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ABSTRACT: Codelivery of chemotherapeutic drugs in nanoparticles can enhance the
therapeutic effects against tumors. However, their anticancer properties and physiochemical
characteristics can be severely influenced by many formulation parameters during the
preparation process. It is a complicated development phase to select the optimal parameters
for preparation of nanoparticles based on the commonly used one single parameter method,
which consumes a lot of money, time, and effort, and sometimes even fails. Therefore, the
statistical analysis based on Box—Behnken design (BBD) has attracted much attention in
bioengineering fields because it can illustrate the influence of parameters, build mathematical
models, and predict the optimal combinational factors in a decreased number of
experiments. In this study, we used a three-factor three-level BBD design to optimize the
preparation of poly(lactic-co-glycolic acid) (PLGA) nanoparticles coloaded with two b
anticancer drugs curcumin and paclitaxel (PLGA-CUR-PTX nanoparticles). The surfactant  Nanopricies spimized by te BBD method possessed  small paice
concentration, polymer concentration, and oil—water ratio were selected as independent s susaed g rleme mnd mproned ancancer sy
variables. An optimized model of the formulation for PLGA-CUR-PTX nanoparticles was

validated. The optimal nanoparticles possessed a uniform spherical shape, with an average size of 99.94 nm, and the drug
encapsulation efficiencies of CUR and PTX were 63.53 and 80.64%, respectively. The drug release from nanoparticles showed a
biphasic release behavior, with a release mechanism via diffusion and fundamentally quasi-Fickian diffusion. The optimized
nanoparticles demonstrated an enhanced cytotoxicity effect with lower ICg, values to 4T1 and MCF-7 breast cancer cell lines
compared to free drugs. In summary, BBD optimization of CUR and PTX coloaded nanoparticles yielded a favorable drug carrier
that holds potential as an alternative treatment for anticancer therapy.

1. INTRODUCTION glioma was reported by Mujokoro et al.; compared with CUR
Cancer is a major public health problem worldwide, and the or MTX alone, CUR combined with MTX can decline the IC,
incidence and mortality of cancer are increasing rapidly of CUR and MTX in U-87 MG cells.” CUR has been
worldwide."” Chemotherapy is the classic treatment for considered as a safe anticancer agent without (or with only a
cancer; in particular, it can be effective in treating advanced
and metastatic tumors. However, many chemotherapeutic
drugs face limitations in chemotherapy, such as fast plasma
clearance of drugs, severe damage to normal tissues, systemic

few) therapy-related side effects in combination with chemo-
therapeutic drugs such as paclitaxel, doxorubicin, and
cisplatin.'” For example, a study proved that CUR can

side effects, and unsatisfactory therapeutic effects.” Therefore, potentiate the apoptotic effects of PTX in breast cancer cells
it is a promising strategy to adopt combinational oncotherapy through downregulating the gene expression of Bcl-2 and NF-
to reduce the dosage of chemotherapeutics to avoid side effects kB."" Thus, in this study, CUR and PTX are considered as

and to increase the antitumor efficiency.” Paclitaxel (PTX) is a
first-line antitumor drug, which can be used to treat a variety of
cancers;” however, it is plagued by the problems mentioned
above. In the report of Madani et al, paclitaxel and

combination therapeutic agents for antitumor therapy.
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methotrexate (PTX/MTX) were combined for treatment of I Fo
U-87 MG and B65 cells.® Curcumin (CUR) is extracted from Published: December 28, 2022 et
the dried rhizome of Curcuma longaL., which is a safe food “ @m

additive and chemosensitizer and widely used in cancer
therapy.”” In recent years, CUR combined with MTX against
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Although CUR combined with PTX is a promising strategy
for cancer treatment, both drugs are confronted with the
disadvantages of poor water solubility and low bioavailability,
which induce unsatisfactory therapeutic effects in vitro and in
vivo. To solve these problems, nanocarriers are used to coload
CUR and PTX. Nanodrug carriers usually have advantages
over drugs due to their nanometer size, high surface volume
ratio, and good physical and chemical properties. Insoluble
anticancer drugs could be encapsulated by nanoparticles to
overcome the solubility and chemical stability problems of
anticancer drugs and protect the anticancer drugs from bein%
expelled and improve the circulation time of drugs in vivo.'>""
Furthermore, nanoparticles could specifically target tumor
areas. Due to increased vascular permeability and poor
lymphatic drainage or transport in solid tumors, nanodrugs
can accumulate in the tumor microenvironment, which is
known as the enhanced permeability and retention (EPR)
effect."* ™" Nanoparticles could preferentially distribute on the
tumor site through the EPR effect, which led to a high drug
concentration in the tumor site and a low drug concentration
in the normal tissue, thus enhancing the tumor treatment effect
and reducing damage of chemotherapy drugs to the normal
tissue."”"” Poly(lactic-co-glycolic acid) (PLGA) is an approved
pharmaceutical excipient that can be processed into a
nanodrug carrier for small-molecule drugs, proteins, and
large-molecule drugs.'® PLGA has attracted extensive attention
as a drug carrier due to its biodegradability, protection of drug
activity, and improvement of drug bioavailability.'®"” Thus,
PTX and CUR coloaded PLGA nanoparticles might be a
promising strategy for increasing the antitumor efficacy and
decreasing the side effects of PTX. The preparation of PLGA
nanoparticles includes solvent evaporation, phase separation,
spray drying, nanoprecipitation, and salting out.'® Among
these methods, solvent evaporation is the most widely used
method due to its simple operation, short preparation cycle,
and mature technology.

