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Abstract
Background Berberine (BBR) broadly found in medicinal plants has a major application in pharmacological therapy as an
anticancer drug. Clinical applications of this promising natural drug are limited due to its poor water solubility and low
bioavailability.
Objective In this study, for the first time, we synthesized core-shell BBR-loaded PLA nanoparticles (NPBs) by using coaxial
electrospray (CES) to solve the poor bioavailability of BBR.
Methods Three-factor (feeding rate, polymeric solution concentration and applied voltage), three-level, Box-Behnken design
was used for optimization of the size and particle size distribution of the prepared NPBs.
Results Based on the results of response surface methodology, the NPBs with the mean size of 265 nm and particle size
distribution of 43 nm were synthesized. A TEM image was used to well illustrate the core-shell structure of the NPBs.
Encapsulation efficiency and BBR loading capacity for the optimized NPBs were determined at about 81% and 7.5%, respec-
tively. Release of NPBs was examined at pH 7.4 and 5.8. NPBs had a slower release profile than free BBR in both pH values, and
the rate of BBR release was more and faster in acidic pH than in physiological one. Effects of the NPBs on the drug release were
confirmed by data fitting with six kinetic models. NPBs showed an increased cytotoxic efficacy against HCT116 cells (IC50 =
56 μM), while NIH3T3 cells, non-neoplastic fibroblast cells, (IC50 > 150 μM) were less affected by NPBs. Flow cytometry
demonstrated that the cellular uptake of NPBs were higher than BBR at different concentrations.
Conclusions A new approach was developed in this study to prepare NPBs using the CES process for improving the efficiency
and controlled BBR release. It is concluded that nano-scaled NPBs prepared by CES can improve toxicity and chemotherapeutic
properties of BBR against cancerous cells. We believe that these NPBs can exhibit further potential in cancer drug delivery
systems.
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Introduction

In the current century, the field of drug discovery has been
extensively linked to medicinal plants throughout the world
[1]. Berberine (BBR), an herbal alkaloid drug, is obtained
from the roots and stem bark of berberis species [2]. BBR
has different pharmacological applications such as antiviral,
antibacterial, antifungal, antimalarial, antisecretory,
antileishmanial, antidiabetic, and anticancer applications and
also has anti-Alzheimer’s disease effect [3–7]. BBR is one of
the well-known anticancer drugs for the treatment of hepato-
ma, breast cancer, bladder cancer, and colon cancer [8].
However, clinical applications of this promising natural drug
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are limited due to its low water solubility and low bioavail-
ability [9–11]. Therefore, to overcome these problems, re-
searchers have focused on designing nano-dimensional parti-
cles to enhance the bioavailability and solubility of BBR de-
livery [12, 13]. Twomethods developed to fabricate BBRNPs
with evaporative precipitation of nanosuspension (EPN) and
anti-solvent precipitation to improve the bioavailability and
solubility of BBR molecules [14].

Folic acid-modified chitosan nanoparticles loaded with
BBR (BH/FA-CTS NPs) were synthesized for nasopharyn-
geal carcinoma therapy using the ionic cross-linking method
to overcome the weaknesses of BBR as a poorly soluble and
bioavailable drug [15].

Nowadays, numerous approaches have been introduced to
improve the bioavailability and solubility of hydrophobic
drugs, such as microemulsion, micelle, and microparticles
[16–21]. Polymeric biodegradable micro/nanoparticles are
currently being widely explored for the therapeutic develop-
ment of novel drug delivery systems, because of their high
dissolution rates that improve drug stability, bioavailability,
and controlled release behavior [22–24]. Recently, several
types of polymers such as polycaprolactone, polyethylene gly-
col, poly (lactic-co-glycolic) acid, polyvinyl alcohol, and chi-
tosan have been extensively used in biomedical applications
due to their excellent biodegradability in the body [25–30].
Specifically, polylactic acid (PLA) has been extensively used
as a biomaterial system such as drug delivery, artificial skin,
wound dressing, and bone and tissue engineering due to its
superior biodegradability, biocompatibility, non-toxic, and
high mechanical properties [31–36]. The electrospray (ES)
process has shown significant potential for preparing mono-
disperse NPs from a group of various precursors to generate
polymeric drug delivery systems so that drugs can be encap-
sulated with low solubility in water [37]. Nano-encapsulation
can improve the chemical stability of core-loaded drugs and
help controlled release rates in the in-vivo environment [38].
This technique is one of the most commonly used processes to
prepare a liquid droplet using a strong electric field that helps
to prepare different nanostructures by overcoming the electro-
static repulsion of a polymeric droplet to the surface tension
energy of a polymer solution [39–41].

