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Abstract The hydrophobic nature of Poly L–Lactide (PLLA)
limits its application in tissue engineering and drug delivery.
In the present study, three methods were used to modify the
hydrophobic properties of PLLA. In one method, hydrophilic
PLLA fibers with open porous structure were produced by
electrospinning method using water bath collector. In the sec-
ond method, PLLAwas made hydrophilic by the addition of
hydrophilic polymers such as cellulose acetate (CA) and in the
third method PLLAwas blended with hydrophilic silk fibroin
(SF) from Bombyx mori silk. The surface morphology of the
electrospun PLLA based fibers was studied by scanning elec-
tronmicroscopy (SEM) and transmission electronmicroscopy
(TEM). The pore size distribution and average fiber diameter
of the PLLA based fibrous scaffolds were studied by capillary
flow porometry. The contact angle measurements and water
uptake test showed remarkable increase in hydrophilicity of
the prepared PLLA based fibrous scaffolds. The herbal rich
anti-tumor properties of turmeric in the form of curcuminwere
incorporated into PLLA based scaffolds and the presence of
curcumin was identified by FT-Raman. The biocompatibility
and anti-cancer activity of the PLLA based scaffolds and
curcumin loaded PLLA based scaffolds were studied using
mouse embryonic fibroblasts (NIH 3 T3) and human breast
cancer (MCF 7) cell lines over a period of 24, 48 and 72 h by
{3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium}
(MTT) assay. These results confirmed the prepared

electrospun fibrous scaffolds as a promising carrier for bio-
medical applications.
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Introduction

Prevention of cancer by intensive and harmless long-term care
is one of the major challenges faced today. Drug loaded
electrospun scaffolds in the form of fibers can be fabricated
and placed as dressing on the surface of tumours to control the
growth of cancer cells. The hydrophobic nature in polymers
generally does not promote good cell adhesion and exhibits
poor cellular affinity [1, 2]. Hence, hydrophobic polymers are
blended with hydrophilic matrices to enhance good endothe-
lial cell adhesion and proliferation [3, 4]. The combination of
biocompatible natural and synthetic fibrous scaffolds is
gaining wide acceptance to improve cell adhesion and prolif-
eration rate. Recently, gelatin was incorporated into poly (έ-
caprolactone)-forsterite (PCL-F) and its hydrophilicity was
improved by sequential electrospinning method [4]. These
hydrophilic fibers are reported to possess same mechanical
properties but better cellular infiltration compared to the indi-
vidual gelatin and PCL-F scaffolds. Electrospun nanofibrous
scaffolds are widely used as drug carriers for biomedical ap-
plications due to their highly porous structure similar to hu-
man extracellular matrix [5–8]. In these electrospun mats, the
temperature of collector during electrospinning is reported to
greatly influence the surface morphology and porosity (i.e.,
pore size, depth, shape and distribution) of the fibrous mats
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[9]. Nanofibrous scaffolds, which have open porous structure,
are highly favored due to increase in cell attachment and tissue
compatibility. However, low vapor pressure, high boiling
point, miscibility of solvent with water and quick solidifica-
tion of polymers lead to limitations in fabricating porous
electrospun fibers [10]. Simple porous membranes or film
templates with tunable pore sizes are also successfully fabri-
cated using breath figure mechanism and phase separation
methods and used in tissue engineering [11]. However, the
advantages of electrospun scaffolds are that they are tailor
made based on the needed porosity in fibers. A typical exam-
ple is a case where two different polymers were electrospun
simultaneously; later one type of polymer fiber was selective-
ly removed thereby inducing pores in the other which provid-
ed space for cell infiltration [12]. In addition, these electrospun
fibers can also be collected over water bath to produce highly
porous fibers with large surface area to volume ratio [13],
useful in tissue engineering, wound dressings and drug deliv-
ery. Highly open porous nanofibrous structure achieves suffi-
cient cell seeding density within the scaffold and also facili-
tates free transport of nutrients and oxygen thereby leading to
effective cell proliferation and differentiation [14]. The pre-
pared porous scaffolds could be utilized for incorporating
drugs during electrospinning for drug delivery. In the present
study, curcumin (derived from Curcuma Longa L), which is
one of the most widely exploited herbal drugs to treat cancer
cells [15–17] has been incorporated into PLLA based solu-
tion. It was chosen because it is reported to induce apoptosis in
cancerous cells [18] without affecting the healthy cells. More-
over, the presence of phenolic group in curcumin is essential
for free-radical scavenging activity and the methoxy group
present enhances the anticancer activity [19].

