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In the present work, a dual-drug-loaded soy lecithin liposomal system was developed by coencapsulation of Letrozole (LET) with
Paclitaxel (PTX) to improve the efficacy in breast cancer therapy. Liposomes were synthesized by the thin film layer hydration. To
sufficiently evaluate the characteristics of these liposomes, the particle size, zeta potential, morphology, drug encapsulation, in vitro
drug release, and cytotoxicity were ascertained. Results showed promisingly anticancer potentials, as the following parameters
indicated: nanosize diameter (around 193 nm) and negative surface charge. Data collected from the coloaded drug liposomes
showed suitable encapsulation efficiency (50.56% for PTX and 31.13% for LET). Controlled and sustained releases were achieved
up to 72h for both the loaded drugs following the diffusion mechanism. In addition, the in vitro cytotoxicity study on the
human breast cancer cell line (MCF-7) given the dual-drug-loaded liposome showed greater inhibition of cell growth than the
single drug. Consequently, LET and PTX coloaded liposomes made from soy lecithin are expected to be an ingenious drug-

delivery system for combination chemotherapy.

1. Introduction

Breast cancer therapy using oestrogen-targeted drugs is one
of the most successful anticancer strategies to date. Accord-
ingly, Letrozole (LET), a third-generation aromatase inhibi-
tor, is the antioestrogen drug that is commonly used in the
treatment of breast cancer [1, 2]. By successfully preventing
aromatase which produces oestrogen, LET slows down the
growth of hormone-responsive breast tumours in vivo. How-
ever, research has shown that LET has some negative effects
on patients, including diarrhoea, constipation, fever, fatigue,
and chest pains [3]. Regarding its overall effects on human
health, LET was reported to possess potential efficacy that
could be enhanced by advancing in combination with other
chemotherapeutic agents [4-7]. Therefore, researchers have
currently focused on LET combination therapies, particularly

with chemotherapy, to take advantage of therapies using
multiple drugs including coordinately distributed drugs to
specific sites, reduce toxicity, and increase efficacy of drugs,
as well as slow the rate of developing drug resistance, in order
to advance in the full potentials of chemodrug treatments [8].
In the process of theoretical searching for the chemothera-
peutic agent in the LET combination therapy, Paclitaxel
(PTX) seems to be a great candidate [9]. By preventing the
cells from dividing and replicating and causing the death of
the cells in various proposed mechanisms, PTX in combina-
tion with LET is expected to destroy any of the remaining
cancer cells, which are left uninhibited during the developing
of LET [9-11]. Chen et al. have published their study in Anti-
Cancer Drugs, reporting that exemestane, one of the aroma-
tase inhibitors (AIs), could combine with Paclitaxel for the
treatment of aromatase-positive gynecological cancer [9].
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This combination allowed reducing the Paclitaxel dosage and
therefore the toxicity of the treatment. Besides, clinical trials
for Als, a class of drugs used in the treatment of breast cancer
in postmenopausal women and gynecomastia in men, are
underway. As a result of this, it is valuable and has a contrib-
uting meaning to the scientific community to develop a
codelivery system utilizing LET and PTX as loaded drugs
and to evaluate its efficacy in the current status of breast
cancer treatment.

In the combination therapy of agents with different solu-
bility and pharmacokinetic properties such as LET plus PTX,
it is considered that finding the ideal carrier systems/materials
is the biggest challenge. Accompanied by these difficulties,
nanoparticles with the abilities to sufficiently encapsulate
and deliver dissimilar anticancer agents have been developed.
Notably, liposome-based nanoparticles have been rising as a
part of the technologies that health organizations already
adopted for treatment purposes because of numerous benefits
[12-15]. Liposomes (Lips) are microscopic lamellar structures
that can be formed in the admixture of the soy lecithin and
cholesterol and completed by the subsequent hydration in
aqueous media [16-18]. Regarding this, liposomes have been
widely evaluated and utilized in the controlled as well as the
targeted drug delivery as novel systems in cancer treatment.
For instance, these systems enhance the delivery of drugs to
specific body organs and cells; in some cases, they can even
reduce drug toxicity and facilitate the administration of dif-
ferent kinds of diagnoses [19]. He and Ma found that these
nanoparticles reduced drug dosage in the case of medication
errors [1]. Moreover, liposomes were reported to successfully
codeliver drugs in the combination of LET in therapy as well
as PTX combination therapy with other agents [5, 20-22].
Therefore, liposomes are predicted to exert their promising
properties in improving the therapeutic efficacy of LET by
coloading and codelivery with PTX for the treatment of
breast cancer cells with faster absorption of the medication
into the body, reducing side effects, and enhanced maximal
dose tolerance.