In comparison with conventional electrospray, coaxial
electrospray is an electrohydrodynamic process for the prep-
aration of multilayer nano- and microparticles using coaxial
electrified jets. This technic has great and different advantages
such as effective protection of bioactivity, high encapsulation
efficiency and uniform size distribution over the other fabri-
cation processes like emulsification, soft lithography, poly-
meric micelles, spray drying and microchannel extrusion
[42]. Recently, coaxial electrospray (CES) has been applied
to synthesize core-shell nanoparticles (NPs) [43]. In this sys-
tem, uniform electric potential connected to two capillary
needles. Hydrophobic drugs and organic solvents flow in the

interior capillary needle, and a polymeric solution flows in the
exterior capillary needle.

Design of experiment (DOE) is a mathematical and statis-
tical approach for modeling and optimization of synthesized
nanoparticles [44].

The purpose of this study was to prepare and optimize
nano-sized core-shell NPs based on berberine-loaded PLA
particles using the CES technique to improve the bioavailabil-
ity of BBR. To the best of our knowledge, this is the first study
on using CES for the preparation and optimization of NPBs to
enhance drug loading (DL) efficacy and controlled/sustained
release behavior.

Materials and methods

Materials

PLA (averaged Mw by GPC = 300 kDa,) was kindly gifted by
Isfahan university. BBR chloride, dimethylformamide
(DMF), ethanol, and chloroform (analytical grade) were pur-
chased from Sigma-Aldrich. Phosphate buffer saline (PBS)
was purchased from Bio Basic Inc. HCT116 (human colorec-
tal carcinoma cells) and NIH3T3 (Swiss mouse embryo fibro-
blast) were prepared from the Pasteur Institute of Iran (Tehran,
Iran). The Roswell Park Memorial Institute medium (RPMI)
1640, Dulbecco’s modified Eagle’s medium (DMEM), and
fetal bovine serum (FBS) were purchased from Biosera
(UK). Pen-strep and trypsin-EDTA were purchased from
Gibco (UK). MTT (3-[4, 5-dimethylthiazol-2-yl] 2, 5-
diphenyl tetrazolium bromide) was purchased from Sigma
(Germany). All other materials and reagents applied in this
work were of analytical grade unless otherwise noted.

The experimental setup

The schematic pattern of the CES apparatus used for the prep-
aration of BBR-loaded PLA NPs is illustrated in Fig. 1.

In this work, the CES process included two syringe pumps
(JMS SP-500, Japan), a coaxial needle, and high voltage DC
power supplies. The coaxial needle consisted of an inner nee-
dle with 18-gauge and an outer needle with 22-gauge. Briefly,
different amounts of PLA were dissolved in a chloroform/
DMF mixture with a ratio of 2:1 to prepare a 0.1–0.5% (w/
w) polymeric solution and berberine hydrochloride was dis-
solved in an ethanol/DMF mixture with the ratio of 2:1. The
polymeric solution was stirred (100 rpm) for 24 h at room
temperature to form a homogeneous solution. Then, BBR
and PLA solutions were poured into two 5 mL plastic syringes
with the polymer/drug ratio of 10:1% (w/w), as core and shell
layers, respectively. Afterward, two pumps were applied to
deliver the PLA and BBR solutions through a coaxial system.
The distance between the tip of the needle and the collector
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was fixed on 18 cm. The drug solution was sprayed at the flow
rate of 0.25 mL/h and the polymeric solution was
electrosprayed at the flow rate of 1–2 mL/h. The applied volt-
age was tuned on 16–20 kV and the polymer concentration
was 0.1–0.5%. Finally, the NPs were collected on an alumi-
num foil surface after 1 h. Table 1 shows the details of the
experimental parameters.

Characterization

The morphology, particle size, and size distribution of the
NPBs were measured using Field emission scanning electron
microscopy (FE-SEM, Nova NanoSEM 450). The particle
size of the NPBs was measured for pre-tests using an optical
microscope (Nikon ECLIPSE E100, USA). The average mean
size and particle size distribution (PSD) were calculated by the
Image J software. Transmission electron microscopy (TEM,
Philips 208S) was utilized to evaluate the core-shell structure
of NPBs. Fourier transform infrared (FT-IR) (BRUKER,
Germany) was applied to characterize the NPBs. Moreover,

the BBR release behavior of the NPBs was measured by a UV-
Vis spectrophotometer (X-ma 2000). Calorimetric measure-
ments were studied using TA-2 (Pishtaz engineering Co.,
Iran). The analysis was performed in the range of 25 to
250 °C with a heating rate of 5 °C/min in an air atmosphere.

