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Rosmarinic acid-loaded electrospun
nanofibers: In vitro release kinetic study and
bioactivity assessment

This study seeks to develop a nanofibrous matrix containing rosmarinic acid (RosA),
an herbal non-steroidal anti-inflammatory and antioxidant drug with low water sol-
ubility, for drug delivery applications. Neat and two types of RosA-loaded cellulose
acetate (CA) mats varying in the initial content of RosA were electrospun. Mi-
crostructure of nanofibers, chemistry and physical state of RosA in nanofibers, RosA
loading efficiency and RosA release in acetate buffer were investigated. To evaluate
bioactivity of RosA-loaded nanofibers, their ability to inhibit protein denaturation
was assayed as an indicator of anti-inflammatory properties and their antioxidant
activity was determined by radical scavenging assay. The indirect cytotoxicity assay
was used to find if there is a cytotoxic response to nanofibers. The homogeneous dis-
tribution of the drug within nanofibers through electrospinning led to high loading
efficiency, low burst release and prolonged release of a large percentage of RosA over a
period of 64h following Fickian diffusion mechanism. Nanofibers with higher RosA
content exhibited anti-inflammatory activity comparable to ibuprofen, and higher
antioxidant activity compared to nanofibers with lower RosA content. Additionally,
extracts from nanofibers did not give any major harmful effect on cells. Sustained
release of RosA, and bioactivity of RosA-loaded nanofibers confirmed the potential
of the produced matrix as a drug delivery system.
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1 Introduction

A transdermal drug delivery system (TDDS), also known as
a patch is designed to deliver a therapeutically effective dose
of a drug through the skin into the systemic circulation non-
invasively [1] resulting in improvement in bioavailability by
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avoiding first-pass hepatic metabolism and enzymatic or pH-
associated deactivation and flexibility in terminating drug ad-
ministration by patch removal [2]. An ideal drug candidate for
loading in a TDDS would have a molecular weight up to a few
hundred Daltons, and affinity for both lipophilic and hydrophilic
phases [2]. Transdermal patches containing non-steroidal anti-
inflammatory drugs (NSAIDs) are available for management of
chronic pains. Among a variety of phytochemicals, polyphenolic
phytochemicals have been shown experimentally to inhibit in-
flammation. Rosmarinic acid (RosA) is a phenolic phytochemi-
cal commonly found in many species of the Boraginaceae family
and the subfamily Nepetoideae of the Lamiaceae such as rose-
mary, sage, and mint [3] which exhibits beneficial biological
activities including antioxidant, anti- inflammatory, antiviral,
and antibacterial properties [4]. Rosmarinic acid with a molec-
ular weight of 360.318 g/mol is classified as a NSAID in chEBI
database of the European Bioinformatics Institute (EMBL-EBI).
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It is slightly soluble in water while it is soluble in most organic
solvents to approximately 25 mg/mL. The low water solubility
and chemical instability of RosA limit its application in phar-
maceutical formulations. Encapsulation technologies to design
delivery systems are used to improve the solubility, long-term
stability and sustained releases of bioactive molecules [5]. To
the best of our knowledge, there is lack of information on en-
capsulation of RosA in nanofibers. In this study, we aimed at
development of a cellulose acetate (CA) nanofibrous mat as a
carrier for delivery of RosA in order to treat injuries associ-
ated to inflammation and investigate whether RosA-loaded CA
nanofibers are able to exhibit bioactivities of free RosA including
anti-infammatory and antioxidant properties. The electrospun
CA nanofibrous mat was chosen due to its capability to support
a gradual and monotonous increase in the cumulative release
of the drug over the time and limit the initial burst release of
the drug [6]. Cellulose- based materials are widely used in the
biopharmaceutical processing industry [7], among which elec-
trospun CA mats have been widely used as carriers for topical/
transdermal delivery of NSAIDs [6–11].

2 Materials and methods

2.1 Electrospinning of neat and RosA-loaded
nanofibrous mats

Optimizing the solution concentration and electrospinning con-
ditions was the major step towards the preparation of neat and
RosA-loaded nanofibers. Finally, CA powder (Sigma Aldrich,
Mn �30 000, acetyl content �39.8 wt%) was dissolved in
2:1 v/v acetone (Merck)/ Dimetylacetamide (DMAc, Merck) to
obtain neat CA solution at a concentration of 12% w/v. Neat CA
solution was kept stirring for 5 h. RosA-loaded solutions were
prepared by addition of RosA (Sigma Aldrich, 5 wt% or 10 wt%
with respect to the polymer) to the neat solution one hour before
electrospinning.

