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ABSTRACT
The application of nanotechnology to drug delivery systems for cancer therapy has progressively
received great attention. The most heavily investigated approach is the development of nanoparticles
(NPs) utilizing biodegradable and biocompatible polymers such as poly (lactic-co-glycolic acid) (PLGA).
These NPs could be further improved by surface modification utilizing a hydrophilic biodegradable
polymer such as polyethylene glycol (PEG) to achieve passive targeting. Modified NPs can deliver
drugs such as brucine (BRU), which has shown its potential in cancer therapy. The objective of the cur-
rent investigation was to develop and evaluate the passive targeting of long-circulating PLGA NPs
loaded with BRU. NPs were characterized in terms of drug-excipient compatibility studies, including
FTIR and DSC; physicochemical evaluations including particle size, zeta potential, morphological evalu-
ation, entrapment efficiency and percentage yield; total serum protein adsorbed onto NP surfaces; and
in vitro release of the loaded drug. Factorial design was employed to attain optimal PLGA-loaded NPs.
Finally, the in vivo anti-tumor activity of BRU-loaded PLGA NPs was evaluated in tumor-bearing mice.
The NPs obtained had smooth surfaces with particle sizes ranged from 94±3.05 to 253±8.7 nm with
slightly positive surface charge ranged from 1.09±0.15 to 3.71 ±0.44mV. Entrapment of BRU ranged
between 37.5 ± 1.8% and 77±1.3% with yields not less than 70.8%. Total protein adsorbed was less
than 25.5mg total protein/1mg NP. In vitro drug release was less than 99.1% at 168h. Finally, signifi-
cant reductions in tumor growth rate and mortality rate were observed for PEG PLGA NP formulations
compared to both BRU solution and naked NPs.
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1. Introduction

Cancer is a widespread disease in which cells grow and div-
ide abnormally and out of control, resulting in a mass known
as a tumor. There is considerable interest in new technolo-
gies that can differentiate between normal and cancer cells
and specifically target the tumor. The most remarkable
approach is targeted drug delivery (TDD), in which the drug
is incorporated into a nanocarrier such as a liposome, nio-
some, nanoemulsion, or nanoparticle. TDD increases both
drug efficacy and reduces drug toxicity, and it could over-
come a wide range of obstacles such as drug solubility and
instability, as well as facilitate drug delivery to the target cell.
Different drug targeting strategies exist, namely passive and
active targeting (Mohamed et al., 2019). Passive targeting
depends on a unique phenomenon of most solid tumors
known as the enhanced permeability and retention (EPR)
effect, in which molecules of certain sizes are preferentially
taken up by and accumulate in the tumors (Danaei et al.,
2018). However, intravenously administered nanocarriers
loaded with anticancer drugs are normally taken rapidly out

of blood circulation by the reticuloendothelial system (RES).
To prolong the circulation time of these carriers, and, there-
fore, their targeting to tumor tissue, a hydrophilic polymer
(polyethylene glycol, PEG) layer is introduced on the surface
of the nanocarriers (Shehata et al., 2016). Such modification
would prevent the adsorption of plasma proteins (opsonin),
which has a major role in enhancing phagocytosis, and
therefore extend the blood circulation time (J€org
et al., 2007).

NPs are considered to be a drug delivery system that ena-
bles unique approaches for cancer treatment, and to be one
of the most important means utilized in nanomedicine (Jiang
et al., 2007). A large number of NP delivery systems have
been developed, in which the drug to be delivered is dis-
solved, entrapped, and encapsulated within the matrix
(L€ovestam et al., 2010). NPs conjugated with biodegradable
polymers such as PLGA have pulled considerable attention
as a result of their ability for active and passive tumor-target-
ing (Xiaowei et al., 2015). The external dimensions of NPs
range from a few nanometers up to 1000 nm. It is well
known that NPs coated with PEG can accumulate in different
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types of solid tumors due to the EPR effect; they are consid-
ered suitable vehicles for hydrophobic drugs, able to attain
efficient tumor targeting with the fewest adverse reactions
(Venkatasubbu et al., 2013; Siqi et al., 2019). Several methods
were applied for NPs development including nanoprecipita-
tion method (Peng et al., 2018), solvent evaporation method
(Catarina et al., 2006), dialysis (Rao & Geckeler, 2011), and
salting out (Sovan et al., 2011). Brucine (BRU) is a white,
odorless, crystalline, and poorly water-soluble anticancer
drug extracted from Strychnos nux-vomica seeds (Gupta &
Chaphalkar, 2015). BRU is considered as a promising anti-
cancer agent; it has antitumor activity, antiangiogenic effects,
and anti-proliferative activity, therefore, can have anti-car-
cinogenic effects in different types of cancer (Shu & Xi-Peng,
2017). The current investigation is an attempt to incorporate
BRU into PEG poly (lactic-co-glycolic acid) (PLGA) NPs to
achieve passive targeting after intravenous administration.
The BRU-loaded PLGA NPs were evaluated for physicochemi-
cal properties, drug-excipient compatibility, and in vitro drug
release. The adsorption of serum proteins onto the surface of
PLGA NPs was also quantified. Finally, the in vivo effect of
BRU-loaded PLGA NPs on tumor volume and survival time
was evaluated in MDA-MB-231 tumor-bearing mice.

2. Materials and methods

2.1. Materials

BRU was obtained from Alpha Chemika, (Mumbai, India).
PLGA (50:50, MW 75,000), polyvinyl alcohol (PVA), and
dichloromethane were purchased from Sigma Aldrich (St
Louis, MO). Poly ethylene glycol-distearoylphosphatidyl etha-
nolamine (PEG-DSPE) was purchased from Lipoid LLC
(Newark, NJ). Dulbecco’s modified Eagle’s medium (DMEM)
and fetal bovine serum (FBS) were obtained from Sigma
Aldrich (St. Louis, MO). Total protein colorimetric kits pur-
chased from United Diagnostics Industry (Dammam, KSA) All
other reagents were of the finest grade available.