Experimental design

According to the pre-tests, the concentration, voltage, and
flow rate of the polymeric solution were selected as indepen-
dent variables. These variables were defined at three levels:
low (−1), basal (0) and high (+1), as given in Table 1. The
Box-Behnken model obtained by the Design-Expert Software
(Version 11 State-Ease, USA) suggested 15 experiments, in-
cluding 12 factorial points and 3 replicates of the central point,
to estimate the pure error and sum of squares (Table S1). A
mathematical relationship was obtained between the indepen-
dent variables (Xi,...) and responses (particle size and size
distribution) by a second-order polynomial function model
as below:

Y ¼ α0 þ α1X1 þ α2X2 þ α3X3 þ α11X1
2 þ α22X2

2

þ α33X3
2 þ α12X1X2 þ α13X1 X3 þ α23X2X3 ð1Þ

Where, X1, X2, and, X3 are independent variables; Y is the
predicted response; α0 is the intercept; α1, α2, and α3 are the
linear coefficients; α11, α22, and α33 are the squared coeffi-
cients, and α12, α13, and α23 are the interaction coefficients of
the equation. In the present work, contour plots as 3D surface
plots were applied to show the relationship and interaction
between the independent variables and the dependent
responses.

Table 1 Parameters used in design of experiment

Independent variable Symbol Levels

−1 0 +1

Concentration (w/w %) X1 0.1 0.3 0.5

Flow rate (mL/h) X2 1 1.5 2

Voltage (kV) X3 16 18 20

Dependent variables Constrains

Y1 = particle size Minimize

Y2 = particle size distribution Minimize

Fig. 1 Schematic pattern of the
CES setup and coaxial NPs
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Calculation of the encapsulation efficiency (EE)
and drug loading (DL) of the NPBs

EE and DL of BBR in NPBs were determined as follows:
Initially, 30 mg of NPBs were added into 30 mL of ethanol,
the solution was shaken for 1 h and washed for several times
until the yellow color of BBR disappeared. The content of
BBR in the NPBs was characterized by UV-Vis spectroscopy
at the wavelength of 348 nm. Equations (2) and (3) were used
to calculate DL and EE, respectively.

DL %ð Þ ¼ Bt−Bs=BN � 100 ð2Þ

EE %ð Þ ¼ Bt−Bs=Bt � 100 ð3Þ
Where Bt, Bs, and BN are the initial weight of BBR, the weight
of the detected BBR in the solution, and the weight of the
NPBs, respectively.

In vitro drug release from the PLA NPs

To determine the drug release properties of the NPBs, 30 mg
of particles were placed in each dialysis bag (cut-off 12 kDa)
and then two dialysis bags were immersed in vessels including
50 mL PBS with pHs 5.8 or 7.4. Afterward, the dispersed NPs
in PBS was put in an incubator to supply a suitable ambiance
in terms of darkness and temperature with the velocity of
100 rpm at 37 °C. At determined intervals, 2 mL of the re-
leased solution was taken to investigate the release amount of
BBR and then the same amount of the fresh PBS solution was
replaced immediately to maintain the volume constant. The
release solution was analyzed by a UV-Vis spectrophotometer
at 348 nm. The cumulative drug release percentage of BBR
was calculated using Eqs. 4 and 5 [45].

Brmod ¼ Br þ Vs=Vtð Þ∑Br ð4Þ

Cumulative release rate %ð Þ ¼ Brmod=Btotal � 100% ð5Þ
Where Br and Br mod are the evident weight and modified
weight at the time of t, VS is the volume of the taken sample,
Vt is the total volume of the release medium,∑Br is the sum-
mation of Br, and Btotal is the total weight of BBR entrapped
inside the particles.

Colloidal stability studies

Colloidal stability analyses were conducted at 25 °C, during
three weak (once a week) using a DLS instrument. Samples
were prepared in deionized water and their concentrations
were adjusted to be 50 μg/mL. Eq.6 was used to determine
the colloidal stability of the particles.

Colloidal Stability tn

¼ Nanocarrier size tnð Þ
Initial size of the nano carriers t0ð Þ ð6Þ

Where the colloidal stability of the particles in each week (tn)
equals to the nanocarrier size in each week (tn) to the initial
size of the nanocarrier at the beginning of the test (t0).

Evaluation of in vitro cytotoxicity

The mitochondrial tetrazolium test was conducted to as-
sess the viability of NIH3T3 and HCT116 against various
concentrations of the sample. The above-mentioned cell
lines were maintained as exponentially growing cultures
in either the DMEM or RPMI 1640 cell culture medium
supplemented with 10–15% FBS and antibiotics, under
culture conditions. The nano-formulation was used at con-
centrations ranging between 0.586–150 μg/mL doubling
dilutions, and the cells were incubated for 24, 48, and
72 h. After each interval, the cells were treated by the
MTT solution (5 mg/mL) and the absorbance was mea-
sured at 570 nm and referenced at 630 nm. Each experi-
ment was performed in four replications and cells with no
treatment were considered as control. The concentration
required for 50% inhibition of cell viability (IC50) was
determined by nonlinear regression analysis and
expressed in the mean ± standard error of the mean
(SEM).

