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Abstract    
Porous nanofiber-microsphere mats of collagen (COL)/polyvinyl alcohol (PVA) containing salicylic acid (SA) as model 

drug were prepared by electrospinning for the assessment of drug delivery system. The electrospun fibrous mats were 
crosslinked by UV-radiation or glutaraldehyde to weaken the degree of drug burst release and morphology damage when 
meeting water. The morphology and chemical structures of COL/PVA-SA electrospun fibers were characterized by SEM and 
FTIR. The crosslinking of UV-radiation did not destroy the morphology of COL/PVA-SA electrospun fibers in the crosslinking 
process, however, the crosslinking of glutaraldehyde did it. In vitro release studies showed that COL/PVA-SA electrospun fibers 
efficiently controlled the release of drugs by the crosslinking of UV-radiation for 4 h. The transport mechanism that controlled 
the release of drugs from electrospun mats was Fickian diffusion. 
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1  Introduction 

Electrospinning has gained increasing interest and 
attention in recent years due to its versatility and poten-
tial for applications in diverse fields[1,2]. Various poly-
mers including synthetic, natural, and hybrid materials 
have been successfully electrospun into ultrafine fi-
bers[3].The development of nanofibers has led to resur-
gence in interest regarding the electrospinning process 
due to its potential applications in filtration, protective 
clothing, and biological applications such as tissue en-
gineering scaffolds and drug delivery devices[3,4]. Among 
the various potential applications, drug delivery is one of 
the most promising applications. The high loading ca-
pacity, high encapsulation efficiency, simultaneous de-
livery of diverse therapies, ease of operation, and 
cost-effectiveness are appealing features for electrospin-
ning used in drug delivery[5]. Taepaiboon et al. found that 
the molecular weight of the model drugs played a major 
role in both the rate and total amount of drug released 
from the drug-loaded electrospun PVA mats[6]. Eranka  
et al. fabricated fast dissolving paracetamol/caffeine 

nanofibers by electrospinning for children and patients 
with swallowing difficulties[7]. He et al. investigated the 
effects of drug loading capacity on polyvinylidene fluo-
ride fibrous membranes containing enrofloxacin drugs 
for wound dressing by electrospinning[8]. 

Nowadays, collagen has been found various ap-
plications in drug delivery and tissue engineering[9,10]. 
The electrospinning process of collagen, a major com-
ponent of native extracellular matrix (ECM) and related 
bio-derived polymers into porous scaffolds, has thus 
attracted great interests[11,12]. However, collagen usually 
was denatured into gelatin during electrospinning, due to 
the solvents choice of electrospinning[13,14]. The most 
widely used solvents for electrospinning of collagen are 
highly volatile organic solvents such as 1,1,1,3,3,3 
hexafluoroisopropanol (HFP)[12,15,16], trifluoroacetic 
acid (TFA)[15,17] or 2,2,2-trifluoroethanol (TFE)[18]. 
These fluoroalcohols not only lead to collagen denatu-
ration, but also lower its denaturation temperature[14]. To 
overcome this, Dong et al. investigated the electrospin-
ning of type I collagen scaffolds from a benign solvent 
system comprised of ethanol and phosphate buffered 
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saline[19]. Liu et al. fabricated collagen nanofibers from 
40% acetic acid[14]. However, electrospun collagen 
scaffolds had poor mechanical strength, especially in 
hydrated state[20]. Various approaches have been devel-
oped to reinforce and improve the mechanical properties 
of collagen materials, e.g. preparing collagen-based 
polymer blends or composites by incorporation with 
synthesized or natural materials[21]. 

Polyvinyl alcohol (PVA) has gained a great atten-
tion as a scaffold supporter for tissue engineering ap-
plications and biomedical applications. In recent years, 
PVA was usually added into some natural polymer so-
lutions to prepare nanofibers by electrospinning process, 
such as electrospinning of polysaccharides/PVA[22] and 
agar/PVA[23]. The drug-loaded electrospun PVA mats 
were studied, which exhibited much better release 
characteristics of model drugs than that of drug-loaded 
as-cast films[6]. The gelatin/PVA bicomponent nanofi-
bers were prepared via electrospinning to investigate its 
control release of raspberry ketone[24]. But there were 
few reports on the application of collagen and PVA 
blending nanofibers by electrospinning in drug release 
system. In this work, PVA solution was added to colla-
gen acetic acid solution in the process of electrospinning 
to reinforce the mechanical ability and spinning per-
formance of collagen nanofiber. 