2.2. Development of BRU-loaded PLGA NPs

2.2.1. Development of BRU-loaded naked NPs (NNPs)
NNP formulations of BRU (Table 1) were prepared by a modi-
fied solvent evaporation method (Hoa et al., 2012). Required
quantities of ingredients were weighed. BRU was dissolved
in 5ml dichloromethane, followed by adding PLGA, mixed
well to dissolve completely and forming the organic phase.
This organic phase was added drop-wise into the aqueous
phase, containing PVA as surfactant, using glass syringe
while homogenization at an optimized speed using a high-
speed homogenizer (Polytron PT 3000, Kinematika,
Switzerland). The homogenization was applied for about
5min at 10,000 rpm and for 5min at 15,000 rpm. The coarse
emulsion was sonicated for about 2min using probe sonica-
tor to get the desired particle size. The resulting nanosus-
pension was then stirred for 2 h to evaporate the organic
solvent (Govender et al., 1999). The NNPs were obtained
after consecutive centrifugation using AmiconVR ultra- 4
(Ultracel-10 K) at 6000 rpm for 30min and washing with dis-
tilled water, which is repeated twice to remove the non-
incorporated drug. The retained NNPs is re-suspended with
2ml of distilled water and freeze-dried (Pedram &
Azita, 2017).

2.2.2. Development of BRU-loaded PEG NPs
BRU-loaded PEG NP formulations (Table 1) were prepared by
a modified solvent evaporation method (Hoa et al., 2012). As
previously mentioned in NNPs preparation, required quanti-
ties of ingredients were weighed. BRU was dissolved in 5ml
dichloromethane, and then PLGA was added followed by
PEG and mixed well to dissolve completely and forming the
organic phase. The same procedure of developing NNPs was
followed to obtain freeze dried PEG NPs.

2.3. Evaluation of formulation variables

In an attempt to improve drug targeting, NPs with surface
modification using PEG were developed along with naked
ones. For optimizing the concentration of aqueous solution,

Table 1. Composition of the prepared BRU-loaded PLGA NPs.

Batch no. BRU (mg) Dichloro-methane (ml) PLGA (mg) PEG-DSPE (mg) PVA (mg) Dist. water (ml)

NNP1 25 5 50 0 10 10
NNP2 25 5 75 0 10 10
NNP3 25 5 100 0 10 10
NNP4 25 5 50 0 20 10
NNP5 25 5 75 0 20 10
NNP6 25 5 100 0 20 10
NNP7 25 5 50 0 30 10
NNP8 25 5 75 0 30 10
NNP9 25 5 100 0 30 10
NP1 25 5 50 50 10 10
NP2 25 5 75 50 10 10
NP3 25 5 100 50 10 10
NP4 25 5 50 50 20 10
NP5 25 5 75 50 20 10
NP6 25 5 100 50 20 10
NP7 25 5 50 50 30 10
NP8 25 5 75 50 30 10
NP9 25 5 100 50 30 10

DRUG DELIVERY 1135



NPs were prepared using different concentrations of the sur-
factant. The surfactant concentration in the aqueous phase
was 0.1, 0.2, or 0.3% PVA while keeping other parameters
constant (Keum et al., 2011). Regarding the effect of polymer
concentration on the entrapment of BRU, PLGA was used
and studied in three different concentrations 50, 75, and
100mg (Navneet et al., 2016).

2.4. Determination of drug-excipient
compatibility studies

2.4.1. Fourier transform infrared (FTIR) characterization
Drug excipient interaction was studied by FTIR spectroscopy
(FTIR spectrophotometer, Shimadzu, Iraffinity-1S, Japan) by
KBr pellet method. For the NP sample preparation, 5 lg of
NPs was placed on the KBr plate and dried in vacuum. The
FTIR spectra of all samples were recorded between 4000 and
400 cm�1. In this study, the spectra obtained for BRU, pure
PLGA, pure PEG, PVA alone, and the prepared BRU NPs were
analyzed by FTIR.

2.4.2. Differential scanning calorimetry (DSC)
characterization

To determine the physical state of BRU in the formulated
NPs, DSC experiments were carried out for pure BRU, pure
polymer and pure PLGA to identify the melting point peak.
Subsequently, NPs loading with the drug were analyzed
(Rubiana et al., 2006). The thermal analysis of the samples
was determined using a DSC apparatus (DSC-60 Instrument,
Shimadzu, Tokyo, Japan). The samples were heated at a rate
of 10 �C/ min from room temperature to 350 �C with nitro-
gen atmosphere (Issa et al., 2013).

2.5. Characterization of BRU-loaded PLGA NPs
formulations

2.5.1. Particle size analysis and zeta potential
Particle size distribution, polydispersity indexes (PDI)
and zeta potential of BRU-loaded NPs were measured using
a Zetasizer apparatus (Malvern Instruments Ltd.,
Worcestershire, UK) at room temperature. The particle distri-
bution was evaluated by measuring the dynamic light scat-
tering of NPs. Zeta potential was assessed by determining
the electrophoretic mobility (Shah et al., 2019).

2.5.2. Morphological evaluation
The morphology of the prepared NPs was assessed by per-
forming a scanning electron microscopy (SEM), JSM-6390LA,
JEOL (Tokyo, Japan). NPs surface morphology was studied at
different magnifications (1000–95,000). NPs were coated with
gold under vacuum on metal stubs, and then examined
at 15kv.