Statistical analysis

Statistical differences between the treatment and control
groups were examined by one-way analysis of variance
followed by Turkey’s tests (Stats-Direct version 3.1.18).
Differences were considered statistically significant at
P < 0.05.

Cellular uptake of NPBs and BBR by flow cytometry

The HCT-116 cells were cultured in 12-well plates at an
appropriate density for 24 h. In the following day, a fresh
medium containing BBR (at 1/2 concentration of its
IC50 = 70.773 μg/mL) and NPBs (at 1/2 and 1/5 concen-
trations of its IC50 = 56.825 μg/mL) were added to the
individual dishes (in separate wells) and incubated for
additional 24 h. Untreated cells were considered as con-
trol. Consequently, cells were tripsinized, collected and
re-suspended in PBS for analysis. The fluorescence inten-
sity of cells was quantitated using FACS flow cytometer
at 488 nm excitation and 585/40 band-pass (FL2) filter.
Data were analyzed using FlowJo v10 software. FSC vs.
SSC gating was used to remove cell debris, and the
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fluorescent histogram parameters were determined from
this gated scatter region [46].

Results

Different parameters and their importance

Solution parameters, like types of polymer and solvents, and
the ratio of different solvents are more important than ambient

variables. DMF and chloroformwere chosen as solvents at the
ratios of 1:1, 1:2 and 1:3 in order to obtain suitable miscibility
and a favorable amount of conductivity to reach a stable
Taylor cone (Fig. 2a-c). After carrying out the pre-tests, the
ratio of 2:1 (Chloroform:DMF) was chosen as the best ratio.
Figure 2b shows the suitable dispersion and morphological
characteristics at the ratio of 2:1 compared to the ratios of
1:1 and 3:1 shown in Fig. 2a and c, respectively. In addition,
the distance between the nozzle and the collector was investi-
gated as another important process variable. Distances of 16,

Fig. 2 Optical images of particles using different solvents: 1:1 (a), 2:1 (b), 3:1 (c) and different distances: 16 (d), 18 (e) and 20 (f) cm
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18 and 20 cm were considered as desired values (Fig. 2d-f).
By carrying out the pre-tests, the 18 cm distance was diag-
nosed as the best distance (Fig. 2e).

Response surface analysis and model fitting for size
and size distribution

The SEM analysis was used for investigating the size and size
distribution of the synthesized NPBs by the CES process.
About 50 particles were chosen randomly and mean size and
PSD from each image were determined. The mean size and
size distribution of the NPBs were obtained, ranging between
266 and 457 nm and 43–90 nm, respectively (Table S1). The
analysis of variance (ANOVA) was employed by calculating
the F-value to find the best model fitting well with our exper-
imental data.

The results of ANOVA for particle size and size distribu-
tion are shown in Table S2 and Table 2, respectively. In both
responses, the models were significant and “lack of fit” was
“insignificant”.

The quadratic second-order equation fitting with the exper-
imental data for size had the following expression:

Y1 ¼ 2785:17þ 143:12X1−300:25X2−245:31X3

þ 305X1X2−47:5X1X3 þ 655:2X1
2 þ 81:83X2

2

þ 6:61X3
2 ð7Þ

The quadratic second equation fitting with the experimen-
tal data for PSD had the following expression:

Y2 ¼ 611:46þ 185X1−42:5X2−59:5X3

þ 55X1X2−19:37X1X3 þ 190:62X1
2 þ 1:65X3

2 ð8Þ

WhereY1 and Y2 demonstrate the size and PSD and X1, X2,
and X3 are the concentration, the flow rate of the polymer and
the voltage, respectively.

The R2 values of the model for size and PSDwere obtained
0.9908 and 0.9815, respectively. Moreover, the adjusted R2

values were obtained 0.9742 and 0.9481, respectively. The
obtained data of the adjusted R2 values suggested that only
2.58% and 5.19% of the total variation in the model were not
explained by the variable factors. The p values of the models
for size and PSD were 0.0001 and 0.0008, respectively.
Results revealed that both models were highly significant.
Figures 3 and 4 demonstrate the effect of the independent
variables on size and size distribution with the graphical plots
obtained from the software.

Figure 3a shows that there is a direct relationship between
flow rate and concentration with particle size. So that by in-
creasing the solution flow rate or concentration, the particle
size of the NPBs increased.

Figure 3b illustrates the effect of voltage on the final parti-
cle size of the NPBs. In fact, by increasing the voltage from 16
to 20 kV, a decrease in particle size was observable.

Xi = independent parameters, Df = degrees of freedom,
Cor Total = Total (corrected).