Both collagen and PVA are hydrophilic materials, 
when meeting water, the morphology of COL/PVA 
nanofibers will be destroyed by the swelling of water 
absorption. A degree of post treatment is needed after 
generating the electrospun fiber so that nanofibers can 
not be destroyed in aqueous media. Crosslinking of 
electrospun collagen is often carried out to preserve 
scaffold fibrous architecture, which is an important 
feature of electrospun constructs[14]. In addition, 
crosslinking is another method to prevent burst release 
of drug from nanofibers[5]. Chemical crosslinking by 
glutaraldehyde (GTA) vapor treatment is the most ex-
tensively-used method[25,26]. However, chemical 
crosslinking requires crosslinking agent which could 
potentially pose negative impact from remaining trace 
amount of chemicals especially in medical application. 
Unfortunately, the induction of cytotoxicity and calci-
fication in host tissues are among the most commonly 
associated problems. So physical crosslinking achieved 
by UV-irradiation has also been used[14,27]. 

The purpose of this study is to obtain the COL/PVA 

nanofibers containing salicylic acid (SA) by electro-
spinning. The model drug is a nonsteroidal anti-in-
flammatory drug used to treat inflammation and pain[28]. 
Therefore, the use of composite nanofibers for implants 
or localized treatment of wound areas may not only 
provide anti-inflammatory effects, but also localize pain 
relief for a long period of time through sustained SA 
release. The electrospun fibrous mats were crosslinked 
by post treatment of UV-radiation or glutaraldehyde. 
The influence of post treatment on fiber morphology is 
characterized by SEM. Further, salicylic acid release 
kinetics from electrospun fibrous mats are evaluated and 
quantified. 

2  Experimental 

2.1  Materials  
PVA with average molecular weight from 85,000 

g·mol�1 to 124,000 g·mol�1 and hydrolysis degree from 
87% to 89% was purchased from Sigma-Aldrich and 
used without further treatment or purification. Pigskin 
type I collagen was extracted from pigskin by pepsin 
hydrolysis, and freeze-dried to yield collagen sponge for 
subsequent use. 
 
2.2  Preparation of electrospinning solutions  

To obtain the COL/PVA electrospinning solutions 
containing SA, the solutions of PVA containing SA, and 
collagen were prepared separately and then mixed. The 
solution of 8 wt% PVA containing SA (3 wt%) was pre-
pared in de-ionized water. After being stirred at 80 �C for 
1.5 h, the solutions were cooled to room temperature. 
Collagen of 1.64 g was dissolved in 100 mL of 0.5 M 
acetic acid solution to make collagen acid solution. In 
other studies, we found that the electrospinning ability of 
collagen/PVA mixtures was adverse with the increase in 
collagen amount. To develop the biological advantage of 
collagen we choose the collagen content as much as 
possible, but little effect of the collagen content on elec-
trospinning performance. Then the collagen acid solu-
tion was blended with 8 wt% PVA solution containing 
SA at the COL/PVA ratios (w/w) of 5/5, and stirred for  
2 h at room temperature to obtain electrospinning solu-
tions containing embedded drug. 
 
2.3  Electrospinning of the COL/PVA blended solu-

tions containing SA  
The blended solution was poured into a 20 mL 
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plastic syringe equipped with a blunt metallic needle 
with inner diameter of 0.8 mm. A board covered with 
aluminum foil was placed 15 cm away from the needle 
tip as counter electrode. Electrospinning was carried out 
at room temperature in a horizontal electrospinning 
configuration as shown in Fig. 1 and the applied voltages 
driven by a high voltage generator was 18 kV. A syringe 
pump was used to feed at the flow rate of 0.4 mL·h�1. 
The electrospun fibers were collected directly on the 
aluminum foil. 
 
2.4  Crosslinking of electrospun COL/PVA nanofi-

bers containing SA  
The ultraviolet crosslinking process was carried out 

by placing the air-dried nanofibrous membrane together 
with a supporting aluminum foil in a QUV accelerated 
weathering tester. UV light intensity using UV-340 lamp 
and temperature were respectively set as 0.89 w·m�2 and 
50 �C. The irradiation time was designated as 4 h and 8 h. 
The corresponding samples were UV-4h and UV-8h, 
respectively. 

The glutaraldehyde crosslinking process was car-
ried out by placing the air-dried nanofibrous membrane 
together with a supporting aluminum foil in a sealed jar 
containing aqueous glutaraldehyde solution of 20 mL. 
The membranes were hung in the jar and crosslinked in 
the glutaraldehyde vapor at room temperature for 5 h.  

After crosslinking, all samples including 
non-crosslinking sample were exposed in an oven for 2 h 
at 50�C to remove residual glutaraldehyde and water. 
 