Several process variables can affect the physicochemical
properties of nanocarriers, such as the size, uniformity, and
drug loading efficiency, and play an important role in
developing a successful nanocarrier.”” The separate control
variable method is a common method to optimize process
parameters in nanoparticle preparation, which optimizes the
formulation or process by changing one variable and keeping
other parameters unchanged at a time (one-factor-at-time,
OFAT method). Although this approach can achieve a solution
for specific formulations, it does not achieve an optimal
combination between process parameters.”' In the situation of
too many process parameters, this method tends to spend
considerable time, money, and effort and is not conducive to
repairing errors, unable to predict the ogtimized process
parameters, and sometimes even fails.”** To solve this
problem, the statistical design of experiments (DoE) for
optimization of nanoparticles is introduced in this study. DoE
is an optimization technique method that helps to illustrate
how process parameters (alone and combined) affect the
product (responses). DoE can be used to optimize process
variables in the preparation of nanocarriers.””** The DoE
methods commonly used in the fabrication of nanoparticles
include screening design (such as Plackett—Burman, fractional
factorial design, and full factorial design) and the response
surface methodology (RSM). The RSM can build mathemat-
ical models to link response values and input process
parameters.”> The central composite design (CCD) and the
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Box—Behnken design (BBD) are the main RSM methods in
the pharmaceutical fields. BBD is widely used in bioengineer-
ing processes because it has fewer factor levels and decreases
the number of experiments.”>”® BBD can optimize the
formulation of nanocarriers through a limited number of
experiments. For instance, Shaikh et al. successfully developed
PLGA nanoparticles loaded with doxorubicin (DOX-PLGA-
nanoparticles) and optimized the parameters of the nano-
particle preparation process through BBD.”” The final obtained
prescription has a small particle size (180.1 nm) and
polydispersity index (PDI) (0.063), and the drug encapsula-
tion efficiency is $2.29%.”” Compared with the simple OFAT
approach, BBD is advantageous because the statistical
evaluation can provide more accurate conclusions with a
reduced number of experiments.

In this study, we developed a nanomedicine consisting of
CUR and PTX coloaded into PLGA nanoparticles (PLGA-
CUR-PTX nanoparticles) and achieved a combination for
cancer treatment. Formulation optimization was carried out
through BBD on the DoE approach. The prescription
attributes of PLGA-CUR-PTX nanoparticles assessed included
the particle size, PDI, encapsulation efficiency, and particle
morphology. The in vitro drug release of PLGA-CUR-PTX
nanoparticles was further studied. Subsequently, the inhibition
effect of cancer cells was evaluated based on the optimized
prescription.

2. MATERIALS AND METHODS

2.1. Materials. Paclitaxel (PTX; degree of purity, >99%,
BR) was procured from Dalian Meilun Biotechnology Co.,
Ltd., China; curcumin (CUR; degree of purity, 95%, HPLC)
was procured from Shanghai Yuanye Biotechnology Co., Ltd.,
China; PLGA (LA/GA: 75/25, molecular weight: 30 kDa) was
procured from Daigang Biological Engineering Co., Ltd.,
China; sodium cholate was procured from Sigma Aldrich, USA.
Dichloromethane was procured from Sichuan Fairbest
Technology Co. Ltd., China; phosphoric acid (degree of
purity, 85—90%, HPLC) was procured from Macklin, China;
acetonitrile was procured from Chengdu Hongben Chemical
Products Co., Ltd., China; an ultrafiltration tube (molecular
weight cutoff: 10 kDa) was procured from Millipore, USA;
fetal bovine serum (FBS) was procured from MRC, USA;
DMEM was procured from Gibco, USA.

2.2, Preparation and Optimization of CUR and PTX
Coloaded PLGA (PLGA-CUR-PTX) Nanoparticles.
2.2.1. Preparation of PLGA-CUR-PTX Nanoparticles. PLGA-
CUR-PTX nanoparticles were developed by the emulsion
solvent evaporation technique.'” In brief, certain amounts of
PTX (w/w), CUR (w/w), and PLGA were dissolved in
CH,CI, as the oil phase. Subsequently, the oil phase was
poured into the water phase, which consisted of a certain
amount of sodium cholate, and emulsified by an ultrasonic
homogenizer (Scientz-1ID, Xingzhi Biological, China) in an ice
bath for 2 min at 300 W to obtain the oil-in-water (O/W)
emulsion. A rotary evaporation system (RV10-autopro, IKA,
Germany) was used to remove CH,Cl, from the emulsion in a
water bath at 30 °C with a vacuum of 400 mbar and a rotating
speed of 120 rpm. The nanoparticle solution was obtained after
30 min of rotary evaporation. Centrifugation (2000g, S min)
was used to remove large particles from the nanoparticle
solution. The nanoparticles were centrifuged at 3260g for 15
min, using an ultrafiltration tube, and washed three times with
deionized water to obtain the purified nanoparticles. Finally,

https://doi.org/10.1021/acsomega.2c06359
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the nanoparticles that agglomerated during the washing
process were removed by centrifugation (2000g, S min), and
the supernatant was taken as the final nanoparticle suspension,
which was stored at 4 °C until further use.

