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Abstract: This investigation aims to study the characteristics and release properties of lutein-loaded
polyvinyl alcohol/sodium alginate (PVA/SA) nanofibers prepared by electrospinning. In order
to increase PVA/SA nanofibers’ water-resistant ability for potential biomedical applications,
the electrospun PVA/SA nanofibers were cross-linked with a mixture of glutaraldehyde and
saturated boric acid solution at room temperature. The nanofibers were characterized using scanning
electron microscopy (SEM) and X-ray diffractometer (XRD). Disintegration time and contact angle
measurements testified the hydrophilicity change of the nanofibers before and after cross-linking.
The lutein release from the nanofibers after cross-linking was measured by an ultraviolet absorption
spectrophotometer, which showed sustained release up to 48 h and followed anomalous (non-Fickian)
release mechanism as indicated by diffusion exponent value obtained from the Korsmeyer–Peppas
equation. The results indicated that the prepared lutein-loaded PVA/SA nanofibers have great
potential as a controlled release system.
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1. Introduction

Lutein, also known as “plant lutein”, is a natural pigment and an excellent antioxidant [1] widely
found in vegetables, flowers, fruits, and certain algae organisms. The intake of a certain amount
of lutein as a food supplement can prevent a series of organ aging-related diseases [2]. Lutein is
susceptible to light, heat, and pH [3], the property of which compromises its bioavailability and limits
its storage and human administration [4]. The delivery of drugs via nano-carriers is a highly effective
and proven method to improve the bioavailability and until now, numerous nano-carriers including
nanofibers, nanocapsules, liposomes, polymer micelles, and nanogels have been widely investigated
for the delivery of various drugs.

Electrospinning has attracted more and more attention from the past decade due to its potential
use in biomedical materials, filtration, catalysis, optoelectronics, food engineering, cosmetics, and drug
delivery devices [5–7]. Among which drug delivery is one of the most promising applications.
Nanofibers produced by electrospinning exhibit several interesting properties, including high surface
area to volume ratio, and void fraction [8], which make electrospinning nanofibers an appropriate
candidate as a drug delivery system. Polymeric matrices such as polyvinyl alcohol (PVA),
fibrinogen, chitosan, polycaprolactone, and polyvinylpyrrolidone provide an excellent source for
electrospinning based on their biocompatibility [9,10]. PVA nanofibers have been widely utilized
as potential biomaterials owing to its extraordinary hydrophilicity, biocompatibility and mechanical
properties [11–14]. This type of material readily composes into the film due to the fact that it contains

Pharmaceutics 2019, 11, 449; doi:10.3390/pharmaceutics11090449 www.mdpi.com/journal/pharmaceutics

http://www.mdpi.com/journal/pharmaceutics
http://www.mdpi.com
https://orcid.org/0000-0003-4508-4036
http://www.mdpi.com/1999-4923/11/9/449?type=check_update&version=1
http://dx.doi.org/10.3390/pharmaceutics11090449
http://www.mdpi.com/journal/pharmaceutics


Pharmaceutics 2019, 11, 449 2 of 11

a large amount of –OH groups, which provide a platform for hydrogen bond formation with water
molecules. Based on the excellent properties of PVA, much interest in research has been devoted to its
electrospinning for utilization in different areas such as a biosensor [15], antimicrobial fibers [16–18],
composite films [19,20], nanoporous films, and filtration membranes [21–23]. Sodium alginate (SA) is
a non-toxic, biodegradable, compatible, and sustained-release material. SA shows a good hemostatic
effect in combination with calcium ions, therefore, is widely used in hemostatic dressings and wound
permeate absorption dressings [24]. However, the fact that SA alone in aqueous solution is not readily
electrospun into a nanofiber mat and its brittleness largely restricts its application. Blending PVA
and SA is an effective polymer solution that can be electrospun into nanofiber mats and in addition,
their mechanical property and thermal stability can be improved probably owing to hydrogen bond
formation [25]. Various studies have been reported on the development of wound dressing with PVA
and SA [26–30]. The nanofibers made from blending PVA and SA are highly hydrophilic.