The solutions were individually transferred to 1 mL syringe
attached to the perfusion pump to adjust the flow rate to
250 μL/h. A high voltage of 20 kV was applied between the
needle and the collector covered with aluminum foil to draw
the fibers from the spinneret (20 G needle) to the collector. A
rotating cylindrical drum set at a speed of 200 rpm was used
for collecting nanofibers and a distance of approximately 12 cm
was maintained between the spinneret and the collector. Subse-
quently, the nanofibrous mats including neat CA, CA/5% RosA,
and CA/10% RosA nanofibers were vacuum dried to remove any
residual solvent and used for further experiments.

2.2 Characterization of neat and RosA-loaded CA
nanofibrous mats

The electrospun nanofibers were sputter-coated with gold and
visualized using scanning electron microscopy (SEM, Hitachi,
SU3500) at an accelerating voltage of 15 kV. The average diameter
of each fibrous mat was calculated from 100 random points
chosen from at least three different respective SEM micrographs

using image analysis software (ImageJ, National Institutes of
Health).

Fourier transform infrared (FTIR, Bomem, B-102) analysis
over a range of 400–4000 cm−1 at a resolution of 4 cm−1 was
used to investigate the functional groups of RosA powder, CA
nanofibers and RosA-loaded CA nanofibers.

The nature of drug and polymer in electrospun neat CA,
CA/5% RosA, and CA/10% RosA nanofibers was studied by dif-
ferential scanning calorimetry (DSC, Mettler Toledo). Thermal
properties of the free RosA were also assayed. Samples weighing
4–5 mg each was sealed in aluminum crucibles with lids. Ex-
periments were carried out at a heating rate of 10 K/min in a
temperature range of 50–300°C under nitrogen atmosphere.

Sodium acetate buffer solution was used for further studies
to simulate the human skin pH of 5.5. To prepare 200 mL of
10 mM acetate buffer solution (pH 5.5), 8.5 mL of 0.2 M aqueous
sodium acetate (Sigma Aldrich) solution and 1.5 mL of 0.2 M
glacial acetic acid (Merck) were mixed and the volume was made
up to 200 mL using distilled water.

The weight loss and swelling behavior of both the neat and
RosA-loaded CA nanofibrous mats submersed in sodium acetate
buffer solution (pH 5.5) at 37°C for 24 h were calculated using
the following equations, respectively (n = 3 per group) [12].

Weight loss (%) =Mi−Md

Mi
× 100

Degree of swelling (%) =M−Md

Md
× 100

where Mi is the initial weight of the sample in its dry state,
Md is the weight of the sample after submersion in the buffer
solution in its dry state, and M is the weight of each sample after
submersion in the buffer solution for 24 h.

2.3 Drug loading efficiency

To determine the loading efficiency, 5 mg of each specimen was
dissolved in 1 mL of acetone. Then, 0.5 mL of the solution
was added into 4.5 mL of phosphate buffer saline (PBS, Sigma
Aldrich) solution (pH 7.4) and the mixture was centrifuged. The
supernatant was used to determine the loading efficiency using
a Jenway 6300 spectrophotometer at the wavelength of 325 nm
(n=3 per group). The actual amount of RosA loaded in the fibers
was interpolated from the calibration curve of RosA in the same
solution. Neat CA mats were also considered and their influence
on the absorbance was subtracted. The loading efficiency was
calculated as:

Loading efficiency (%)

= Actual amount of drug loaded in the mat

Initial amount of drug loaded in the solution
×100

2.4 In vitro RosA release assay

In order to assess the RosA release from nanofibrous mats, about
5 mg of each sample was submerged in 2 mL of sodium ac-
etate buffer solution (pH 5.5) and placed in a shaking incuba-
tor at 37°C and 50 rpm (n = 3 per group). At predetermined
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time points, the nanofibrous sample was taken out from the
buffer and put in another fresh buffer solution. The amount of
drug released from the fibers was determined by conversion of
the absorbance of RosA in buffer solution read using a Jenway
6300 spectrophotometer at the wavelength of 365 nm to the
RosA concentration according to the calibration curve of RosA
in the same buffer drawn at the concentrations ranging from 4 to
250 μg/mL. Neat CA mats were also considered and their influ-
ence on the absorbance was subtracted. Finally, cumulative abso-
lute amount of RosA released was presented as a function of time.
The following equation was also used to calculate the cumulative
percentage of RosA released from electrospun nanofibers.

Cumulative release (%) = Mt

M∞
× 100

where Mt is the amount of RosA released at time t and M� is the
actual amount of RosA loaded in the nanofibrous mats.

The drug release mechanism was also modeled using Ritger-
Peppas equation (DDsolver program [13]).

Mt

M∞
= Ktn

Where Mt / M� denotes the drug fraction released at time t, K
is a kinetic constant which depends on the physical characteristics
of the matrix/ drug system and n is the diffusional exponent
indicating the release mechanism [14]. For n � 0.45, the drug
release follows a Fickian diffusion mechanism while for 0.45 >

n > 0.89, the release mechanism obeys a non-Fickian diffusion in
which drug released through a combination of the diffusion from
the polymeric matrix and the surface erosion of the fibers [15,16].