2.5.3. Entrapment efficiency (EE %) and % yield of NPs
The entrapment efficiency of the formulated NPs was taken
as the amount of BRU carried by the NPs. Initially, BRU

acetonitrile solution (0.01mg/mL) was prepared as a control
solution. NPs equivalent to 5mg of the drug were used for
calculating the EE. The amount of drug entrapped was esti-
mated by dissolving the NPs in 5ml of acetonitrile and then
apply sonication at 50 W for 5min for fully extracting the
drug and vortex at 1600 rpm for 15min. Thereafter, centrifu-
gation was applied at 3000 rpm for 15min and the super-
natant was collected, BRU concentration was determined at
k�max of 264 nm (Qin et al., 2012). Regarding the % yield, the
developed NPs were collected and weighed carefully. % yield
was calculated according to the following formula (Keum
et al., 2011):

% yield ¼
weight of NP obtained=weight of drug and polymerð Þ � 100

2.6. Quantitative determination of serum protein
adsorption onto NPs surface

Regarding the protein adsorption, NP preparation was sus-
pended in 1ml phosphate buffer saline (PBS) and incubated
with same volume of fresh rat serum for 30min at
37 �C± 0.5. Then, the dispersion was separated from bulk
serum proteins by centrifugation using AmiconVR ultra- 4
(Ultracel-10 K) at 6000 rpm for 30min (Sempf et al., 2013).
NPs were collected and the amount of protein adsorbed on
their surface was quantitatively assessed by total protein col-
orimetric kits (United Diagnostics Industry, Dammam, KSA).

2.7. In vitro drug release study of BRU from NPs

The in vitro release of BRU from BRU-loaded NPs was per-
formed using dialysis bag diffusion technique (Morsy et al.,
2019). The formulated NPs were kept in dialysis bags
(12,000–14,000DM-27, Millipore, Burlington, MA) immersed in
50ml of PBS pH 7.4 at 37 �C using continuous magnetic stir-
ring at 50 rpm. Samples of 1ml were withdrawn from the
receptor compartment at predetermined time intervals (0.5,
1, 2, 3, 6, 12, 24, 36, 48, 72, 96, 120, 144, and 168 h) and
replaced by the same volume of fresh medium. Dissolution
tests were performed in triplicate. The amount of BRU
released was determined spectrophotometrically at k�max of
264 nm (Mohammed & Urszula, 2014).

2.8. Experimental design study

Various trials were investigated, prior to establish the present
optimization study by selecting various parameters like var-
ied concentration of PLGA, PVA, rate of stirring and stirring
time, the ratio of organic to aqueous phase, etc. Lastly, two
independent factors were selected based on result obtained
and their influence on the Brucine-PLGA NPs was studied.
Three-level and two-factor factorial design experiment was
developed using Design-Expert version 11.0 software (Stat-
Ease, Minneapolis, MN). The selected critical variables are fol-
lows: Concentration of PLGA (X1) and Concentration of PVA
(X2). The independent variables were taken at three different
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levels (–1, 0, 1) as shown in Table 2, where the particle size
in nm (Y1), % yield (Y2), and the protein absorbed in mg/mg
(Y3) were considered as dependent variables. The design
matrix was produced by software consisted of 09 experi-
ments shown in Table 3, all the experiments were performed
in a random order to reduce the effect of bias and unknown
variables in the obtained results. All other parameters (tem-
perature, rate of stirring and time, the ratio organic to aque-
ous phase and evaporation time) were kept as constant to
minimize instability (Kozaki et al., 2017; Ismail et al., 2019).
2D Contour plot and 3D-response surface plot were created
for illustrative representation of the volume of the response.
Statistical analysis of generated data was performed by
ANOVA provided by the software. A mathematical modeling
was carried out by using following equation to obtain a first-
order polynomial equation depending on significant influen-
ces among two factors (X1 and X2) of the factorial design
model:

Y ¼ bo þ b1X1 þ b2X2 þ b12X1X2 þ b11X1
2 þ b22X2

2

where Y is the dependent variable, while b0 is the inter-
cept, b1, b2, b12, b11, and b22 are the regression coefficients;
X1, and X2 are the main factors; X1X2 are the interactions
between main factors, and X12 and X2

2 are the polyno-
mial terms.

2.9. Cell line

MDA-MB-231 cancer cells were purchased from the American
Type Culture Collection (ATCC; Manassas, VA) through col-
lege of science, King Faisal University, KSA. Male Balb/c mice
of 8–10weeks were obtained from animal breeding center,
college of science, King Faisal University. MDA cells were cul-
tured in DMEM, supplemented with 100U/ml penicillin,
100lg/ml streptomycin, 20 lg/ml gentamicin, and 10% heat-
inactivated FBS at 37 �C under 5% CO2/95% air (Yuan
et al., 2018).

2.10. Animal model

To prepare tumor-bearing mice, 5 million tumor cells were
subcutaneously inoculated into the right back of mice (Yuan
et al., 2018). The animals were checked three times a week
at the site of injection for the tumor development.

2.11. In vivo anti-tumor activity evaluation of BRU-
loaded PLGA NPs in MDA tumor-bearing mice

This investigation was designed to evaluate the in vivo anti-
tumor activity of optimized BRU-loaded PLGA NPs on MDA
tumor bearing mice. After growing up of tumor volume to
approximately 150mm3 after inoculation of MDA cells, 20
tumor-bearing mice were randomly divided into 4 groups, 5
mice per group, as follows:

� Group 1: Considered as control and administered saline.
� Group 2: Received BRU solution (2mg/kg).
� Group 3: Treated with NPs formulation namely NP6 con-

taining equivalent amount of drug (2mg/kg).
� Group 4: Treated with NPs formulation namely NNP6 con-

taining equivalent amount of drug (2mg/kg).

The selected BRU NPs, prepared with 0.2% PVA, were
administered intravenously through the tail vein at a dose of
2mg/kg. Drinking, diet, and movement of all tumor-bearing
mice were observed and weighed daily during the treatment.
The antitumor activity was estimated in terms of the tumor
volume that was monitored every day and evaluated over
20 days. Tumor volume was measured with caliper in two
dimensions, and calculated using the following equation:

Tumor volume (mm3) ¼ longer diameter � (shorter one)2

� 0.52 (Lee et al., 2005). The experiment is terminated as
one of the mice in either group died (Ogawara et al., 2008).
The tumor growth rates for each NPs preparation was calcu-
lated from the slope of tumor volume-time curve. In add-
ition, the survival time of tumor-bearing mice after the
treatment was evaluated.