To reach the optimum values for PSD, the CES process
should be performed in stable cone-jet mode [47]. Figure 4a
reveals that by enhancing the concentration of the polymeric
solution, PSD will increase.

According to Fig. 4a, in the concentration range around 0.2
to 0.4 (%) and the flow rate from 1 to 1.2 (mL/h), the lowest
and consequently the optimum amount of PSD was observed.

Figure 4b illustrates the indirect relationship between the
applied voltage and PSD. As shown, an increase in voltage
decreased PSD values. By the plot, the lower values of PSD
were obtained in the 18–20 kV voltage domain.

Table 2 ANOVA results for PSD
Source Sum of Square df Mean Square F-value p value

Model 2050.85 9 227.87 29.40 0.0008 significant

X1 351.13 1 351.13 45.31 0.0011

X2 420.50 1 420.50 54.26 0.0007

X3 561.12 1 561.12 72.40 0.0004

X1X2 121 1 121 15.61 0.0108

X1X3 240.25 1 240.25 31 0.0026

X2X3 4 1 4 0.5161 0.5047

X1
2 214.67 1 214.67 27.70 0.0033

X2
2 12.98 1 12.98 1.67 0.2521

X3
2 162.06 1 162.06 20.91 0.0060

Residual 38.75 5 7.75

Lack of Fit 36.75 3 12.25 12.25 0.0764 not significant

Pure Error 2 2 1

Cor Total 2089.60 14
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Determination of optimal conditions for the prepara-
tion of the NPBs.

Solving the quadratic equations led to determining the op-
timum values of the polymer concentration (0.35%w/v), feed-
ing rate (1.03 mL/h), and applied voltage (19.47 V). The low-
est value was predicted by the software for size in 265 nm and
PSD in 41 nm. These obtained results are the optimum values
in this study. To evaluate the suggested model, the experi-
ments were repeated three times in the optimum condition.
The output results obtained from the SEM images presented
270 nm for mean particle size and 44 nm for PSD (Fig. 5a).

Besides, standard deviation (SD) equal to 4.6 and 5.2% was
measured for these two parameters data analysis, respectively.

TEM analysis was applied to characterize the core-shell
morphology of the NPBs, which was synthesized under the
optimum condition. Figure 5b demonstrates an obvious dif-
ference between the core and the shell, which confirmed that
our coaxial needle worked well.

The FT-IR of PLA, BBR, and optimized NPBs are shown
in Fig. 6. In the PLA spectrum, the peaks at 1747 and
1081 cm−1 can be ascribed to the stretching vibration of
C=O and C–O bands, respectively. Moreover, asymmetrical

Fig. 3 The 3D response surface
plots for analysis of a) flow rate
and PLA concentration, b)
applied voltage and PLA
concentration on particle size
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vibrations of -CH3 bands at 1451 and 1362 cm−1 are distin-
guishable (Fig. 6a). Two weakly sharp peaks at 2952 and
2845 cm−1 are related to the C-H stretching bond in aliphatic
-CH2 and CH3 groups of berberine. Moreover, the peak at
1603 cm−1 can be attributed to the iminium (C=N+) bond
(Fig. 6b). The FT-IR spectrum of the NPBs exhibited both
peaks of PLA and someweak peaks of BBR, which confirmed
the preparation of the drug-loaded NPs. The peaks at 1751 and
1076 cm−1 can be related to the stretching vibration of C=O
and C–O bonds of PLA. A medium peak at 1279 cm−1 is
related to the C-N stretching bond in berberine (Fig. 6c).

Figure 7 illustrates the thermograms of PLA, berberine,
physical mixture of berberine/PLA along with berberine-
loaded nanoparticles (NPBs). Pure BBR showed a sharp
endothermal peak at around 195 °C, which was ascribed
to the melting point of the crystalline structure of the
drug. Moreover, the broad endothermal peak of dehydra-
tion of BBR could be observed between 95 and 130 °C.
The DSC curve of PLA exhibited a sharp endothermal
peak at around 200 °C, which was related to the melting
point of the polymer. In the physically blended BBR and
PLA sample, all the characteristic peaks of BBR and PLA

Fig. 4 The 3D response surface
plots for analysis of a) flow rate
versus concentration and b)
applied voltage versus
concentration on PSD
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are present but all are shifted to higher temperatures by
nearly 20 °C. This change in the positions of peaks may
represent the formation of physical interaction between
drug and polymer without destroying the crystallinity of
starting materials. While the disappearance of drug and
polymer peaks in NPB demonstrates a high degree of
crystallinity loss that can be related to the decreasing in

the crystallinity of the pure BBR and also PLA chains by
penetrating the BBR molecules into and between the
chains of PLA.