2.5 In vitro anti-inflammatory assay

Inhibition of protein denaturation evaluated by the method of
Mizushima and Kobayashi [17] was used to investigate the anti-
inflammatory activity of neat and RosA-loaded CA nanofibers as
well as extracts from neat and RosA-loaded nanofibers. First, the
calibration curves and concentrations that are expected to exhibit
50% inhibition (IC50) were determined for RosA in both acetone
and sodium acetate buffer solution as well as ibuprofen (Alborz
Bulk Pharmaceutical Co., Iran), as a standard anti-inflammatory
drug in acetone. According to calculated IC50 values, test solu-
tions of nanofibers were prepared as described in Supporting
Information. Then, 30 μL of each test solution was diluted in
720 μL of PBS solution (pH 7.4). The supernatant of the mixture
was added to 750 μL of 3% w/v bovine serum albumin (BSA,
Sigma Aldrich) solution (pH 6.8) and incubated at 25 ± 2°C
for 15 min. Denaturation was induced by heating the mixture at
60 ± 3°C in a water bath for 10 min. After cooling the samples
down to room temperature, turbidity was measured spectropho-
tometrically using a Jenway 6300 spectrophotometer at 660 nm
(n = 3 per group). For control tests, 30 μL of PBS solution was
used instead of the test solution. The percentage of inhibition
was calculated according to the following equation.

% Inhibition = Acontrol−Asample

Acontrol
× 100

where Acontrol and Asample refer to absorbance values of control
and test solutions, respectively.

2.6 Antioxidant activity assay

The antioxidant activity of RosA-loaded nanofibers was de-
termined with 1,1´-diphenyl-2-picrylhydrazyl (DPPH, Sigma
Aldrich) radicals. The calibration curves and concentrations that
are expected to exhibit 50% inhibition (IC50) were determined
for RosA in both acetone and sodium acetate buffer solution.
According to calculated IC50 values, test solutions of nanofibers
were prepared as described in Supporting Information. Then,
100 μL of each test solution was added into 1400 μL of 0.1 mM
methanolic DPPH solution at room temperature. For control
tests, 100 μL of blank solution (either acetone or acetate buffer)
was used instead of the test solution. After keeping the mixture
in dark for 1 h, the absorbance of the solution was measured
using a Jenway 6300 spectrophotometer at 517 nm (n = 3 per
group). The antioxidant activity was calculated using the follow-
ing equation.

Antioxidant activity (%) = Acontrol−Asample

Acontrol
× 100

where Acontrol and Asample refer to absorbance values of control
and test solutions, respectively.

2.7 Indirect cytotoxicity assay

The indirect cytotoxicity assay was performed according to ISO
10993–5 standard test method. Epithelial cells (Pasteur Institute
of Iran) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (Gibco),
100 U/mL penicillin (Gibco), and 100 μg/mL streptomycin
(Gibco) in a 5% CO2 environment at 37°C. Extract of sam-
ples was prepared according to ISO 10993-12. About 6 cm2 of
each sample sterilized under ultraviolet radiation for 1 h was
submersed in 1 mL of serum-free medium (SFM) at 37°C for 4
h. RosA solutions with concentrations of 50 and 100 μg/mL (ap-
proximately equivalent to amount of RosA released from CA/5%
RosA and CA/10% RosA mats after 4 h, respectively) in SFM were
also prepared. The cells were separated by trypsinization, cen-
trifuged and seeded in wells of a 96-well tissue culture polystyrene
plate at 15000 cells/well in serum-containing medium for 24 h
to allow cell attachment. The cells were then starved with SFM
for 24 h. Thereafter, the medium was replaced with either the
RosA containing medium or extraction medium and cells were
incubated for 24 h (n = 3 per group). Cells cultured by fresh SFM
were used as the control group. Finally, the viability of cells was
determined with MTT assay. After 24 h of incubation, the solu-
tion of each well was aspirated, and replaced with 100 μL/well of
MTT solution (5 mg/mL MTT reagent (Sigma Aldrich) in PBS)
for 4 h. The solution was then thrown away and 100 μL/well
of DMSO was added for 2 h to dissolve the formazan crystals.
The optical density of each well was measured with an ELISA
microplate reader (Garni Medical Co., DA-3200) at 560 nm. The
relative cell viability in response to each sample was expressed
as a percentage of the control group (The relative cell viability
of the control was defined as 100%). According to ISO 10993–
5 standard test method, samples with a relative cell viability
>70% of the control group were considered as biocompatible
and non-cytotoxic materials.
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2.8 Statistical analysis

All data are expressed as mean ± SD. One- way ANOVA followed
by Tukey’s post hoc test was used for multiple comparison be-
tween groups (S Plus 8.0). A value of p < 0.05 was considered
statistically significant.