The significance of this investigation lies in the usage of
three types of methods to modify the hydrophobic nature of
PLLA for curcumin delivery. In the first method, a water bath
collector was attached to the electrospinning machine to pro-
duce PLLA microfibers with an open porous structure. In the
second method, natural polymer such as cellulose acetate
(CA) was used to increase the hydrophilicity of PLLA and
electrospun to obtain PLLA-CA nanofibrous scaffold. In the
third method, PLLAwas blended with silk fibroin from natu-
rally available Bombyx mori silk and electrospun to produce
super hydrophilic PLLA-SF nanofibrous scaffold. Similarly,
curcumin was loaded into PLLA based solution and
electrospun to produce curcumin dispersed PLLA based mi-
cro and nano fibrous scaffold as observed by transmission
electron microscopy (TEM) imaging. The hydrophilic proper-
ties of the prepared PLLA based fibrous scaffold was studied
by contact angle measurements and water uptake test. While
the biocompatibility of the prepared hydrophilic PLLA based
fibrous scaffold and curcumin loaded PLLA based fibrous
scaffold were assessed using mouse embryonic fibroblasts
(NIH 3 T3) cell lines, the anticancer activity of curcumin

loaded hydrophilic PLLA based fibrous scaffold were
assessed using human breast cancer (MCF 7) cell lines. The
FT-Raman, capillary flow porometry and in-vitro curcumin
release for the prepared PLLA based fibrous scaffold were
studied and reported.

Experimental

Materials

Poly L – lactide (Mw=100,000–150,000), Cellulose acetate
(Mn~50,000 by GPC) and Curcumin derived from Curcuma
longa Lwere purchased from Sigma –Aldrich, India. Bombyx
mori silk was purchased from Sericulture Lab, Coimbatore,
India. Chloroform, 1, 2-dichloroethane (DCE), Ethanol and
Tri-fluoro acetic acid (TFA) were purchased from Sisco Re-
search Laboratories Pvt. Ltd., India.

Preparation of electrospun PLLA based fibrous scaffolds

Electrospinning technique requires a high voltage source and
solution or melts with sufficient viscoelasticity to be able to
spin in the form of nanofibrous or microfibrous scaffolds. The
detailed procedure of electrospinning set-up is described [20]
earlier. Curcumin (0.5, 1 and 1.5 wt%) was loaded to opti-
mized concentration of PLLA in chloroform at 12 wt% by
gentle stirring for 4 h. PLLA (10 wt%) and CA (0.5, 1 and
2 wt%) were co-dissolved in the mixture of DCE and ethanol
in the ratio of 4:1 by continuous stirring for 24 h. Silk fibroin
was isolated from Bombyx mori silk cocoons by degumming
process [21] after removal of sericin. An equal amount of
PLLA pellets and SF were co-dissolved in TFA to a concen-
tration of 10 wt%. Then curcumin was added to the homoge-
neous PLLA-CA and PLLA-SF solution and stirred continu-
ously for 4 h. It was then electrospun at a distance of 12–17 cm
from the needle tip of 0.56 mm inner diameter and the electric
voltage of 25–30 kV with flow rate of 0.5 mL/h.

