saline to remove non-adherent platelets.

Further, the samples were fixed in 2 mL of 2.5 %

glutaraldehyde solution for 1 h. After washing two times

with PBS for 10 min, the platelets adhering to samples

were dehydrated in an ethanol grade series (60, 80, 90, 95

and 100 %) for 15 min. These samples were permuted with

tertiary butanol and allowed to stay in a refrigerator at 4 �C

for 24 h. Finally, the platelets attached to the surfaces were

examined via SEM.

Results and discussion

Morphology of nanofibers

Figure 1 shows the SEM micrographs of the obtained

composite nanofibers under the same electrospinning pro-

cess. These fibers were smooth and uniform without any

beads on the surface. The average diameters and coefficient

of variance (CV) values are shown in Tables 1 and 2,

respectively. The data increased with the increase in the

mass ratio of PLA/RSF. The survey showed that when the

proportion of PLA and SF was about the same in the

combination, there might be two crystalline structures of

PLA and SF [18]. When the content of SF increased, the

degree of compatibility in PLA and SF reduced, resulting

in an increase in the diameter and CV value. When the

aspirin content increased from 0 to 1.1 wt% in the spinning

solution, the average diameter decreased from 210 to

80 nm.
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These results were mainly attributed to aspirin powders

increasing the charge density on the surface of the jet flow.

Thus, the charges could suffer from drafting force in

overcoming the surface tension of the solution. In this case,

on one hand, the fiber diameter obtained might be smaller,

on the other hand, if more electric charges were distributed

unevenly, the conglutination and branch would appear in

the fibers [19]. The average diameter of the sample con-

taining 1.1 wt% aspirin was the least owing to the highest

aspirin content; thus, slight conglutination and branch

Fig. 1 SEM micrographs of a pure PLA, b PLA/RSF (8/1) with 0.7 wt% aspirin, c PLA/RSF (8/3) with 0.7 wt% aspirin, d PLA/RSF (8/5) with

0.7 wt% aspirin, e PLA/RSF (8/3) with 0.9 wt% aspirin and f PLA/RSF (8/3) with 1.1 wt% aspirin. (Magnification 9 10,000)
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appeared due to the non-uniform distribution of the char-

ges. TEM images present further information for nanofi-

bers morphology study. As shown in Fig. 2, it is observed

that PLA and PLA/SF composite fibers were similar in

shape and smooth in surface without holes. There was no

phase separation in PLA/SF composite fibers, indicating

that PLA and RSF blended well in the fibers.

Structure of nanofibers

Figure 3 displays the FTIR spectra of the electrospun pure

PLA nanofibers, PLA/RSF (8/3) nanofibers and pure RSF.

PLA fibers presented characteristic absorption bands at

1,752, 1,460, 1,183 and 1,090 cm-1 which are attributed to

C=O stretching vibration, C–H deformation vibration and

C–O stretching vibration in PLA [3]. These absorption

peak positions did not move or disappear obviously in the

composite membranes. The peaks observed at 3,370, 1,637

and 1,515 cm-1 indicated the presence of O–H stretching

vibration, amides I and II b-sheet structure in the RSF

structure [20]. Visibly, with the content of RSF increase,

the relative strength of these peaks increased. An analysis

of the characteristic peaks proved that PLA and SF blended

well.

Surface wettability of eletrospun nanofibrous mats

Wettability is an important parameter for materials used in

cell response and drug release. As shown in Fig. 4, all the

WCAs were [90o, showing that the electrospun PLA and

PLA/RSF nanofibrous mats were hydrophobic. The WCAs

of PLA/RSF nanofibrous mats with a mass ratio of 8/3, 8/5,

and 8/1 were 103.27o, 114.75o, 121.15o, respectively, while

the WCA of pure PLA nanofibrous mats was 131.31o. The

composite membranes had smaller WCAs. These results

indicated that the hydrophilic property improved with the

addition of SF.

In vitro aspirin release studies

Effect of PLA/RSF mass ratio on drug release

It is well known that silk fibroin is a hydrophilic material

which can be combined with more water molecules. The

aforementioned FTIR results revealed that PLA and RSF

blended well and PLA diminished the hydrophilicity of SF.