3 Results

3.1 Characterization of electrospun nanofibers

The morphology of electrospun nanofibers was visualized using
SEM. SEM images of beadless electrospun neat CA, CA/5% RosA
and CA/10% RosA nanofibers shown in Fig. 1 revealed no RosA

aggregation on the surface of the fibers implying perfectly in-
corporation of RosA into nanofibers. Randomly arranged fibers
of neat CA, CA/5% RosA and CA/10% RosA have average fiber
diameters of 326 ± 69 nm, 314 ± 95 nm, and 331±85 nm,
respectively (Table 1) which demonstrate that incorporation of
RosA into fibers did not influence the fiber diameter (p > 0.5).
Additionally there was not seen any dependency of fiber diame-
ter on the initial amount of RosA loaded into polymer solution
(p > 0.5) according with results previously reported for drug-
loaded CA nanofibers [6, 8].

The presence of RosA in RosA-loaded nanofibers was ex-
amined by FTIR. FTIR spectra of RosA powder, and electrp-
spun nanofibers are shown in Fig. 2(A). For RosA powder, the
bands around 1605, 1520, and 1445 cm−1 are due to the pres-
ence of aromatic rings indicating an aromatic ring stretching.

Figure 1. SEM micrographs and fiber diameter distribution of neat and RosA-loaded CA nanofibers.
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Table 1. Summary of fiber diameter, and loading efficiency of differ-
ent formulations, as well as diffusion constant (n) and regression
coefficient (R2) of RosA release from electrospun nanofibers

Formulation Neat CA CA/5% RosA CA/10% RosA

Fiber diameter (nm) 326 ± 69 314 ± 95 331 ± 85
Initial amount of RosA

loaded in 5 mg of
nanofibers (μg)

- 250 500

Actual amount of
RosA loaded in 5
mg of nanofibers
(μg)

- 223 ± 31 422 ± 18

Loading efficiency (%) - 89 ± 12 84 ± 4
n - 0.372 0.437
R2 0.97 0.99
Release mechanism - Fickian

diffusion
Fickian

diffusion

The bands around 1360 and 1180 cm−1 resulted from O–H and
C–O stretches are evidences for phenolic groups of RosA. The
characteristic band of carboxylic acid groups in the range of
1725–1700 cm−1 and the absorption band of an ester forma-
tion at 1750–1725 cm−1 are shifted to wave numbers lower than
1700 cm−1 in presence of aromatic structures. Therefore, the
band at 1664 cm−1 might be due to the mentioned functional
groups [18–20]. Electrospun CA nanofibers showed character-
istic bands of polysaccharides including a wide stretching band
of the hydroxyl groups in the range of 3700- 3050 cm−1 due
to inter-and intramolecular bonding, the C–H methylene group
stretching vibrations in the range of 3000–2800 cm−1, and asym-
metric and symmetric bending of methylene groups at 1435
and 1370 cm−1, respectively. In addition, the band observed at
1738 cm−1 is due to the carbonyl stretch of the ester group
of CA. The bands corresponding to asymmetric stretching of
C–O–C bond of the ester group, glycosidic linkage and pyranose

ring of CA are appeared around 1234, 1160, and 1049 cm−1, re-
spectively [21, 22]. Although RosA-loaded nanofibers exhibited
dominant signals of CA, bands of RosA related to the ring stretch-
ing modes at 1605 and 1520 cm−1 are detectable confirming the
presence of the RosA in the fibers. Other characteristic peaks
of RosA cannot be clearly identified in spectra of RosA-loaded
nanofibers due to significant overlapping with peaks of CA. By
increasing the RosA loaded into nanofibers, bands assigned to
hydroxyl and carbonyl bonds of CA exhibited red shifts ascertain-
ing the formation of interactions between RosA and CA which
results in obtaining the homogeneous RosA-loaded nanofibers.

DSC was performed to understand the behavior of RosA, neat
and RosA-loaded CA nanofibers. The thermograms are displayed
in Fig. 2(B). The DSC thermogram of RosA powder showed
a sharp endothermic peak at 126°C corresponding to melting
point of RosA. This endothermic peak was observed neither for
CA/5% RosA nor for CA/10% RosA nanofibers. This indicates
that the crystalline structure of RosA disappeared in the loaded
fibers. The neat CA fibers exhibited a melting point at 236°C.
The melting temperature was decreased to 227°C and 218°C,
for CA/5% RosA and CA/10% RosA nanofibers, respectively.
Additionally by increasing the initial drug loading, endothermic
peak with lower enthalpy was seen which can be attributed to
decreasing the crystalline structure of CA by increasing the RosA
loaded into fibers due to uniformly dispersing the drug in the
CA matrix and interrupting the hydrogen bonding among the
CA chains [23].