Encapsulation efficiency (EE) and drug loading (DL)

The EE and DL of the NPBs synthesized in the optimum
conditions were calculated around 81% and 7.5%, respective-
ly. Encapsulation efficiency greatly depends on the interac-
tions between the PLA and BBR. The most common form
of berberine for loading and release is the salt form of drug,
i.e berberine hydrochloride. Entrapment of hydrophilic ber-
berine inner the hydrophobic shell could reduce the encapsu-
lation efficiency [48] to enhance the berberine hydrochloride
affinity with hydrophobic polymer, complexing the drug with
phospholipid was applied [9]. Here, we used a mixture of
solvents to increase the solubility parameter of drug in poly-
mer, accordingly, NPBs shows significant encapsulation effi-
ciency and drug loading.

In vitro drug release

The drug release profile of the NPBs prepared using the CES
process was evaluated and compared with free BBR in two
pHs of 7.4 and 5.8, as shown in Fig. 8, the BBR release rate
from the NPBs was significantly slower than the free BBR. In

Fig. 5 SEM (a) and TEM (b) micrographs of NPBs

Fig. 7 DSC of Berberine, PLA, Physically blended berberine/PLA and
NPBs

Fig. 6 FT-IR spectra of a) PLA, b) Berberine, and c) NPBs
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acidic pH, the amount of released BBR from the NPBs was
around 57% over 240 h. However, in physiological pH, the
amount of the BBR released from the NPBs was 43% over
240 h. The burst release was observed in the first 12 h and
then, a sustained controlled release occurred. In order to obtain
more information in this regard, we performed kinetic
modeling.

We used modeling to study the release profile behavior
of BBR and NPBs in two different pHs. Six most appli-
cable models such as Zero-order, First-order, and power
low, Higuchi, Hickson-Crowell, and Korsmeyer-Peppas
were used. The statistical parameter of the coefficient of
determination (R2) was used for fitness criteria, which
yielded great information about the quality of fitting.
The root means squared error (RMSE) was commonly
used in the non-linear regression. Based on the R2 and
RMSE indices, the power low model was the finest fitted
model for pure BBR in both pHs of 7.4 and 5.8
(Table S3). Moreover, at a pH of 7.4, by loading BBR
into PLA, the burst release section of the drug release
followed the Korsmeyer-Peppasmodeling. The sustained
section of the release profile followed zero-order model-
ing. At a pH of 5.8, both sections of the burst release and
sustained release followed the zero-order modeling and
almost the release of the drug was under control.

DLS analysis was utilized for three successive weeks to
determine the size of nanoparticles and consequently, specify
the colloidal stability of nanocarriers using Eq. 6. The obtain-
ed results have shown that the colloidal stability of the above-
mentioned nanocarriers was around 1.02–1.19 after three
weeks of investigation (Fig. 9). Hence, according to the re-
ported acceptable optimum amount of diameter change in the
literature (1–1.5) [49], the synthesized nanocarriers have
shown appropriate colloidal stability.

The NPBs cytotoxicity

We found that the number of HCT116 cells was reduced in the
presence of the NPBs in the culture medium (Fig. 10). The
inhibitory effect on tumor cell proliferation was dose-
dependent and the sample appeared to be a potent inhibitor
of tumor cell proliferation, particularly at 72 h. NPBs demon-
strated cytotoxic effects on HCT116 and NIH3T3 cells with
the IC50 values of 56.82 and > 150 μg/mL, respectively. Non-
neoplastic NIH3T3 cells were much less affected by the sam-
ple in comparison with the cancerous cells.

The IC50 values presented in Table S4 showed that the
sample was different from the control group (P < 0.05) and
demonstrated cytotoxic activity on the experimental cell lines.
Interestingly, the NPBs showed strong inhibitory activity
against HCT116 cells after 72 h, while NIH3T3 fibroblast
cells (as non-neoplastic cells) were less affected by the sample

Fig. 8 In vitro drug release
profiles of BBR and NPBs at two
pHs 7.4 and 5.8

Fig. 9 Colloidal stability study of NPBs
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in comparison with cancerous cells. This may suggest that
nano-formulation may be less toxic against noncancerous cell
lines. In addition, BBR caused the growth inhibition of
HCT116 and NIH3T3 cells with IC50 values of 70.773 and
72.413 μg/mL, respectively.

Cellular uptake of NPBs and BBR

BBR is a fluorescent molecule, which its uptake in the cells
can be studied by flow cytometry. Cellular uptake of NPBs
and BBR were assessed in HCT116 cells (Fig. 11). Data in-
terpretation demonstrated that the cellular uptake of NPBswas
higher than BBR, at both concentrations. The cellular uptake
of BBR was 50.3% in comparison with the control, while
NPBs showed a considerable increase in cellular uptake to
HCT116 cells as 82.9% and 95.0% compared with untreated
cells, representing about 2-fold increase when compare with
BBR [50].