2.12. Statistics

All data were recorded as mean± standard deviation. Data
from treated groups were compared with data from the con-
trol group by applying a one-way analysis of variance
(ANOVA) followed by the least significant difference (LSD) as
a post-hoc test, using SPSS statistics software, version 9 (IBM
Corporation, Armonk, NY). The level of p< .05 was consid-
ered statistically significant for all tests.

3. Results and discussion

3.1. Determination of drug-excipient
compatibility studies

3.1.1. FTIR characterization
The possibility of non-covalent interactions between BRU
and the polymers utilized in NPs manufacture was

Table 2. Selected critical independent variable and their level of variation.

Independent variable Symbol

Level of variation

�1 0 þ1

Conc. of PLGA (mg) X1 85 100 115
Conc. of PVA (mg) X2 15 20 25

Table 3. Software generated design matrix.

Experiment
number

Formulation
code

Conc. of
PLGA (X1)

Conc. of
PVA (X2)

1 NP01 85 15
2 NP02 100 15
3 NP03 115 15
4 NP04 85 20
5 NP05 100 20
6 NP06 115 20
7 NP07 85 25
8 NP08 100 25
9 NP09 115 25

DRUG DELIVERY 1137



investigated by FTIR spectroscopy (Figure 1). Infrared spectra
can provide detailed information about the structures of
molecular compounds, allowing comparisons between pure
compounds and mixtures. The spectrum for BRU showed a
characteristic carbonyl –C¼O stretch at 1653 cm�1, an aro-
matic stretch around 1500 cm�1, and peaks at 2842, 2868,
2903, and 2928 cm�1 that relate to the C–H bonds of satu-
rated carbons; this spectrum confirmed the purity of the
BRU. These results are in agreement with Zhipeng et al.
(2013), whose work identified the same characteristic peaks
for BRU. Pure PLGA sample showed peaks such as –CH,
–CH2, –CH3 stretching (2850–3000 cm�1), carbonyl –C¼O
stretching (1700–1800 cm�1), C–O stretching
(1050–1250 cm�1), and –OH stretching (3200–3500 cm�1),
and all of these were broad. Absorption peaks of PVA are
shown at about 3247.5 cm�1 for –OH stretching and at 1082
and 1414.5 cm�1 for the –C–O group (Rodr�ıguez et al., 2007).
In case of formulated BRU-NP, the sharp carbonyl stretch
peak of the drug was very low and that indicate the non-
covalent interaction, mostly the hydrogen bond with OH of
the PEG. On the other hand, the finger print region of BRU
was always present when mixing BRU with polymers indicat-
ing that the drug included in the formulation.

3.1.2. DSC characterization
The potential for physical interaction between BRU and PLGA
present in the NP formulation was evaluated by DSC (Figure
2). The thermogram of pure BRU had an endothermic peak
at 178 �C corresponding to its melting point and decompos-
ition, which indicates that the drug could be in a crystalline
form. The absence of the sharp peak in the thermogram of
loaded NPs could be an evidence that there was no

crystalline drug in the NP formulation. This indicates that the
crystal form of the drug has been reduced in the prepared
NP and being in the amorphous form (Issa et al., 2013). In
addition, no melting point was observed for pure PLGA poly-
mer, confirming its amorphous nature.

3.2. Characterization of BRU-loaded PLGA NPs

3.2.1. Particle size analysis and zeta potential
The particle size and size distribution of BRU-loaded NP
preparations were evaluated; results are reported in Table 4,
and a representative sample is shown in Figure (3(A)).
Particle sizes of NNPs ranged between 65 ± 4.0 and
206 ± 7.7 nm, with (PDI) of 0.41 and 0.297, respectively.
However, the corresponding values for PEG NPs ranged
between 94 ± 3.05 and 253 ± 8.7 nm, with PDIs of 0.34 and

Figure 1. FTIR spectra of pure BRU, PEG, PLGA, PVA, and NP formulations prepared with PVA.

Figure 2. DSC thermogram of BRU, PLGA, PVA, and BRU-loaded PLGA NPs.
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0.368, respectively. The particle size of all PEG NPs were sig-
nificantly different from their naked counterparts at p< .05.
The obtained PDI indicates that the particle size distribution
falls within a narrow range as stated previously by Ahmed
et al. (2015). The increase in size of BRU-loaded NPs is
ascribed to deposition of a polymeric coating (PEG) on the
NP surface.

Regarding the electrical charge of the surface, zeta poten-
tial is considered to be a significant parameter for the identi-
fication of NP surface charge and the stability of the
formulation. Zeta potential of BRU-loaded NP preparations
were evaluated and results are shown in (Table 4), a repre-
sentative sample is shown in Figure 3(B). It was found that
zeta potential of NNPs ranged between �16.6 ± 1.7 and
�31.1 ± 7.2mV, whereas, the corresponding values for PEG
NPs ranged between 1.09 ± 0.15 and 3.71 ± 0.44mV. It is obvi-
ous that NNPs tend to carry a characteristic negative charge
which appears to be attributable to negatively charged carb-
oxyl groups on PLGA surface (Wang et al., 2013). Certainly,
surface modification of NNPs with PEG tends to change its
surface charge to positive or neutral due to the displacement
of ionic layer to further distance from the NP by the chain of

PEG (Patel et al., 2012). This explain the considerable target-
ing of PEGylated NPs which is expected to be due to the
electrostatic attraction between positive charge of PEGylated
NPs and negative one of cancer cell surfaces (Yang
et al., 2009).