The values of weight loss and degree of swelling of both
the neat and RosA-loaded CA nanofibrous mats were eval-
uated. The weight loss of the neat CA, CA/5% RosA and
CA/10% RosA mats shown in Fig. 3(A), was 1.7 ± 0.7%, 3.5 ±
0.7%, and 4.4 ± 1.5%, respectively and no significant differ-
ences in weight loss were observed (p > 0.05). The small values
of weight loss resulted from the retention of the structural in-
tegrity of the neat and RosA-loaded nanofibers after submersion
in the acetate buffer solution at 37°C for 24 h. As illustrated in

Figure 2. (A) FTIR spectra and
(B) DSC thermograms of free
RosA powder, neat and RosA-
loaded CA nanofibers.
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Figure 3. (A) Weight loss and (B) degree of swelling of neat and RosA-loaded CA nanofibers. (C) Cumulative absolute amount and (D)
cumulative percentage of RosA released from RosA-loaded CA naofibers.

Fig. 3(B), the degree of swelling of the neat CA, CA/5% RosA
and CA/10% RosA mats was 293 ± 59%, 209 ± 33%, and 277 ±
71%, respectively which did not show any significant differences
(p > 0.05). The large amount of water absorbed in electrospun
neat and RosA-loaded CA nanofibrous mats is attributed to the
amount of water physically absorbed in the individual fibers and
the amount of water retained by the capillary action in the inter-
fibrous pores [9].

3.2 Drug loading efficiency

The values of actual amount of RosA loaded into fibers and
loading efficiency are summarized in Table 1. Evidently the ac-
tual amount of RosA within drug-loaded mats was increased
by increasing the initial drug loading. The loading efficiency of
CA/5% RosA and CA/10% RosA mats was determined to be
89 ± 12%, and 84 ± 4%, respectively, which did not show any
significant differences (p > 0.05) suggesting no dependency of
RosA entrapment on the initial drug loading. This finding is
consistent with the result reported by Suwantong et al. for CA
nanofibers containing phenolic compounds [8].

3.3 In vitro RosA release behavior

The in vitro release profile of RosA from electrospun CA fibers
with various RosA contents as a function of submersion time
is illustrated in Fig. 3(C and D). Sustained release of RosA up

to 64 h was observed for both CA/5% RosA and CA/10% RosA
mats.

As expected, the maximum amount of RosA released from
electrospun fibers was increased with increasing the initial RosA
loading. The total amounts of RosA released from5 mg CA/5%
RosA and CA/10% RosA mats were 178 ± 1 μg and 400 ±
57 μg, respectively (Fig. 3C).

The profiles related to cumulative percentage of drug release
were similar for both RosA-loaded nanofibers regardless of the
initial drug loading (Fig. 3D). The lack of drug aggregation on
the surface of the fibers suggesting the homogeneous dispersion
of RosA in the fibers resulted in relatively low initial burst release.
Within the first hour, about 15 ± 1% and 14 ± 1% of RosA was
released from CA/5% RosA and CA/10% RosA mats, respec-
tively. After 64 h of incubation, the cumulative percentage of
RosA released from CA/5% RosA and CA/10% RosA nanofibers
reached 79 ± 1% and 95 ± 13%, respectively. However, the ini-
tial amount of RosA did not significantly affect the initial burst
release as well as the drug release rate over time (p > 0.05).

Due to homogeneous distribution of the RosA in the
nanofibers, the RosA release profile from drug-loaded nanofi-
brous mats was analyzed using Ritger-Peppas equation [10].
The calculated kinetic release parameters are presented in
Table 1. The high correlation coefficients of the regression (R2)
confirmed that Ritger-Peppas model was acceptable to describe
the mechanism of RosA release from nanofibrous mats. As im-
plied by values of n, release from both RosA-loaded nanofibers
followed Fickian diffusion mechanism irrespective of the initial
drug loading.
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Figure 4. (A) In vitro anti-inflammatory activity of ibuprofen dissolved in acetone, and RosA dissolved in acetone and sodium acetate
buffer solution at various concentrations. (B) Linear part of inhibition of protein denaturation versus concentration presenting IC50 values.
(C) Antioxidant activity of RosA dissolved in acetone and sodium acetate buffer solution at various concentrations. (D) Linear part of
antioxidant activity versus concentration presenting IC50 values.

