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Abstract
In bone cancer treatment, local delivery of chemotherapeutic agents is preferred compared to other routes of administration.
Delivery of multiple drugs using biodegradable carriers improves the treatment efficiency and overcomes drug resistance and
toxicity. With this approach, we have developed multilayer biodegradable core shell nanoparticles (NPs) using the electro-
spraying technique to deliver methotrexate (MTX) and doxorubicin (DOX) for the treatment of osteosarcoma. These core-
shell NPs with a mean particle size of 212 ± 41 nm consist of hydroxyapatite (HA) and DOX as core with the outer shell
made of chitosan (CH) followed by polycaprolactone (PCL) with MTX. The encapsulation efficiency of MTX was around
85% and DOX was 38%. In vitro drug release studies were performed in phosphate buffered saline (PBS) at pH 5 and pH 7.4
for 8 days. Different release profiles were observed in both acidic and alkaline pH. The sequential release of MTX followed
by DOX was observed in both pH in sustained manner. Human osteosarcoma MG 63 (OMG-63) cells lines were used to test
the cytotoxicity of drug loaded NPs. Multi-drug encapsulated bioresorbable and biodegradable electro-sprayed core shell
NPs will be promising as a bone substitute for the treatment of osteosarcoma.

Graphical Abstract

1 Introduction

Osteosarcoma is the most prevalent malignant bone tumor
among the various skeletal diseases. It predominantly ori-
ginates from the mesenchymal tissue and metastasizes to the
other parts of the body [1, 2]. The annual rate of incidence is
1–3 cases per 1,000,000 people and 80% of people are in
the age bracket of 10–25 years [3]. The standard treatment
procedure for osteosarcoma comprises surgery, radio-
therapy, hyperthermia and systemic or oral administration
of chemotherapeutic agents [2, 4, 5]. To improve the
treatment efficacy, combinational therapy with two or more
therapeutic agents is preferred. Combinational therapy
overcomes the drug resistance, prevents bone cancer
metastasis and produces synergistic effects with decreased
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morbidity [6]. The main drawbacks of systemic or oral
combinational chemotherapy are nephrotoxicity, cardio-
toxicty, myelosuprression and ulcerative stomatitis [2]. To
overcome these limitations, local delivery of drugs at high
concentrations at the target site is preferred to improve the
treatment outcome [1, 2, 7, 8].

Localized nanoparticle (NP) based carriers have unique
advantages such as increase in retention period, minimal
dose and controlled release over long periods. Different
types of carriers were studied for the delivery of single or
multiple chemo therapeutic agents for bone cancer treat-
ment [1, 6, 8]. Various carriers such as gold NPs, polymeric
NPs, liposomes, injectable hydrogels, mesoporous silica,
quantum dots, silica, calcium phosphates and electrospun
fibers have been studied [2, 9–12].

Electrospinning or electrospraying is also known as
electro hydrodynamic atomization (EHDA) and is
employed for the production of ultrafine fibers and particles
in the micro or nano range [11–13]. Recently, the method
has attracted considerable attention for biomedical and
pharmaceutical applications to produce particles below 1μm
with a narrow size distribution, less aggregation, low cost
and higher drug loading efficiency [11–13].

Different electrospraying strategies such as coaxial, sin-
gle emulsion, multiple emulsion and triple-axial techniques
have been reported to produce NPs with core-shell archi-
tecture loaded with multiple drugs [14–22]. Cui et al. [17]
developed poly(vinyl pyrrolidone) (PVP)/shellac core shell
NPs for delivery of ferulic acid through coaxial electro-
spraying. Cao et al. [18] reported combinational delivery of
DOX and combretastatin A4 (CA4) encapsulated PCL or
PVP core and PLGA shell NPs by co-axial electrospraying.
Using same core shell NPs, rhodamine B and naproxen
were loaded and drug release profiles were studied by Cao
et al. [19]. Yeh et al. [20] formulated core shell composite
nanoparticles made of PLGA particles for delivery of
budesonide and theophylline by dual capillary electrospray
technique. A comprehensive review by Nguyen et al. [13]
describes the importance and scope of electrospraying for
pharmaceutical applications.