Discussion

The aim of this study was to develop a cheap, rapid and reli-
able method to produce drug-loaded NPs in a large scale and
with uniformity in size and shape. Accordingly, we used a

simplest and cost-effective method known as CES to fabricate
NPBs, which were coated with PLA. CES produced NPBs
with the least waste of active pharmaceutical ingredients and
high DL content and efficacy. In the CES process, the mor-
phology and size of particles are affected by polymer concen-
tration, applied voltage, and the flow rate of solutions. ES or
liquid atomization occurs when electrostatic forces overcome
the surface tension of a droplet. At this time, the Taylor cone-
jet is formed at the tip of the needle. In this research, NPBs
were prepared using the CES process and the concentration of
PLA, applied voltage and the flow rate of a polymeric solution
were discussed. Then, the optimized NPs were characterized
and their ability for drug delivery treatment was investigated.
Three types of parameters including ambient conditions, pro-
cess (instrumental), and the solution may affect the ES pro-
cess. Most of the ambient variables like temperature and hu-
midity and also some instrumental variables like nozzle diam-
eter [ [51] were ignored in this study due to the stability of the
ambiance and their less impact on the desired output. The ratio
of 2:1 (Chloroform:DMF) was chosen as the best solvent for
PLA. The R2 values of the model for size and PSD indicated
that the models could be successfully applied to predict size
and PSD in the experimental range. The lack of fit of size and
PSD was also insignificant, meaning that both models could
be utilized for the prediction. According to the graphical plot

Fig. 10 Cytotoxicity studies of
NPs on Fibroblast (b) and
HCT116 (c)
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Fig. 11 Cellular uptake of NPBs and BBRin control (a), BBR (at 1/2 concentration of its IC50 = 70.773 μg/mL) (b), NPBs (at 1/5 concentration of its
IC50 = 56.825 μg/mL) (c), and NPBs (at 1/2 concentration of its IC50 = 56.825 μg/mL)
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Fig. 3a, a highly concentrated solution has high density and
high viscosity, which leads to forming a large droplet at the
nozzle tip and difficulty of the droplet breakup and conse-
quently, to generating bigger particles. In addition, it is obvi-
ous that by decreasing the flow rate from 2 to 1 mL/h, smaller
particles have resulted. This result can be explained by the
Jaworek and Sobczyke equation, which is based on scaling
laws and can justify the trend (Eq. 9) [52].

d ¼ α
QaQε0aερl

aρ

σl
aσγlaγ

ð9Þ

d: droplet diameter, Q:volume flow rate, ε0:permittivity of
free space,ρ1: liquid density,σ1:liquid surface tension,γ1:liquid
bulk conductivity, and α: a coefficient depending on liquid
permittivity.

Figure 3b illustrates the effect of voltage on the final parti-
cle size of the NPBs. In fact, by increasing the voltage a
decrease in particle size was observable. DMF was added to
chloroform to increase the conductivity of the solution, and
the Taylor conewas stabilized well. As a result of this stability,
charge density on the surface of the Taylor cone was intensi-
fied, which led to a facilitated break-up [53] and produced
smaller particles. Additionally, Eq. 10 can prove our claim
about the relationship between voltage and particle size [54].
By the equation, an increase in the applied voltage decreased
the droplet volume and consequently the size of the NPBs.

Rd ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where Rd is the droplet radius (m), γ is the liquid surface
tension (N/m), ρl is the liquid density (kg/m3), H is the dis-
tance between the tip of the nozzle and the collecting plate
(m), r0 is the radius of the nozzle (m), g is the gravitational
acceleration (m/s2), ε0 is the permittivity of vacuum and V is
the applied voltage (kV).

According to the graphical plot Fig. 4a, an increase in the
concentration increased the viscosity of the solution, leading
to a conductivity drop [55]. Therefore, a higher voltage was
required to combat surface tension and result in a stable cone-
jet. Additionally, by increasing the solution flow rate, an in-
crease in PSD was observable. Although some previous stud-
ies reported a contrasting result [56], the present research
showed a decrease in PSD at low flow rates, which is probably
due to the flow regime (laminar flow) and allows the electric
field to exert a stronger force on the Taylor cone to stabilize
the jet. Three different spray modes may occur during
electrospray: single cone-jet, multiple cone-jet, and dripping
mode. Droplet size distribution can be influenced by jet type at
the tip of the needle. Single cone-jet can produce

monodispersed NPs using the ES method [57]. Figure 4b il-
lustrates the indirect relationship between the applied voltage
and PSD. To justify the trend, it should be noted that in a
constant concentration, increasing the voltage will increase
charge density on the surface of the Taylor cone. Therefore,
as a result of charge accumulation, a better break-up will lead
to more stability in the cone-jet.