Measurements and characterization

The morphology of electrospun fibers was studied by scan-
ning electron microscopy (SEM-Hitachi, Model: S-3400 N) at
an accelerating voltage of 0–15 kV. The average diameters of
the electrospun fibers were analyzed using Image J software.
Transmission electron microscopy (TEM-TF 20: Tecnai) op-
erating at 200 kV was used to study the dispersion of
curcumin in PLLA based fibrous scaffold using a carbon-
coated grid. The porosity of PLLA based fibrous scaffold
was measured using a capillary flow porometer (CST-1200-
ASL). The sample thickness, sample diameter and surface
tension used in the capillary flow porometer are 0.04 cm,
20 mm and 1.5 dyn/cm respectively. The interaction of
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curcumin with PLLA was studied by FT-Raman measure-
ments using BRUKER RFS 27 in the range of 500–
4000 cm−1 respectively. The percentage of water uptake test
was studied using deionised water (DW) [20]. Euromex opti-
cal microscope equipped with a CCD camera was used to
measure the contact angle of electrospun fibers [20]. In–vitro
cytotoxicity test was performed by MTT {3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium} assay [20].
NIH 3 T3 cells were used to assess the biocompatibility of
the hydrophilic porous PLLA and PLLA hybrid fibers and
MCF 7 cell lines were used to assess the anticancer activity
of curcumin loaded hydrophilic porous PLLA and PLLA

based fibrous scaffolds. The in-vitro curcumin release from
the porous PLLA and PLLA based fibers was studied in phos-
phate buffer solution (PBS) with 10 % DMSO solution using
HPLC with UV detector [20].

Results and discussion

SEM was used to analyze the surface morphology of
electrospun PLLA fibers collected under water bath, PLLA–
CA fibers using plate collector and PLLA–SF fibers using

Fig. 1 SEM images of a PLLA
microfibers b C-PLLA
microfibers c PLLA-DCE-
ethanol (8 wt%), d PLLA-DCE-
ethanol (10 wt%), e PLLA-CA
(10–0.5 wt%), f PLLA-CA (10–
1 wt%), g PLLA-CA (10–2 wt%)
h C-PLLA-CA (0.5–10–1 wt%), i
PLLA-TFA (38 wt%), j PLLA-
TFA (40 wt%), k PLLA-SF l C-
PLLA-SF and TEM images of
electrospun m C-PLLA, n C-
PLLA-CA and o C-PLLA-SF
fibers
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drum collector. Figure 1 shows large variation on the mor-
phology of the fibrous surface depending upon the composi-
tion of the blend, solvent and collector used. PLLA was dis-
solved in chloroform at 12 wt% concentration and electrospun
in a water bath collector to produce the open porous structure
in the PLLA microfibers. The average diameters of the fibers

were found to be in the range of 2 to 2.5 μm. A highly porous
single PLLA microfiber at 1 μm and 500 nm magnifications
are shown in Fig. 1a. It is observed that the porous structure in
the PLLAmicrofibers was formed while chloroform was used
as solvent, which may be attributed to its immiscibility with
water and also could be due to its low boiling point. Moreover,
during electrospinning, the residual chloroformmolecules that
remain on the fibers are encapsulated by the water molecules,
that provide additional space in the form of deep holed [14]
open porous structure during drying. In the case of curcumin
incorporated PLLA, the dispersion of curcumin within the
deep holes or pockets was observed in the SEM and even
more clearly in the TEM images as shown in Fig. 1b and m.
Smooth and continuous PLLA-CA nanofibrous scaffold were
prepared using DCE-ethanol mixture in the ratio of 4:1 at a
total concentration of 10 wt%, since a total solution concen-
tration of 8 wt% during electrospinning produced fibers with
beads. Thus the total concentration of solutions was found to
play a vital role in altering the surface morphology of prepared
nanofibrous scaffold as reported in literature [22]. When CA
(0.5 wt%) was incorporated into PLLA (10 wt%) solution, the
electrospun fibers were observed to have a beaded structure.
However, when CA (1 wt%) was incorporated into PLLA
(10wt%) solution, smooth rod shaped, continuous and beadless
ultrathin fibers were obtained in the range of 110±40 nm. Fur-
ther on increasing the CA (2 wt%) concentration to PLLA
(10 wt%) solution, the average fiber diameter also increased
to 190±40 nm. Curcumin (0.5 wt%) in DCE:ethanol mixture,
was then added to PLLA-CA (10–1 wt%) solution and