In this regard, the aim of this study was to develop soy
lecithin liposomal systems for the coencapsulated LET and
PTX. It should be noted that the proposed liposomes were
made from soy lecithin and cholesterol, which were prepared
by hydrating a thin lipid film then reducing the particle size
distribution by sonication followed by extrusion. This study
also assessed the properties of the named nanoparticles,
including particle size, polydispersity index, zeta potential,
and morphology. In addition, in vitro tests that entailed the
drug loading and releasing efficiency were conducted. The
cytotoxic effect of single and combined drugs in human
breast cancer cell lines (MCF-7) was evaluated by WST assay.
In summary, this study is aimed at the drug delivery system’s
preparation, investigation, and understanding of the applica-
tion of LET in combination with PTX.

2. Materials and Methods

2.1. Materials. Letrozole (LET) was synthesized in the
previous study [23]. Paclitaxel (PTX) was purchased from
Samyang Corporation (Seoul, Korea). Soy lecithin and

Journal of Nanomaterials

Tween 80 (polyoxyethylene sorbitan monooleate) were
obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). Cholesterol was supplied by Sigma-Aldrich (St Louis,
MO, USA). Cetyltrimethylammonium bromide (CTAB) and
all solvents were of analytical grade and obtained from Merck
(Darmstadt, Germany). A dialysis bag (Spectra/Por, regener-
ated cellulose) was purchased from Spectrum Laboratories
Inc. (Canada). The Dulbecco’s Modified Eagle’s Medium:
Nutrient Mixture F-12 (DMEM/F-12) and fetal bovine
serum (FBS) were purchased from Thermo Fisher Scientific
(Ho Chi Minh City, Vietnam). Human breast cancer cell
lines (MCF-7) were obtained from the University of Tsukuba
(Tsukuba, Ibaraki, Japan) [24].

2.2. Preparation of Soy Lecithin Liposomes. Liposomes were
aseptically prepared by the thin-film hydration method.
The lipid phase components (soy lecithin, cholesterol, CTAB,
LET, and PTX) were accurately weighed and dissolved in
chloroform : methanol mixture (2:1, v/v), in the ratio of
9:1 soy lecithin: cholesterol, 1% CTAB, 5% LET, and 5%
PTX. The solution was transferred to a round-bottom flask
and connected to a BUCHI rotavapor R-114 and BUCHI
water bath B-480 with applied vacuum and temperature
maintained at 45°C until the complete evaporation of sol-
vents. The obtained dry, thin lipid film was hydrated with
0.5% Tween 80 by stirring at room temperature. The suspen-
sion was sonicated by the probe sonicator for 30 min and
was further homogenized by a miniextruder (EmulsiFlex-
05 homogenizer, Avestin Inc., Ottawa, Canada) for 10
cycles. The obtained liposomal suspension was centrifuged
at 16000rpm for 30min to separate the unencapsulated
drugs. The resulting formulation was lyophilized and stored
at 2-8°C for further analysis.

2.3. Characterizations. The size distribution and zeta poten-
tial of the liposomal formulations were characterized by
dynamic light scattering (DLS) using a Zetasizer Nano SZ
(SZ-100, Horiba). The measurement was determined
through a helium-neon (He-Ne) laser beam with the detec-
tion angle and the temperatures as 90° and 25°C, respectively.
Samples were diluted with deionized water prior to measure-
ment to reach the phospholipid concentration of 1000 ppm.
The morphology of LET-PTX-Lips was examined by a trans-
mission electron microscope (TEM) using JEM-1400, JEOL
(Tokyo, Japan). The sample was diluted with deionized water
(Img/mL). One drop of the liposomal formulation was
deposited onto a carbon-copper grid (300-mesh, Ted Pella,
Inc., USA) and air-dried at room temperature.

2.4. Stability Study. Lips, LET-Lips, and LET-PTX-Lips were
preserved in a fridge at 2-8°C for one week and measured by
their size and zeta value.

2.5. Determination of Encapsulation Efficiency and In Vitro
Release Study. High Performance Liquid Chromatography
(HPLC) was applied for the identification and quantitation
of LET and PTX in the liposomal formulations using Flexar
PDA Plus LC Detector (PerkinElmer, USA). The mobile
phase consisted of acetonitrile/water with the volume ratio
of (40:60). The mobile phase was degassed prior to use and
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delivered isocratic ally at a flow rate of 1 mL/min through the
reverse-phase Fortis C18 column (150 mm, 4.6 mm, pore size
5um; Fortis Technologies Ltd., Cheshire, UK), and a UV
detector at 227 nm was used to monitor the column eluent.
For determining the LET and PTX concentration in the lipo-
somal formulations, a slight modification of the ultracentri-
fuge method of Yang et al. was applied [25]. An aliquot of
ImL of the formulation was mixed with 10mL of PBS
(pH7.4) and centrifuged at 1000 rpm for 10min at 25°C.
Then, centrifugation at 16000 rpm for 30 min was performed
to precipitate 11 mL of liposome supernatant, which was then
decanted and washed twice with PBS (pH 7.4). The liposome
pellets were then dissolved with 6 mL solvent and sonicated
for 10 min for subsequent characterization. Collected sam-
ples were filtered through the 0.22 yum PTFE syringe filters
prior to analysis.