3.2.2. Effect of surfactant concentration on particle size
Surfactant concentration has been shown to have great influ-
ence on NP particle size. As shown in Table 4, using different
BRU:PLGA ratio (1:2, 1:3, and 1:4) and PVA (0.1%, 0.2%, and
0.3%), the particle size ranged from 65±4.0 to 206 ± 7.7 nm
for NNP7 and NNP3, respectively. Since increasing in PVA
concentration in all BRU:PLGA ratio resulted in decreasing
particle size of NNPs. Similar results were obtained for PEG
NPs where NP sizes likewise decreased with increasing PVA
concentration as the size ranged between 94 ± 3.05 and
253 ± 8.7 nm for NP7 and NP3, respectively. A significant vari-
ation in particle sizes were obtained for different NNPs and
PEG NPs with various surfactant concentrations (p< .05). The
small particle size of prepared NPs could be attributed to the
high concentration of surfactant, which would prevent the

Table 4. The particle size, PDI, and zeta potential of prepared BRU-loaded PLGA NPs:.

Formulation
Particle size
(nm± SD) PDI

Zeta potential
(mV± SD) Formulation

Particle size
(nm± SD) PDI

Zeta potential
(mV± SD)

NNP1 199 ± 3.0 0.337 �16.6 ± 1.7 NP1 215 ± 4.1 0.423 2.42 ± 0.37
NNP2 204 ± 8.1 0.542 �19.7 ± 3.0 NP2 238 ± 3.6 0.318 1.09 ± 0.15
NNP3 206 ± 7.7 0.297 �22.8 ± 2.3 NP3 253 ± 8.7 0.368 1.79 ± 0.83
NNP4 110 ± 2.08 0.211 �23.3 ± 5.2 NP4 124 ± 0.57 0.210 1.36 ± 0.12
NNP5 110 ± 1.0 0.192 �24.2 ± 5.5 NP5 134 ± 0.57 0.257 2.41 ± 0.11
NNP6 121 ± 0.0 0.380 �25.4 ± 2.1 NP6 161 ± 4.5 0.378 2.17 ± 0.57
NNP7 65 ± 4.0 0.410 �24.6 ± 4.5 NP7 94 ± 3.05 0.340 2.64 ± 0.11
NNP8 93 ± 2.8 0.320 �25.5 ± 2.0 NP8 113 ± 0.57 0.232 3.23 ± 0.62
NNP9 98 ± 5.03 0.450 �31.1 ± 7.2 NP9 115 ± 1.15 0.390 3.71 ± 0.44

Values are expressed as mean ± standard deviation (SD) n¼ 3 and were analyzed by Student’s t-test. All PEG NP formulations p< .05 compared to their naked
counterpart.

Figure 3. Size distribution, zeta potential, and scanning electron microscope of BRU-loaded PLGA NPs prepared with PVA. A: size distribution. B; zeta potential. C;
scanning electron microscopic image.
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coalescence of globules, protect and stabilize droplets
formed in the emulsion process, and result in smaller emul-
sion droplets (Rizwan et al., 2019).

3.2.3. Morphological evaluation
NPs morphology was investigated using SEM; Figure 3(A)
shows the size distribution of the selected BRU-loaded NPs
namely NP6 and Figure 3(B) shows representative images of
same preparation (NP6). The NPs possessed smooth surfaces
and exhibited spherical shapes with separated particles or
aggregation, which confirmed the suitability of the parame-
ters selected for NP preparation. Our results are in accord-
ance with the findings of Prakash et al. (2017), which
confirmed the spherical shape and smooth surfaces of PLGA-
encapsulated nattokinase polymeric NPs prepared with PVA.

3.2.4. Percent yield of NPs
The percent yield of BRU-loaded NPs was determined (Table
5). For naked preparations, the percent yield ranged from
69.6 ± 0.6% to 92.9 ± 1.5%, while those of their PEG counter-
parts ranged from 70.8 ± 1.4% to 94.5 ± 1.1%. However, no
significant difference was obtained for PEG NPs and their
naked counterpart (p< .05). It could be inferred that increas-
ing the concentration of PLGA polymer resulted in increased
practical yield (Rekha et al., 2014).

3.2.5. Effect of surfactant on entrapment efficiency (EE)
of BRU

Applying different concentrations of surfactant greatly influ-
enced the EE of NPs (Table 5). With BRU: PLGA 1:2, increasing
the concentration of PVA from 0.1% to 0.3% decreased the
EE from 69.1 ± 2.1% to 39.1 ± 1.9% (NNP1 and NNP7, respect-
ively). The same situation with BRU: PLGA 1:3 and 1:4 (Table
3), that saw a decrease in EE from 70.6 ± 0.9% to 40.1 ± 2.1%
(NNP2 and NNP8) and from 74.0 ± 2.5% to 41.9 ± 1.4% (NNP3
and NNP9), respectively. The effect of surfactant concentra-
tion on EE was also evaluated for PEG NP preparations
(Table 3). When using BRU:PLGA 1:2, increasing the concen-
tration of PVA from 0.1% to 0.3% decreased EE from
71.7 ± 1.4% to 37.5 ± 1.8% (NP1 and NP7). Likewise, for BRU:
PLGA 1:3 and 1:4, increasing PVA decreased EE from
73.2 ± 1.9% to 39.1 ± 1.5% (NP2 and NP8) and from 77± 1.3%
to 41.1 ± 1.1% (NP3 and NP9), respectively. The drop in EE
with increasing PVA could be attributed to greater release of
the drug into the aqueous phase during mixing, leaving

fewer drug molecules in the emulsion droplets to interact
with PLGA molecules, resulting in decreased EE (Song et al.,
2008). Based on our experimental data, using 0.2% PVA
seems to be sufficient to prepare NPs with small particle size
and appropriate EE.