Fig. 2 Average diameters in
microns Vs Pore size distribution
of PLLA based fibers a PLLA
microfibers b PLLA-CA and c
PLLA-SF nanofibers

Table 1 Capillary flow porometry studies of electrospun PLLA based
fibers

Samples code PLLA
microfibers

PLLA-CA
nanofibers

PLLA-SF
nanofibers

Mean pore size 2.6193 μm 0.3885 μm 1.503 μm

Median pore size 2.1232 μm 0.262 μm 0.8554 μm

Maximum pore size
distribution

67.5887 983.7092 139.7775

Diameter at maximum
pore size distribution

3.9348 μm 0.6485 μm 2.973 μm

Standard deviation of
average pore diameter

2.4243 μm 0.4298 μm 2.1132 μm

Mean flow pore pressure 1.52 PSI 9.47 PSI 2.068 PSI

Mean flow pore diameter 4.3402 μm 0.6967 μm 3.1915 μm

Bubble point pressure 0.973 PSI 4.419 PSI 1.266 PSI

Largest detected pore
diameter

6.779 μm 1.4933 μm 5.2113 μm

Smallest detected pore
diameter (at 100 %
cumulative filter flow)

2.7581 μm 0.6158 μm 2.4737 μm

Pressure at smallest pore 2.392 PSI 10.715 PSI 2.667 PSI

Pressure at largest pore 0.973 PSI 4.419 PSI 1.266 PSI
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electrospun to obtain smooth beadless curcumin loaded PLLA-
CA nanofibrous scaffold (i.e., C-PLLA-CA nanofibers) in the
average diameter range of 150±40 nm. TEM images show
clear dispersion of curcumin in the C-PLLA-CA fibers as
shown in Fig. 1n. When PLLA was dissolved in TFA at a
concentration of 10 wt% and electrospun it resulted only in
electrospraying. Electrospinning was then carried out by in-
creasing the concentration of TFA up to 40 wt%. Smooth
beadless morphology was observed at a PLLA concentration
of 40 wt% and the average diameter of the PLLA fibers were
found to be in the range of 100±20 nm. Electrospinning of
PLLA solution at 38 wt% showed a beaded structure as shown
in Fig. 3a. The cylindrically shaped PLLA-SF fibers were
obtained with an average fiber diameter of 150±30 nm. After
incorporation of curcumin (1 wt%) into PLLA-SF, the average
fiber diameter of PLLA-SF increased to 180±30 nm due to the
dispersion of curcumin as shown in Fig. 3d.

The pore size distribution and average diameter of the
PLLA based fibers are presented in Table 1. The largest and
smallest detected pore diameters of PLLA nanofibrous scaf-
fold are higher than PLLA-CA and PLLA-SF nanofibrous
scaffold. The open porous structure present in PLLA
microfibers along with the presence of interconnected pores
are the reason for higher pore diameter of PLLA microfibrous
scaffold compared to PLLA-CA and PLLA-SF nanofibrous
scaffold. The larger pores have greater overall fraction of the
pore volume within the scaffold [23]. The average diameters
in microns versus pore size distribution graphically are shown

in Fig. 2. PLLA-CA nanofibrous scaffold has large pore size
distribution and less average diameter compared to PLLA and
PLLA-SF nanofibrous scaffold due to the addition of less
concentration of CA to PLLA.