2.2.2. Experimental Design. A Box—Behnken design (BBD)
of 15 runs, three factors at three levels (3%), with three
replicates at the center point, was constructed to study the
influence of different factor variables on the characteristics of
PLGA-CUR-PTX nanoparticles. Experimental design and
statistical analysis were performed by Design-Expert software
(Design Expert 10.0.1, Stat-Ease, Minneapolis, MN, USA).
The fitting formula of the quadratic model is generated by the
software as follows.

Y = by + bA + b,B + b,C + bAB + bAC + bBC + b,A°
+ bgB® + byC

where Y is the measured response, b, is the constant term of
the polynomial equation, b,—b; are linear coeflicients, b,—bg
are interaction coeflicients of the three factors, and b,—bg, are
quadratic coefficients of the observed experimental values. The
main, interacting, and quadratic effects of independent
variables are A, B, and C; AB, AC, and BC; and A% B? and
C?, respectively.

In this work, three independent variables (Table 1) were
chosen as follows: (A) concentration of sodium cholate (w/v,

Table 1. The Independent Variables of BBD

levels
lowest  central  highest
variables symbol unit (-1) (0) (+1)
concentration of A % 1.5 2.5 3.5
sodium cholate
concentration of PLGA B mg/mL 15 20 25
ratio of oil—water C % 30 N 70

%), (B) concentration of PLGA (w/v, %), and (C) the ratio of
oil volume to water volume (v/v, %). The responses to be
measured (Table 2) were the (Y;) size of nanoparticles, (Y,)

Table 2. The Dependent Variables of BBD

variables unit symbol constraints
size of nanoparticles nm Y, minimize
PDI of nanoparticles Y, minimize
encapsulation efficiency of CUR % Y, maximize
encapsulation efficiency of PTX % Y, maximize
total encapsulation efficiency % Ys maximize

PDI of nanoparticles, (Y;) encapsulation efficiency of CUR,
(Y,) encapsulation efficiency of PTX, and (Y5) total
encapsulation efficiency. Corresponding to the independent
variables, three different levels were established as the lowest
(—1), the highest (+1), and central values (0) of the tested
variables (Table 1). The matrix of 15 experimental
formulations was constructed as represented in Table 3.

Variance analysis (ANOVA) was used to verify the
polynomial equation generated after analysis, and the relation-
ship between all variables and their influence on the response
were predicted. Subsequently, the contour maps (2D) and
response surface maps (3D) were generated by the software to
understand the relationships between variables and their
interactions.

978

2.3. Characterization of PLGA-CUR-PTX Nanopar-
ticles. 2.3.1. Nanopatrticle Size and PDI Measurements.
The PLGA-CUR-PTX nanoparticle (0.02 mL) suspension was
diluted with pure water (2 mL), and the size and PDI of the
PLGA-CUR-PTX nanoparticles were measured by dynamic
light scattering (DLS) using a nanozetasizer (Nano-ZS90,
Malvern, UK). Each result was measured in triplicate.

2.3.2. Drug Encapsulation Efficiency (EE) Measurements.
After freeze-drying, a certain amount of PLGA-CUR-PTX
nanoparticles was dissolved in 50% acetonitrile aqueous
solution containing 0.05% phosphoric acid to extract CUR
and PTX. The concentration of drugs in the PLGA-CUR-PTX
nanoparticles was then determined by high-performance liquid
chromatography (HPLC, Agilent, USA) with the following
conditions: Keromasil 100-5-C18 (4.6 X 150 nm) chromato-
graphic column; mobile phase: 0.1% phosphoric acid aqueous
solution and acetonitrile (50:50, v/v); flow rate of 1 mL/min;
detection wavelength of 227 nm; column temperature of 30 +
0.1 °C; injection volume of 20 yL. The drug EE was calculated
by the following equations, and each result was measured in
triplicate:

weight of the encapsulated drug of CUR

EE of CUR (%) = X 100%
total weight of CUR
weight of the encapsulated drug of PTX
EE of PTX (%) = X 100%
total weight of PTX
total EE (%) = weight of the total encapsulated drug % 100%

total weight of the total drug

EE% X weight of the drug
weight of PLGA

2.3.3. Morphological Characterization of PLGA-CUR-PTX
Nanoparticles. The shape and surface morphology of the
optimized PLGA-CUR-PTX nanoparticles were examined
using transmission electronic microscopy (TEM, HT7820,
Hitachi, Japan). Briefly, a drop of nanoparticles was spread on
a 200-mesh copper grid and dried at room temperature. Then,
the sample was negatively stained by adding 1% phospho-
tungstic acid to the grid. The samples were examined by TEM.

2.3.4. In Vitro Drug Release Study. The in vitro release of
CUR and PTX from the optimal formulation of PLGA-CUR-
PTX nanoparticles was performed in phosphate-buffered saline
(PBS) containing 10% ethanol and 0.5% Tween 80, using a
membrane diffusion technique.”® Briefly, 1 mL of the freshly
prepared nanoparticle solution corresponding to 636 ug of
CUR and 374 ug of PTX was placed in a dialysis bag. Then,
the dialysis bags were soaked into SO mL of PBS containing
10% ethanol and 0.5% Tween 80 as the release media in brown
bottles. The brown bottles were kept in an orbital shaker
(MAXQ4000, Thermo, USA) at 37 °C and 100 rpm. At
predetermined time points (1, 2, 4, 8, 12, 24, 48, 72, and 96 h),
a 1 mL sample of release media was withdrawn and replaced
with fresh media of an equal volume. The quantitative analysis
of CUR and PTX in the release media was detected using the
HPLC method. The cumulative drug release percentage was
calculated, and the time—drug curve was plotted. The release
experiments were performed in triplicate.

