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coated poly(D,L-lactide) (PDLLA)
nanofibers prepared by electrospinning and
coating

J. J. Ahire,a D. Robertson,b D. P. Neveling,a A. J. van Reenenb and L. M. T. Dicks*a

Hyaluronic acid nanofibers (HA/PDLLA) were prepared by coating electrospun poly(D,L-lactide) (PDLLA)

with different concentrations of HA. Highest concentration of HA deposited onto PDLLA nanofibers

(17% per weight) were obtained by coating with 0.3% (w/v) HA. Coating with 0.5% (w/v) and 0.1% (w/v)

HA yielded a deposit of 3.8% and 3% per weight, respectively. All nanofibers were 300–400 nm in

diameter and microscopically homogeneous in structure, with traces of HA clearly visible on the

surface and in-between the fibers. Examination of the nanofibers with Fourier transform infrared (FTIR)

spectroscopy, thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) revealed

changes in the properties of the nanofibers when coated with 0.3% (w/v) HA. Release of HA from HA/

PDLLA fibers were at a linear and constant rate. One possible application for HA/PDLLA is the coating

of surfaces, such as medical implants, to prevent secondary microbial infections during recovery from

surgery.
1. Introduction

Hyaluronic acid (HA), naturally found in all living organisms, is
a linear polyanionic polysaccharide composed of repeating
disaccharide units of a-1,4-D-glucoronic acid and b-1,3-N-acetyl-
D-glucosamine.1 The main function of HA is to maintain the
elasticity and water content of connective tissue in joints. The
non-toxic, non-inammatory and non-immunogenic charac-
teristics of HA, in addition to its biodegradability, renders it safe
to be used in many medical applications. This includes
replacement of joint uid (thus treatment of arthritis),
replacement of eye uid and the repair of tissue, for instance in
wound healing.2–8 Hyaluronic acid reduces nerve impulses and
nerve sensitivity and may thus also be used as a natural pain
killer.5 Other properties include stimulation of pro-
inammatory mediators and metalloproteinases, inhibition of
leukocyte and macrophage migration and regulation of bro-
blast proliferation.5 More recently, HA has been investigated as
a drug delivery agent.3

In its natural form, HA does not interact with cells, but rather
act as a lubricant between tissue surfaces. From a practical
point, the extraordinary rheological properties of HA that
renders it “easily movable” and “pseudo-plastic”may be viewed
as a limitation. To overcome the problem, HA was deposited
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onto ne bers with a large surface to volume ratio.9 The
coating ratio for chitosan bers was 3.8% per weight. This
caused a 25% increase in the swelling of the bers. The poly-
electrolytic nature, high viscosity, even at low concentrations,
and high surface tension makes the electrospinning of HA
difficult.1,10,11 Coating of nanobers, on the other hand, has its
own challenges, such as nding the concentration of HA that
will produce nanobers with uniform texture.1 Um and co-
workers12 electrospun HA into nanobers by using an air ow of
70 3 h�1 at 57 �C. Brenner and co-workers1 used aqueous
ammonium solutions to electrospin HA into nanobers.

Poly(D,L-lactide) (PDLLA) is used in drug delivery systems,13,14

the coating of implants for delivery of growth factors15–17 and in
bone tissue engineering.18 Although electrospinning is per-
formed using coaxial, side-by-side and tri-axial processes,19–22

single-uid electrospinning is still mostly used. In this study, we
report on the properties of HA/PDLLA nanobers produced
from single-uid electrospinning and surface coating of the
nanobers.
2. Experimental
2.1. Materials

Poly(D,L-lactide) (PDLLA,Mw 0.075–0.12 MDa) and poly(ethylene
oxide) (PEO,Mw 0.2 MDa) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Hyaluronic acid (sodium salt, Mw �0.6–1.1
MDa) was supplied by Novozyme Biopharma (Monza, Milan,
Italy) and used without further modications. N,N-Dime-
thylformamide (DMF) was from Sigma-Aldrich. All other
reagents were of analytical grade.
RSC Adv., 2016, 6, 34791–34796 | 34791
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2.2. Electrospinning of nanobers and coating with
hyaluronic acid

PDLLA/PEO nanobers were electrospun by using the gravity
electrospinning process described by Heunis et al.23 and Ahire
et al.24 An equal volume of PDLLA and PEO was dissolved by
heating in DMF at 40 �C to produce a nal concentration of 24%
(v/v). The suspension was electrospun into nanobers by
applying a constant electric eld of +10 kV to the polymer
solution and �5 kV to the collector. The relative humidity was
controlled at 50–55%. Nanobers were air dried at room
temperature for 24 h.