Kim et al. [21] developed triple layer electrospray system
to synthesize multilayer capsules. Lee et al. [22] fabricated
poly(styrene sulfonate) (PSS)/PLGA/PSS triple layer elec-
trosprayed composite for multi-drug delivery of budesonide
and epigallocatechin gallate (EGCG) through coaxial tri-
capillary electrospray method. Although coaxial is suc-
cessful in the manufacture of core-shell architecture, due to
the complexity of the instrument, spinning parameters,
difficulties in controlling the viscoelasticity of different
polymer solutions, great effort is needed to optimize the
inner and outer layers [11].

In contrast, emulsion-based electrospray technique for
producing core/shell particles has advantages such as simple

experimental setup, less time consuming and it is possible to
encapsulate both hydrophobic and hydrophilic drugs [11–13].
Wang et al. [23] fabricated chitosan NPs loaded PVP core
shell micro/nano particles for dual delivery of naproxen and
rhodamine B through emulsion electrospraying. Although
emulsion-based core shell nanofibers (PEG-PLA, PLLA
etc.) were well studied, there are only very few reports on
nano/micro particles prepared by emulsion electrospray
technique [24–27].

In this report, an attempt has been made to develop a
hybrid HA-CH core and PCL shell NPs for dual delivery of
MTX and DOX. HA was chosen as inner core material,
because of its unique properties as a bone mineral that is
biocompatible, bioresorbable and is an ideal carrier for
delivery of drugs by diffusion controlled release kinetics
[28]. MTX and DOX are first line anticancer agents for the
treatment of osteosarcoma. Both shows high toxicity against
osteosarcoma cells by inhibiting the DNA, RNA and pro-
tein synthesis via intercalating DNA and inhibiting dihy-
drofolate reductase to tetrahydrofolate reductase by MTX
and DOX [2]. The model PCL-CH-HA core shell NPs were
explored for combinational delivery of MTX and DOX to
treat the osteosarcoma.

2 Materials and methods

2.1 Materials

PCL with average Mn 45,000 was purchased from Sigma
Aldrich (Bangalore, India). Chitosan (CH, Mw ≈ 193400)
was from SRL Chemicals (Mumbai, India). DOX and
MTX were generously provided as gift from Celon
Laboratories (Hyderabad, India) and Cipla Laboratories
(Mumbai, India). Tween 20 was obtained from SRL Che-
micals (Mumbai, India). Dulbecco’s Minimum Essential
Medium (DMEM) and fetal bovine serum (FBS) were
procured from Himedia Laboratories (Mumbai, India).
Dimethyl sulfoxide (DMSO) cell culture grade was from
MP Biomedicals, IIIkrich, France. The cell culture dishes
were from Tarsons, Mumbai, India. Human osteosarcoma
MG63 (OMG-63) cells were obtained from NCCS
(National Center for Cell Science, Pune, India). All other
chemicals employed were of analytical grade. Milli Q
water was used in all experiments.

2.2 Instrumentation

Electrospraying was performed using ESPIN Nano system
(Chennai, India). Fourier transform infrared spectra (FTIR)
was performed by KBr pellet technique using a JASCO
spectrophotometer (Germany). X-ray diffraction (XRD)
was performed by Bruker instrument (Model D8, Discover,
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USA). UV-visible spectra were measured using a UV-
Visible spectrophotometer (JASCO, Model V630, USA).
Scanning Electron Microscopy (SEM) pictures were taken
using a FEI Quanta400 instrument (Netherlands). Trans-
mission electron microscopy (TEM) images were captured
using JEOL (JSM-5600, Japan) microscope. Particle size
analysis was carried out by Particle Size Analyzer (Mico-
track, Germany). Micro plate reader were from Spectrum
Max 5 (Molecular Devices, USA). HPLC was carried out in
a Shimadzu instrument (Model Prominence, Japan).

2.3 Preparation of HA NPs

HA NPs were prepared by wet chemical precipitation
technique as previously reported [29]. Briefly, diammonium
hydrogen phosphate (0.5 M) solution was added slowly into
calcium nitrate (0.5 M) solution in a beaker. After adding all
the diammonium hydrogen phosphate solution, the pH of
the mixture was maintained at 10.5–11.0 using ammonium
hydroxide. The solution was stirred magnetically for 4 h at
40 °C and incubated at 40 °C in an oven overnight. The
product was centrifuged for 30 min at 10,000 rpm, washed
several times with water, dried in a hot air oven and was
further heated at 800 °C in a muffle furnace for 1 h, and
stored at room temperature.