The encapsulation efficiency (EE%) of the liposomal for-
mulation for each drug was calculated using the following
equation [26]:

w
EE (%) = WP x 100, (1)

S

where W, is the amount of drugs in the liposome pellet and

W, is the amount of drugs in the liposome suspension.

The release profile of liposomal formulation was studied
in vitro in PBS buffer (pH 7.4) at the presence of 2% Tween
80. About 1 mL of the liposomal formulation was tightly
sealed in a dialysis bag (MW cutoff 3.5kDa) and immersed
in 10 mL dialysis medium. The release study was performed
at 37°C in a shaker bath (100 rpm). At defined time intervals
(1,2,3,6,12,24, 36,48, 60, and 72 h), an aliquot of 1 mL sam-
ple was taken from the release medium followed by the
immediate supplementation of the equal volume of the fresh
medium. Controls containing free drug were prepared in the
amount equal to the amount of the drug contained in the
liposome and tested along with the liposomal dispersions.
Samples were filtered (pore size = 0.22 ym) before being ana-
lysed by the above-mentioned HPLC method to determine
the LET and PTX content.

2.6. Release Kinetics Study. To analyse the in vitro release
patterns of both LET and PTX in coloaded form LET-
PTX-Lips, four drug release kinetic models, including zero-
order kinetic model, first-order kinetic order, Higuchi model,
and Korsmeyer-Peppas model, were used. The zero-order
kinetic model was the relationship between time and cumu-
lative % drug release, which could define the process of the
constant drug released from a drug delivery system, and the
drug level in the blood remained constant throughout the
delivery. Meanwhile, the first-order kinetic model was the
relationship of time and log cumulative % of drug remain-
ing. This model was applied to evaluate the concentration-
dependent manner of the drug release. The Higuchi model
was the relationship between the square root of time and
cumulative % drug release, which was used to identify whether
the prime mechanism of the drug release was a diffusion con-
trolled release mechanism or not. Finally, the Korsmeyer-
Peppas model was the relationship of time and log cumulative

% drug release which helped to understand the dissolution
mechanisms of the drugs from the matrix. Graphs of the
zero-order, first-order, Higuchi, and Korsmeyer-Peppas
models were drawn based on equations (2), (3), (4), and (5),
respectively, and Microsoft Excel, then the rate constant and
correlation values were obtained by applying a linear regres-
sion fit [27, 28].

C=kyt, (2)

ket
log (100 - C) = ——, 3
08 ( )="2303 G)
C=kyV1, (4)
C = kgt", (5)

where C is the cumulative % drug released at time ¢, k; is the
zero-order rate constant, k; is the first-order rate constant,
ky is the Higuchi dissolution constant, ki is the Korsmeyer-
Peppas constant, and 7 is the exponent that describes a partic-
ular diffusion mechanism.

2.7. Cell Culture and Viability Test. The cells were grown in
DMEMY/F-12 containing 10% FBS and 2% penicillin/strepto-
mycin (10,000 U/mL penicillin and 10 mg/mL streptomycin)
in humidified air with 5% CO, at 37°C. Cells were inoculated
in a 96-well plate with a density of 3 x 10* cells/well. After
24h, cells were treated with reagents at a concentration of
10-100 ug/mL of Lips and 1 ug/mL of free LET, free LET-
PTX, LET-Lips, and LET-PTX-Lips for 24h, then 20 uL of
WST was added to each well and incubated for 4h at 37°C.
Each plate was set to a microplate reader (IN Cell Analyzer
2500HS), and the absorbance values were measured at
450 nm. Results were expressed as cell viability (%) by using
equation (6). The cells, treated with medium, were consid-
ered as the control (100% viable).

absorbance at 450 nm for sample

Cell viability (%) = % 100%.

(6)

2.8. Statistical Analysis. Quantitative data were expressed as
mean * standard deviation for n = 3. The statistical analysis
was performed using ANOVA followed by Student’s t-test
with p < 0.05 considered as statistically significant.

absorbance at 450 nm for control

3. Results and Discussion

3.1. Characterizations of LET-PTX-Lips. The size and zeta
potential of a nanocarrier play important roles to properly
deliver drugs in the human body. Indeed, the best circulation
time in the bloodstream can be obtained with particle size in
between 100 and 200 nm, which are small enough to go
through the filtration of the spleen and selective uptake of
the liver [29, 30]. This size range allows nanoparticles to
focus more efficiently on tumours. Meanwhile, the zeta
potential is a good indicator to quantify the stability of
nanoparticles in physiological conditions. It was reported
that negative charges resulted in preventing fusion and



20
~ 154
x
&
g 10
=
o
[
25 5 |
0 1

10 100
Diameter (nm)
—— Lips
-—.— LET-Lips
--- LET-PTX-Lips
(a)

Journal of Nanomaterials

Intensity (a.u.)

