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Abstract. The objective of this study was to investigate the combined influence of independent variables in
the preparation of folic acid-chitosan-methotrexate nanoparticles (FA-Chi-MTX NPs). These NPs were
designed and prepared for targeted drug delivery in tumor. The NPs of each batch were prepared by
coaxial electrospray atomization method and evaluated for particle size (PS) and particle size distribution
(PSD). The independent variables were selected to be concentration of FA-chitosan, ratio of shell solution
flow rate to core solution flow rate, and applied voltage. The process design of experiments (DOE) was
obtained with three factors in three levels by Design expert software. Box-Behnken design was used to
select 15 batches of experiments randomly. The chemical structure of FA-chitosan was examined by FTIR.
The NPs of each batch were collected separately, and morphologies of NPs were investigated by field
emission scanning electron microscope (FE-SEM). The captured pictures of all batches were analyzed by
ImageJ software. Mean PS and PSD were calculated for each batch. Polynomial equation was produced
for each response. The FE-SEM results showed the mean diameter of the core-shell NPs was around
304 nm, and nearly 30% of the produced NPs are in the desirable range. Optimum formulations were
selected. The validation of DOE optimization results showed errors around 2.5 and 2.3% for PS and PSD,
respectively. Moreover, the feasibility of using prepared NPs to target tumor extracellular pH was shown,
as drug release was greater in the pH of endosome (acidic medium). Finally, our results proved that FA-
Chi-MTX NPs were active against the human epithelial cervical cancer (HeLa) cells.

KEY WORDS: box-Behnken design; coaxial electrospray; folic acid-chitosan nanoparticles;
methotrexate; optimization.

INTRODUCTION

There is an increase in application of nanotechnology in
the field of pharmaceutics and drug delivery. Development of
drug nano-micro particles result in significant changes in
targeted drug delivery to the desired tissues.

Methotrexate is widely used in treatment of various dis-
eases including acute lymphoblastic leukemia (ALL), osteo-
sarcoma, non-Hodgkin’s lymphoma, psoriasis, head and neck
cancer, lung cancer, breast cancer, and other trophoblastic
tumors (1). However, undesirable side effects of methotrexate
such as normal cell toxicity, drug resistance, renal toxicity,
bone marrow inhibition, liver toxicity, and acute and chronic
obstructive pulmonary diseases have been reported (2). Meth-
otrexate is known as a strong classic anticancer agent and used
as monotherapy or in combination with other anticancer drugs
in multidrug chemotherapy regimens (3). It has a wide range
of activities in cytostatic activities, especially when high doses
are associated with the release of folinic acid (4–6). Serum
concentrations of methotrexate quickly drop when it is direct-
ly injected into the bloodstream (7). These problems can be
solved by trapping the drug in the colloidal forms like nano-
particles. On the other hand, the therapeutic index and drug
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activity period increase by incorporating the drug into carrier
systems. The colloidal carrier systems may decrease the drug’s
cytotoxicity, increase the influence of drugs, and also they can
lead drugs to the desired sites. Moreover, drug carriers pre-
vent the decomposition of drugs and in most cases results to
more solubility of drugs. Furthermore, nano-scale drug deliv-
ery systems caused better absorption of the drug through the
digestive organs. Polymeric nanoparticles have been widely
used as targeted drug delivery (8–10), and greatly reduce
unwanted side effects and improve the effectiveness of treat-
ment (11,12).

Chitosan due to its unique properties such as biocompat-
ibility, biodegradability, non-toxicity, bio-adhesion, and cat-
ionic properties has recently found extensive pharmaceutical
and medicinal applications (13–15). Many studies have been
published for the application of this natural polymer in order
to encapsulate nanoparticles, and deliver it to the targeted
tumor site (16–27). Therefore, chitosan nanoparticles are con-
sidered to be promising colloidal drug carriers for targeted
drug delivery to specific sites, as well as in the treatment of
cancer, delivery of vaccines, and gene delivery applications
(28,29). Chitosan is a linear amino-polysaccharide composed
of randomly distributed β-(1-4)-linked D-glucosamine
(deacetylated unit) and N-acetyl-D-glucosamine (acetylated
unit). The presence of reactive functional groups in chitosan
creates enormous opportunities for chemical modifications
which contain wide range of derivatives such as N, N, N-
trimethyl chitosan, carboxy alkyl chitosan, chitosan with cy-
clodextrin interfaces, and etc. These kinds of derivatives were
designed for the improvement of natural chitosan properties
(30,31). Chitosan nanoparticles usage was limited due to its
low efficiency in specific targeting (32). The effective way to
improve the targeting ability of chitosan nanoparticles is to
conjugate them with chemical or biological ligands which
contain antibodies or targeted agents with low molecular
weight, such as folate (33). Folate is generally known as an
effective agent for tumor targeting, and it is generally conju-
gated with nanoparticles due to its ability to establish a special
link with folate receptors (FRs) (34). Conjugated folates are
covalently linked via their c-carboxyl derivatives component,
which can justify the high affinity of folate ligand. Kinetics of
cellular uptake of folate-conjugated compounds by folate re-
ceptors (FRs) is similar to free folate (35). In addition, folic
acid can prevent nervous system toxicity even at very high
doses of methotrexate (36–38). Folate receptor is a valuable
therapeutic target which is strongly affected in different types
of cancer. Folate is considered as targeting ligand for various
anticancer drugs, in case of preventing from unwanted
attacking to healthy tissues. Folate enters targeted tumors
cells with the assistance of cellular receptors via the endocy-
tosis process and thereby enhances cellular uptake (39,40). In
conclusion, nanoparticles which were conjugated with folate
are ideal polymeric carriers for targeted drug delivery to
tumors.