2.4 DOX loaded HA NPs

DOX was encapsulated onto the HA NPs using a physical
adsorption technique. In brief, 1% DOX solution in water
was prepared and HA NPs (100 mg) was added to the
solution and incubated for 24 h at 4 °C. The mixture was
then centrifuged at 12000 rpm and DOX loaded NPs was
separately collected. The quantity of DOX encapsulation in
the NPs was measured by estimating the concentration of
drug in the supernatant by UV Visible spectroscopy at
480 nm. The pellets were lyophilized and stored at 2–8 °C.
The resultant NPs are named as DOX-HA NPs.

2.5 Preparation of electrospraying emulsion

Electrospraying emulsion was prepared using a modified
procedure of Pal et al. [30]. Briefly, CH (5%) solution was
prepared by dissolving the CH in 5% acetic acid. DOX-HA
NPs was added to the CH solution at 1 mg/ml concentra-
tion. PCL (10%) solution was prepared by dissolving the
PCL in chloroform/methanol (3:1). MTX (1 mg/ml) was
mixed to the PCL solution and stirred magnetically at
1000 rpm until uniform dispersion. The CH solution con-
taining DOX-HA NPs was introduced drop wise to the
MTX containing PCL solution and magnetically stirred for
different time intervals from 0 h to 24 h. Tween 20 (100 µl)
was added to the emulsion as surfactant. Different ratios of

CH/PCL (1:1, 1:2, 1:3, 2:1, 3:1) mixture was prepared and
optimized to obtain a stable emulsion.

2.6 Formulation of core shell electrosprayed NPs

The standard electrospraying setup was used to formulate
core shell NPs. Schematic representation of electrospraying
setup is shown in Scheme 1. Briefly, the optimized emul-
sion was filled in a 2.5 ml syringe fitted with 23 G blunted
needle. The emulsion was extruded through nozzle at
0.3 ml/h or 0.5 ml/h flow rate. The distance between the
needle and the aluminum collector was maintained at
10 cm. For optimization, high voltage ranging from 10 kV
to 25 kV was applied. The optimized electrosprayed NPs
are named as MTX-PCL/CH-DOX-HA NPs.

2.7 Estimation of drug encapsulation

The amount of drug encapsulated in the NPs was calculated
by using HPLC with a C18 column (150 × 4.6 mm, 5 µm)
with SPD 20 A UV-visible detector at 254 nm (DOX) and
302 nm (MTX). The mobile phase was acetonitrile: water:
acetic acid in the ratio of 48: 47.7: 4.3. The electrosprayed
MTX-PCL/CH-DOX-HA NPs (5 mg) was added to 2 ml
PBS and 3 ml of mobile phase and sonicated in a bath
sonicator for 30 min. The solution was filtered using syringe
filter (Acrodisc 0.2 µm, Pall Corporation, USA). About
20 µl was injected and the drug concentration was estimated
by using the calibration plot of DOX and MTX.

2.8 In vitro drug release studies

MTX-PCL/CH-DOX-HA NPs (2 mg) was added to 10 ml
PBS in 25 ml flat glass bottom vials and incubated at 37 °C
in constant temperature water bath. Drug release studies
were conducted in two different conditions, PBS pH 7 and
pH 5 to mimic the acidic environment in tumor. At periodic
intervals, one ml of supernatant solution was withdrawn and

Scheme 1 Schematic representation of electrospraying setup
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replaced with same amount of fresh PBS. MTX and DOX
released in the media was determined by using dual
wavelength in UV visible spectroscopy and sample absor-
bance was measured at 302 nm (MTX) and 480 nm (DOX).