2.5  Morphology  

Samples were prepared by directly electrospinning 
the solutions of COL/PVA blended solutions containing 
SA on the aluminium foil and followed by Au sputtering 
for better conductivity during image. The morphology of 
the electrospun nanofibers was investigated by scanning 
electron microscope (JSM-6360LV). 
 
2.6  FTIR analysis  

FTIR spectra of the electrospun COL/PVA nano-
fibers containing SA were obtained by infrared spec-
troscopy instrument (NICOLET, USA), with the 
wavenumber range of 650 cm�1 – 4000 cm�1. 
 
2.7 In vitro drug release  

The electrospun nanofiber membranes of COL/PVA 

 
Fig. 1  Schematic diagram of the set for electrospinning. 

 
containing SA were dried, and the initial weight was 
measured. For the drugs release behavior study, each 
specimen was placed in a tube containing phos-
phate-buffered saline solution of 30 mL (PBS, pH 7.4, 
19.00 g NaH2PO4 and 2.52 g Na2HPO4 in 500 mL pure 
water, 37�C). At various time intervals, supernatant of  
5 mL was taken from the tube on magnetic rotation 
speed of 60 r·min�1 (EYELA ChemiStation PPS-CTRL1, 
Japan), and an equal volume of fresh medium was added 
again. The amount of salicylic acid released from the 
nanofibers to the PBS solution was measured using a 
UV-Vis spectrophotometer (SDPTOP UV2400, China) 
by measuring the absorbance at 296 nm. A 50 ppm stock 
solution of salicylic acid in PBS was used to prepare 
standard solutions with different concentrations from  
0 ppm to 10 ppm in order to obtain the calibration curve 
y = 0.0238x+0.0162 (x is the absorbance at 296 nm, y is 
the concentration of salicylic acid) and R2 =0.9996. Drug 
cumulative release amount was calculated as  
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where Er is the drug cumulative release amount (%), Ve 
is the PBS displacement volume (mL), V0 is the release 
fluid volume (mL), Ci is release drug concentration at  
time replacement i. So Er is a function of time. 

3  Results and discussion 

3.1  Morphology of the electrospun fibers  
The SEM images of the electrospun PVA/COL 

nanofibers containing SA with different crosslinking 
methods are shown in Fig. 2. The nanofibers of 
non-crosslinking reveal a surface with some formation 
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of beads in the fibers. UV irradiation did not exhibit a 
dramatic effect on the diameter of PVA/COL blended 
electrospun nanofibers containing SA. There are no 
changes between UV-irradiation crosslinking and 
non-crosslinking of the nanofibers in the morphology. 
However, glutaraldehyde vapor crosslinking induces 
adhesion between the electrospun fibers. This may be the 
result that the fibers tend to swell in the glutaraldehyde 
vapor and adhere with each other. It was seen from Fig. 3 
that when meeting water the non-crosslinking sample 
without any crosslinking lost the morphology of nanom-
fiber for moisture absorption and swelling, and for the 
samples treated with different time of ultraviolet irradia-
tion, although the nanofibers’s morphology is not well 
preserved, but a bit better than that of the 
non-crosslinking sample. Samples after crosslinking with 
glutaraldehyde vapor kept a little better fiber morphology 
than that of ultraviolet light, while humidity in glutaral-
dehyde crosslinking is too big to lose the original mor-
phology of nanofibers before crosslinking from Fig. 2. 
 
3.2  FTIR analysis  

The FTIR spectrum is suitable to study the spectral 
changes caused by polymer-polymer interactions by 
comparing the vibration bands of the blended matters 
with those of the pure component. The FTIR spectra of 
PVA/COL blended solutions containing SA with dif-
ferent crosslinking methods were shown in Fig. 4. The 
FTIR spectroscopy was used to elucidate the presence of 
collagen in the blended electrospun nanofibers and to 
analyze any structural changes that might have occurred 
after being crosslinked. In the spectra of PVA/COL 
blended nanofibers containing salicylic acid, the one at 
3336 cm�1 was the stretching of N-H and O-H, the one at 
1733cm�1 was the stretching of C=O, the one at 
1434cm�1 was the bending of O-H, the one at 1093cm�1 
was the stretching vibration of C-O-H, the one at 1660 
cm�1 was the stretching of C-O (amide I), the one at 
1556 cm�1 was the bending of and stretching of C-N 
(amide II). There were no changes among the FTIR 
curve of all samples. 
 