3.4 In vitro anti-inflammatory activity

As evident from Fig. 4 (A-B), the IC50 values of ibuprofen in
acetone, RosA in acetone, and RosA in acetate buffer were 180,
150, and 175 μg/mL at correlation values (R2) of 0.92, 0.90,
and 0.98, respectively. As presented in Table 2, 5 mg of CA/10%
RosA nanofibers dissolved in 3 mL of acetone, exhibited inhi-
bition of 49 ± 4%, which is comparable to inhibition activity
of ibuprofen (50 ±4%, p � 0.05) and significantly higher than
that of CA/5% RosA nanofibers (32 ± 3%, p < 0.05). Similarly,
RosA released from 5 mg of CA/10% RosA nanofibers into 2 mL
buffer solution showed meaningfully higher activity than RosA
released from CA/5% RosA nanofibers (p < 0.05). Additionally,
the anti-inflammatory activity of RosA released from nanofibers
increased as the extraction period was increased. Comparison
between the activity of RosA loaded into nanofibers (Table 2)
and that of free RosA (Fig. 4A and B) demonstrated that the anti-
inflammatory activity of RosA did not significantly decreased by
entrapment within nanofibers.

3.5 Antioxidant activity

The DPPH assay for antioxidant evaluation is based on the
reduction of the free radical DPPH which is stable at room

temperature in the presence of a hydrogen donating antioxidant
molecule accompanied by a color change from violet to color-
less [24]. The IC50 values of RosA in acetone and RosA in acetate
buffer were found 28 and 95 μg/mL at correlation values (R2) of
0.98 and 0.96, respectively (Fig. 4 C and D). As expected, neat
CA nanofibers did not exhibit any antioxidant activity, though
5 mg of RosA/5% CA or RosA/10% CA nanofibers dissolved in
10 mL of acetone exerted antioxidant activities of 35 ± 1% and
79 ± 2% (Table 2), respectively with no significant differences
compared to antioxidant activity of equivalent free RosA in ace-
tone (Fig. 4C and D). As summarized in Table 2, the antioxidant
activity of RosA released from nanofibers into buffer solution
increased by extraction time (p < 0.05) and reached 41 ± 1%
and 82 ± 1 after an extraction time of 25 h for CA/5% RosA and
CA/10% RosA nanofibers, respectively. The results also indicated
that antioxidant activity increased by increasing the initial RosA
loading within nanofibers (p < 0.05).

3.6 In vitro biocompatibility

The indirect cytotoxicity assay was used to evaluate the potential
of RosA-loaded nanofibrous mats to be used as transdermal
patches. The relative viability of epithelial cells cultured with
media containing RosA or extracts from neat and RosA-loaded
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Table 2. Bioactivity of neat and RosA-loaded CA nanofibers as well as extracts from nanofibers

Formulation Inhibition of protein denaturation (%) Antioxidant activity (%)

Ibuprofene dissolved in acetone (200 μg/mL) 50 ± 4� -
RosA released from CA/5% RosA in acetone (74 ± 10 μg/mL)a) 32 ± 3�,‡ -
RosA released from CA/10% RosA in acetone (140 ± 6 μg/mL)a) 49 ± 4‡ -
RosA released from CA/5% RosA in acetone (22 ± 3 μg/mL)b) - 35 ± ٭1

RosA released from CA/10% RosA in acetone (42 ± 2 μg/mL)b) - 79 ± ٭2

RosA released from CA/5% RosA in buffer after 4 h (31 ± 1 μg/mL)c) 9 ± 2ǂ,† 12.0 ± 1ǂ,†

RosA released from CA/10% RosA in buffer after 4 h (55 ± 6 μg/mL)c) 18 ± 3ǂ,§ 34.0 ± 1ǂ,§

RosA released from CA/5% RosA in buffer after 25 h (72 ± 1 μg/mL)c) 20 ± 2ǂǂ,† 41 ± 1ǂǂ,†

RosA released from CA/10% RosA in buffer after 25 h (139 ± 21 μg/mL)c) 43 ± 3ǂǂ,§ 82 ± 1ǂǂ,§

a)RosA released from 5 mg nanofibers dissolved in 3 mL of acetone.
b)RosA released from 5 mg nanofibers dissolved in 10 mL of acetone.
c)RosA released from 5 mg nanofibers in 2 mL of sodium acetate buffer solution.
Bioactivity of neat CA and its extracts were negligible. �, ‡ ,ǂ,٭ ǂǂ,†,§ indicate significant differences between corresponding values at p < 0.05.

nanofibers is illustrated in Fig. 5. Although significant differences
between relative viability of cells cultured in presence of media
containing RosA and extraction media were observed, clearly, all
the samples showed relative cell viability greater than 70% of the
control group indicating low toxic effect of RosA and electrospun
mats on cells.

4 Discussion

The poor bioavailability associated with low solubility of drugs is
one of the most challenging aspects of formulation development.