Zeta potential (mV)

—— Lips
.—.— LET-Lips
--- LET-PTX-Lips

(®)

FIGURE 1: (a) Size distribution and (b) zeta potential of Lips, LET-Lips, and LET-PTX-Lips.

aggregation and also reduced the phagocytosis [31, 32]. As
exposed in Figure 1(a), the DLS particle sizes of Lips, LET-
Lips, and the complex LET-PTX-Lips were 169.70 £ 0.32
nm, 216.20 + 2.47 nm, and 193.10 + 8.70 nm, respectively.
The particle size of the obtained liposomes increased due to
the increase of the hydrophobic drugs mainly residing in
the lipid phase, and this phenomenon has also been observed
in several previous studies. For instance, Sarfraz et al. showed
an increase in liposome size from 127 + 11.14 nm with olea-
nolic acid loaded into lipid bilayer to 225.33 +28.02 nm
coencapsulated with doxorubicin [33]. Remarkably, the poly-
dispersity index of all prepared samples was less than 0.5,
indicating that the size repartition is quite homogeneously
distributed. Otherwise, as shown in Figure 1(b), the zeta
potentials of Lips, LET-Lips, and LET-PTX-Lips were —
69.20 £ 0.55mV, —54.50 £ 0.89 mV, and -13.75+4.41 mV,
respectively. The drastic decrease in zeta potential of LET-
PTX-Lips (-13.75+4.41 mV) was significantly lower than
that of Lips (-69.20 + 0.55 mV), which suggested that the
stability of Lips has been reduced after codelivery of LET
and PTX.

The TEM image showed that Lips and LET-PTX-Lips
were spherical in terms of morphology, and the liposomal
system possessed the size range which fell into the
therapeutic-potential range (Figure 2). Moreover, no aggre-
gation or fusion of Lips and LET-PTX-Lips was found, all
of which were coherent with the DLS results. In light of these
results, LET and PTX taken together might be encapsulated
efficiently enough into Lips as spherical nanocarriers with
an operational circulation in the human bloodstream.

3.2. Stability of the Synthesized Soy Lecithin Liposomes. The
stability of Lips, LET-Lips, and LET-PTX-Lips was deter-
mined after a period of a week under 2-8°C conditions
(Figure 3). During the studied period, all of Lips, LET-Lips,
and LET-PTX-Lips presented similar effects with no signifi-
cant change occurring in their size and zeta potential. The size
of Lips increased to 172.70 nm, while those values of LET-Lips
and LET-PTX-Lips bounded to 225.10nm and 201.50 nm,
respectively, on the last day of storage (Figure 3(a)). Similar

trends happened on the zeta potential (Figure 3(b)) that the
absolute value was decreased slowly and yet still remained
negative after one week for all the samples (-67.43mV,
-50.21mV, and -12.22mV for Lips, LET-Lips and LET-PTX-
Lips, respectively). The stability of these liposomal formula-
tions was due to the constraint of the lipid hydrolysis rate
existing in the lipid bilayer at cold temperatures (2-8°C).
Moreover, at temperatures below 35°C, the lipid was in the
gel phase which maintained their molecular conformation as
well as the geometry of the lipid bilayer [14]. Therefore, Lips,
LET-Lips, and LET-PTX-Lips were proven to be stable under
the storing temperatures.

3.3. Drug Loading Efficiency and In Vitro Release Profiles. It
should be noted that when using lipid nanoparticles as drug
carriers, it is vital to determine and understand the drug that
can be loaded to the nanoparticles. In this study, EE of LET-
PTX-Lips was determined to be 31.13 + 0.60% and 50.56 +
1.91% for LET and PTX, respectively. The difference between
EE values of LET and PTX in Lips might be caused by their
molecular size and weight. PTX with the significantly higher
size and molecular weight could compete against LET and
occupy more space inside the lipid bilayer during synthesis
of LET-PTX-Lips. Besides, the lipophilic nature of the two
drugs lead to competition between them for the hydrophobic
space in the lipid bilayers during entrapment, as a similar
case described in Shavi et al. and Deniz et al., where higher
cholesterol concentrations lead to a decrease in the encapsu-
lation efficiency of ANA and celecoxib [34, 35]. Through
these results, EE of LET and PTX demonstrated the possibil-
ity of entrapping two drugs in the synthesized Lips with an
important percentage of encapsulated drugs.