Electrospun PVA/SA nanofibers as drug carriers are limited due to the burst release of drugs.
For example, Li et al. [31] reported the preparation of a fast-dissolving drug delivery system using
PVA as a polymeric carrier, in which the drug was released from the nanofiber matrix in an explosive
manner. In order to realize sustained release as required for some drug delivery system, it is necessary
to adjust the hydrophilicity of the nanofiber. Cross-linking is one of the methods that allow drugs to be
released in a controlled manner by adjusting the hydrophilicity of nanomaterials [32–34]. For example,
Zhang et al. [35] cross-linked electrospun gelatin nanofibers with glutaraldehyde saturated steam at
room temperature to improve nanofibers thermal and mechanical properties. Kenawy et al. [36] studied
the controlled release of ketoprofen from electrospun PVA nanofibers with methanol cross-linking.
Zhang et al. [37] used salicylic acid-loaded collagen (COL)/PVA electrospun nanofibers cross-linked
with UV-radiation or glutaraldehyde to control the release of salicylic acid.

In this study, a controlled drug delivery system was developed from electrospun PVA/SA
nanofibers. Lutein was utilized as a model drug. Lutein-loaded nanofibers were cross-linked by using
glutaraldehyde (GA) and saturated boric acid solution as a cross-linking agent. The properties of
nanofibers before and after cross-linking and the lutein release behavior were investigated.

2. Experimental Methods

2.1. Materials

Polyvinyl alcohol (PVA, 9002-89-5(CAS No.), 87%–89%(purity), Mw = 72600–81400), sodium
alginate (SA, 9005-38-3), glutaraldehyde (GA, 111-30-8, 50% aqueous solution), boric acid (10043-35-3,
99.8%), sodium phosphate dibasic (Na2HPO4, 10039-32-4, 99%), potassium phosphatemonobasic
(KH2PO4, 7778-77-0, 99%), potassium chloride (KCl, 7447-40-7, 99.98%), sodium chloride (NaCl,
7647-14-5, 99.9%), and N,N-dimethylformamide (DMF, 4472-41-7, 99.5%) were purchased from Aladdin,
Shanghai China. Lutein (127-40-2, 82.35%) was provided by Shandong Tian Yin Biotechnology co.ltd,
Zibo, China.

2.2. Preparation of Nanofibers

2.2.1. Preparation of Polymer Solutions

In a typical preparation, 1.6 g of PVA and 0.1 g of SA were dissolved in 15 mL of deionized
water at 60 ◦C under constant stirring for 6 h, then cooled to room temperature. Lutein (51 mg, 3%
weight ratio PVA and SA) was dissolved in 5 mL DMF at room temperature. The blended above
PVA/SA solution and lutein solution were mixed and stirred for 5 h at room temperature to ensure
homogeneous distribution.
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2.2.2. Electrospinning Lutein-Loaded PVA/SA Nanofibers

Electrospinning was performed to fabricate lutein-loaded PVA/SA nanofibers at room temperature.
The mixed solution was poured into a 10 mL plastic syringe with a needle having an inner diameter of
0.41 mm. Output voltage applied to the solution was 15 kV. Besides, the flow rate of the injection pump
was set to 0.3 mL/h. The nanofibers collector was cylindrical and covered by aluminum foil. At the
same time, the distance from the syringe needle to the receiver collector was 150 mm. After completing
the electrospinning process, the nanofibers were placed in a vacuum oven for 12 h to remove residual
traces of solvents.