3.2.6. Effect of drug:polymer concentration on particle size
To study the effect of drug: polymer concentration on par-
ticle size, BRU-loaded naked PLGA and PEG-coated NPs were
prepared with various concentrations of PLGA polymer
(50mg, 75mg, and 100mg). The surfactant concentration
was kept constant in all formulations. Upon using 0.1% PVA
and increasing drug:PLGA concentration from 1:2 to 1:4, the
particle sizes of formulated NNPs ranged from 199± 3.0 to
206 ± 7.7 nm for NNP1 and NNP3, respectively and from
215± 4.1 to 253 ± 8.7 nm for NP1 and NP3, respectively. It is
clear that while keeping the concentration of surfactant con-
stant, increasing PLGA concentration resulted in increased
particle size. This could be ascribed to increasing polymer
concentration in turn increasing the viscosity of the organic
phase, which increases the forces that resist particle break-
down, leading to larger NPs (Lucia et al., 2015). In addition,
the increase in particle size could be caused by increasing
viscosity of the dispersed phase, the polymer solution, result-
ing in poorer dispersibility of the PLGA solution into the
aqueous phase (Dos et al., 2012).

3.2.7. Effect of drug: polymer concentration on EE
EE values were similar for NPs formulated with BRU: PLGA
1:2 and 1:3. Values for NNPs ranged from 69.1 ± 1.2% to
39.1 ± 1.9% (BRU: PLGA 1:2) and 70.6 ± 0.9% to 40.1 ± 1.7%
(BRU:PLGA 1:3), while those for PEG NPs ranged between
71.7 ± 1.4% and 37.5 ± 1.8% (BRU:PLGA 1:2) and between
73.2 ± 1.9% and 39.1 ± 1.5% (BRU: PLGA 1:3). However, EE for
NPs formulated with BRU: PLGA 1:4 increased notably; values
for NNPs ranged between 74.0±2.5% and 41.9±1.4%, while
those of their PEG counterparts ranged between 77±1.3% and
41.1±1.1%. From these results, it is obvious that increasing
PLGA concentration will increase the EE of both naked and
PEG NPs; it is also evident that surface coating with PEG did
not affect the EE of the drug. This could be ascribed to the
fact that increasing the polymer concentration would probably
increase the viscosity of the organic phase, thus, increasing the
diffusional resistance between organic and aqueous phases,
thereby entrapping more drug in the NPs (Nazimuddin et al.,

Table 5. Entrapment efficiency and % yield of BRU-loaded PLGA NPs:.

Formulation
Entrapment

efficiency % ± SD Yield % ± SD Formulation
Entrapment

efficiency % ± SD Yield % ± SD

NNP1 69.1 ± 2.1 87.8 ± 1.6 NP1 71.7 ± 1.4 89.3 ± 1.1
NNP2 70.6 ± 0.9 90.7 ± 3.7 NP2 73.2 ± 1.9 92.3 ± 1.8
NNP3 74.0 ± 2.5 92.9 ± 1.5 NP3 77 ± 1.3 94.5 ± 1.1
NNP4 49.9 ± 1.5 82.4 ± 3.4 NP4 52.5 ± 1.6 83.8 ± 1.5
NNP5 52.3 ± 2.4 83.2 ± 2.9 NP5 54.2 ± 1.1 84.6 ± 1.2
NNP6 59.6 ± 3.4 86.1 ± 2.6 NP6 58 ± 1.5 85.3 ± 1
NNP7 39.1 ± 1.9 69.6 ± 0.6 NP7 37.5 ± 1.8 70.8 ± 1.4
NNP8 40.1 ± 2.1 74.2 ± 2.9 NP8 39.1 ± 1.5 75.4 ± 1
NNP9 41.9 ± 1.4 80.0 ± 3.7 NP9 41.1 ± 1.1 79.3 ± 1.4

Values are expressed as mean ± standard deviation (SD), n¼ 3 and were analyzed by Student’s t-test, p< .05.
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2019). From these results, it is evident that the optimal BRU:
PLGA ratio is 1:4 as that gives the greatest particle size and EE.
These results are in accordance with Budhian et al. (2007), who
found that increasing polymer concentration leads to a gradual
increase in NP diameter and the EE of drug.

3.3. Quantitative determination of serum protein
adsorption onto NPs surface

As shown in Figure 4, the total serum protein adsorbed on
the surface of PEG NPs was significantly smaller than that on
their naked counterparts. The quantity of adsorbed protein
ranged from 14.9 ± 1.08 to 25.5 ± 1.5mg/mg for PEG NPs (NP6
and NP7) and from 44.7 ± 5.0 to 74.7 ± 3.8 mg/mg for NNPs
(NNP6 and NNP7). The lower adsorption of serum protein on
PEG NPs could be ascribed to the presence of PEG on the
surface of NPs (Shehata et al., 2008). This confirms the role
of PEG in protecting NPs from recognition by RES, as it pre-
vents serum proteins from recognizing and interacting with
the NP surface (Shehata et al., 2016).

3.4. In vitro release of BRU from PLGA NPs

The in vitro release of BRU from PLGA NPS was profiled via a
dialysis bag method that retained NPs and permitted diffu-
sion of the drug into the receiving media. The release pro-
files of naked PLGA NPs are shown in Figure 5(A). After
168 h, the percentage of BRU released from NNPs (NNP1 to
NNP9) ranged from 36± 4.2% to 52.8 ± 3.3%, with the lowest
and highest being NNP3 and NNP7, respectively. Results
from PEG NPs are given in Figure 5(B). After 168 h, the per-
centage of BRU released from PEG NPs (NP1 to NP9) ranged
from 63± 3.7% to 99.1 ± 0.7%, with the lowest and highest
being NP3 and NP7, respectively. Interestingly, PEG NPs
showed faster and higher in vitro release than their naked
counterparts. This could be attributed to the tendency of
PEG molecules on the NP surface to attract water, leading to
more wetting for PEG NPs and therefore higher drug release
(Pedram & Azita, 2017). Another evident trend is that as the
amount of PLGA increased, the percentage of drug released
decreased. This could be attributed to the difference in par-
ticle size at different concentrations of PLGA, as NP size can
affect the dissolution rate (Zili et al., 2005). Meanwhile, for a
given PLGA concentration, increasing the amount of surfac-
tant increased the percentage of BRU release. This behavior
could also be explained on the basis of particle size: increas-
ing surfactant concentration caused a decrease in NP size.
Smaller NPs have more surface area relative to their volume,
and hence a larger amount of drug is exposed and available
to be released (Navneet et al., 2016).