As shown in Figure 4, the in vitro drug release was con-
ducted to analyse the behavior of LET, PTX, and LET-PTX
and the capacity of Lips to control drug release. From the
evaluation of results demonstrated in Figure 4, it can be
established that LET and PTX exhibited similar release pro-
files. The fast release of free LET and free PTX was observed
in 72h (LET, 90.05% + 4.6%; PTX, 94.79% + 4.5%) while the
late slow release is ascribed to the sustained release of the two
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FIGURE 2: (a, ¢) TEM images at scale bar 200 nm and (b, d) particle size distribution of Lips and LET-PTX-Lips.

drugs from Lips. The cumulative release reached 31.70% +
3.2% for LET and 53.29% +3.9% for PTX from Lips at
72h. In other words, the release behavior of drugs from
loaded Lips was significantly slower than that of free drugs.
This was similar to the previous studies, which indicated that
the prepared Lips was shown to have a sustained release pro-
file which was consistent with most liposomal drug delivery
systems [36-38].

3.4. Kinetic Models of Drug Release. The release patterns of
LET and PTX from LET-PTX-Lips in Figure 4 were fitted
to the zero-order model, first-order model, Higuchi model,
and Korsmeyer-Peppas model to determine the highest cor-
relation with experimental results. The in vitro release study
was conducted in 72h and showed about 31% and 53% of
the initial LET and PTX, respectively, were released. It was
reported that the first 60% of drug release was typically suffi-
cient for determining the best fit model of the drug release
[39]. Therefore, the release data of the system in 72h was
used to fit to the four models. Table 1 lists the kinetic release
parameters and regression coefficients calculated from the
four kinetic models.

As seen in Table 1 and Figure 5, it was found that the
Higuchi and Korsmeyer-Peppas models showed a higher
degree of correlation coefficients (R?) than the two other

models. Therefore, the discussion of LET-PTX-Lips release
kinetics was focused on the Higuchi and Korsmeyer-Peppas
models. LET was released followed the equation y =3.2513
x +7.287 (R?>=0.8355); meanwhile, PTX was released fol-
lowing the equation y=5.8797x+6.7726 (R*=0.9532).
These results suggested that LET and PTX released from
LET-PTX-Lips followed diffusion mechanism [40]. This is
reasonable because the Higuchi model describes the release
of active agents that are less solubly dispersed in homoge-
neous matrices and submitted to a diffusing medium with
the consideration of the dissolution of a lipophilic, homoge-
neous, and planar matrix [41]. Moreover, the Korsmeyer-
Peppas model, which was developed based on the Higuchi
model, is important to classify the possible release profile of
active agents in dosage forms [42]. The model Korsmeyer-
Peppas power law equation stated the type of diffusion based
on the slope values. Both the slope values of LET and PTX in
Korsmeyer-Peppas equations (1) were lower than 0.5 which
implies that the two drugs released from LET-PTX-Lips
may be modelled similar to a polymeric system undergoing
degradation [43, 44].

3.5. Cytotoxicity Assay. The cytotoxicity of the samples was
tested on MCF-7 cells via WST assay (Figure 6). For the
WST test of Lips, the cells were noticed to have entirely



6
250 -
)
E 200
S
W
2
=2 150 -
=
(=}
100

Lips

LET-Lips
LET-PTX-Lips

(a)

Journal of Nanomaterials

-75 -
=

%
= =50 1
=
k=
pod
2 25
<
ol
N

Lips

LET-Lips

(=]
LET-PTX-Lips }

(®)

FIGURE 3: (a) Particle size distribution and (b) zeta potential of Lips, LET-Lips, and LET-PTX-Lips after preparation (blank column) and one

week of storage at 2-8°C (gray column).

100
80
60

40

Drug release (%)

Time (hour)

FIGURE 4: In vitro release profiles of free LET (black circle), free PTX
(black square), and LET (grey circle) and PTX (grey square) from
LET-PTX-Lips at 37°C in PBS (pH =7.4; n=3, mean + standard
deviation).

TaBLE 1: Rate constants and correlation coefficients of LET-PTX-
Lips obtained through the zero-order kinetic model, first-order
kinetic model, Higuchi model, and Korsmeyer-Peppas model.

Models LET PTX
ko 0.3247 0.6248

Zero-order ,
R 0.6524 0.8431
kf 0.0018 0.0041

First-order ,
R 0.6941 0.9047
ky 3.2513 5.8797

Higuchi 5
R 0.8355 0.9532
K P n 0.3116 0.3502

orsmeyer-Peppas

yerrepp R? 0.8103 0.9495

normal morphology until the highest concentration of Lips
(100 pg/mL). Lips showed over 80% cell viability with con-
centrations ranging from 10pug/mL to 100 ug/mL, which
indicated a potential nanocarrier with great biocompatibility
in cancer treatment (Figure 6(b)). Also, the result of the WST