2.2.3. Cross-Linking of Lutein-Loaded PVA/SA Nanofibers

Cross-linking of the electrospun lutein-loaded nanofibers were carried out using a mixture of GA
and saturated boric acid solution. Electrospun lutein-loaded nanofibers were carefully peeled from the
aluminum foil and weighed exactly using a digital balance. A weight of 0.020 g of each sample was
immersed in the cross-linking fluid at room temperature for various times (1 h, 3 h, and 5 h) to carry
out cross-linking. After completing the required cross-linking time for each sample, all the samples
were dried with filter paper and then exposed to a vacuum oven for 12 h at room temperature to
remove residual GA and water.

2.3. Characterization

2.3.1. Morphology

The morphology of the lutein-loaded PVA/SA nanofibers before and after cross-linking was
observed by quanta 250 field emission environment scanning electron microscope (SEM). The average
diameter of the lutein-loaded PVA/SA nanofibers before cross-linking was calculated based on the
SEM image. The distribution of lutein was observed by fluorescence microscope (CKX41, Olympus,
Tokyo, Japan).

2.3.2. Water Contact Angle Analysis

The surface static contact angles of the lutein-loaded PVA/SA nanofibers before and after
cross-linking were investigated using a contact angle meter analysis system (JY-82, Dingsheng,
Chengde, China).

2.3.3. X-Ray Diffractometer Analysis

X-ray diffractometer (XRD, Bruker AXS, Karlsruhe, Germany) was used to observe the physical
state of lutein in PVA/SA nanofibers in the range from 5◦ to 50◦.

2.3.4. FTIR Spectroscopy

The cross-linking effectiveness of lutein-loaded PVA/SA nanofiber mat was analyzed using Fourier
transform infrared (FTIR) spectroscopy (Nicolet5700, Waltham, MA, USA).

2.4. Pharmacotechnical Properties

2.4.1. Determination of Drug Encapsulation Efficiency

To determine the encapsulation efficiency (EE) of lutein in PVA/SA nanofibers, the lutein-loaded
PVA/SA nanofibers were completely dissolved in water and lutein content was measured using
UV-Vis spectrophotometer. The encapsulation efficiency of lutein was determined using the following
equation:

EE (%) = real lutein content in nanofibers/theoretical lutein content in nanofiber × 100. (1)
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2.4.2. In Vitro Drug Release

The release profile of lutein from the cross-linked lutein-loaded PVA/SA nanofibers was studied
in phosphate buffer saline (PBS, pH = 7.4) solution. Lutein-loaded PVA/SA nanofibers (20 mg) were
placed in 50 mL of PBS solution at 37 ◦C with constant stirring. At defined time intervals, 1 mL of
sample was taken from the release medium and replaced with fresh PBS to maintain the original
volume. The amount of lutein released at different time intervals in PBS solution was measured by
a UV-Vis spectrophotometer (UV-3600plus, Shimadzu, Kyoto, Japan). The lutein release percentage
was calculated and release profile was drawn. All the measurements were performed in triplicates.