2.9 Cell viability studies

2.9.1 Direct contact assay

A direct contact method was used for cell viability stu-
dies. MTX-PCL/CH-DOX-HA NPs (5 mg) was added to
5 ml DMEM and sonicated for 30 min until it uniformly
dispersed. The NPs dispersed stock solution were further
serially diluted to different concentration from 1000 µg/ml
to 7.8 µg/ml. OMG-63 cells were cultured in DMEM with
10% FBS and 1% antibiotic and antimitotic solution. The
dispersed NPs samples (100 µl) were added to the cells in
96 well plate with seeding density of 5000 cells per well.
MTX and DOX were added as the positive controls with
respect to the drug concentration in the NPs. The con-
centration of MTX was from 46 µg/ml to 7.8 µg/ml and
DOX was from 22 µg/ml to 0.17 µg/ml. The plates were
incubated at 37 °C with 5% CO2 in humidified atmo-
sphere. After 24 and 72 h incubation, the media was
changed with 10 µl of MTT (3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium Bromide) (5 mg/ml stock)
and 90 μL of DMEM and incubated at 37 °C for 4 h.
Consequently, cell culture grade DMSO (100 μL) was
added to the wells. The plates were incubated for 5 min to
dissolve the formazan crystals. The sample and control
absorbance was measured at 570 nm using micro plate
reader. The percentage cell viability were estimated using
the ratio of sample absorbance to the ratio of control
absorbance.

2.9.2 Indirect contact assay

Cytotoxicity assay were also performed using MTT by
indirect contact method with OMG 63 cells [31]. Briefly,
0.25, 0.5 and 1 mg of MTX-PCL/CH-DOX-HA NPs were
added to 1 mL DMEM and kept in an orbital shaker
maintained at 150 rpm at 37 °C for 7 days. The samples
were centrifuged and filtered using a 0.2 μm Acrodisc sterile
syringe filter (PALL Corporation, USA). The extracted
samples were stored at 4 °C and used for MTT assay. OMG
63 cells were seeded in 96 well plates with a density of
5000 cells/well. The extract (100 µL) was added to each
well and incubated 37 °C with 5% CO2 for 24 and 72 h.
MTX and DOX was added as positive controls. The con-
centration for MTX and DOX was approximately calculated
based on the in vitro drug release experiments upto 7 days.
The concentration of MTX was 2.8 µg/ml, 5.8 µg/ml and
11.5 µg/ml and DOX concentration was 0.69 µg/ml,

1.38 µg/ml and 2.76 µg/ml. The MTT assay was performed
by the procedure described in Section 2.9.1.

3 Results

3.1 Electrospraying

Stable emulsion is a prerequisite in order to get uniform
spherical particles via electrospray. To obtain the stable
emulsion, different ratios of CH/PCL (1:1, 1:2, 1:3, 2:1,
3:1) were prepared without surfactant by stirring for 24 h
and kept for observation. Among the different ratios of
emulsion, 1:2 and 1:3 were stable upto 2 h and started
separating after 2 h. Other ratios separated immediately. To
obtain stable emulsion, Tween 20 (100 µl) was added and
kept stirring for 24 h. The mixture of CH/PCL ratio 1:1, 2:1
and 3:1 with Tween 20 was stable but not electrosprayable
due to viscosity and turbidity. Only the 1:2 ratio was stable
and was electrosprayable. To achieve the uniform spherical
core shell NPs various parameters were examined during
the electrospraying. Table 1 lists the optimized parameters
for getting spherical shape particles.

3.2 Characterization of NPs

All the samples were characterized by FTIR spectroscopy.
HA NPs showed distinct peaks at 3570 cm−1 (structural
OH–), 3445 cm−1 (adsorbed water), 1098 cm−1 (HPO4

2–),
1057 cm−1 (PO4

3– bending), 962 cm−1 (PO4
3– bending),

632 cm−1(structural OH–), and 602 cm−1 and 569 cm−1

(PO4
3– bending) (Fig. 1a). DOX loaded HA NPs showed

peaks at 3572 cm−1 (structural OH–), 3134 cm−1 and
2987 cm−1 (C–H stretching of CH2, CH3), 1678,1629 (N–H
bending), 1400 cm−1 (C–H bending), 1191 cm−1 and
1102 cm−1 (N–H and PO4

3– bending), 962 cm−1 (PO4
3–

Table 1 Optimized parameters for emulsion electrospraying

Flow rate (ml/h) Voltage (kV) Observation

0.3 25–22 Thin fibers with rare particles

23–20 Fibers with beads

21–17 Equal ratio of fibers with beads

16–13 Spherical particles with thin fibers

12–10 Spherical particles with rare
thin fibers

0.5 25–22 Fibers with beads

23–20 Discontinuous fibers with beads

21–17 Spherical particles with rare
thin fibers

16–13 Spherical particles without fibers

12–10 Spherical particles and beads with
rare fibers
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bending), 752 cm−1, 656 cm−1, 644 cm−1 (structural OH–),
602 cm−1 (PO4