assay of Lips demonstrated that the cytotoxic effect seen with
drug-loading Lips was solely due to the drugs which were
released from the system. On the other hand, LET and
LET-PTX in free forms as well as LET and LET-PTX loaded
in Lips at the concentration of 1 ug/mL of LET were treated
on MCEF-7 cells to evaluate the contribution of PTX to the
anticancer efficacy of LET. Most cells were not damaged
when exposed to free LET; meanwhile, at the same concen-
tration of LET, free LET-PTX did not show the intact shape
of cells (Figure 6(a)). Investigated under a light microscope
with 20x objective lens, cells were either in the pyknosis state,
in which the nucleus shrunk and the cells’ content was con-
densed at the center or periphery, or in the karyorrhexis state,
in which the nucleus was disintegrated (data not shown),
indicating the progress of the intrinsic pathway of apoptosis.
A similar trend occurred when comparing the cell viability
between LET-Lips and LET-PTX-Lips samples: LET-Lips
gave about 85% of surviving cells versus LET-PTX-Lips
which gave about 78% of surviving cells (Figure 6(b)). These
results showed that PTX could contribute to the increased
efficacy of LET in both free forms and liposome-loaded
forms. It can be explained that the free drug was uptaken
by the cell via passive diffusion of a higher concentration
gradient, causing the immediate toxicity in cells [45], whilst
the drug loaded into the liposome was taken up via receptor-
mediated endocytosis, by which the liposome vesicle fuses
with the lysosome and ends up being digested. Additionally,
it could be observed that the Lips coencapsulation of LET
and PTX showed an obviously higher cell viability than the
drugs in free forms, which was explained by the slow release
that had been shown in an in vitro drug release study, indi-
cating that Lips potentiated the capability of controlling
drug release.

4. Conclusions

The formulation of drug delivery systems composed of Lips
encapsulating LET and PTX has been working fine using
the thin film hydration method. The resulting sample shows
in TEM images the spherical particle with a diameter around
193 nm, staying in the required range of 100-200 nm. The
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FIGURE 6: (a) Images of MCEF-7 cells incubated with (A) control, free LET, and free LET-PTX at a concentration of 1 yg/mL of LET and (B)
Lips (100 pug/mL), LET-Lips, and LET-PTX-Lips at a concentration of 1 ug/mL of LET (scale bar = 100 nm) for 24 h. (b) Viability of MCE-7
cells incubated with (A) free LET, free LET-PTX, LET-Lips, and LET-PTX-Lips at a concentration of 1 yg/mL of LET and (B) Lips at different
concentrations for 24 h. The data represent the mean values + the standard deviation (SD) (n =4).



zeta potential results show particles negatively charged
making the LET-PTX-Lips complex a potential candidate
for in vivo drug release. HPLC results reveal EE of 31.13 +
0.60% and 50.56 + 1.91% for LET and PTX, respectively.
Moreover, the release profiles which followed the Higuchi
model prove the prolonged release of LET and PTX. The
WST assay indicated an obvious increase of the toxicity of
the complex compared to the single drug. After all these mea-
surements and results, it seems that the prepared LET-PTX-
Lips could be a potential drug delivery system with the goal of
treating cancer.
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In this work, prenanoemulsion of rutin was prepared using PEG and Tween as emulsifiers via homogenization and evaporation
techniques. The particle size of rutin was investigated with high-resolution transmission electron microscopy (HR-TEM);
particle size distribution and its chemical structure were analysed by nuclear magnetic resonance (NMR) and Fourier
transformed infrared (FT-IR) spectroscopy. It was found that rutin in the prenanoemulsion has excellent solubility in water with
the size approximately 15 nm. The chemical structure of nanorutin in prenanoemulsion was identical to that of the pure rutin. It
suggested that there is no chemical modification of rutin in the prenanoemulsion. From high-performance liquid
chromatography (HPLC), the amount of rutin in the prenanoemulsion was determined to be 9.27%. The cytotoxic effect of rutin
in the preemulsion was investigated via in vitro tests to determine rutin’s efficacy in A549 lung cancer cell and colon cancer cell
treatment. The results demonstrated that rutin in the prenanoemulsion could inhibit A549 lung cancer cells and colon cancer

cells efficiently.

1. Introduction

Rutin (3,3,4',5,7-pentahydroxyflavone-3-rhamnoglucoside)
whose chemical structure is shown in Figure 1 is a flavonol,
which is plentifully found in many typical plants such as
passion flowers, buckwheats, black teas, and apples. It has
diverse biological activities and pharmacological applica-
tions, ie., antioxidation, antitumor, anti-inflammatory,
antivirus, and low toxicity with potential clinical applications
[1]. Amongst all the applications, the anticancer effect of
rutin has been extensively investigated. Lin et al. reported
that rutin with the dose of 120 mg/kg caused a significant
reduction in the tumor size of the murine model implanted
human leukemia HL-60 cells [2]. From the study on the
LAN-5 neuroblastoma cell line, rutin showed the capability
of decreasing levels of MYCN mRNA, the secretion of

TNF-a, and reducing BLC2 expression as well as BCL2/BAX
ratio [3]. Besides, rutin also showed its effect on many other
cancer cell lines such as CRC colorectal cancer cells, BI6F10
lung cancer cells, and HTC liver cancer cells. It was demon-
strated that rutin affected the cell capture and apoptosis
processes, reducing the number of metastatic nodules and
cytotoxicity [4-6]. However, rutin was slightly absorbed in
the gastrointestinal tract due to the poor water solubility
(0.8 mg/mL) [7]. Hence, the oral bioavailability of rutin is
rather low (around 20%) [8].