3.5. Experimental design – 32 level factorial design

Based on experimental design, following table (Table 6)
showed result of particle size, % yield and protein adsorbed
for different amount of PLGA and PVA.

Figure 4. Total amount of serum proteins associated on the surface of naked
and PEG PLGA NPs prepared with PVA. Results are expressed as the mean with
the bar showing S.D. of three experiments. p< .05, compared with naked
counterpart.

Figure 5. In vitro release studies of BRU A; from naked PLGA NPs prepared with PVA in PBS pH 7.4. B; from PEG PLGA NPs prepared with PVA in PBS pH 7.4.
Results are expressed as the mean with the bar showing S.D. of three experiments. p< .05, compared with naked counterpart.
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3.5.1. Effect on particle size
The particle size was varied in range of 93.7 ± 2.8 nm to
257.2 ± 5.8 nm (Table 6). According to Figure 6(A,B), 2D con-
tour plot and 3D-response surface plot showed that concen-
tration of PLGA had non-significant effect on particle size
while the significant inverse effect was observed with
increase in the concentration of PVA surfactant. The data
exhibited that the particle size was decreased as the concen-
tration of PVA increased (Tefas et al., 2015; Vuddanda
et al., 2015).

The regression coefficient for particle size was as follows:

Y1 ¼ 161:7þ 24:51X1–52:68X2þ 6:225X1X2þ 4:45X12

þ 15:75X22

The model was found significant with F value 91.95
(p¼ .0018), the coefficient of r2 was found to be 0.9935.

The viscosity of the organic phase was increased with
increase in PLGA concentration. A higher viscosity leads to
decrease shear stress and slow down the diffusion of organic
phase into aqueous phase produces larger droplets which
turn into render larger particle size (Song et al., 2008; Moacir
et al., 2012). PVA can be occupied at the interface between
the organic and aqueous phase, thus falling the interfacial
tension and thereby increasing the shear stress. Therefore,

this fact promotes the formation of small particle size.
Further increase in PVA concentration, the viscosity of the
aqueous phase increased, as a result decreased in the shear
stress, and the mean diameter of particle size increased.
Some results also indicate that higher PVA concentration
endorses the coalescence of particles, leads to increase in
particle size (Ravi et al., 2004; Mehrotra & Pandit, 2012; Tefas
et al., 2015).

3.5.2. Effect on % yield
For all the formulations, the % yield varied on a wide range
from 70.1 ± 1.4% to 97.8 ± 1.1% (Table 6). As illustrated in
Figure 7(A,B), 2D contour plot and 3D-response surface plot,
a positive relationship was observed between % yield and
concentration of PLGA. As the concentration of PLGA
increased, % yield was increased. In contrast, the % yield was
dramatically decreasing with increasing concentration of PVA
(Vuddanda et al., 2015). The same relationship is observed in
following equation.

The regression coefficient for % yield was as follows:

Y2 ¼ 85:11þ 5:65X1�7:01–0:22X1X2þ 0:58X12–2:01X22

The model was found significant with F value 32.04
(p¼ .0083), the coefficient of r2 was found to be 0.9816.

Table 6. Experimental design results of particle size, % yield and protein adsorbed.

Batch no.
PLGA
(mg)

PEG-DSPE
(mg) PVA (mg)

Particle size
(nm± SD)

Yield %
± SD

Protein
adsorbed

NP01 85 50 15 217.4 ± 1.27 84.5 ± 1.58 22.4 ± 1.47
NP02 100 50 15 224.7 ± 2.01 89.2 ± 0.95 19.7 ± 1.25
NP03 115 50 15 257.2 ± 3.4 97.8 ± 1.02 18.4 ± 0.83
NP04 85 50 20 145.3 ± 1.0 81.5 ± 2.4 17.8 ± 0.84
NP05 100 50 20 161.4 ± 4.25 85.3 ± 3.25 14.9 ± 0.97
NP06 115 50 20 187.9 ± 2.5 89.7 ± 1.47 13.1 ± 1.14
NP07 85 50 25 93.7 ± 2.98 70.1 ± 2.11 24.8 ± 0.25
NP08 100 50 25 131.1 ± 3.01 76.8 ± 1.87 23.1 ± 1.47
NP09 115 50 25 158.4 ± 2.14 82.5 ± 1.3 22.7 ± 1.05
NP010 112 50 22 168.4 ± 3.85 83.5 ± 2.02 16.8 ± 0.52
NP011 95 50 18 174.5 ± 4.2 84.2 ± 0.98 15.2 ± 0.84

Figure 6. Effect of PEGylation on particle size (a) 2D – contour plot and (b) 3D – response surface plot.
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As mentioned above the viscosity of the aqueous solution
was increased with the concentration of PVA, thereby reduc-
tion in shear stress. Thus a less favorable homogenization
efficiency, low stirring rate and larger emulsion droplets,
reduces the particle yield (Mehrotra & Pandit, 2012).

3.5.3. Effect on protein adsorbed
The value of protein adsorbed for the designed formulations
is in range of 13.1 ± 1.08% to 24.8 ± 2.5% as shown in Table
6. Figure 8(A,B) of 2D contour plot and 3D-response surface
plot revealed the effect of the concentration of PEG pre-
sented on the surface of the nanoparticles. At the 20mg

Figure 7. Effect on % yield (a) 2D – contour plot and (b) 3D – response surface plot.

Figure 8. Effect on protein adsorbed (a) 2D – contour plot and (b) 3D – response surface plot.

Figure 9. Design overlay plot.
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concentration of PEG, minimum protein adsorption was
observed. This could be due to effect of PEGylating inhibiting
RES endocytosis of nanoparticles, as it prevents serum pro-
teins from recognizing and interacting with the nanoparticles
surface. After increasing concentration from 20mg to 25mg
and decreasing concentration from 20mg to 15mg, the pro-
tein adsorption was increased. The figure showed that the
concentration of PVA show disparate effect on the protein
adsorption, as gradually increasing PVA concentration
decreases protein adsorption to minimum initially and then
further increased (Vuddanda et al., 2015).