The effect of the blend composition on drug release is

shown in Fig. 5. It was found that the blend film with 8/3

mass ratio of PLA/RSF showed the maximum drug release

rate. This could be explained by the swelling of composite

nanofibers. It is known that the release of the drug is

controlled by the swelling behavior of the material of the

delivery system.

Risbud et al. [21] indicated that the release of amoxi-

cillin from air-dried and freeze-dried chitosan/poly(vinyl

Table 1 Effect of PLA and RSF mass ratios on average diameter of

composite nanofibers

Sample code Average diameter (nm) CV (%)

b 159 15.1

c 181 16.3

d 208 24.5

Table 2 Effect of aspirin content on average diameter of composite

nanofibers

Sample code Average diameter (nm) CV (%)

a 210 19.4

c 181 16.3

e 143 14.9

f 80 18.2

Fig. 2 TEM micrographs of

a pure PLA and b PLA/RSF

nanofibers
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pyrrolidone) hydrogels was related to the swelling degree

of the hydrogels. Peng et al. [22] and Yao et al. [23] studied

the release of chlorhexidine diacetate and cimetidine from

a chiosan/polyether semi-interpenetrating hydrogel. They

found that the higher the degree of swelling, the higher was

the amount of drug released. In this study, the degree of

swelling of composite nanofibers with a mass ratio of PLA/

RSF in 8/1-8/3 was higher than that in 8/3-8/5. Therefore,

PLA/RSF (8/3) composite nanofibers would be more easily

swollen and corroded when they were dipped in the buffer

and had a higher drug release rate as shown in Fig. 5.

Effect of aspirin content on drug release

The release profiles of aspirin from PLA/RSF composite

nanofibers during 72 h in PBS are illustrated in Fig. 6. The

content of aspirin had an influence on the controlled release

of PLA/RSF nanofibers. The more aspirin, the greater the

drug release rate. This was because that the more aspirin, the

smaller the diameter of the nanofibers. This would result in

the larger specific surface area, so more aspirin could be

finally loaded in the fiber surface of higher drug loading

amount. Simultaneously the diffusion concentration gradient

of drug powders were higher, as a result, more amount of

aspirin released in PBS [24]. Within the first 5 h, aspirin was

released rapidly and then the drug release rate slowed down.

In 72 h, the cumulative amount of released aspirin of all the

samples was more than 10 %, and drug release amount from

samples increased with extension of time.

Fig. 3 FTIR spectra of a PLA, b PLA/RSF nanofibers and c RSF

Fig. 4 Static water contact angle images of: a PLA, b PLA/RSF (8/1), c PLA/RSF (8/3) and d PLA/RSF (8/5) samples
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SEM images of electrospun PLA/RSF nanofibrous mats

with 0.7 wt% aspirin before and after drug release for 72 h

are shown in Fig. 7. Before aspirin release, the surface

morphology of electrospun fibers was clear and uniform.

Aspirin powders were not observed apparently, since drug

powders were embedded well in the interior part of the

composite nanofibers. After drug release for 72 h, elec-

trospun nanofibers swelled to a certain extent, which might

result from the absence of the insolubilizing process [25].

The appearance of the composite membrane became rough

and somewhat ruptured. Furthermore, well-distributed

small drug particles could be observed clearly on the sur-

face. We can also conclude that the drug released from

biodegradable polymer occurred by diffusion and matrix

erosion following swelling and degradation [26]. Given the

truth that both PLA and SF are biodegradable, the waste

section of the membranes were eventually completely

degraded and converted into carbon dioxide and water due

to hydrolysis and biological metabolism after the aspirin

was released. Therefore, the aspirin-loaded electrospun

PLA/SF composite membranes are suitable as drug

carriers.