In recent years, coaxial electrospray technique (which is
derived from a single axis electrospraying technique) was used
to prepare core-shell nanoparticles. In a coaxial electrospraying
system, two or more capillary tube binds to a uniform electric
potential. Active substance flows in the inner capillary tube, and
coating polymer flows in the external capillary tube. The coaxial
liquid beams drop out fromTaylor cone vertex, and they convert

to capsules or multilayered drops. Electrospray is a direct and
single-step method for the preparation of solid nanoparticles
and also can be done with mild process conditions (41–45).

High potential of coaxial electrospraying new method for
preparing multilayered nanoparticles has formed the basis of
this study. For the purpose of reducing the side effects of
anticancer drugs, a core-shell nanoparticle model was chosen.
This drug delivery system consists of chitosan polymer conju-
gated with folic acid as shell coater and methotrexate as
anticancer agent which will be encapsulated in the core. In
this regard, due to the high cost of raw materials and reducing
time-consumption, design of experiments (DOE) was used.
By using DOE software, the minimum numbers of required
experiments in the operating range were determined. Optimi-
zation of process conditions for selected independent vari-
ables (A: applied voltage, B: ratio of shell solution flow rate
to core solution flow rate, C: concentration of FA-Chi solu-
tion) were done by Design expert software. For this purpose, a
formulation with the best desirability factor was selected and
its batch data was examined. The results were compared with
estimated results which were produced by software. More-
over, the cytotoxicity of the FA-Chi-MTX NPs was assessed
against tumor and non-tumor cell lines.

MATERIALS AND METHODS

Materials

Chitosan medium (degree of deacetylation 95%) was
purchased from Primex, Iceland. Methotrexate was purchased
from MP biomedicals, USA. N, N’-dicyclohexylcarbodiimide
(DCC), N-hydroxysuccinimide (NHS), and folic acid (FA)
were purchased from Merck, Germany. Pentasodium
tripolyphospate (TPP) and 2, 2, 2-trifluoroethanol (TFE) were
purchased from Sigma-Aldrich, Germany. All materials were
in analytical grade and used with no additional purification
process.

DoE by Box-Behnken Design

According to pre-tests, three independent factors in three
levels were selected. The independent variables were coded as
shown in Table I. By using a Box-Behnken model with three
central points, 15 experimented batches were randomly select-
ed and data were generated for each set of batches (Table II).

Preparation of FA-NHS ester

Folic acid (1 g) and triethylamine (TEA) (0.5 ml) were
added to 40 mL of dimethyl sulfoxide (DMSO). The solution
was stirred in the dark overnight at chamber temperature
(around 20 h). DCC (0.5 g) and NHS (0.5 g) was added to
the container and stirring procedure continued for next 20 h in
the dark (46).

The first step of reaction has produced a by-product
called dicyclohexylurea (DCU) (Fig. 1). DCC is soluble in
many organic solvents while the DCU by-product is generally
insoluble and easily removed by filtration. Then, yellow FA-
NHS ester was precipitated by dropwise adding of solution
containing ether and 30 (v/v) % acetone. For the initial
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filtrations, syringe filters were used and then product was
dried under vacuum.

Fa-Chi Synthesis

Stoichiometric of reaction yield was considered to be
50%. For the purpose of FA-Chi synthesis, the following
solutions were made: A- yellow NHS ester of FA was added
to 10 mL of DMSO and B- 0.02 g of chitosan was dissolved in
10 mL of buffer acetate (pH= 4.7).

Solution A was dropwise added to solution B under stir-
ring condition. Stirring was continued overnight at room tem-
perature. The achieved solution was brought to pH= 9 by
NaOH solution (1 M). In order to separate the conjugated
polymers from unreacted materials, the reaction mixtures
were dialyzed (cut-off = 12 kDa) against phosphate-buffered
saline (PBS) (pH=7.4) for 3 days, and then against deionized
water for another 3 days in order to remove DMSO. The final
purification of the polymer was obtained by freeze drying
process (47–50).

Fourier Transform Infrared Spectroscopy (FTIR)

In order to determine the chemical structure of FA-Chi,
all samples were characterized via ATR-FTIR by mounting
the ATR accessory in the spectrometer’s sample compart-
ment. All spectra were obtained from 600 to 2000 cm−1 at
chamber temperature. Bruker vertex 80v Fourier transform
infrared spectrometer instrument was used.