3– bending) (Fig. 1b). CH showed peaks at
3443 cm−1 (N–H stretching), 2925 cm−1 (CH2 stretching),
1631 cm−1 (C=O Stretching) (amide I), 1520 cm−1 (amide
II), 1384 cm−1 (amide III), 1095 cm−1 (C–O–C bending)
(Fig. 1c). PCL showed peaks at 2946 cm−1 (CH2 stretch-
ing), 2878 cm−1 (symmetrical CH2 stretching), 1723 cm−1

(C=O Stretching), 1367 cm−1, 1267 cm−1 (C–O–C
stretching), 1161 cm−1 (C–O–C stretching), 1045 cm−1,
958 cm−1, 731 cm−1 (Fig. 1d). MTX–PCL–CH–DOX–HA
NPs showed peaks at 3135 cm−1, 2926 cm−1 and
2869 cm−1 (C–H stretching of CH2, CH3), 1732 cm−1

(C=O Stretching), 1638 cm−1 (C=O Stretching) (amide I),
1469 cm−1 (aromatic C=C stretching), 1400 cm−1 (C–H
bending), 1295 cm−1, 1242 cm−1 (C–O–C stretching),
1190 cm−1 and 1123 cm−1 (N–H and PO4

3–bending),
957 cm−1 (PO4

3– bending), 842 cm−1, 657 cm−1 and
602 cm−1 (PO4

3– bending) (Fig. 1e).
Crystalline nature and purity of HA NPs and all the other

samples were characterized by XRD method. The synthe-
sized HA NPs were compared with JCPDS standard
(09432) (Fig. 2). The broad peak at 211 confirmed the
synthesized HA NPs were at nanosize. The crystal size of
the samples was measured using the Scherer formula,

t ¼ Kλ=BCos θ;

where t is average crystal size (nm), λ is X-ray wavelength
(λ= 1.5405 Å for Cu Kα radiation), K is shape factor, B is
full width half maximum, and θ is Bragg’s diffraction angle.
The crystal size of HANPs was found to be in the range of
18 to 32 nm. PCL showed semi crystalline nature (Fig. 2d)
with a two distinct peaks and hump between 15° to 30°
confirming the amorphous phase of CH (Fig. 2c). MTX-
PCL-CH-DOX-HA NPs showed amorphous and semi
crystalline nature in the range of 10° to 30° (Fig. 2e).

3.3 Microscopy

The morphology of the electrosprayed NPs were imaged using
optical, SEM and TEM methods. After electrospraying the
emulsion, the samples were observed in the optical microscope
to check the morphology of the NPs. For attaining spherical
shape core shell NPs, different parameters were optimized
such as flow rate, voltage, distance and emulsion stability.
Figure 3 shows the morphology of the samples at different
parameters during electrospraying process. The optimized
parameters to get spherical shape NPs were 16–13 kV, a flow
rate of 0.5 ml/h and a distance of 10 cm. SEM images of
MTX-PCL-CH-DOX-HA NPs are shown in Fig. 4.

To verify the core shell structure and NPs morphology,
the samples were imaged by using TEM (Fig. 5). The
particle size analysis of the optimized formulation
MTX–PCL–CH–DOX–HA NPs showed mean particle size
as 212.4 ± 41 nm (Fig. 6). The zeta potential of NPs was
found to be +25.57 ± 6.7 mV with PDI in 1.14 ± 0.09. The
red fluorescence was observed onto the NPs on imaging in
fluorescence microscope which confirmed the presence of
DOX (Fig. 7).

Fig. 2 XRD Spectra of HA NPs (a), DOX-HA NPs (b), CH (c), PCL
(d) and MTX-PCL-CH-DOX-HA NPs (e)

Fig. 1 FTIR Spectra of HA NPs (a), DOX-HA NPs (b), CH (c), PCL
(d) and MTX-PCL-CH-DOX-HA NPs (e)
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3.4 Drug encapsulation efficiency

The encapsulation efficacy of DOX loaded HA NPs was
found to be 68.62 ± 4.58%. The drug encapsulation efficacy
in electrosprayed MTX–PCL–CH–HA NPs was found to be
85 ± 5% (MTX) and 38 ± 4% (DOX).