Numerous approaches have been investigated to improve
the bioavailability of rutin. These approaches include the prep-
aration of nanoparticular systems [9-13], nanophytosome [14],
and cyclodextrin complexes [15, 16]. Recently, nanoparticle-
based drug delivery systems have been further utilized in cancer
treatment. The advantages of the nanoparticle-based drug
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Fi1GURE 1: The chemical structure of rutin [26].

delivery systems are that nanoparticle drugs could be designed
to achieve longer circulation time, better stability, more
improved internal medicine accumulations and concentrations,
and better ability of reducing the toxicity to normal tissues [17].
Nanoparticle-based drug delivery systems (such as nanoemul-
sion, liposomes, prenanoemulsion, niosomes, and nanoparti-
cles) are commonly stabilized with surfactants or polymers
[18]. Recently, the prenanoemulsion drug delivery system has
been emerging as one of the most interesting approaches to
improve the poor solubility of drugs. Prenanoemulsion is a mix-
ture composed of surfactants, cosurfactants, and drug sub-
stances, which can form a nanoemulsion under conditions of
gastrointestinal fluids and gastrointestinal motilities after the
oral administration. It was noted that prenanoemulsion does
not contain water and thus its physical and chemical stability
lasts longer than those in nanoemulsion [19]. The formation
of rutin in nanoemulsion with a particle size less than 100 nm
could enhance the solubility and the absorption of drugs in
the gastrointestinal tract [20]. The solubility and stability of
the prenanoemulsion system closely depend on screening sur-
factants such as Tween-80, Labrasol, Cremophor RH 40, and
Kolliphor-HS15 together with other cosurfactants, i.e., Carbitol,
Transcutol-P, and polyethylene glycol- (PEG-) 200, 400, and
600 [21]. The selection of the excipients for the preparation of
the prenanoemulsion as anticancer drug delivery systems must
ensure that the system should have long-standing stability, a
long circulation time, and the ability to increase the drug accu-
mulation in cancer cells. Another requirement is that the system
should not be toxic to normal cells.

Rutin is widely acknowledged for good solubility in
Tween-80 and PEG-600 [21]. Tween-80 is a nonionic
surfactant which is well known for its hydrophilicity and
biodegradability. It exhibits no toxicity for cell at low con-
centration [22]. Previous works showed that Tween-80 has
the ability to inhibit the mononuclear phagocyte systems
and prolong the circulation time of the nanoparticles which
then extend drug release times [23, 24]. PEG, on the other
hand, is a polymer possessing hydrophilicity, biocompatibil-
ity, and nonallergenicity. It plays a role as a good stabilizer
for the colloidal system [24, 25]. Therefore, in this study,
Tween-80 and PEG-600 were selected as the excipients for
the preparation of prenanoemulsion of rutin. To the best
of our knowledge, there is few research on the formulation
of rutin in the preemulsion system and its cytotoxicity on
lung and colon cancers [21]. The aim of our study is to
assess the cytotoxic effect of the prenanoemulsion system
of rutin in lung cancer (A549) cells, colon cancer (Caco-2)
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cells, and HDF human fibroblast cells. The rutin in the pre-
nanoemulsion system containing Tween-80 and PEG-600
was prepared with the optimal formulation of substances.
The efficacy in anticancer treatments and the safety of fabri-
cated rutin prenanoemulsion were evaluated through the
MTS assay. In the in vitro test, the lung cancer (A549) cells,
colon cancer (Caco-2) cells, and HDF human fibroblast cells
were treated with the rutin prenanoemulsion, pure rutin,
and the excipients (mixture of Tween-80 and PEG-600),
respectively.

2. Materials and Methods

2.1. Materials. Rutin was provided by Tokyo Chemical Indus-
try Co., Ltd. (APAC). Ethanol (99.8%) and polyethylene glycol
with a molecular weight of 600 g/mol (PEG-600) were supplied
by the NOF Corporation of Shibuya-Ku, Tokyo. Tween-80 was
provided by INEOS Oxide (Lavéra France). DMEM (Gibco),
CellTiter 96® AQueous One Solution Cell Proliferation Assay
(MTS) (Promega), and fetal bovine serum (FBS) and
penicillin-streptomycin (PS) were supplied by Sigma-Aldrich.
All reagents were analytical grade and used as being received
without further purification.

The cell lines used in the in vitro tests were included lung
cancer (A549) cell lines, colon cancer (Caco-2) cell lines, and
HDF human fibroblast cell lines provided by ATCC.