Preparation of FA-Chi-MTX Nanoparticles Using Coaxial
Electrospray

Methotrexate dispersed in dimethylformamide (DMF)
solution was used as the core solution, and FA-chitosan solu-
tion was the shell solution. Coaxial electrospray is a single-
and one-step method which can be done under mild process
condition. This technique produces very small aerosol parti-
cles, and disperses produced NPs on the charged plate due to
Coulomb’s repulsion law. The flow rate was fixed at 0.1 mL/h
for the core solution and the range of 0.3 to 0.5 mL/h for the
shell solution. As shown in Fig. 2, the positive electrode was
connected to the coaxial nozzle, while the negative electrode
was connected to the aluminum foil, which was placed vertical
to the nozzle as a deposition target. Fifteen centimeters was
chosen as the distance between the nozzle and aluminum foil.
The inner and outer nozzle diameters were 0.6 and 1.2 mm,
respectively. All preparations were carried out in a laboratory
at chamber temperature, and the humidity was controlled at
lower than 30% RH.

Morphology Analysis

Morphology of prepared core-shell nanoparticles was de-
termined by field emission scanning electron microscope (FE-
SEM). Hitachi S 4160 FE-SEM with a resolution of 2.5 nm in
30 kV was used. The magnification of this FE-SEM model is
about 300,000 and in comparison, approximately three times
the normal scanning electron microscope.

Particle Size Measurement

The images captured by scanning electron microscopy
were analyzed with ImageJ software. This software is able to
measure the particle diameter in different scales. By using this
capability, the diameter of nanoparticles with acceptable sphe-
ricity was estimated and the results were implemented in
Microsoft Excel Software.

Table I. Independent Variables with Their Upper and Lower Levels

Name Unit −1 Level +1 Level

Voltage (v) V 15 25
Ratio 3 5
Concentration (%) % 0.1 1.0

Table II. Experimental Design in 15 Runs and the Correspondent Responses

Std Run Factor1 A:
voltage (kV)

Factor2
B: ratio

Factor3 C:
concentration (%)

Response1
particle size (nm)

Response2
PSD (%)

12 1 20 5 1.00 311 33
15 2 20 4 0.55 309 29
8 3 25 4 1.00 314 21
4 4 25 5 0.55 295 30
14 5 20 4 0.55 315 30
1 6 15 3 0.55 352 29
3 7 15 5 0.55 269 31
11 8 20 3 1.00 257 28
9 9 20 3 0.10 350 32
13 10 20 4 0.55 312 27
7 11 15 4 1.00 349 39
6 12 25 4 0.10 303 31
10 13 20 5 0.10 300 29
2 14 25 3 0.55 269 34
5 15 15 4 0.10 261 24

PSD particle size distribution
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Particle Size Distribution Measurement

The particle size distribution (PSD) was produced by
Microsoft Excel software and calculated by using the follow-
ing equation:

PSD ¼ x
T

ð1Þ

where x is the number of appropriate particles and T is
the total number of particles. Values obtained as the PSD are
considered for each batch of tests separately.

Design of Experiments

Analysis of the results was performed by Stat-Ease De-
sign Expert software. After placing the response data in the
application, and checking all polynomial models fitted to the
data, cube model (stepwise) was statistically significant and
proposed to run DOE. F values, P value, and model F value
for average particle size and particle size distribution were
obtained from analysis of variance (ANOVA). Model selec-
tion, polynomial equations, and other statistical data are given
in Table V. Fifteen coefficients (β1 to β15) were calculated
using β0 as intercept. The predicted models were defined with
cubic polynomial functions as follows:

Y ¼ β0 þ β1Aþ β2Bþ β3Cþ β4ABþ β5ACþ β6BCþ β7A
2

þ β8B
2 þ β9C

2 þ β10A
2Bþ β11A

2Cþ β12B
2Aþ β13B

2C

þ β14C
2Aþ β15C

2B

ð2Þ

where β0 is the arithmetic average of all 15 responses, and
A, B, and C are the coded levels of the independent variable.
This form of equation was used to estimate responses. Coef-
ficients of polynomial equations are determined by using mul-
tiple linear regression analysis (MLRA) to calculate particle
size and particle size distribution.

Optimization Data Analysis and Model Validation

The results of polynomial regression were described by
3D graphs and contour plots and also optimized formulation
was selected. Predicted responses were selected based on

desirability factors. Criteria for selecting the optimal formula-
tions were selected according to maximum amount for PSD
and minimum amount for particle size.

The optimal formulation was selected as a checkpoint to
validate response surface method (RSM). MTX-FA-Chi nano-
particles were formulated based on optimal formulation. Per-
cent errors were calculated according to obtained values for
the responses and these values were compared with estimated
values. Finally, correlation plots were plotted separately for
each response.