3.5 In vitro drug release

The drug release experiments were conducted for 192 h and
the amount of drug released from the NPs was estimated by
UV-visible spectroscopy. Both MTX and DOX were
sequentially released in a sustained manner (Fig. 8). At pH

Fig. 3 SEM images of optimized
electrosprayed particles prepared
by single emulsion technique (i)
a–d corresponds to 0.3 ml,
25–10 kV voltage and (ii) e–h
corresponds to 0.5 ml, 25–10 kV
voltage
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7.4, MTX showed burst release of around 12% within 1 h
followed by sustained release and a maximum release of
28% was observed after 8 days. In the case of DOX, there
was no burst release, sustained release behavior was
observed and maximum release was 13% (Fig. 8a). At pH 5,
a maximum of 40% MTX was released at 8 days with a
burst release of 13%. DOX showed maximum release of
20% in a sustained manner (Fig. 8b).

3.6 Cytotoxicity studies

Cell viability assays of MTX–PCL–CH–DOX–HA NPs
was carried out using OMG-63 cells by direct contact
method and by indirect contact method for 24 and 72 h. In
direct contact assay, after 24 h incubation, drug loaded NPs
showed 50% cell death at 1000 µg/ml and 40% cell death
was observed from 500 µg/ml and 250 µg/ml (Fig. 9a).
MTX does not show any significant difference between the
control cells at lower concentrations (7.8 to 250 µg/ml) and
30% cell death was observed at higher concentrations (500
and 1000 µg/ml) while DOX showed around 40% cell death
at higher concentrations (125 to 1000 µg/ml) (Fig. 9a). At
72 h incubation, all the concentrations of NPs and positive

Fig. 4 SEM image of MTX-PCL-CH-DOX-HA NPs

Fig. 5 TEM image of MTX-PCL-CH-DOX-HA NPs

Fig. 6 Particle size analysis of MTX-PCL-CH-DOX-HA NPs

Fig. 7 Fluorescence microscope image of MTX-PCL-CH-DOX-
HA NPs

Fig. 8 In vitro drug release profile of MTX (□) and DOX (●) from
MTX-PCL-CH-DOX-HA NPs at PBS pH 7.4 (a) PBS pH 5 (b)
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controls such as MTX and DOX showed more than 60%
cell death. (Fig. 9b).

Indirect contact assay showed concentration dependent
cell death for all the samples (NPs, MTX and DOX) at both
24 h and 72 h incubation (Fig. 10). At 24 h incubation, NPs
showed more than 70% viability at all three concentrations
(Fig. 10a). MTX and DOX showed 40% cell death only at
0.5 and 1 mg /ml concentrations. After 72 h of incubation,
all samples showed concentration dependent cell death and
50% cell death was observed at 1 mg/ml. MTX and DOX
showed less than 50% cell death and concentration depen-
dent cytotoxicity. (Fig. 10b).

4 Discussion

The combination of anticancer drugs in localized cancer
therapy is preferred to overcome drug resistance and to
inhibit tumor growth effectively. For the treatment of bone
cancer, localized chemotherapy using multiple drug com-
binations with different carriers showed improved treatment
outcomes [2, 8, 32]. Ma et al. [2] delivered combination of
MTX, DOX and cisplatin by thermosenstive hydrogel,

which showed synergistic activity against osteosarcoma
Soas-3 and MG 63 cells lines. Enhanced treatment effi-
ciency was observed by co-delivery of genes and DOX in
osteosarcoma [32, 33]. Li et al. [34] fabricated alginate/CaP
core shell NPs for intracellular co-delivery of DOX and
camptothecin and detected synergistic cell cycle arrest and
apoptosis. In a nut shell, localized combinational delivery of
chemotherapeutic agents through biodegradable carrier has
been shown to be more effective for osteosarcoma
treatment.