The PDLLA/PEO nanobers were immersed in deionised
water for 72 h, with water replaced every 24 h. During this
process, the more hydrophilic PEO was dissolved to produce
a more porous PDLLA nanober scaffold. The nanobers were
freeze-dried overnight (Virtis freeze dryer, SP Industries,
Gardiner, NY, USA) to remove residual water. Removal of PEO
from the nanobers was conrmed by Fourier transform
infrared (FTIR) spectroscopy, differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA).

Coating of the nanobers with HA was performed according
to the method used by Maeda et al.9 In brief, PDLLA nanobers
were immersed into three separate solutions of HA (0.1, 0.3, and
0.5%, w/v) for 72 h. Nanobers from each solution were gently
washed with deionised water to remove excess HA and then
freeze-dried, as described elsewhere. The coating ratio was
calculated by using the equation.

Coating ratio (%) ¼ [(WHA/PDLLA � WPDLLA)/WPDLLA] � 100

where, WHA/PDLLA represents the weight of PDLLA bers aer
coating and WPDLLA weight before HA coating.
2.3. Scanning electron microscopy (SEM)

The nanobers were coated with carbon and imaged using the
FEI Nova nanoSEM 230 (FEI Company, USA). The diameter of
the nanobers was analysed by using ImageJ soware (Scion
Corporation, USA).
2.4. Fourier transform infrared (FTIR) spectroscopy

Nanobers were analyzed by means of FTIR spectroscopy
operating in ATR (attenuated total reectance) mode.
Measurements were made using a Thermo Scientic, Nicolet
iS10 spectrometer (Waltham, MA, USA), equipped with a dia-
mond crystal. Spectra of samples were collected at room
temperature between 650 and 4000 cm�1. The spectral resolu-
tion was 4 cm�1 and 64 scans were recorded per sample. Data
collection and processing were done with Thermo Scientic
OMNIC soware (Waltham, MA, USA).
2.5. Thermogravimetric analysis (TGA)

Thermal stability analysis was conducted on a TA Instruments
Q500 thermogravimetric analyzer (Waltham, MA, USA). Nano-
ber samples (ca. 2 mg) were analysed under inert nitrogen
atmosphere with a constant ow rate of 60 ml min�1.
34792 | RSC Adv., 2016, 6, 34791–34796
Measurements were done from 25 �C to 600 �C, at a heating rate
of 20 �C min�1.

2.6. Differential scanning calorimetry (DSC)

DSC studies were conducted using a TA Instruments Q100
calorimeter, calibrated with an indium metal standard accord-
ing to standard procedures. All analyses were done under
nitrogen atmosphere with a gas ow rate of 50 ml min�1.
Heating and cooling scan rates were kept constant at 10 �C
min�1. Sample mass were 2 mg.

2.7. Fiber swelling

Fiber swelling was performed according to the method
described by Maeda et al.9 In brief, nanober mats were soaked
in deionised water for 1 h. Excess water was removed by gentle
blotting onto lter paper. The swelling ratio was calculated by
using the equation.

Swelling ratio (%) ¼ [(Ws � Wd)/Wd] � 100

where,Ws andWd represents the weight of swollen and dry ber
mats, respectively.

2.8. Controlled release

The 0.3% HA coated PDLLA nanobers, weighing approxi-
mately 3 mg, were immersed in a solution of deionised water,
phosphate buffer saline (PBS, pH 7.3) and 1 M NaCl for 4 h and
then transferred to a fresh volume of the respective solutions.
Six transfers were made in 24 h, each with 4 h intervals. The air
dried ber mats were coated with gold and studied under a SEM
(Leo 1430VP, Zeiss). The concentration of HA released was
determined by using the carbazole assay, as described by Bitter
and Muir.25 In brief, 100 ml of the eluent was mixed with 500 ml
of 25 mM Na2B4O7 in H2SO4 and incubated for 15 min at 95 �C.
Aer 2 min cooling on ice, 20 ml of 0.125% (w/v) carbazole,
dissolved in absolute ethanol, was added and samples were
incubated for another 15 min at 95 �C. All the samples were
cooled at room temperature and transferred to wells in a 96-well
microtiter plate (Greiner Bio-one, USA). The plate was read at
550 nm, using a microplate reader (Reader x-Mark, Bio-Rad). A
standard curve was constructed with different concentrations
(0–110 mg ml�1) HA sodium salt (Mw: 0.6–1.1 MDa).