Drug Loading and Encapsulation Efficiency

High-performance liquid chromatography (HPLC) was
used to measure the drug association efficiency and the
amount of encapsulated drug. The prepared solutions are
conducted on a Dikma C18 column (250 mm× 4.6 mm, 5
μm) at 35°C. An aqueous solution of acetonitrile and water
in isocratic mode (pH=5.7) was used as mobile phase, and the
flow rate was 0.3 mL/min. The measurements were carried out
by calculating the peak areas in relation to those of standards
chromatographed under same conditions. Standard calibra-
tion curves were prepared by using of the TPP aqueous solu-
tion as solvent. Data were given as mean± standard deviation.
The data were calculated as follows:

Drug loading DLð Þ ¼ MTX detected grð Þ
nanoparticles total weight

Encaptulation ef ficiency EEð Þ ¼ MTX detected grð Þ
MTX total weight

In Vitro Release Studies

In vitro release study of the drug-loaded core-shell NPs
were tested by dialysis method. The FA-Chi-MTX NPs were
carried out in PBS at pH 7.4 (pH of blood) and pH 5.0 (pH of
endosome) for 24 h. The NPs were placed in a dialysis bag
(cut-off = 12 kDa) at 37°C under stirring condition (100 rpm).
At defined schedule times, 2 mL of medium was replaced with
fresh medium. The replaced samples were withdrawn and
analyzed by HPLC. The in vitro drug release profile was
determined by measuring the cumulative amount of the
MTX released over an experimental time period by using
the following equation:

Cumulative release CRð Þ ¼ Wt
Wi

where Wt is the amount of drug released at the time t and
Wi is the initial amount of the drug encapsulated in the NPs.
The amount of MTX released was measured by UV spectro-
photometer at 303 nm. Each batch of samples was tested in
triplicate.

Cell Cultures and Cell Cytotoxicity

For cell cytotoxicity measurement, the tumor cell lines
HeLa (human epithelial cervical cancer) and non-tumor cell
line HGF-1 (human gingival fibroblast normal cell line) were
seeded at a density of 1� 104 cells/well (0.1 mL) into 60
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central wells of 96-well tissue culture plates in 100 μl of com-
plete culture medium at body temperature (37°C). The culture
medium was removed after incubation. The medium contain-
ing FA-Chi-MTX NPs were incubated at drug concentrations
of 0.1, 1, 5, 15, and 25 μg/mL. MTT assay was used to measure
the cell viability at different time periods. The absorbance was
measured by the microplate reader (wavelength = 545 nm).
The cytotoxicity result was measured as follows:

Cytotoxicity %ð Þ ¼ x−y
x

� 100

where x is the absorbance of the cells incubated with the
culture medium and y is the absorbance of the cells incubated
with FA-Chi-MTX NPs. All samples were evaluated five
times.

RESULTS AND DISCUSSION

Characterization of FA-chi

In order to synthesize FA-chitosan, the first step was the
FA-NHS ester formation (the synthesis reaction of FA-NHS
ester can be seen in the Fig. 3a). After purification and ex-
traction, FA-NHS ester powder was reacted with chitosan
(Fig. 3b). Finally, the FA-chitosan substance was produced.
After lyophilization, folate-chitosan powder was kept in ap-
propriate conditions until the electrospraying process stage.

Conjugation reaction of folic acid and chitosan occurred
in an environment which consists of DCC/NHS and in the
presence of DMSO. FTIR was used to determine the chemical
structure of FA-chi which can confirm the amide bond
(CONH) in the folic acid-chitosan structure (Fig. 4). The
range between two peaks of 1640 and 1565 cm−1 in chitosan
FTIR graph indicates strong bond vibrations of (NH) and
ðNH2), respectively. Folic acid diagram has a severe decline
at 1695 cm−1, which represents the (COOH) bond and also it
has another decline at 1605 cm−1 which shows the (C-C) bond.
In comparison with the chitosan diagram, the FA-Chi spectra
has significant difference at 1686 cm−1, which may be due to
the formation of the amide bond between the amino group of
chitosan and the carboxyl group of folic acid. The potential
formation of these bonds has occurred by DCC/NHS activa-
tion. These differences can be seen in folic acid diagram at

1609 cm−1 as well. These results confirmed that folic acid was
chemically conjugated to the chitosan backbone.

Formulation Variables of FA-Chi-MTX NPs

In the electrospraying process, several factors affected
the quality and size of NPs. These factors include effect of
solvent properties (concentration, conductivity, surface
tension, stability of the electrospray behavior, and interfa-
cial surface tension between the inner and outer liquids),
effect of applied voltage, needle diameters of core and
shell solutions, ratio of flow rates between the core and
shell solutions, and the distance between the nozzle and
aluminum foil in which the latter one has already been
studied (41,44,45,51–53). Three independent factors like
concentration, applied voltage, and ratio of flow rates
between the core and shell solutions which can have the
greatest impact on particle size were selected and studied
further.

FA-Chi Concentration

Folic acid-chitosan solution concentration plays a vital
role in the feasibility of the electrospray process. Change
in solvent concentration affects the viscosity and surface
tension of the solutions, and we know these two factors
could determine the quality of droplets in the electrospray
process.

At concentrations less than 1 wt%, the droplets are
formed rapidly and solution sputters without formation of
suitable cone-jet and thereby the droplets will not form into
the desired shape. If the concentration considered between 1.5
to 2 wt% the mixture of beads and fibers observed. Based on
these observations, the use of higher concentrations in the
electrospray process makes it impossible. Thus, a concentra-
tion of 1 wt% would be desirable and best efficiency occurs at
this level (51).

In contrast with pure chitosan, the solubility of surface-
modified chitosan with folate is significantly reduced. This
evidence happened since the amino groups of chitosan were
blocked in the conjugation process. Considering the experi-
ences of others in this field, a solution of water/TFE/acetic
acid, with ratios of 4:4:3 respectively was used as shell solvent
(51,53).