Drug release data were fitted into mathematical models of
zero-order, first-order, Higuchi, and Korsmeyer—Peppas using
the DD solver, an add-in of MS Excel, to build regression
analysis of the mathematical expressions to explain the
mechanism of drug release.”” ™"

drug loading efficiency (%) (LE) =

https://doi.org/10.1021/acsomega.2c06359
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Table 3. Experimental Arrangement and Results”

independent variables

dependent variables

formula A B C Y,/nm Y, Y5/% Y,/% Ys/%
F1 +1 -1 0 76.89 + 0.59 0.133 + 0.002 30.07 + 2.71 70.53 + 3.59 43.55 + 0.67
F2 0 +1 -1 112.07 + 2.16 0.124 + 0.003 2722 + 7.78 5823 + 8.31 37.56 + 6.10
E3 -1 -1 0 110.13 + 1.86 0.10S + 0.009 50.22 + 6.62 70.52 + S.15 56.99 + 2.92
F4 0 0 0 82.81 + 6.13 0.111 + 0.006 46.38 + 7.03 67.82 + 3.15 53.53 + 4.08
FS 0 +1 +1 119.13 + 1.18 0.098 + 0.004 50.82 + 8.03 66.99 + 0.99 56.21 + 5.16
F6 +1 0 +1 81.72 + 0.68 0.093 + 0.013 41.93 + 4.32 66.65 + 4.08 50.17 + 1.95
F7 +1 +1 0 96.24 + 1.26 0.104 + 0.020 34.11 + 4.34 62.30 + 3.69 43.50 + 3.95
F8 0 -1 +1 82.53 + 1.37 0.131 + 0.003 45.55 + 7.17 73.44 + 4.50 54.85 + 4.33
F9 0 -1 -1 929 + 1.22 0.150 + 0.026 23.07 + 5.68 65.42 + 2.00 37.18 + 3.57
F10 -1 0 +1 92.48 + 1.33 0.133 + 0.016 58.03 + 7.11 78.36 + 2.66 64.80 + 5.30
Fl11 -1 0 -1 87.54 + 0.27 0.129 + 0.019 53.45 + 9.37 71.29 + 3.21 59.40 + 5.22
F12 0 0 0 91.63 + 1.94 0.246 + 0.007 38.15 + 8.11 68.33 + 4.46 4821 + 4.09
F13 0 0 108.13 + 0.70 0.122 + 0.014 47.97 + 8.00 78.57 + 4.37 58.17 + 3.88
F14 -1 1 0 85.04 + 1.94 0.117 + 0.02§ 48.75 £+ 10.50 72.66 + 4.05 56.72 + 6.29
F15 +1 0 -1 112.03 + 0.84 0.128 + 0.027 15.19 + 5.40 60.37 + 8.22 30.25 + 2.14

“Notes: A, concentration of sodium cholate; B, concentration of PLGA; C, ratio of oil—water; Y, size of nanoparticles (nm); Y,, PDI of
nanoparticles; Y3, EE of CUR (%); Y,, EE of PTX (%); Ys, total EE (%). Responses are expressed as the mean + SD (n = 3).

2.3.5. In Vitro Antitumor Efficacy. The cytotoxicity of
PLGA-CUR-PTX nanoparticles was determined in 4T1 by the
MTT method. Briefly, the breast cancer cell line 4T1 was
maintained in DMEM supplemented with 10% (v/v) FBS, 100
U/mL penicillin, and 100 pg/mL streptomycin and grown in a
humidified incubator at 37 °C and 5% CO,. 4T1 cells were
seeded in 96-well microplates with a density of 3 X 10° cells/
well and incubated for 24 h. Cells were exposed concomitantly
to PLGA-CUR-PTX nanoparticles (300 pg/mL) and the
relative concentrations of free CUR (7.62 pg/mL), free PTX
(4.83 ug/mL), and free CUR (7.62 pg/mL) + free PTX (4.83
pug/mL). The control group without drug addition was used as
a negative control. Wells containing only drugs without cells
were used as the blank group. After 48 h, the original culture
medium was discarded, and the cells were washed twice with
PBS. A solution of 100 uL of MTT (0.5 mg/mL) diluted with
base medium was added to each well and incubated for 4 h.
Then, the optical density (OD) values were measured at 490
nm using a microplate reader (Varioskan LUX, Thermo, USA).
Cell viability was calculated according to the following
formula: cell viability (%) = (OngupS — ODypani)/ (OD¢onerol
— ODppn) X 100%. Six parallel experiments were performed in
each group. Furthermore, 4T1 cells were exposed with the
blank PLGA nanoparticles without drugs in different
concentrations (0—S00 ug/mL) for 24 h to assess the
biocompatibility of the carriers.