Figure 5. Relative cell viability of epithelial cells cultured with
RosA containing media and extraction media from neat and RosA-
loaded CA nanofibers (The relative cell viability of the control was
defined as 100%). ∗ indicates significant differences.

Solid dispersion is the most appropriate method to improve the
solubility and hence the bioavailability of a poorly water- soluble
drug [25,26]. Electrospinning is an interesting technique in gen-
erating drug delivery systems due to its ability to combine solid
dispersion and controlled release approaches [27,28]. Addition-
ally, electrospun fibers with their high surface area to volume
ratio and ability to embed a drug through dissolution or disper-
sion in the polymer solution can result in a high drug loading and
a sustained drug delivery [29]. Electrospun nanofibers are also
used as the TDDSs which are designed to facilitate the delivery of
target drugs into the body through the skin [30]. The TDDSs con-
taining NSAIDs are now being used for pain management [2].
The NSAIDs are among the most commonly used medication
of inflammatory diseases to relieve the pain. NSAIDs inhibit the
cyclooxygenase (COX) enzyme which catalyzes the conversion
of arachidonic acid to prostaglandins and thromboxane. Due to
the significant side effects of the most common NSAID medica-
tions, there is a great interest in natural compounds to reduce
pain and inflammation. Natural anti-inflammatory phytochem-
icals inhibit not only the COX pathway, but also the nuclear
factor-ҡB (NF-ҡB) inflammatory pathway [31]. Naturally de-
rived anti-inflammatory compounds such as curcumin [8, 32],
capsaicin [33, 34], ursolic acid [35] and gingerol [23] were suc-
cessfully incorporated into electrospun nanofibers in order to
develop transdermal patches.

Rosmarinic acid inhibits the expression of important inflam-
matory mediators including intercellular adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), ker-
atinocyte chemo-attractant (KC), macrophage inflammatory
protein-2 (MIP-2), COX and lipoxygenase (LOX) [36–39] and
complement activation [36]. The gene expression of these me-
diators is regulated via NF-ҡB pathway. Rosmarinic acid as a
phenolic compound is able to downregulate the NF-ҡB path-
way [37]. In addition, reactive oxygen species play central roles as
mediators in physiopathology process of inflammation [40, 41]
and contribute to tissue injuries caused by inflammation [41],
thus the free radical scavenging potential of RosA can assist its
anti-inflammatory properties [36].

Although incorporation of RosA in micro/nanoparticles for
biomedical and cosmetic applications were recently reported
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by many researchers [5, 19, 20, 42–47], this is the prelimi-
nary attempt to entrap RosA within a nanofibrous matrix
and to study the potential of RosA-loaded nanofibers as a
drug delivery system with anti-inflammatory and antioxidant
properties.

Neat and RosA-loaded CA nanofibers with diameters around
300–400 nm (Fig. 1 and Table 1) providing a large surface area
to volume ratio are promising structure for a high drug loading
and a sustained drug delivery.

FTIR spectroscopy (Fig. 2A) proving the formation of hydro-
gen bonds between CA and RosA corroborates good compatibil-
ity of RosA with CA. Existence of the drug crystal in a transdermal
patch restricts the uptake of drug through the skin decreasing the
bioavailability of the drug. Therefore, inhibition of the drug re-
crystallization is essential in order to maintain the efficiency and
quality of the transdermal patch. The fast evaporation of solvent
during electrospinning process results in freezing drug molecules
in nanofibrous matrix inhibiting the formation of drug crystals
[11]. As illustrated in Fig. 2B, no crystalline drug was present at
nanofibrous CA/5% RosA and CA/10% RosA mats demonstrat-
ing the dispersion of RosA molecules in an amorphous state in
CA nanofibers.

Since CA is soluble in glacial acetic acid, it is expected
that electrospun CA fibers are partially dissolved in the ac-
etate buffer solution. However, the crystalline structure of
both the neat and RosA-loaded CA nanofibrous mats inferred
from their melting endotherm peaks (Fig. 2B) would limit the
accessibility of the acetate buffer and thus the weight loss.
However, decreasing the crystallinity of polymer carrier re-
sulting from increasing the initial drug loading increased the
weight loss, albeit this increase was not statistically meaningful
(Figure 3A).

Association of RosA with CA matrix by strong linkages, ho-
mogeneous distribution of the drug within RosA-loaded solu-
tions due to the solubility of the RosA in acetone/DMAc and the
presence of drug in an amorphous state within nanofibers play
complementary roles in successfully entrapment of the drug in-
side the nanofibers with a high loading efficiency (Table 1), low
burst release, prolonged drug release, and releasing a large per-
centage of the drug [10] (Fig. 3C and D). The results of this
study revealed the great merit of CA nanofibers as RosA deliv-
ery patches compared to the previously reported polymer-based
RosA delivery systems. The loading efficiency of 40–60% and the
fast initial release of around 90–100% of RosA in 30–45 min that
were reported for chitosan micro/nanoparticle-based RosA de-
livery systems prepared by ionic gelation or spray drying might
be due to association of RosA with particles on their surfaces by
weak linkages [20, 45, 47].