To assess the effect of concentration, two separate solu-
tions were prepared:

Fig. 2. The schematic figure of coaxial electrospray device and the core-axial nanoparticle
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A- Solution contains 1 wt% of chitosan-folic acid in the special
solvent (water/TFE/acetic acid, with ratios of 4:4:3,
respectively).

B- Solution of 1 wt% chitosan in acetic acid was prepared.

Concentration levels are defined as below:

Lower limit: Solution containing 90% by volume of solution A
and 10 (v/v) % of solution B. The reported number is 0.1.
Upper limit: 100% of solution B. The reported number is 1.

Effects of Applied Voltage

Three levels were used for this factor. The selection of
these levels was based on the three categories:

A- The previous reports which were reviewed in the stage of
literature reviews
B- Experiences of electrospray operator
C- Initial observations in pre-electro-spray tests

By considering these information, 15, 20, and 25 kV
were selected. By increasing the voltage to 20 kV, drop
forming operation converts from emitters to jet cone. It
should be noted that achieving to the cone-jet mode will
provide constant and continuous process conditions. How-
ever, by increasing the voltage, the electric field becomes
more severe, it cause jet instability and thus multi-jet
spraying will take place. In the higher applied voltage,
droplets will form more quickly and move faster to the
foil surface, which could prevent complete evaporation of
droplets, and therefore the number of large wet droplets
will be greater.

Effect of Ratio

The ratio of shell solution flow rate to core solution flow
rate also affects the quality of coaxial electrospray products.
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Different ratios of flow rates between core and shell solutions
were defined experimentally in order to achieve appropri-
ate encapsulation conditions and stable cone-jet. In the
solution flow rates of less than 1:2 (core/shell), a sufficient
amount of shell solution does not exist to encompass the
core solution. Ratios between 1:3 and 1:5 provide favor-
able conditions for the formation of stable Taylor cone-jet,
and thus enable the ability to achieve adequate core-shell
nanoparticles. Whereas by increasing the shell flow rate,
yield of encapsulation was reduced and even a stable
cone-jet may be difficult to achieve. As a result, the core
flow rate was fixed at 0.1 mL/h, and the range between
0.3 and 0.5 mL/h was set for shell flow rates.

Effect of Other Parameters

Effect of Distance. The distance between the nozzle and
aluminum foil also has a similar situation with the voltage
factor (54). Ten, 15 and 20 cm of distance were used. If the
distance is too small, the solvent does not find enough time to
evaporate completely, thus droplets do not evaporate before
reaching the collector and wet droplets can be seen on the
surface of the aluminum foil. If the distance is chosen at more
than 20 cm, the encapsulated particles dispersed. This means
more time, more materials, and of course more money
should be spent. As a result of these experiments, which
were identified in the pre-tests, the optimal conditions

Table III. ANOVA Analysis for PS

Response 1 Y1

ANOVA for response surface-reduced cubic model

Analysis of variance table (partial sum of squares-type III)

Source Sum of squares df Mean square F value P value prob >F

Model 13381.29 11 1216.48 138.72 0.0009 Significant
A-voltage (v) 12.25 1 12.25 1.40 0.3224
B-ratio 4.00 1 4.00 0.46 0.5478
C-concentration (%) 1681.00 1 1681.00 191.69 0.0008
AB 2970.25 1 2970.25 338.71 0.0004
AC 1482.25 1 1482.25 169.03 0.0010
BC 2704.00 1 2704.00 308.35 0.0004
A2 175.07 1 175.07 19.96 0.0209
B2 308.62 1 308.62 35.19 0.0096
A2B 465.13 1 465.13 53.04 0.0053
A2C 4095.13 1 4095.13 466.99 0.0002
AB2 512.00 1 512.00 58.39 0.0047
Residual 26.31 3 8.77
Lack of fit 8.31 1 8.31 0.92 0.4380 Not significant
Pure error 18.00 2 9.00
Cor total 13407.60 14
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occurred at a distance of 15 cm. Therefore, 15 cm was
selected and fixed in all experiments.

Effect of Nozzle Size. Effect of nozzle diameter was in-
vestigated previously, and the results showed that nozzle size
was not an important parameter (53). Thus, in order to pre-
pare ideal core-shell nanoparticles, the needle diameters cho-
sen were 0.6 and 1.2 mm as inner and outer needle size,
respectively.