The hydrophilicity of the electrospun polymer fibers highly
induces cell adhesion for biomedical applications [24]. Of the
various methods adopted to improve the hydrophilic behavior

Fig. 4 FT-Raman spectra of (i) C-PLLA, (ii) PLLA, (iii) C-PLLA-CA,
(iv) PLLA-CA, (v) C-PLLA-SF, (vi) neat Curcumin and (vii) PLLA-SF

Fig. 3 (i) Contact angle
measurements of PLLA based
fibers a PLLA microfibers b
PLLA-CA and c PLLA-SF
nanofibers and (ii) Water up-take
test of PLLA based fibers a PLLA
microfibers b PLLA-CA and c
PLLA-SF nanofibers
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of PLLA, the addition of natural polymers, such as SF was
used as a blend to PLLA which greatly enhanced the hydro-
philicity of PLLA compared to PLLA-CA nanofibrous

scaffold and PLLA fibers collected over water bath as shown
in Fig. 3 (i) and (ii). The contact angle of PLLA microfibrous
scaffold, PLLA-CA and PLLA-SF nanofibrous scaffold were

Fig. 5 MTT assay for PLLA
based fibers cell viability graph of
(i) NIH 3 T3 and (ii) MCF 7 cell
lines a control b PLLA, c PLLA-
CA, d PLLA-SF, e C-PLLA, f C-
PLLA-CA and gC-PLLA-SF and
(iii) SEM images of NIH 3 T3 cell
lines seeded on PLLA based
fibers after 72 h a PLLA, b C-
PLLA, c PLLA-CA, d C-PLLA-
CA, e PLLA-SF and f C-PLLA-
SF

24 Page 6 of 9 J Polym Res (2015) 22: 24



found to be 72±3°, 67±3° and 0° respectively. The present
result shows the ease in the conversion of super hydrophobic
PLLA to super hydrophilic PLLA-SF nanofibrous scaffold
upon the addition of SF which has improved diffusion path-
ways [25], suitable for hydrophobic curcumin delivery. Simi-
lar results were also observed from the water up-take test,
which supports the data of contact angle measurements. The
water uptake test % of PLLA microfibers, PLLA-CA and
PLLA-SF nanofibrous scaffold were found to be 60 %
(4 days), 80 % (10 days) and 130 % (15 days) respectively.

The FT-Raman spectroscopic studies of neat curcumin and
electrospun PLLA based fibrous scaffold are shown in Fig. 4.
The characteristic peaks of curcumin were observed at
1629 cm−1, 1600 cm−1, 1530 cm−1, 1498 cm−1, 1462 cm−1,
1429 cm−1, 1319 cm−1, 1250 cm−1, 1183 cm−1, 1154 cm−1 and
963 cm−1 as seen in Fig. 4(vi). The most intense characteristic
bands of curcumin were observed at 1629 cm−1, 1600 cm−1,
1185 cm−1 and 965 cm−1 which can be attributed to the aro-
matic ring and C-O-C and C-O-H vibrations. In the case of
curcumin loaded PLLA-CA based fibrous scaffold, the peak
at 1770 cm−1 disappeared and the presence of curcumin peak
appeared at 1634 cm−1 and 1585 cm−1, whereas in the case of
curcumin loaded PLLA-SF based fibrous scaffold, the char-
acteristic peaks of silk fibroin that were observed at
1769 cm−1, 1669 cm−1 and 1607 cm−1 were found to shift
towards 1767 cm−1, 1631 cm−1 and 1597 cm−1 respectively.

These results confirm the presence of curcumin in the
curcumin loaded PLLA based fibrous scaffold.