To determine the half maximal inhibitory concentration
(ICsy) for 4T1 and MCF-7 cells for 48 h, the same method was
repeated using different concentrations of PLGA-CUR-PTX
nanoparticles, CUR, PTX, and CUR+PTX. GraphPad Prism
version 8 (GraphPad Software, San Diego, CA, USA) was used
to analyze the results. To further investigate the synergistic
effect of CUR and PTX, the combination index (CI) of the
two drugs was calculated using the equation®” CI = H/H, + D/
D,, where H; and D, are the concentrations of CUR and PTX
alone that kill 50% of the cell population and H and D are the
concentrations of CUR and PTX in nanoparticles that give
similar cell killing efficacy (50%) in combination. Values of CI
at <1, =1, and >1 represent synergistic, additive, and
antagonistic effects, respectively.

3. RESULTS AND DISCUSSION
3.1. Preparation of PLGA-CUR-PTX Nanoparticles. A

single emulsion solvent evaporation method was used to

Table 4. The ANOVA Results for All Responses”

sum of mean
responses squares df square  Fvalue P value

Y, 1528.13 9 169.79 0.83 0.6185 not
significant

Y, 0.01 9 0.00 0.29 0.9478 not
significant

Y, 2000.78 9 222.31 8.14 0.0163 Signiﬁcant

Y, 379.80 9 42.20 2.09 0.2159  not
significant

Y 1236.67 9 137.41 6.74 0.0245  significant

“Notes: Y, size of nanoparticles (nm); Y,, PDI of nanoparticles; Yj,
EE of CUR (%); Y,, EE of PTX (%); Yj, total EE (%).

Table 5. ANOVA for the Surface Quadratic Model for the
EE of CUR (Y3)“

source sum of squares df  mean square F value P value
model 2000.78 9 222.31 8.14 0.0163
A 993.78 1 993.78 36.40 0.0018
B 18.00 1 18.00 0.66 0.4536
C 748.77 1 748.77 27.43 0.0033
AB 7.58 1 7.58 0.28 0.6207
AC 122.71 1 122.71 4.49 0.0874
BC 0.32 1 0.32 0.01 0.9180
A? 4.09 1 4.09 0.15 0.7145
B? 72.54 1 72.54 2.66 0.1640
c 34.81 1 34.81 127 0.3100
residual 136.51 S 27.30 NA NA
lack of fit 80.98 3 26.99 0.97 0.5431
pure error 55.53 2 27.77 NA NA
cor total 2137.31 14 NA NA NA

“Notes: A, concentration of sodium cholate; B, concentration of
PLGA; C, ratio of oil—water; Y), size of nanoparticles (nm); Y,, PDI
of nanoparticles.

https://doi.org/10.1021/acsomega.2c06359
ACS Omega 2023, 8, 976—986


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EE of CUR

36. 40

335,43

30. 46

EE of CUR

37.80

49,96

15. 11

40.92

36.70

32.48

28,26

RGBREEEY

24.04

EE of CUR
51.00

48,47

45.94

13,11

40.88

38.35

35, 82

WD 10 AR

B

C: Ratio oil-water B: Concentration of PLGA

C: Ratio oil-water

EE of CUR

-1.0-0.8-0.6 -0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0
A: Concentration of sodium cholate

EE of CUR

b 57. 50

52,53

47.25

41,98

36. 70

31.43

26. 16

20,88

4 15. 60

-1.0 0.8 -0.6 0.4 -0.2 0.0 0.2 0.4 0.6 0.8 L0
A: Concentration of sodium cholate

EE of CUR

5100

47.84

44.68

11.51

38.35

35.19

8. 86

25.70

-1.0-0.8 -0.6 -0.4-0.2 0.0 0.2 0.4 0.6 0.8 LO
B: Concentration of PLGA

Figure 1. 3D response surface plots and 2D contour map for PLGA-CUR-PTX nanoparticles showing the effect of (A,B) concentration of sodium
cholate and concentration of PLGA, (C,D) concentration of sodium cholate and the ratio of oil—water, and (E,F) concentration of PLGA and the

ratio of oil—water on the EE of CUR.

fabricate CUR and PTX coloaded PLGA nanoparticles. The
organic mixture of PLGA, CUR, and PTX was emulsified with
the aqueous phase containing sodium cholate by sonication.
Finally, the PLGA-CUR-PTX nanoparticles were purified by
ultrafiltration. A Box—Behnken design (BBD) of 15 runs, three
factors at three levels (3*), with three replicates at the center
point, was constructed to study the influence of different factor
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variables on the size, PDI, and EE of PLGA-CUR-PTX
nanoparticles. The experimental results concerning the size of
the nanoparticles, PDI of the nanoparticles, and EE from all
experiments are given in Table 3.

3.2. Optimization of PLGA-CUR-PTX Nanoparticles.
3.2.1. Particle Size and PDI. The particle size ranged from
76.89 + 0.59 to 119.13 £+ 1.15 nm, and the mean PDI values
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Table 6. ANOVA for the Quadratic Model for the Total EE
(Y5)*

source sum of squares df  mean square F value P value
model 1236.67 9 137.41 6.74 0.0245
A 620.08 1 620.08 30.40 0.0027
B 0.2527 1 0.25 0.012 0.9157
C 474.90 1 474.90 23.28 0.0048
AB 0.0116 1 0.01 0.00 0.9819
AC 52.62 1 52.62 2.58 0.1691
BC 0.25 1 0.25 0.01 0.9166
A? 2.35 1 2.35 0.12 0.7481
B? 56.40 1 56.40 2.77 0.1572
c? 32.02 1 32.01 1.57 0.2656
residual 101.98 S 20.40 NA NA
lack of fit 52.31 3 17.44 0.70 0.6325
pure error 49.66 2 24.83 NA NA
cor total 1338.65 14 NA NA NA

“Notes: A, concentration of sodium cholate; B, concentration of
PLGA; C, ratio of oil—water; Y}, size of nanoparticles (nm); Y,, PDI
of nanoparticles.

were all less than 0.25, demonstrating the good uniformity of
the prepared nanoparticles (Table 3). It is well-recognized that
the suitable size of nanoparticles for antitumor therapy is less
than 200 nm.”” Thus, the size of all prepared nanoparticles was
beneficial to their application in antitumor therapy.