3. Results and discussion
3.1. Electrospinning and coating of nanobers

The PDLLA/PEO nanobers, 400 to 500 nm (avg. ber diameter;
445 � 105 nm) in diameter, had a smooth and homogenous
texture (Fig. 1a). This corresponded to previous ndings.23,24,26–28

Aer extraction of PEO, the nanobers decreased to between
300 and 400 nm (avg. 395 � 68 nm), and appeared more porous
and rough with compact arrangements (Fig. 1b). Approximately
35.86% weight loss was recorded aer extraction of PEO from
PDLLA bers. The difference in diameter observed amongst
uncoated nanobers and nanobers coated with 0.1%, w/v
(avg. 329 � 66 nm), 0.3%, w/v (avg. 346 � 81 nm) and 0.5%,
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Scanning electron microscopy (SEM) images of (a) PDLLA/PEO nanofibers, (b) PDLLA fibers after PEO extraction, (c) PDLLA fibers coated
with 0.1% HA, (d) 0.3% HA, and (e) 0.5% HA. The high magnification images are shown as inserts.
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w/v (avg. 334 � 69 nm) HA (Fig. 1c–e, respectively) may be
attributed to the coating process and freeze-drying of the
nanobers. The diameter of HA coated nanobers was in the
range of uncoated PDLLA nanobers (300–400 nm in diameter).
The highest coating ratio (17% per weight) was recorded with
0.3% HA, followed by 3.8% per weight (0.5%, w/v HA) and 3%
per weight (0.1%, w/v HA).
3.2. FTIR spectroscopy

FTIR analyses conrmed the extraction of PEO from PDLLA/
PEO nanobers and the coating of the bers with HA. The
results, presented in Fig. 2a and b, shows the two regions of
interest. Extraction of PEO was conrmed by disappearance of
the CH2 wagging vibration peak at 1340 cm�1, which is specic
for PEO conformation. A broad peak at 3300 cm�1 was observed
for pure HA, which can be attributed to the OH– and NH–

groups present in the acid. This peak was present for all PDLLA
nanobers treated with HA, indicating that they were success-
fully coated. Furthermore, an additional HA peak was visible at
1600 cm�1 in HA-coated bers, which correlates to the carbonyl
(C]O) absorbance of HA. Fibers coated with 0.3% (w/v) HA
showed the highest infrared absorbance in both regions
Fig. 2 Fourier transform infrared (FTIR) spectra of the various samples at diff

This journal is © The Royal Society of Chemistry 2016
(1600 cm�1 and 3300 cm�1), suggesting that these nanobers
contained the highest concentration of HA. Lower FTIR read-
ings were recorded for nanobers coated with 0.5% (w/v) and
0.1% (w/v) HA (Fig. 2), suggesting that less HA was deposited on
these nanobers. No peaks were observed for pure PDLLA at
these wave numbers.
3.3. Thermogravimetric analysis (TGA)

Thermal stability results are presented by the TGA and DTGA
(rst derivative) curves of the various samples. The graph pre-
sented in Fig. 3a clearly showsmultiple weight loss steps for HA.
The rst step is a characteristic for water loss of approx. 10% up
to 180 �C. The second and third steps are characteristic of a two-
stage polysaccharide degradation, starting at 180 and 300 �C as
shown by a weight loss close to 40% and 10% (Fig. 3a).29 These
results suggested that close to 40% of the compounds in HA
were thermostable. Two distinctive weight losses were observed
for the PDLLA/PEO blend, correlating to the PDLLA and PEO
homopolymers, respectively. Each weight loss correlated to the
original 50 : 50 wt% blend composition. PDLLA bers treated
with HA resulted in an earlier onset of thermal degradation
(Fig. 3a). The individual rst derivative peaks of all samples are
erent wavenumber regions: (a) 2500–4000 cm�1, (b) 1000–2000 cm�1.

RSC Adv., 2016, 6, 34791–34796 | 34793
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Fig. 3 (a) Thermogravimetric analysis (TGA) and (b) first derivative thermogravimetric analysis (DTGA) curves of samples during non-isothermal
heating to 600 �C at 20 �C min�1.