Effect of Formulation Parameters on PS

The size of the gaps between leaking endothelial cells has
been reported to be ranging between 380 and 780 nm in
different tumors (55). On the other hand, in comparison with
the small pore distance between the normal vascular endothe-
lial cells (which is about 5 to 10 nm), the significant difference

between the pore size of tumor endothelial cells and normal
cells can be seen. Therefore, nanoparticles with specified sizes
must have the ability to pass through the pores of leaky tumor
endothelium and do not enter normal tissues, and as a result,
increase in the concentration of nanoparticles in the tumor site
will happen by considering enhanced permeability and reten-
tion effect (EPR) (56). The best particle size range has been
reported as 10 to 400 nm (57–60). With these interpretations,
the nanoparticles’ size is an important factor and achieving the
ideal particle size formed the most important goal of this
study. Hence, the aim of optimizing for particle size was
considered the minimum value. By considering multiple linear
regression analysis, Y1 equation is given as below:

Y1 ¼ 312:92þ 1:75Aþ B−20:50C þ 27:25AB−19:25AC

þ 26:00BC−6:86A2−9:11B2‐15:25A2Bþ 45:25A2C−16:00B2A

ð3Þ
Predictive ability of the model was indicated by the

calculation of R2 coefficients, which is a criterion of the
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model fitting. For all experimented batches, the Y1 (par-
ticle size response) value showed good R-squared 0.9980.
However, report of this number is not enough to verify
the model, and therefore the analysis of variance
(ANOVA) reports are also important (Table III). If the
P value is less than 0.05, it indicates the proper fitting of
data with model, but if the lack of fit P value became
greater than 0.05 it showed that data adapted with model.
The calculated P value for lack of fit is 0.4380, and this
means that data has been fitted with model. The impor-
tance of a mathematical model is assessed by analysis of
variance.

As it is seen in the equation, independent variables A,
C, and B have P value less than 0.05 which significantly

affect the particle size. Due to negative coefficient of C, it
can be concluded by increasing the concentration of chito-
san in the folic acid-chitosan solution, the particle size
decreases. Furthermore, the influence of the variable de-
pends on the value of its coefficient. But then, particle size
had a relationship with the second order of A and B, and
by considering to their negative coefficients it could be
concluded that by increasing the value of these variables
separately, the particle size would be decreased. The inter-
action terms (AB, AC, BC, A2 B, A2 C and B2 A) showed
how particle size changes when two independent variable
simultaneously changed. The values of coefficients in the
equation represent the effect of that term on the particle
size. As can be seen in Fig. 5, by drawing a linear

Table IV. ANOVA Analysis for PSD

Response 2 Y2

ANOVA for response surface-reduced cubic model

Analysis of variance table (partial sum of squares-type III)

Source Sum of squares df Mean square F value P value prob >F

Model 237.73 11 21.61 9.73 0.0433 Significant
A-voltage (v) 4.00 1 4.00 1.80 0.2722
B-ratio 0.00 1 0.00 0.00 1.0000
C-concentration (%) 0.00 1 0.00 0.00 1.0000
AB 9.00 1 9.00 4.05 0.1377
AC 156.25 1 156.25 70.31 0.0036
BC 16.00 1 16.00 7.20 0.0748
A2 0.31 1 0.31 0.14 0.7320
B2 15.39 1 15.39 6.93 0.0782
C2 0.16 1 0.16 0.072 0.8057
A2C 3.13 1 3.13 1.41 0.3210
AC2 28.12 1 28.12 12.66 0.0379
Residual 6.67 3 2.22
Lack of fit 2.00 1 2.00 0.86 0.4523 Not significant
Pure error 4.67 2 2.33
Cor total 244.40 14
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regression, it could be concluded that by increasing the
applied voltage (A), the particle size (PS) decreased. But,
this is a curve diagram and the maximum of particle size
was obtained at the moderate level of applied voltage.
Since selected range is a certain range in order to form
Taylor cone-jet, thus, it can be said near 25 kV smaller
particles are formed. By analyzing the ratio of outer solu-
tion to inner solution flow rate (B) factor from Figs. 5 and
6 graphs, it can be concluded by increasing the value of
this term, the particle size decreased. The minimum particle
size is obtained in the maximum value of this factor. As it
is seen from 3D graphs and contour plots (Figs. 6 and 7),
by increasing the concentration of chitosan in chitosan-folic
acid solution, the particles become smaller. This conclusion
proves that by adding molecular branches (folic acid mole-
cules) on the surface of chitosan polymer, the values of
nanoparticles size (which were coated with these kinds of
polymers) become bigger in comparison with non-
conjugated chitosan. On the other hand, researches have
shown the in vitro results of chitosan-methotrexate (as an
anticancer agent) nanoparticles had no sensible difference
with free methotrexate (32). Considering both active and
passive targeting are the main reasons of preparing
targeted nanoparticles. As a result, producing of nanopar-
ticles containing targeted agent branches which have the
ability to reach the tumor interstitium area becomes

important. The range of mean particle size of produced
particles tolerated from 257 to 352 nm for all examined
batches. Reported range is acceptable in order to enter the
tumors.