Biocompatibility studies of the electrospun PLLA based
fibrous scaffolds were evaluated by MTT assay, using NIH
3 T3 fibroblast cell lines for a period of 24, 48 and 72 h
respectively. The SEM images of PLLA and PLLA based
nanofibers scaffolds after incubation with NIH 3 T3 cells are
shown in Fig. 5. MTT assay results after 72 h of incubation
using all the three PLLA based scaffolds, (i.e.,) PLLA, PLLA-
SF, PLLA-CA show more than 100 % cell viability. Thus,
these results show good cell attachment and proliferation rate
in all the prepared scaffolds. Curcumin loaded PLLA and
PLLA based CA and SF fibers were found to be non-toxic
as proven by their good cell viability (Fig. 5(i)). 1 wt% of
curcumin loaded in the C-PLLA, C-PLLA-SF and C-PLLA-
CA fibers show anti-proliferative effects inMCF 7 cell lines as
shown in Fig. 5 (ii). Curcumin induces reduction in theMCF 7
cell viability which is mediated via caspase-dependent apo-
ptosis [26]. Treatment of MCF 7 cells with curcumin induces
an increase in p53 levels which eventually result in cell cycle
arrest [27]. In addition, curcumin regulates the expression of
many oncogenes involved in proliferation and apoptosis in
breast cancer cells [28]. Even though there is no considerable
difference in the uptake of curcumin between normal and
cancer cells, more apoptosis in cancer cells indicates the af-
finity of curcumin towards cancer cells. This can be due to the

Fig. 6 Curcumin release from (i)
C-PLLA microfibers (ii) C-
PLLA-CA nanofibers (iii) C-
PLLA-SF nanofibers a 0.5 wt% b
1 wt% c 1.5 wt%
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fact that curcumin targets the signaling molecules that are
highly expressed in cancer cells. In normal cells, these
pathways will be regulated and curcumin will arrest the
cell division in G0 phase without inducing apoptosis [29].
These results prove the beneficial effect of using
curcumin to treat cancer cells compared to the use of
highly toxic anticancer drugs that can result in the death
of normal cells at a higher rate.

In-vitro curcumin release studies were carried out in PBS
(pH 7.4) using direct dispersion method. Different weight per-
centages of curcumin namely, 0.5, 1 and 1.5 wt% were loaded
into PLLA solution to form curcumin loaded PLLA
microfibers collected over water bath, C-PLLA-CA and C-
PLLA-SF nanofibers collected over drum collector. The per-
centage cumulative curcumin release from C-PLLA
microfibers, C-PLLA-CA and C-PLLA-SF nanofibers are
shown in Fig. 6. It is observed that the ‘in-vitro’ release of
curcumin at 0.5, 1 and 1.5 wt% showed no significant changes
in release profile and moreover, no burst release of curcumin
was observed. This could be due to the presence of highly
interconnected porous structure in PLLA fibers due to
electrospinning [30]. Slow, controlled and sustained release
of curcumin was observed over a period of 4 days for C-
PLLA, 11 days for C-PLLA-CA and 18 days for C-PLLA-
SF fibers respectively. The curcumin release percentage over a
period of 11 and 18 days for curcumin loaded electrospun
PLLA-CA and PLLA-SF nanofibers were found to be~85
and 86 % respectively. These results conclude that no signif-
icant changes in the release percentage occurred although the
number of days varied. The time taken for curcumin release
from C-PLLA-CA nanofiber was higher (i.e., 18 days) com-
pared to C-PLLA-SF nanofiber (i.e., 11 days); the reason may
be due to the high hydrophilicity of PLLA-SF nanofiber.
Hence, these results suggest that the hydrophilic CA and SF
could be used as a filler or blend to hydrophobic PLLAwhich
is good nanocarrier to deliver poor water soluble hydrophobic
curcumin delivery.

Conclusion

This present work describes the enhancement of hydro-
philic properties of PLLA for cancer treatment and to
investigate curcumin release pattern by three methods
using electrospinning. The contact angle measurements
and water uptake test results confirmed that the used three
methods were effective and increased the hydrophilic
properties of PLLA. The cell culture (NIH 3 T3 cell lines)
results showed that the prepared PLLA based fibrous scaf-
folds had an improved hydrophilicity thereby resulting in
excellent cell adhesion and growth. The ‘in-vitro’ release
of curcumin from the PLLA based fibrous scaffold con-
firmed the suitability of the prepared fibrous scaffolds for

drug delivery and the pore size greatly influenced the
releasing time of curcumin.
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