3.3  In vitro release study  

From the data of Fig. 5a, SA-loaded nanofiber 
mats fabricated by electrospinning a blended solution of 
drug and polymer showed an initial burst release. The 
drug was not released completely because the drug was  

 
Fig. 2  SEM images of electrospun nanofiber mats made of 
PVA/COL blended solutions containing SA with different 
crosslinking method. (a) Non-crosslinking sample; (b) sample 
treated with UV-4h; (c) sample treated with UV-8h; (d) sample 
treated with glutaraldehyde-5h. 
 

 
Fig. 3  SEM images of electrospun nanofiber mats made of 
PVA/COL blended solutions containing SA with different 
crosslinking method after meeting water. (a) Non-crosslinking 
sample; (b) sample treated with UV-4h; (c) sample treated with 
UV-8h; (d) sample treated with glutaraldehyde-5h. 
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Fig. 4  FTIR of the electrospun PVA/COL fibers. 
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dispersed in the carrier and had intermolecular forces 
with the carrier such as the H-bond between the –OH or 
–COOH of the SA drug and the –OH of the PVA[28]. 
Crosslinking of fiber surface can regulate the rate of 
drug release. In this paper the chemical method of glu-
taraldehyde vapor and physical method of ultraviolet 
light were used to crosslink the fiber surface and to 
control the drug release. Drug release profiles from 
nanofibers mats treated with different crosslinking 
method can obviously decrease the rate of drug release. 
The effect of ultraviolet light crosslinking is better than 
that of the glutaraldehyde crosslinking. However, the 
release percentage of SA from electrospun COL/PVA 
nanofibers treated with UV-4h is lower than that of 
sample treated with UV-8h. Because there is 
UV-induced cross-linking in short time and UV-induced 
fragmentation of the collagen chains in long time[29]. 

The release kinetics of drug from the developed 
matrices was analyzed using Korsmeyer Peppas kinetic 
model. The release data were thus fitted according to the 
following Korsmeyer Peppas equation[30,31]: 

100% ,ntM kt
M


� �                         (2) 

where Mt is the mass of the drug released at time t, M
 is 
the mass of the drug released when time approaches 
infinity, k is a release rate constant and n is the diffusion 
exponent. The constant value of k is usually related to 
the characteristics of the delivery system and the drug. 
The diffusion exponent of n characterizes the transport 
mechanism of the drug and is dependent on the type of 
transport, geometry and polydispersity. If n � 0.5 the 
releasing mechanism is Fickian diffusion, if 0.5 � n � 1.0 
the releasing mechanism is anomalous transport, if  
n 
 1.0 the releasing mechanism is case-II transport[32,33]. 
From the slope and intercept of the plot of ln(Mt/M
) 
versus ln(t) for the release of SA from nanofibers fabri-
cated by electrospinning, the constant value of release 
rate, k, and the diffusion exponent n was calculated, 
which are shown in Table 1. All the n values from dif-
ferent crosslinking methods are less than 0.5, so the 
mechanism belongs to Fickian diffusion. The k values 
of SA-loaded nanofibers after crosslinking were re-
duced, and the k values of ultraviolet light crosslinking 
sample were lower than those of the glutaraldehyde 
crosslinking sample. The k value of UV-4h sample was 
reduced  to 1.7. So in vitro  release  study  showed  that  
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Fig. 5  Release percentage of SA from electrospun COL/PVA 
nanofibers with different crosslinking method: (a) Original sample; 
(b) sample treated with glutaraldehyde-5h; (c) sample treated with 
UV-8h; (d) sample treated with UV-4h. 

 
Table 1  The constant value of release rate k and the diffusion 
exponent n obtained by the Korsmeyer-peppas model 

Samples k (min-n) n R2 

Non-crosslinking sample 36.5 0.0645 0.919 

UV-4h 1.7 0.3697 0.995 

UV-8h 6.9 0.2138 0.975 

Glutaraldehyde-5h 21.5 0.1028 0.882 

 

COL/PVA-SA electrospun fibers efficiently control the 
release of drugs by the crosslinking of UV-radiation for 
4 h. 

4  Conclusion 

In this study, the COL/PVA nanofibers containing 
SA were obtained by electrospinning for assessment as 
drug delivery system. The morphology of COL/PVA-SA 
electrospun fibers treated with UV-radiation was not 
change before meeting water, but the surface of elec-
trospun fibers treated with glutaraldehyde was swelled 
and adhesived. The FTIR curves of all samples were not 
obviously changed. The results showed that 
COL/PVA-SA efficiently controlled the release of drugs 
by the crosslinking of UV-radiation, but the morphology 
was destroyed when meeting water. The mechanism of 
SA release from electrospun fibers belongs to Fickian 
diffusion. 
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