To evaluate the suggested model, the experiments were
conducted in optimum condition and the results of SEM
images were compared with software results. The obtained
suitable precision showed a good agreement between the
experimental result and the predicted model, which can be
able to predict optimum conditions. The absence of any
new functional groups in the FT-IR spectrum of the final
nanoparticles indicated that no covalently reaction oc-
curred between PLA and BBR during the CES process. A
comparison between synthesized NPBs and physically
blended BBR/ PLA demonstrates that all the characteristic
peaks of PLA and drug are still present in the physically
blended sample but at higher temperatures. This phenom-
enon can be due to the preservation of the crystalline struc-
ture of BBR and PLA. On the other hand, the crystallinity
of the NPBs has decreased dramatically which can be jus-
tified that by loading and penetrating BBR molecules be-
tween PLA chains, the crystallinity of the polymer and
BBR is almost gone. Since both BBR and PLA were hy-
drophobic and BBR was located in the core of the polymer
with a high molecular weight, the drug was loaded with
high efficiency and acceptable EE and DL. Due to the
entrapment of BBR molecules in a polymeric sheath, the
BBR release rate from the NPBs was significantly slower
than free BBR. In pH 5.8, the drug showed higher solubil-
ity, which is due to the interaction between BBR and phos-
phate salt in lower pHs. Consequently, a more soluble
complex was formed [58]. Accordingly, the interaction be-
tween PLA chains and drug molecules became weaker,
leading to an increase in the release rate of BBR. In the
modeling study, the burst release section of the BBR-
loaded PLA in pH of 7.4 fitted with Korsmeyer-Peppas
modeling. The fast release of the drug could be due to
the adsorbed portion of BBR molecules on the surface of
the NPs. Moreover, the sustained section of the release
profile followed zero-order modeling. At a pH of 5.8, both
sections of the burst release and sustained release followed
the zero-order modeling. At the first part of the release
profile, diffusion was considered as the main release
variable, and by water penetration, BBR located on the
surface of the NPBs could be released. However, in the
sustained release section, the release profile was more
controlled like pH of 7.4 and erosion of the NPs may
responsible for this behavior. The results revealed that
the BBR release was meaningfully influenced by pH
values.
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Our results indicated that the cytotoxic effect of NPBs (IC50 =
56.825μg/mL) toward cancer cells enhanced in comparisonwith
its free form (IC50 = 70.773 μg/mL), indicating that BBR nano-
formulation was more toxic and effective to cancer cells than
BBR alone. NPBs appeared to have considerable selective tox-
icity on cancerous cells compared with noncancerous fibroblast
cells, which is an important feature of the sample. In vitro and
in vivo antitumor efficacy of BBR -nanostructure systems have
been confirmed in many studies [45]. For instance, a BBR
hydrochloride-loaded solid lipid nanoparticle system inhibited
cell proliferation in MCF-7, HepG 2, and A549 cancer cells,
although a higher inhibition rate was recorded in MCF-7 cells
[59]. MTTassay showed that a BBR-loaded nanostructured lipid
carrier inhibited the proliferation of hepatocarcinoma H22 cells
with an IC50 value of 6.3μg/mL.On the other hand, co-treatment
of BBR and nano-curcumin significantly inhibited the growth of
MCF-7 breast cancer cell line with an IC50 value of 61.5178 ±
13.58 mg/ml [60]. The flow cytometric analysis indicated that
the fluorescence of NPBs taken up by HCT116 colon carcinoma
cells was approximately 2-fold higher than BBR, indicating that
nanotization could enhance the drug bioavailability.

Conclusions

A new approach was developed in this study to prepare NPBs
using the CES process for improving DL and controlled BBR
release. Effective variables on size and PSD such as feeding rate,
concentration of polymeric solution and applied voltage were
studied using the Box-Behnken design. The results revealed that
smallest size and PSD values could be obtained in higher voltage
and lowest feeding rate in average polymer concentration. Based
on the best obtained data, NPBs were prepared and NPBs parti-
cles with the mean size of 265 nm and PSD of 43 nm were
obtained by SEM images. The entrapment efficacy and BBR
loading content of these NPBs were 81% and 7.5%, respectively.
The rate of BBR release from NPBs in pH of 5.8 was more than
that in physiological pH and had two different release profiles. In
the first 12 h, burst release with zero order was observed and after
that, sustained release with zero order was detected. NPBs sig-
nificantly enhanced the cytotoxicity of BBR in comparison with
pure BBR, meaning that NPBs were more able to penetrate into
cancer cells. We believe that these NPBs may have further po-
tential in cancer drug delivery systems.
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