3. Results and Discussion

3.1. Morphology Characterization and XRD Spectroscopy of PVA/SA Nanofibers

SEM images of un-crosslinked lutein-loaded PVA/SA nanofibers are shown in Figure 1a, displaying
uniform one dimensional nanofibers with no beads and diameters in the range of 240 nm to 340 nm.
Figure 1b shows the fluorescence micrograph of un-crosslinked lutein-loaded PVA/SA nanofibers.
It can be observed that lutein was uniformly distributed along the axis of the nanofibers. Figure 1c
shows the morphology of lutein-loaded PVA/SA nanofibers with 1 h cross-linking. Nanofibers collapse
during the cross-linking, after which nanofibers were not smooth and appeared in an independent
form. The morphology change indicates that the cross-linking agent induced adhesion between the
electrospun nanofibers, which could be attributed to the nanofibers that tend to swell in the presence
of a crosslinker and adhere with each other. In addition, visual observation showed that after the
cross-linking treatment, the nanofiber mats became yellowish and shrank slightly in size, which could
be due to the interaction of hydroxyl groups on the PVA with GA of the cross-linking agent [31,38].
It should be noted that the residual trace amount of GA after cross-linking treatment can induce toxicity
due to its reaction with proteins. The toxicity can be eliminated via reaction with glycine [34,39].
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Figure 1. (a) SEM and (b) fluorescence microscope image of lutein-loaded polyvinyl alcohol/sodium
alginate (PVA/SA) nanofibers before cross-linking, (c) SEM of lutein-loaded PVA/SA nanofibers after
cross-linking for 1 h, (d) XRD diffraction pattern of free lutein, PVA/SA nanofibers, physical mixture of
lutein and PVA/SA, and lutein-loaded PVA/SA nanofibers.
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X-ray diffraction (XRD) measurements were used to study the physical state and distribution
of the lutein-loaded PVA/SA nanofibers. The XRD patterns of free lutein, PVA/SA nanofibers,
and lutein-loaded PVA/SA nanofibers are shown in Figure 1d. Free lutein exhibited two strong crystal
diffraction peaks between 10◦ and 25◦ (2θ= 20.54◦ and 14.06◦), which were attributed to the crystallinity
of lutein and consistent with the literature [40,41]. As shown in Figure 1d, the crystallization peaks
were not observed in the XRD pattern of PVA/SA nanofibers, which might be due to the sensitivity of
the measurement being too low to detect the crystalline drug. Since in a separate XRD measurement
for physical mixture of lutein and PVA/SA in the same mass ratio as in the electrospun lutein-loaded
PVA/SA nanofiber, as shown in Figure 1d, the characteristic peak of lutein crystalline structure did not
appear as well.

3.2. Contact Angle Measurement

Hydrophilic assessment of biological materials is a very important parameter in the field of drug
delivery. Therefore, in order to determine the hydrophilicity of the nanofibers, the water contact
angle of the lutein-loaded PVA/SA nanofibers before and after cross-linking was measured using
a contact angle meter analysis system (Figure 2). The un-crosslinked PVA/SA nanofibers exhibited
the contact angle of 18.6 ± 0.29◦, which indicates that they had good hydrophilicity. Whereas the
contact angle values of 33.5 ± 0.22◦, 56.2 ± 0.65◦, and 78.2 ± 0.37◦ were observed for the lutein-loaded
PVA/SA nanofibers cross-linked for 1 h, 3 h, and 5 h, respectively. The cross-linked PVA/SA nanofibers
showed an increase in contact angle compared to un-crosslinked PVA/SA nanofibers indicating that
cross-linking could improve the hydrophilicity of nanofibers and thereby improve the stability of
nanofibers in aqueous media.
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Figure 2. The shape of water drops and contact angle measurement for lutein-loaded PVA/SA nanofibers:
(a) Un-crosslinked, (b) cross-linked for 1 h, (c) cross-linked for 3 h, and (d) cross-linked for 5 h.

3.3. FTIR Analysis for Cross-Linking Degree

The cross-linking effectiveness of lutein-loaded PVA/SA was analyzed using FTIR. Infrared
scanning was performed in the range of 4000 to 600 cm−1. The FTIR spectra of the lutein-loaded
PVA/SA nanofibers with different cross-linking time are presented in Figure 3. It can be observed
that spectra of lutein-loaded PVA/SA nanofibers consists prominent peaks at 3373 cm−1 is ascribed
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to a hydroxyl group, at 2939 cm−1 to C–H stretching (CH2), at 1728 cm−1 and 1268 cm−1 to acetate
groups (C=O and C–O, respectively), and at 1427 cm−1 to C–H stretching (CH3) [42]. The broad
peak of the hydroxyl group at 3373 cm−1 is due to the hydrogen bonding between hydroxyl groups
of PVA and SA [43]. During the cross-linking of lutein-loaded PVA/SA with GA, the amount of
hydroxyl functions decreases to create acetal functions, while the peak at 1728 cm−1 (C=O) remains
constant [42]. Therefore, the ratio between signal intensity at 3373 and 1728 cm−1 could be an indicator
of cross-linking degree [42,44]. The ratio between the maximum intensity of hydroxyl (hOH) and
carbonyl functions (hCO) decreased from 2.02 to 0.60 as the nanofibers cross-linking time increased
from 1 to 5 h. This reflects a higher cross-linking effectiveness in the lutein-loaded PVA/SA nanofibers.
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3.4. Disintegration Characterization and In Vitro Drug Dissolution