The function to predict the studied process variables
affecting the size of nanoparticles (Y;) was automatically
generated by Design Expert software:

Y, = 92.92 — 1.084 + 6.25B — 3.54C + 11.11AB — 8.9AC + 4.36BC
— 4.48A% + 3.65B” + 5.1C* (R* = 0.6257)

The function to predict the studied process variables
affecting the PDI of nanoparticles (Y,) was automatically
generated by Design Expert software:

Y, = 0.19 — 0.003A — 0.009B — 0.009C — 0.01AB — 0.009AC
— 0.001BC — 0.038A> — 0.034B> — 0.028C> (R* = 0.5632)

The results of the ANOVA (Table 4) showed that P for the
model was higher than 0.0S for Y; (size of nanoparticles) and
Y, (PDI of nanoparticles), indicating that the size of
nanoparticles and the PDI of nanoparticle variation were not
influenced by any of the factors studied.

3.2.2. EE of Drugs. BBD was performed to determine the
effects of the concentration of sodium cholate, the concen-
tration of PLGA, and the ratio of oil—water on the total EE
and on the EE of CUR and PTX for the optimization of
nanoparticle preparation. The results of all experiments are
listed in Table 3.

3.2.2.1. EE of CUR. The EE of CUR ranged from 15.19 +
540 to 58.03 & 7.01% (Table 3). The function to predict the
studied process variables affecting the EE of CUR (Y;) was
automatically generated by Design Expert software:

Y, = 44.17 — 11.15A + 1.50B + 9.67C + 1.384B + 5.54AC + 0.28BC
+ 1.0SA> — 4.43B* — 3.07C* (R* = 0.9361)

The R* (coefficient of determination) value of the model
was 0.9361. Meanwhile, the lack of fit was not significant (P =
0.5431). These values confirmed that the model was adequate
for predicting the EE under any combination of values of the
variables inside the experimental domain. From the equation, a
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positive value indicated a synergistic effect in the regression
model; on the contrary, a negative value indicated an
antagonistic effect.®® Factors B, C, AB, AC, BC, and A” had a
positive effect on response Y3, and A, B% and C* had a negative
effect on the response Y;. Analysis of data by ANOVA of the
proposed model indicated the significant effect of all factors on
Y; (EE of CUR) (P = 0.0163). According to the results of the
statistical analysis (Tables 4 and S), it was found that two
independent process variables, namely, the concentration of
sodium cholate (A) and the ratio of oil—water (C), had
significant effects on the EE of CUR (P < 0.05), while another
variable, the concentration of PLGA (B), had no independent
impact on the EE of CUR (P > 0.05).

Figure 1 shows the influences of the concentration of
sodium cholate, the ratio of oil—water, and the concentration
of PLGA on the response variable. It clearly exhibits the
response surface plots (3D) and contour plots (2D) (Figure
1), where an obvious decrease in the EE of CUR was observed
with an increase in the concentration of sodium cholate from a
low level to a high level with a constant ratio of oil—water. This
phenomenon was similar to previous studies.’>>" This may be
because sodium cholate is a surfactant with a high HLB value
(HLB = 18), which usually leads to a low EE.*” On the other
hand, the increase in the sodium cholate concentration can
improve the solubility of hydrophobic drugs in aqueous
solution and reduce the interfacial tension of the emulsion. As
a result, a high concentration of sodium cholate will reduce the
interfacial tension, promoting the release of drugs into the
external water phase during mixing, leaving fewer drugs in the
emulsion droplets and resulting in a decreased EE.*”*"*
Furthermore, an obvious increase in the EE of CUR was
observed with an increase in the ratio of oil—water from a low
level to a high level with a constant concentration of sodium
cholate (Figure 1). This may be because increasing the ratio of
the organic phase increases the viscosity of the emulsion and
slows drug diffusion in the aqueous phase, thus increasing the
EE of CUR.

3.2.2.2. EE of PTX. The EE of PTX ranged from 58.23 +
8.31 to 78.57 + 4.31% (Table 3). The function to predict the
studied process variables affecting the EE of PTX (Y,) was
automatically generated by Design Expert software:

Y, = 71.57 — 4.12A — 2.47B + 3.77C — 2.59AB — 0.20AC + 0.18BC
+ 0.294% — 2.86B> — 2.69C* (R* = 0.7899)

The results of the ANOVA test (Table 4) showed that P for
the model was higher than 0.05 for Y, (EE of PTX), indicating
that the EE of PTX was not influenced by any of the factors
studied.