Effect of Formulation Parameters on PSD

Achieved values for particle size proved the ability of
these nanoparticles to enter tumor cells, but the accumu-
lation of drug molecules in the tumor site is not just the
only important factor. The other important factor is PSD.
PSD defines the number of suitable nanoparticles which
can pass through pores of tumor cells than the whole
produced particles. Suitable nanoparticles have a diameter
less than 400 nm. On the other hand, evidences have
shown that particles with diameters less than 100 nm are
not well encapsulated. Thus, a range of 100 to 400 nm
was selected for the suitable particle diameter. According-
ly, the aim of optimizing for PSD was considered the
maximum value. By considering multiple linear regression
analysis, Y2 equation is given as below:

Y2 ¼ 28:67þA−1:50AB−6:25ACþ 2:00BCþ 0:292A2

þ 2:042B2−0:21C2 þ 1:25A2C−3:75C2A
ð4Þ

Table V. Results of Regression Analysis for Y1 and Y2

Regression statics for Y1 Y2

Std. Dev. 2.961289 1.490712
Mean 304.4 29.8
C.V. % 0.972828 5.002389
PRESS 1762.74 N/A
R-Squared 0.998038 0.972722
Adj R-Squared 0.990843 0.872704
Pred R-Squared 0.868527 N/A
Adeq Precision 36.38999 13.50000
Equations
y1 ¼ 312:92þ 1:75Aþ B−20:50C þ 27:25AB−19:25AC þ 26:00BC−6:86A2−9:11B2−15:25A2Bþ 45:25 A2C−16:00B2A
Y2 = 28.67 +A − 1.50AB− 6.25AC + 2.00BC+ 0.29A2 + 2.04B2 − 0.21A2 − 1.25A2C − 3.75c2A

Table VI. Solutions for Optimum Formulations

Solutions

Number Voltage (kV) Ratio Concentration (%) Y1 Y2 Desirability

1 15.00 5.0 0.47 257.0005 29.89397 0.81756 Selected
2 25.00 3.0 0.57 268.6592 33.13288 0.81365
3 25.00 3.0 0.59 268.1459 32.86011 0.81193
4 25.00 3.0 0.65 264.9789 31.64720 0.80841
5 19.94 3.0 1.00 257.0015 28.58496 0.78120
6 21.75 3.0 0.85 257.0001 28.18891 0.76933
7 24.97 5.0 0.10 264.7233 29.54122 0.76070
8 18.97 4.5 1.00 306.4447 32.00489 0.51400
8 solutions found
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For all experimented batches, the Y2 (PSD response)
value showed good R-squared 0.9727. The ANOVA results
showed in Table IV as well. The calculated P value for lack of
fit is 0.4523, and this indicates that data has been fitted with
model.

As it is seen in the equation, just factor A has a P
value less than 0.05. Due to positive coefficient of A, it
can be concluded that by increasing the applied voltage,
the PSD increases as well. PSD varies with the second
order of A, B, and C. The interaction terms (AB, AC,
BC, A2 C, and C2 A) showed how PSD changes when
two independent variable simultaneously changed. The
values of coefficients in the equation represent the effect
of that term on the PSD. In order to analyze the equa-
tion, putting points in the equation and drawing related
graphs are required. With the drawing of 3D graphs and
counter plots by Design expert software (Figs. 7 and 8), it
can be seen that by increasing the applied voltage (A),
the PSD increases significantly as well. By analyzing the
ratio of outer solution to inner solution flow rates (B)
factor from the plots of Fig. 7, it can be concluded that
this term acted as a curve so that it has its minimum value
at moderate ratios and it shows greater values at the
upper and lower limit. As it can be seen from 3D graphs
and contour plots (Fig. 8), by increasing the concentration
of chitosan in FA-Chi solution, the number of favorable
particles increases. The range of PSD tolerated from 21 to
39 present for all examined batches. The overall analyses
showed that just around 29% of all produced particles had
the requirement conditions. This means that just around
29% of drug dosage could reach the tumor interstitium
and other particles do not have the ability to enter the
tumor area (Table V).

Optimization, Validation, and Evaluation

Formulations have been published by Design expert as
optimized solution (Table VI). These formulations have been

calculated and analyzed by mathematical model. A formu-
lation which had the best desirability factor and also had
better process conditions has been selected. In the pur-
pose of validation, the optimized conditions have been
provided. Solutions were prepared according to new spec-
ified conditions and core-shell nanoparticles were pre-
pared by coaxial electrospray process. In order to gain
better results, three samples have been made. The new
drug loaded nanoparticles were collected on the surface of
the aluminum foils. The aluminum foils which were cov-
ered with sprayed particles were brought to analyze with
FE-SEM (Fig. 9). The captured photos of all three sam-
ples have been analyzed by ImageJ software in order to
measure particle size. The experimental results compared
with estimated results in Table VII. Errors of 2.5% for PS
and about 2.3% for PSD show the experiments and data
optimization methodology were acceptable with a good
approximation.

Drug Loading and Encapsulation Efficiency

DL and EE were approximately 4.56 ± 0.15% and
89.6 ± 3.8% (triplicate), respectively. In comparison, 41.6
± 2.7% (triplicate) MTX was encapsulated into the FA-
Chi-MTX NPs and DL was 2.78 ± 0.11% (triplicate). The
EE value and DL value were the mean of three batches.

We strongly believed that the presence of a polymeric
carrier shell at the interface of the core layer was the main
reason of enhancement of DL and EE. This layer prevented
drug molecules from diffusing out of the core. Thus, such core-
shell system with appropriate drug EE promises the prospect
for a practically useful drug delivery system.