The regression coefficient for protein adsorbed was as fol-
lows:

Y3 ¼ 14:84–1:8X1þ 1:68X2þ 0:47X1X2þ 0:63X12 þ 6:58X22

The model was found significant with F value 81.83
(p¼ .0021), the coefficient of r2 was found to be 0.9927.

Based on experimental design studies, the optimized
batch NP05 was selected for further studies.

The selected design was validated by selecting check-
point batches based on overlay plot (Figure 9) and compari-
son of predicted values and observed values of dependent
variables were shown in Table 7.

3.6. In vivo anti-tumor activity of BRU-loaded NPs

As described above, formulation NP6 (optimized formula
NP05) had lower serum protein adsorption than the other
preparations under investigation. It also showed suitable par-
ticle size, acceptable entrapment efficiency, good percent
yield of the drug, low drug release after 168 h in vitro.
Therefore, NP6 and its naked counterpart NNP6 were
selected for the evaluation of in vivo antitumor activity in
MDA tumor-bearing mice. Figure 10 illustrates changes in
tumor volume following treatment, while Table 8 shows the
tumor growth rates for preparations as calculated from the
slope of the tumor volume-time curve. In addition, Figure 11
and Table 8 summarize the effects of BRU NPs on mice sur-
vival and the mean survival time (MST). The tumor volumes
were 3093.2 ± 652.1, 2822.9 ± 490.4, 2432.5 ± 195.5,
1888.9 ± 525.1, and 619.6 ± 172.2mm3 for groups treated
with saline, blank NP, BRU solution, NNP6, and NP6, respect-
ively (Figure 6). It is greatly evident that treatment with NP6
resulted in significantly smaller tumor volumes than any
other treatment throughout the whole measuring period
(p< .05). The tumor growth rates were 153.7 ± 43.6,
139.0 ± 34.5, 113.7 ± 13.0, 93.1 ± 30.1, and 23.11 ± 9.6mm3/day
for groups treated with saline, blank NP, BRU solution, NNP6,
and NP6, respectively (Table 8). BRU solution alone had only
a small effect on tumor growth, while tumor growth rates
for the NP6 group were significantly lower than any other
treatment (p< .05). in addition, Figure 10 shows that the
tumor growth was not affected by blank NP treatment if
compared with saline treated group (Xiao et al., 2017). The
better effect of PEG NPs could be ascribed to their optimized

Table 7. Predicted and observed values of check point batches.

Batch no. PLGA (mg) PVA (mg)

Particle size % Yield Protein adsorbed

Predicted Observed Predicted Observed Predicted Observed

NP010 112 22 167.7 ± 6.75 168.4 ± 3.85 86.8 ± 1.75 83.5 ± 2.02 15.68 ± 0.55 16.8 ± 0.52
NP011 95 18 178.4 ± 6.75 174.5 ± 4.2 85.7 ± 1.75 84.2 ± 0.98 15.95 ± 0.55 15.2 ± 0.84

Figure 10. Effect of BRU-loaded PLGA NPs on tumor volume in MDA tumor
bearing mice. � p< .05, compared with all groups under investigations.

Table 8. Tumor growth rate and mean survival time (MST) values in tumor-
bearing mice.

Parameters (unit) Saline
Blank
NP

BRU
solution NNP6 NP6

Tumor growth
rate (mm3/day)

153.7 ± 43.6 139.0 ± 34.5 113.7 ± 13.0 93.1 ± 30.1 23.2 ± 9.5� � �
�� �� ��

#
�

Mean survival
time (day)

28.8 ± 7.2 27.6 ± 7.4 33.2 ± 7.6 38 ± 6.04 54.8 ± 7 .4� �
�� ��

#
�

Results are expressed as the mean ± S.D. of five mice.� p< .05, compared with the saline group.�� p< .05, compared with the blank NP-treated group.
# p< .05, compared with the BRU solution-treated group.
� p< 0.05, compared with the NNP6-treated group.

Figure 11. Effect of BRU-loaded PLGA NPs on survival of MDA tumor-bear-
ing mice.
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particle size, which permits greater accumulation of BRU in
tumor tissue through the EPR effect. When using EcoflexVR

NPs loaded with docetaxel, Erfaneh et al. (2018) observed
that excessive tumor growth in the control group was and
remarkable inhibition in the treatment group. The present
study also followed the survival of tumor-bearing mice for
60 days after treatment. Mean survival times were 28.4 ± 7.8,
27.6 ± 7.4, 33.2 ± 7.6, 38 ± 6.04, and 54.8 ± 7.4 days for groups
treated with saline, blank NP, BRU solution, NNP6, and NP6,
respectively (Table 8). No significant difference was found in
survival between saline and blank NP treated groups (Xiao
et al., 2017) while MST was significantly prolonged by treat-
ment with PEG NPs (NP6) relative to all other treatment
groups (p< .05). Similar results were observed by George
et al. (2009), where treatment with cisplatin-loaded NP
resulted in higher survival rates than with free cisplatin,
blank NPs, or control treatment.

4. Conclusion

This study successfully developed BRU-loaded PLGA NPs
using a modified solvent evaporation technique and con-
firmed that PLGA and surfactant concentration play major
roles in determining NPs characteristics. The developed NPs
proved to have appropriate particle sizes and suitable PDI
for intravenous administration. Evaluation of plasma protein
adsorption emphasized the role of PEG in reducing the
amount of plasma protein on the NPs surface. In vitro release
assays confirmed that BRU release can be successfully
extended in PLGA NP formulations over a period of 186 h.
Finally, evaluation of in vivo antitumor activity indicated that
the developed PEGylated NPs can reduce tumor growth and
prolong the survival time of MDA-bearing mice, which con-
firms the efficiency of BRU-loaded PEG PLGA NPs as a poten-
tial antitumor therapy.
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