Fig. 4 (a) Differential scanning calorimetry (DSC) thermograms of pure hyaluronic acid (HA) and PDLLA/PEO blend during heating and cooling
cycles, (b) DSC heating curves of the Tg region for coated and uncoated PDLLA fibers.
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shown in Fig. 3b. The peak temperatures refer to the point
whereby the sample degraded to half of its original weight.
When comparing all the HA-coated samples, 0.3% HA had the
highest thermal stability and had the smallest effect on the
thermal degradation of PDLLA bers (Fig. 3b). Peak tempera-
tures decreased from 353 �C for PDLLA to 308 �C aer coating
with 0.5% (w/v) HA (Fig. 3b).
Fig. 5 Percent swelling ratio of PDLLA/PEO, PDLLA, and 0.1, 0.3, and
0.5% hyaluronic acid (HA) coated PDLLA fibers immersed in deionised
water for 1 h at room temperature. Data points are the average of three
independent experiments (mean � standard deviation).
3.4. Differential scanning calorimetry (DSC)

Further thermal analyses performed by differential scanning
calorimetry are shown in Fig. 4. Graph (a) shows the thermo-
grams for pure HA and the PDLLA/PEO electrospun blend. A
distinct crystalline melting endotherm and crystallization exo-
therm was visible for the PDLLA/PEO bers. This may be
attributed to the semi-crystalline PEO in the blend. No melting
endotherms or crystallization exotherms were observed for
PDLLA aer extraction of PEO, due to the highly amorphous
nature of the polymer. This was conrmed by a large glass
transition event at 50 �C, as shown in graph (b), associated with
the mobile amorphous regions of PDLLA. Addition of HA had
no effect on the Tg temperature, but resulted in a decrease in the
magnitude of the glass transition event with 0.3% HA showing
the slightest decrease in heat ow when moving through the
glass transition temperature range. A less distinct Tg transition
suggested that addition of HA lowered the amount of amor-
phous regions within the polymer, resulting in a slightly more
34794 | RSC Adv., 2016, 6, 34791–34796
crystalline material. Furthermore, the results suggested that HA
incorporation is affected by the polymer matrix. This may be the
reason why the thermal stability (observed from TGA) for the
treated bers were the highest at 0.3% (w/v) HA.
3.5. Fiber swelling

The 0.3% HA treated PDLLA bers showed highest ber
swelling ratio (377 � 2.5%), compared to PDLLA/PEO (362 �
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Controlled release of hyaluronic acid (HA) from HA coated PDLLA fibers in deionised water, phosphate buffer saline (PBS, pH 7.3) and 1 M
sodium chloride (NaCl) for 24 h (a), data points are the average of three independent experiments (mean � standard deviation). SEM images for
HA coated PDLLA fibers in, (b) deionised water, (c) PBS, and (d) NaCl.
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3.0%), PDLLA (101 � 3.2%), and 0.1% HA (116 � 4.9%) and
0.5% HA (105 � 5.1%)-treated PDLLA bers (Fig. 5). The
swelling values obtained with 0.5% HA coated PDLLA bers are
not in agreement with HA coating ratio due to the possible
release of HA from PDLLA bers in deionised water. These
results are, however, in agreement with FTIR, TGA and DSC
analyses and suggest that 0.3% HA treatment had a unique
effect on PDLLA bers. The stable retention of HA in polymer
matrix with 0.3% HA treatment is the possible reason that
PDLLA bers showed highest swelling. The degree of swelling is
highly related to the diffusion of hydrophilic or hydrophobic
drugs, biocompatibility, and the rates of enzymatic or hydrolytic
degradation.30
3.6. Controlled release

The initial burst release of HA was estimated in NaCl (33.8 �
1.4 mg ml�1), followed by sustained decline for subsequent
hours (Fig. 6a). Similarly, in PBS, HA coated PDLLA bers
showed burst release (24.9 � 3.2 mg ml�1), followed by sus-
tained decline for subsequent hours (Fig. 6a). In contrast, no
initial burst release followed by controlled and sustained
release of HA (12 � 1.1 mg ml�1) was estimated in deionised
water for up to 24 h (Fig. 6a). These results suggested retention
of HA on or in the PDLLA matrix. The SEM images of HA
coated PDLLA bers aer 24 h release study in different media
showed variations in morphology (Fig. 6b–d). Fibers from
deionised water showed smooth and melted morphologies
with little degradation as compared with PBS and sodium
chloride (Fig. 6b). The disintegrated ber structures and
rough morphologies of nanobers are indicative of burst
release of HA (Fig. 6c and d). These result correlates well with
the estimated release of HA from PDLLA bers in different
media.
This journal is © The Royal Society of Chemistry 2016
4. Conclusions

Hyaluronic acid-coated PDLLA bers were successfully prepared
by coating electrospun bers. A higher coating efficiency (17
wt%) and swelling ratio (377%) of PDLLA bers were obtained
with 0.3% (w/v) HA treatment. Results obtained by FTIR, TGA
and DSC conrmed the nding. Controlled release of HA from
PDLLA nanobers suggests that these nanohybrids may be used
to coat medical implants.
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