3.2.2.3. Total EE. The total EE ranged from 30.25 =+ 2.14 to
64.80 + 5.30% (Table 3). The function to predict the studied
process variables affecting the total EE (Y;) was automatically
generated by Design Expert software:

Y = 53.30 — 8.80A + 0.18B + 7.70C + 0.05AB + 3.63AC +
0.25BC + 0.80A%* — 3.9B> — 2.94C* (R* = 0.9238)

Analysis of data by ANOVA of the proposed model
indicated a significant effect of all factors on Y; (total EE),
with a P value of 0.0246. The R? value of the model was
0.9238. Meanwhile, the lack of fit was not significant (P =
0.6326). These values confirmed that the model was adequate
for predicting the EE under any combination of values of the
variables inside the experimental domain. Factors B, C, AB, AC,
BC, and A had a positive effect on the response Y5, and A, B?,
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Figure 2. 3D response surface plots and 2D contour map for PLGA-CUR-PTX nanoparticles showing the effect of (A,B) concentration of sodium
cholate and concentration of PLGA, (C,D) concentration of sodium cholate and the ratio of oil—water, and (E,F) concentration of PLGA and the

ratio of oil—water on the total EE.

and C? had a negative effect on the response Y. According to
the results of the statistical analysis (Tables 4 and 6), it was
found that two independent process variables, namely, the
concentration of sodium cholate (A) and the ratio of oil—water
(C), had significant effects on the total EE (P < 0.05), while
another variable, the concentration of PLGA (B), had no
independent impact on the total EE (P > 0.05).
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The total EE was significantly affected by both the sodium
cholate concentration and the ratio of oil—water, with a higher
concentration of sodium cholate leading to a lower total EE
and conversely a higher oil—water ratio leading to a higher
total EE (Figure 2). The effects of the surfactant concentration
and the ratio of oil—water on the total EE were similar to their
effect on the EE of CUR, which was probably due to the fact
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Table 7. The Predicted Values and the Optimized Response
Values Observed for PLGA-CUR-PTX Nanoparticles®

responses predicted values observation values
Y, 95.53 nm 99.94 nm
Y, 0.139 0.101
Y, 57.76% 63.53%
Y, 78.57% 80.64%
Y 64.80% 69.24%

“Notes: Y;, size of nanoparticles (nm); Y,, PDI of nanoparticles; Ys,
EE of CUR (%); Y,, EE of PTX (%); Y, total encapsulation efficiency

(%).

that the EE of the other drug PTX is not affected by any
experimental factor. So, the change in the total EE is mainly
caused by the change in the EE of CUR.

3.2.3. Optimal Formulation for PLGA-CUR-PTX Nano-
particles. Optimization was performed by employing the
desirability method upon application of constraints to the three
independent variables (A, concentration of sodium cholate; B,
concentration of PLGA; C, ratio of oil—water). To obtain the
maximum EE of the PLGA-CUR-PTX nanoparticles, software
was used to determine the levels of the three independent
variables. The levels of A, B, and C were found to be 1.5% w/v,
20.18 mg/mL, and 70% v/v, respectively. The predicted values
are listed in Table 7. The optimized PLGA-CUR-PTX
nanoparticles have a desirability of 0.990. The predicted levels
of each variable will be used to prepare the optimized PLGA-
CUR-PTX nanoparticles to confirm the prediction. The
optimized response values of PLGA-CUR-PTX nanoparticles
are shown in Table 7. The optimal size was 99.94 nm, the PDI
was 0.101, and the optimal EE values were 63.53 (LE: 2.54%),
80.64 (LE: 1.61%), and 69.24% (LE: 4.15%) for CUR, PTX,
and total drugs, respectively. This size was suitable for
antitumor therapy because the optimized nanoparticles could
passively target the tumor site due to the EPR effects.”’ The
narrow size distribution of nanoparticles indicated by a lower
PDI can contribute to the high reproducibility of experiments
and results. The high EE of the optimized nanoparticles can
avoid the waste of drugs during the formulation process.

3.3. Characterization of Optimized PLGA-CUR-PTX
Nanoparticles. 3.3.1. Size Distribution and Morphological
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Figure 4. In vitro drug release study of the optimized PLGA-CUR-
PTX nanoparticles at pH 7.4 (each group represents n = 3, mean +
standard deviation).

Table 8. Release Kinetics Parameters of In Vitro CUR and
PTX Release from PLGA-CUR-PTX Nanoparticles

model cozeﬂicient

the release equations (R
kinetics model CUR PTX CUR PTX
zero-order M,/M, = 1116 M,/M, =1.096  0.3535 —0.3298
Xt Xt
first-order M/M, =F = M/M, =F = 0.8759 0.7237
100 X [1 — 100 X [1 —
exp(—0.038 X exp(—0.065 X
o o
Higuchi ~ M/M,=F= M/M =F= 08907 0.6076
9.795 x t'/2 10.035 x ¢
Korsmeyer— M,/M,, =F = /My =F = 0.9299 0.8131
Peppas 14.994 x 3% 22,105 x 2%

Characterization of Optimal PLGA-CUR-PTX Nanopatrticles.
As shown in Figure 3A and Table 7, the size and PDI of the
optimized nanoparticles were measured to be around 100 nm
and 0.1, respectively, indicating a uniform size distribution.
3.3.2. In Vitro Drug Release Study. The release profile of
CUR and PTX from optimized PLGA-CUR-PTX nano-
particles at pH 7.4 is shown in Figure 4. The drug release
profile from nanoparticles showed a biphasic release behavior,
which consisted of an initial burst release (the cumulative drug
release rates of CUR and PTX during the burst release period
were 48.5 + 2.57 and 59.1 + 2.14%, respectively) within 12 h