Platelet adhesion experiment

Platelet spreading and aggregation are marks of platelet

activation and are considered to be a major mechanism of

thrombosis. Platelet adhesion is one of the intuitive meth-

ods to measure the blood compatibility of biomaterials

[17]. The extent of platelet adhesion and morphology of

adherent platelets are considered as an early indicator of

thrombogenicity of blood-contacting biomaterials. When a

foreign material comes into contact with blood, the initial

blood response is the adsorption of blood proteins,

Fig. 5 Cumulative release profiles of composite nanofiber films with

0.7 wt% aspirin, but different mass ratios of PLA and RSF: a PLA/

RSF (8/1), b PLA/RSF (8/3) and c PLA/RSF (8/5)

Fig. 6 Cumulative release profiles of composite nanofiber films with

different content of drug: a PLA/RSF (8/3) with 0.7 wt% aspirin,

b PLA/RSF (8/3) with 0.9 wt% aspirin and c PLA/RSF (8/3) with 1.1

wt% aspirin

Fig. 7 SEM micrographs of PLA/RSF (8/3) nanofiber with 0.7 wt%

aspirin a before aspirin release and b after aspirin release

(Magnification 910,000)
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followed by platelet adhesion and activation of coagulation

pathways, leading finally to thrombus formation [27].

Activation of platelets initiates the deformation of the cells

with pseudopod formation and ends with blood coagulation

or thrombus formation [28].

Figure 8 shows the SEM images of platelet adhesion to

pure PLA, PLA/RSF (8/3), and PLA/RSF with 0.9 wt%

aspirin samples. From Fig. 8, we can see that numerous

adherent platelets are observed on pure PLA nanofiber

membrane. The platelets aggregated, adhered and even

covered the nanofibers; what is more, the platelets became

deformed and produced distinct pseudopodia. This test

phenomenon indicated the poor blood compatibility of pure

PLA nanofiber film. The number of platelet adhering on the

surface of PLA/RSF (8/3) was less than that of pure PLA

and there were less platelets deformed and activated.

An important reason that affected platelet adhesion was

the balance between hydrophilic region and hydrophobic

region and micro-phase separation structure of the material.

In this experiment, PLA nanofiber had the strongest

hydrophobicity and PLA/RSF composite nanofibers pos-

sessed excellent hydrophilicity/hydrophobicity balance and

good micro-phase separation structure. Therefore, PLA/

RSF had better blood compatibility. As can be seen in

Fig. 8, few platelets adhered and retained their original

discoid shape on the membrane surface of PLA/RSF

sample with 0.9 wt% aspirin, indicating an inactivated

state. From the above description, we could draw the

conclusions that the introduction of aspirin inhibited the

activation and adhesion of platelet, reduced platelet adhe-

sion and improved the anticoagulant property of the PLA/

RSF composite nanofibers.

Conclusion

In the present study, the pure PLA nanofibers, PLA/RSF

and aspirin-loaded PLA/RSF composite nanofibers were

successfully prepared via electrospinning. Good spinna-

bility was also demonstrated by SEM and TEM tests. The

Fig. 8 SEM micrographs of nanofibers after platelet adhesion (magnification 92,000) a pure PLA, b PLA/RSF (8/3) and c PLA/RSF with 0.9

wt% aspirin (top right corner SEMs: magnification 95,000)
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average nanofiber diameters were between 80 nm and

210 nm. The FTIR results proved that PLA and RSF

blended well together. Wettability experiment showed that

the hydrophilic property of the composite membranes had

been improved by adding SF, which is important for cell

response and drug release. Their properties of drug release

and blood compatibility were investigated in detail. PLA/

RSF (8/3, wt/wt) composite membrane showed the maxi-

mum release compared with PLA/RSF (8/1) and PLA/RSF

(8/5) composite nanofiber films. The drug release rate

increased with the increase in aspirin content; thus, elec-

trospun PLA/RSF composite nanofibers are expected to be

used as a controlled drug release material. As was dis-

cussed in the experimental results, aspirin enhanced the

anticoagulation effect of the PLA/RSF nanofibers, which

possesses both biodegradable and biocompatible properties

and is useful as a potential candidate for biomedical

applications, especially in fabricating drug-eluting stents.
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