The lutein-loaded PVA/SA nanofibers were cut into a size of 1 cm × 1 cm and dissolved in
deionized water to verify its disintegration time. As shown in Figure 4a–d, when the lutein-loaded
PVA/SA nanofibers were placed in deionized water, they first floated on the surface. Then the color of
the lutein-loaded nanofibers became darker and the size contracted within 1 s, as the water molecules
rapidly penetrated into the PVA/SA nanofibers scaffold, indicating the lutein release in a rush manner.
As the nanofibers scaffold continued to immerse in deionized water, it rapidly disintegrated and
dispersed into hundreds of small pieces (disintegration of about 3 s), which gradually dissolved
in deionized water. The whole dissolving process was completed within about 7 min. The visual
observation of immediate dissolving of lutein-loaded PVA/SA nanofibers is consistent with the strong
hydrophilicity of PVA/SA composite.
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The EE and in vitro drug release assessment is necessary in order to determine the bioavailability
and extent of drug assimilation, which subsequently determines the drug therapeutic efficiency [45].
The EE of lutein-loaded PVA/SA nanofibers was found to be 91.9% ± 2.58%, which is comparable with
ciprofloxacin-loaded PVA/SA formulation (EE = 98%) [43].

Since both PVA and SA polymers are hydrophilic, the composite of these two elements (i.e., PVA/SA
nanofibers) by electrospinning is readily soluble in water, as shown by the disintegration test. The
slow release of lutein can be achieved by cross-linking the PVA/SA nanofibers with a cross-linking
agent. In order to study the effect of different levels of cross-linking on the release behavior of lutein
from PVA/SA nanofibers, an in vitro release study was performed for 48 h in PBS (pH = 7.4; Figure 4e).
Drug release from nanofibers can be attributed to three channels including drug desorption from the
surface, proliferation of pores, and/or matrix degradation. All these steps are likely to get affected by
the choice of polymer, porosity, morphology, and geometry of nanofibers [46]. For the lutein-loaded
PVA/SA nanofibers cross-linked for 1 h, lutein was released in a controlled manner with an average
release rate of 12.5%/h and complete lutein was released in 10 h. The controlled release performance
achieved with lutein-loaded PVA/SA nanofibers cross-linked for 1 h was better in terms of release time
span compared to complete release within 7 h in literature [43], which could be attributed to the usage
of cross-linking agent. For the lutein-loaded PVA/SA nanofibers cross-linked for 3 h, the release rate
was apparently decreased to around 9.4%/h, which was further decreased to 0.85%/h for the nanofibers
cross-linked for 5 h. It can be seen from the above experimental results that drug release was dependent
on cross-linking time i.e., the longer the cross-linking time, the better the sustained release of drug,
which was consistent with the previous results by Zhang et al. [37].

3.5. The Release Kinetics Studies

The release curves were fitted to kinetic models to analyze the kinetics of in vitro drug release.
It was proved that lutein was uniformly distributed in the PVA/SA nanofibers. Lutein was loaded
into the polymer matrix by a simple packaging of the polymer, the kinetics of drug release in PVA/SA
nanofibers was analyzed using the Korsmeyer–Peppas kinetic model and the Higuchi model (matrix
system) respectively.

The Korsmeyer–Peppas equation is as follows:

Mt/M∞ × 100% = ktn, (2)

where, Mt is the mass of the released drug at t time, M∞ is the mass of the released drug when the
time approaches infinity, k is a constant, and n is the diffusion exponent. This expression depicts
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a proportional mass release out of the polymer matrix with time. The value of n is dependent on
the type of drug delivery mechanism, geometry, and polydispersity. When n < 0.5, 0.5 < n < 1.0,
and 0.5 < n < 1.0, the type of release follows Fickian diffusion, non-Fickian diffusion, and Case-II
transport, respectively.