In this study, using biocompatible, biodegradable poly-
mers (PCL, CH) and bioresorbable ceramics (HA), we have
developed core shell electrosprayed NPs for combined
delivery of MTX and DOX. HA NPs were successfully
synthesized by wet chemical precipitation technique with a
yield of 60–70%. DOX was physically loaded with an
efficiency of 68.62 ± 4.58%. Zheng et al. [35] reported a
loading efficiency of 43.2% DOX in rod shaped HA at 1
and 0.5 mg/ml concentrations. In situ method of DOX
loading in HA nanorods showed around 41 mg/g payload as
stated by Sun et al. [36]. In the current study, higher loading
of DOX was observed compared to the previous reports.
The loading of DOX into HA was confirmed by FTIR

Fig. 9 Cytotoxicity assay for
MTX–PCL–CH–DOX–HA NPs
in OMG-63 cells by direct
contact method at 24 h (a) and
72 h (b) (*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001)

Fig. 10 Cytotoxicity assay for
MTX–PCL–CH–DOX–HA NPs
in OMG-63 cells by indirect
contact method at 24 h (a) and
72 h (b) (*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001)
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spectroscopy. A broad peak between 3500 cm−1 to 3000 cm−1

confirmed the NH and OH stretching vibrations of DOX
and a peak at 2987 cm−1confirmed the CH stretching
vibration of organic molecules. Appearance of additional
peaks compared to the HA peaks at 1678, 1629 cm−1 (N–H
bending), 1400 cm−1 (C–H bending) further confirmed the
DOX incorporation into HA NPs.

From the XRD results, it was confirmed that the syn-
thesized HA NPs were highly pure and crystalline. On
comparing the XRD data of HA NPs with DOX–HA NPs,
no significant change in crystallinity and peak changes was
observed. PCL showed semi-crystalline nature with two
strong peaks at 22.670 (110) and 24.451 (200). For the final
formulation, MTX-PCL-CH-DOX-HA NPs, a small hump
like peak and amorphous nature were observed between 10°
to 30° compared to pure PCL and CH polymer. There was
no change in the spectra with addition of drug molecules.

Production of spherical particles through emulsion elec-
trospraying is a challenging task. Two possible mechanisms
involved in the electrospraying technique are, i) evaporation
of organic solvents leading to shrinkage of droplets fol-
lowed by change in surface charge of droplets by Rayleigh
limit which leads to the formation of micro or nanoparticles
by Coulomb fission, ii) increase in surface charge density to
reach the Rayleigh limit followed by Coulomb fission leads
to disintegration of drops into smaller droplets [17, 23]. The
optimized emulsions were electrosprayed using a flow rate
of 0.3 and 0.5 ml/h at varying voltages from 10 to 25 kV
and keeping the constant distance 10 cm throughout the
experiment. The optimized parameter for getting core shell
NPs was 0.5 ml/h, 10 cm distance and a voltage of
13–16 kV.

The alteration of voltage, distance and flow rate has an
impact on morphology. It is clear from the SEM images
(Fig. 3) that by using a flow rate of 0.3 ml or 0.5 ml and by
decreasing the voltage from 25 kV to 20 kV, the morphol-
ogy of fiber changes into beads. Further decrease in voltage
upto 13 to 10 kV showed the formation of uniform spherical
shape particles with rare fibers. SEM image of the
MTX–PCL–CH–DOX–HA NPs (Fig. 4) clearly showed
that electrosprayed particles were spherical in shape. Inner
dark core with light gray color outer layer established the
core shell architecture of the NPs by TEM (Fig. 5). TEM
also clearly displayed the confinement of DOX-HA NPs in
the CH core and outer PCL shell layer (Fig. 5). Apart from
anticancer property, DOX have intrinsic fluorescence effect
due to the presence of anthracycline chromophore moiety in
the nucleus. This helps in visualization of DOX onto the
living systems through fluorescence imaging [37]. In our
study, the distribution of DOX in the NPs were analysed by
fluorescence microscopy (Fig. 7). The confinement of red
fluorescence in center of the NPs confirms the DOX loading
onto the NPs.