According to Ritger-Peppas model, the release of RosA from
nanofibers is controlled by Fickian diffusion release mecha-
nism (Table 1). Diffusion of the drug from a polymeric matrix
corresponds to two mechanisms including drug diffusion out
of the matrix, and drug diffusion due to matrix degradation
[12]. Since semi-crystallinity of polymeric CA carriers restrains
degradation in acetate buffer, RosA release is predominantly

attributed to the diffusion or permeation of the drug through
CA nanofibers.

For a drug delivery system, retention of bioactivity of the drug
is also of great importance. Therefore to ensure that solvent and
electrical potential used in the fabrication process did not cause
any destruction in RosA properties, the anti-inflammatory and
antioxidant activities of RosA-loaded nanofibers were studied
and compared to those of free RosA.

Through protein denaturation induced by a strong acid or
base, a concentrated inorganic salt, or heat, proteins lose their
tertiary and secondary structures and biological functions [48].
Protein denaturation is a well-documented cause of inflamma-
tion. The compounds inhibiting the denaturation of proteins
in vitro might be used as anti-inflammatory agents. Therefore,
BSA denaturation method is an appropriate assay for the evalu-
ation of anti-inflammatory properties of a compound in vitro.
BSA denaturation caused by heating is followed by expression of
antigens associated with type III hypersensitive reaction which
in turn is related to chronic inflammatory diseases [49]. In the
present work, RosA and RosA-loaded nanofibrous mats showed
anti-inflammatory activity comparable to ibuprofen, a NSAID
standard drug, by inhibition of the BSA denaturation (Fig. 4A
and B and Table 2). Therefore, as anticipated, electrospinning
process does not have any adverse impact on RosA bioactivity.
In vitro assessment of anti-inflammatory activity can be sup-
plemented with membrane stabilization assay and heat induced
hemolysis test [48].

The IC50 value is an indicator of antioxidant capacity of a
product. RosA used in this study exhibited IC50 values within
the range of 1 to 50 μg/mL and 50 to 100 μg/mL corroborat-
ing very high and high antioxidant activity [50] of RosA dis-
solved in acetone and acetate buffer, respectively. RosA is an
ester of caffeic acid with 3,4-dihydroxyphenyl lactic acid. Its four
phenolic hydrogen specially two electroactive catechol moieties
can neutralize free radicals by an electron/proton donor mech-
anism [4, 51]. RosA loaded into nanofibers could maintain its
antioxidant activity without experiencing any deterioration after
being subjected to a high electrical potential (Fig. 4C and D and
Table 2).

To simulate the clinical use conditions so as to evaluate the
potential toxicological hazard of RosA, neat and RosA-loaded
nanofibers, the extract of samples was used. The acceptable val-
ues of relative cell viability confirmed the negligible hazard po-
tential of neat and RosA-loaded nanofibrous mats (Figure 5).
While the biocompatibility of CA nanofibers was also revealed
by other researchers [8, 23], the results proved the potential of
RosA to improve cell viability.

The overall results of this study demonstrate that elec-
trospinning can be successfully employed to fabricate RosA-
loaded nanofibers with high loading efficiency. Additionally,
RosA loaded into nanofibers retained its bioactivity and bio-
compatibility while it could be sustained release over a period
of 64 h irrespective of the initial drug loading. Therefore, RosA-
loaded CA nanofibers are potential candidate for developing
anti-inflammatory and antioxidant transdermal patches.
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Practical application

Rosmarinic acid, a phytochemical with non-steroidal anti-
inflammatory and antioxidant activities was loaded in CA
nanofibrous mats using electrospinning process to im-
prove its bioavailability and biostability. The electrospun
nanofibers exhibited smooth morphology with uniform
size distribution. Rosmarinic acid interacting with CA was
molecularly dispersed within the polymer carrier in an
amorphous state allowing a high loading efficiency, a low
burst release and a sustained release of RosA for a pe-
riod of 64 h. Although a decrease in crystallinity of CA
nanofibers was observed by increasing the RosA content
within nanofibers, RosA-loaded CA nanofibers exhibited
a semi-crystalline nature which restricted degradation of
nanofibers in acetate buffer solution resulting in predomi-
nance of Fickian diffusion mechanism. Additionally, RosA-
loaded nanofibers exhibited anti-inflammatory, antioxidant
and biocompatibility properties. Taking these promising
findings into account, the validation of electrospun RosA-
loaded nanofibers as a drug delivery system for pain man-
agement can be confirmed.
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