Higuchi model is another widely used pattern for analyzing the mechanism of drug release:

Mt/M∞ × 100% = k1t1/2, (3)

where k1 is the diffusion rate constant.
Table 1 shows values of n, k, k1, and the correlation coefficient (R2) from fitting curves with two

models. The R2 values of the Korsmeyer–Peppas model (matrix system) were closer to 1, compared
to that of the Higuchi model for all the three nanofibers with different cross-linking time. From the
Korsmeyer–Peppas model, n values were found to be 0.7398, 0.5840, and 0.6278 for lutein release from
PVA/SA nanofibers cross-linked for 1 h, 3 h, and 5 h, respectively, indicating that lutein release from
PVA/SA nanofibers occurred through non-Fickian (anomalous) diffusion suggesting that more than
one mechanism process was involved in lutein release. These mathematical models could be purely
empirical through the insignificant changes of R2. Although the release mechanism requires further
clarification, the phenomenon of the study proves that drugs can be released from the electrospun
PVA/SA nanofibers matrices in a continuous manner.

Table 1. The release of lutein from PVA/SA nanofibers cross-linked for 1 h, 3 h, and 5 h.

PVA/SA Nanofibers
Cross-Linking Time Korsmeyer–Peppas Model Higuchi Model

1 h
k
n

R2

24.97 ± 2.713
0.7398 ± 0.0653

0.9707

k1
R2

36.19 ± 1.736
0.8993

3 h
k
n

R2

23.08 ± 2.056
0.5840 ± 0.0608

0.9641

k1
R2

25.94 ± 0.7468
0.9560

5 h
k
n

R2

12.81 ± 1.358
0.6278 ± 0.0709

0.9540

k1
R2

15.32 ± 0.5497
0.9334

The release of the drug in the drug-loaded nanofibers is controlled by the diffusion of drug within
the polymer matrix and/or matrix degradation, which involves bulk and surface-polymer erosion,
depending on the polymer composition [47]. When the penetration of water into the nanofiber matrix
is slower than the matrix degradation, surface erosion predominates and when matrix degradation
is faster than water penetration, bulk erosion predominates. In addition, water penetration into the
individual nanofibers can affect the drug release as well. In our case, the initial drug release from the
hydrophilic PVA/SA nanofibers cross-linked for 1 h, was primarily determined by the diffusion of drug
and dissolution of the polymer due to the penetration of water. However, nanofibers become more
hydrophobic when cross-linked for 5 h, which was verified by water contact angle measurements. Due
to the enhanced hydrophobicity of the PVA/SA nanofibers, the degradation of the polymer matrix
occurred relatively slow, at this point the release of the drug in the nanofibers was primarily determined
by the diffusion of drug.

4. Conclusions

In this research, the lutein-loaded PVA/SA nanofibers with uniform and smooth morphology
were obtained by electrospinning. The PVA/SA nanofibers were cross-linked for different time points
and their hydrophilicity was measured with a contact angle measurement experiment. XRD analysis
showed that lutein was present in the stable amorphous state in the PVA/SA nanofibers. The sustained
release was achieved after the tuning the hydrophilicity of the lutein-loaded PVA/SA nanofibers as it
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released the lutein in a controlled manner extending up to 48 h. The drug release kinetics revealed
that the release of the lutein was through non-Fickian diffusion mechanism. The results indicate
that encapsulation of lutein utilizing polymer matrices by electrospinning is an effective method in
drug delivery and cross-linking could further help to achieve the sustained lutein release by tuning
the hydrophilicity. Therefore, the drug-loaded PVA/SA nanofibers developed in this study has great
potential to be used as the delivery system in the near future.
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