30
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Percentage (%)

—
=
L

0
10 100

Size (nm)

1000

100 nm

Figure 3. (A) Size distribution and (B) TEM image of optimized PLGA-CUR-PTX nanoparticles. TEM scale bar: 100 nm.
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Table 9. IC;, Values for Different Drugs and Formulations
on 4T1 and MCEF-7 Cells after 48 h of Incubation

MCE-7 ICq,
4T1 ICgy(ng/mL) (ng/mL)
drugs CUR PTX Cl, CUR  PIX Cl,

CUR 13,868 10,338
PTX 420.7 313.8
CUR+PTX 275.1 148.5 0.37 180.9 97.86 0.33
PLGA-CUR- 123.7 66.7 0.17 109.9 59.37 0.20

PTX

nanoparticles

followed by controlled release in the subsequent time (the
cumulative drug release rates of CUR and PTX during the
controlled release period were 81.1 + 4.97 and 73.0 + 1.34%,
respectively). The initial burst release from PLGA-CUR-PTX
nanoparticles was attributed to the immediate desorption of
drug molecules adsorbed onto the particle surface, and a
shorter average diffusion path due to the nanoscale nano-
particles led to rapid drug molecule release.** Thereafter, the
slower release during the controlled release period was due to
drug molecules resolved into the release medium from the
nanoparticle core through interconnected pores and channels
in the polymeric matrix."

The drug release mechanism was analyzed by different
mathematical models (Table 8). Compared with the zero-
order, first-order, and Higuchi models, the Korsmeyer—Peppas
model was the best fit for the release behavior of CUR and
PTX, with R? values of 0.9299 and 0.8131, respectively. Based
on the diffusional exponent n < 0.5, the release mechanisms of
CUR (n = 0.392) and PTX (n = 0.229) were diffusion and
fundamentally quasi-Fickian diffusion.*’

3.4. In Vitro Antitumor Efficacy. The in vitro antitumor
efficacy of PLGA-CUR-PTX nanoparticles, free CUR, free
PTX, and free CUR combined with free PTX in 4T1 breast
cancer cells was assessed by the MTT assay (Figure SA). The
4T1 cells were treated with different treatment groups for 48 h,
and the cell activity of all groups was significantly lower than
that of the control group. The cell activity of the free CUR
combined with free PTX group was significantly lower than
that of the free CUR group (P < 0.001) and the free PTX
group (P < 0.001); moreover, the PLGA-CUR-PTX nano-
particle group further inhibited the 4T1 cell activity (P <
0.0001). As shown in Figure SB, the cell viability was nearly
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100% after incubation with nanoparticles in the concentration
range of 0 to 500 pg/mL, demonstrating that the PLGA-CUR-
PTX nanoparticles had superior biocompatibility.

The therapeutic efficacy of the drug was further investigated
by measuring the IC, of CUR, PTX, CUR+PTX, and PLGA-
CUR-PTX nanoparticles on 4T1 and MCF-7 cells (Table 9).
The CI values of CUR+PTX were 0.37 on 4T1 cells and 0.33
on MCF-7 cells. Moreover, the CI values were even lower for
PLGA-CUR-PTX nanoparticles, with 0.17 on 4T1 cells and
0.20 on MCEF-7 cells, which demonstrated the good synergistic
antitumor effect of CUR and PTX. Moreover, CUR and PTX
coloaded PLGA nanoparticles had the lowest ICs, values on
4T1 (CUR: 123.7 ng/mL; PTX: 66.7 ng/mL) and MCF-7
(CUR: 109.9 ng/mL; PTX: 59.37 ng/mL) cells, which were
similar with the previous report.*’ In this study, CUR
combined with PTX could decline the ICy, of both CUR
and PTX. These results demonstrated that coloading CUR and
PTX in PLGA nanoparticles can improve the therapeutic
effects and bioavailability of CUR and PTX.

4. CONCLUSIONS

In this study, Box—Behnken design (BBD) was used to
develop and optimize CUR and PTX coloaded PLGA
nanoparticles. The influence of the surfactant concentration,
PLGA concentration, and the ratio of oil—water on the size,
polydispersity index (PDI), and drug encapsulation efficiency
were clarified, and the optimum conditions were obtained
through the predictive mathematical model, in which the
surfactant concentration was 1.5% w/v, the PLGA concen-
tration was 20.18 mg/mL, and the ratio of oil—water was 70%
v/v. Under this optimal condition, PLGA-CUR-PTX nano-
particles were successfully produced with a small particle size
(99.94 nm) and PDI (0.101) and a high encapsulation
efficiency for both CUR (63.53%) and PTX (80.64%).
Coloading of CUR and PTX into PLGA nanoparticles could
increase the solubility of CUR and PTX in physicochemical
conditions and prolong the drug release rate. The optimized
PLGA-CUR-PTX nanoparticles produced enhanced cytotox-
icity with reduced ICs, values on 4T1 and MCEF-7 breast
cancer cells compared with the free drug combination group.
Thus, the developed PLGA-CUR-PTX nanoparticles hold
potential as an alternative to existing tumor chemotherapies.
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