In Vitro Release Studies

The in vitro drug release studies of FA-Chi-MTX NPs
are shown in Fig. 10. The release profile of nanoparticles
in PBS checked at pH= 7.4 and pH= 5. A free MTX was

Fig. 9. FE-SEM-captured pictures in three different scales from optimized formulation

Table VII. Comparison of Experimental Values with Predicted Values

A B C Mean experimental value Estimated value % error

PS 15 5 0.47 263.8 257.0005 2.577
PSD 15 5 0.47 30.6 29.894 2.307

PS particle size, PSD particle size distribution
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carried out at pH 7.4 and complete diffusion across the
dialysis membrane was occurred within 3 h. Release stud-
ies of MTX throw FA-Chi-MTX NPs at pH 7.4, showed
an initial burst release of 34.0% in 5 h, and the total drug
release in 72 h was 65%. On the other hand, at pH 5.0, a
faster release of MTX throw prepared NPs appeared. The
result was as follows: an initial burst of 40.5% in 5 h, the
gist of this test happened in the first 1 h the drug release
achieved 25%. This means that these NPs can throwback
the growth of cancer cells in the very first penetration and
especially in the short time. The cumulative release
reached 78.5% in the following 72 h. This release profile
presents the possibility to fight against cancer cells
continually.

MTX release was accelerated in pH 5.0 in comparison
with that at pH 7.4, which confirms that MTX drug delivery is
triggered at tumor extracellular site (61). The increase of
MTX release at pH 5.0 supports the increased intracellular
drug delivery among the endosomes sites. These differences
could be summarized into two main factors. The first one is

NPs’ structure decomposition in lower pH (51), and the sec-
ond one might be due to the lower degree of MTX ionization
under acidic medium (62). It is extremely important to avoid
multidrug resistance (MDR) of initially sensitive tumor cells
caused by slow release at the site of action by development of
slow release to rapid release kinetics when the target sites
have been reached (61).

Cytotoxicity Studies

Methotrexate and MTX-loaded NPs cell cytotoxicities
were evaluated using MTT assay. The HeLa cells were incu-
bated with MTX at drug concentrations of 0.1, 1, 5, 15, and
25 μg/mL after 4, 24, and 48 h; cell inhibition treatment was
measured and shown in Fig. 11a. It is obvious the higher drug
concentration will cause higher mortality of the cells (less
survival rate). Also, for the cytotoxicity of FA-Chi-MTX
NPs, the same drug concentrations (0.1, 1, 5, 15, 25 μg/mL)
were applied. After scheduled time intervals (4, 24, 48 h)
treatment, the cell inhibition were found (Fig. 11b).

Fig. 10. In vitro cumulative MTX release in PBS at reported pH. a Free MTX at pH 7.4. b FA-Chi-MTXNPs
at pH 5.0. c FA-Chi-MTX NPs at pH 7.4

Fig. 11. Cytotoxicity studies on HeLa tumor cell lines. a Free MTX at the 0.01–25 μg/mL concentration range as determined
by MTT assay. b FA-Chi loaded with MTX at the 0.01–25 μg/mL concentration range as determined by MTT assay
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The cytotoxicity of HGF-1 cells are shown in Fig. 12. The
cell inhibition by MTX at drug concentrations of 0.1, 1, 5, 15,
and 25 μg/mL after 4, 24, and 48 h is described in Fig. 12a, and
the cytotoxicity of FA-Chi-MTX NPs were applied in Fig. 12b.
The non-tumor HGF-1 cell line displayed lower sensitivity to
the antiproliferative of both samples. In comparison, it is
obvious that prepared site-specified MTX-loaded NPs dem-
onstrated higher cytotoxicity than free MTX at the same
conditions (drug concentration and time intervals). This
means that the drug requirement of FA-Chi-MTX NPs could
be less in comparison with free MTX for the same therapeutic
effect and better treatment of tumor cells. The MTT assay
results showed that the FA-Chi-MTX shell-core NPs may
promise future researches pharmaceutical applications.

CONCLUSION

Preparation of multi-component nanoparticles formula-
tion includes many factors and describing such systems is very
complex. Considering all these factors at their optimal levels
and achieving the best possible responses, a lot of experiments
and many different testing combinations which included all
available factors are needed.

Using Box-Behnken RSM can reduce the number of
required experiments, produce beneficial results for the main
effects and interactions between selected factors, and explain
their complex interactions by drawing the graphs and plots.
According to obtained results, the optimized conditions for
producing desirable FA-Chi-MTX core-shell nanoparticles are
provide in the concentration of 0.47 (v/v) % of chitosan solu-
tion and 0.53 (v/v) % of FA-chi solution with the flow rate
ratio of 5:1 (shell/core solutions) and the applied voltage of
15 kV in the coaxial electrospray process. As a result of
providing these optimal conditions, the particles with the
mean diameter of 257 nm and the particle size distribution
around 30% are produced. Furthermore, the feasibility of
using prepared NPs to target tumor extracellular pH was
shown, as drug release was greater in the pH of endosome
(acidic medium). This evidence showed acceptable
hemocompatibility and imbursed cytotoxicity on tumor cell
lines. On the other hand, comparison of prepared NPs release
on HeLa tumor cell lines with that on HGF-1 normal cell lines
showed a beneficial approach which provides enhanced

anticancer efficacy at the tumor site. In conclusion, the current
study is useful for successful DOE, development, and optimi-
zation of FA-Chi-MTX core-shell nanoparticles.
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