Encapsulation of multiple drugs which are hydrophobic
and hydrophilic in a single step is a major advantage of
using single emulsion electrospraying. MTX (hydrophobic)
and DOX (hydrophilic) encapsulated in core shell NPs
exhibited different release profiles in acidic and alkali
environment. Many factors are involved in the release
behaviour of drugs from the drug delivery system such as
structure, morphology, solubility, swelling, diffusibility in
the release media and interaction between the carrier and
drug molecules [19, 23]. As tumor microenvironment is in
acidic pH 5–6 we have performed the drug release studies
at pH 5 and compared the data with PBS pH 7.4. In the
acidic environment, hydrophobic drug MTX showed burst
release of 13% within 1 h followed by sustained release
and a maximum of 40% was released at the end of 8 days
(Fig. 8b). In case of DOX, a hydrophilic drug, a maximum
release of 20% was observed in a sustained manner. In
PBS pH 7.4, MTX showed maximum release of 28% with
initial burst release of 12% and DOX showed maximum
release of 13% at the end of the 8 days (Fig. 8a). At both
acidic and alkaline pH, maximum MTX release was 40
and 28% respectively. There was slow and sustained
release of MTX from the NPs, which may be due to the
exterior hydrophobic nature of polymer shell PCL. More
interestingly, DOX does not show any burst release
throughout the study which could be due to inner CH
layer retarding the release of DOX from the NPs or due to
the diffusion controlled release kinetic properties of DOX
from the HA NPs. Release of DOX from CH-PCL matrix
is supposed to be pH dependent. At pH 5 acidic envir-
onment, DOX release is much faster due to high water
solubility and DOX retains in its salt form as DOX HCl
(pH 5) but in case of alkali environment (pH 7.4) it dis-
sociates into neutral molecule and retards the release from
the CH-PCL matrix.

Cytotoxic studies of both direct and indirect contact
method showed concentration dependent activity in all time
points. In the direct contact assay, NPs showed variable
percentage of cell death at 24 and 72 h. It clearly indicates
that cell death is dependent on the amount of drug released
from the NPs. MTX–PCL–CH–DOX–HA NPs showed
significant difference (50% cell death) at higher con-
centrations after 24 h of incubation due to released drug
from the NPs (Fig. 9a). Positive controls MTX and DOX
showed concentration-dependent activity and cytotoxic
effect (50% cell death) at higher concentrations after 24 h.
More interestingly, NPs showed syngersitic effect of both
MTX and DOX compared to the positive controls’ cyto-
toxic profiles of MTX and DOX. In case of 72 h incubation,
NPs and positive control of MTX and DOX showed very
good activity in all the concentrations and showed a sig-
nificant difference with respect to the control cells. When
comparing the cell death profile of NPs with that of the
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controls, more than 70% of the cell death may be attributed
to the combined effect of DOX and MTX (Fig. 9b).

Indirect contact assay was also performed in OMG 63
cells and the cells showed more than 70% viability for 24 h
and concentration dependent cell death was observed at 24
and 72 h incubation (Fig. 10). No significant difference was
observed between control and NPs after 24 h incubation.
Meanwhile positive controls showed concentration depen-
dent cell death and significant difference was observed at
0.5 and 1 mg /mL. On comparing the cell viability of NPs
from lower to higher concentration, only higher con-
centration showed activity. The amount of drug encapsu-
lated in the NPs are 46 µg (MTX) and 22 µg (DOX) per mg;
while comparing the release profile of NPs, at end of 7 days
around ~27% (~12 µg) of MTX and ~12% (~2 µg) of DOX
was released. Approximately equal amounts of MTX and
DOX were kept as positive controls which showed con-
centration dependent toxicity. In case of 72 h incubation, all
the concentration of NPs showed concentration dependent
toxicity and at 1 mg/mL, showed 50% cell death (Fig. 10b).
The positive controls (MTX and DOX) also showed sig-
nificant difference when compared with the control cells.

5 Conclusions

The core shell NPs of PCL/CH-HA fabricated using elec-
trospray technique were explored for combinational deliv-
ery of MTX and DOX. TEM revealed the synthesized NPs
were core shell in architecture with inner core consisting of
DOX-HA NPs. DOX-HA NPs showed a loading efficiency
of 69%. Core shell NPs showed encapsulation efficacy of
85% (MTX) and 38% (DOX). In vitro drug release studies
displayed sequential release of both MTX and DOX for
period of one week. Compared to alkaline pH, acidic pH
showed increase in drug release from around 28 to 40% of
MTX and from 13 to 20% of DOX. The concentration
dependent cytotoxicity was observed in OMG 63 cell line.
Dual drug loaded with bioresorbable HA core shell elec-
trosprayed NPs will be a favorable and potential bone
substitute material for the treatment of osteosarcoma.
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