2.2. Methods

2.2.1. Preparation of the Rutin Prenanoemulsion Drug
Delivery System. A solution of rutin was prepared by dissolv-
ing rutin in ethanol at the concentration of 0.02 g/mL and
stirring at 400 rpm for 10 minutes at room temperature.
PEG-600 and Tween-80 were then added to the solution at
a ratio 10% w/w and 30% w/w, respectively. The rutin prena-
noemulsion system was maintained at 60°C, mixed at
400rpm by using a magnetic stirrer for 30 minutes, and
continuously dispersed using the ultrasonicator. The prena-
noemulsion system was left overnight at room temperature
then homogenized for 60 minutes at a normal condition.
After that, the prenanoemulsion system was evaporated for
60 minutes at 50°C to remove residual ethanol. Finally, it
was stored at room temperature for further analysis.

2.3. Characterizations. The water solubility of the rutin
prenanoemulsion was tested by the Tyndall effect. Rutin
preemulsion dispersion and rutin dispersion were prepared
by adding the same amount of the prenanoemulsion of rutin
and pure rutin into two beakers containing water. The red-
wavelength laser was beamed through each dispersion, and
the photographs were taken.

The morphology of the rutin in the water dispersion was
observed using the transmission electron microscopy (TEM)
(JEOL Co., JEM-2100, Tokyo, Japan) at an acceleration volt-
age of 200kV. The prenanoemulsion of rutin was dispersed
in water and then dropped into a specimen. The specimen
was dried in a vacuum oven before observation. The average
size of the rutin nanoparticles in the suspension was also
estimated.
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The particle size distribution of rutin prenanoemulsion
was determined by a dynamic laser scattering technique
(DLS) using Horiba SZ-100. The sample was diluted with
water to a suitable concentration, and the measurement was
carried out at a scattering angle of 90° at room temperature
three times.

The FTIR of rutin prenanoemulsion, pure rutin, PEG,
and Tween-80 were recorded on the JASCO 4600 spectrom-
eter in the range of 4000-400 cm ™' with a resolution of 4cm.
The number of scans is 64. All FTIR measurements were
performed at room temperature.

The NMR measurements of samples were performed
with the JEOL FT-NMR 400 MHz (Japan). The samples were
dissolved in methanol-d4 and subjected to the measurement
with 128 scans. The chemical shift is referenced with the
proton signal of methanol-d4.

The amount of the rutin in the rutin prenanoemulsion
was determined by the HPLC equipped with UV detected.
Chromatographic conditions used the Agilent Zorbax
Eclipse XDB C18 column (150 x 4.6 mm; 5 ym), ultraviolet
spectrophotometer at 257 nm, and mobile phase: methanol-
1% acetic acid solution (40: 60, v/v). The method has a linear
range of 4.97-298.47 ug/mL, limit of quantity 0.205 pug/mL,
and recovery from 99.87%-102.3%.

2.4. Cell Viability Assay Test. The cell viability was determined
to compare the cytotoxic of pure rutin and rutin prenanoe-
mulsion in A549 lung cancer cells, Caco-2 colon cancer cells,
and HDF human fibroblasts after the MTS assay. The cells
were seeded in 96-well microtiter plates at a density of 5000
cells/well in Dulbecco’s modified Eagle’s medium (DMEM).
The mediums were supplied with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (PS) and were main-
tained in a humidified incubator containing 5% CO, at 37°C
for 24 hours. After being seeded, the cells were treated with
various pure rutin concentrations, prenanoemulsion rutin,
excipients, control vehicle solution (DMSO 0.1% in phosphate
buffer saline), or control solutions (culture medium without
test sample and DMSO). Seventy-two hours after the treat-
ment, 20 uL MTS was added to a culture medium, and incuba-
tion was continued at 37°C for 4 hours. The color intensity was
measured at 490 nm with an ELISA microplate reader (BioTek
Synergy® HT microplate reader (USA)). The experiments
were performed in triplicate.

A549 lung cancer cells were incubated with multiple
concentrations of samples of 30, 50, 100, 150, 200, and
300 M.

Caco-2 colon cancer cells were incubated at various
concentrations of samples of 20, 30, 50, 100, 150, 200, and
300 M.

HDF human fibroblast cells were incubated at a range of
concentrations of samples from 50 to 300 M.

The MTS assay is based on the conversion of MTS sub-
strate [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium] into MTS-formazan
by the dehydrogenase respiratory enzyme in the mitochondria
of living cells. The MTS-formazan solution that dissolves in the
culture medium has a blue-violet color and maximizes the
absorption at 490 nm. The number of living cells is directly

proportional to the formazan concentration, expressed in the
solution’s optical density value at 490 nm.

The percentage of living cells determined from OD490
values was obtained using the following equation:

D4 le) - OD4 1
The percentage of living cells (%) = OD490 (sample) - OD450 (blank)

= 100%.
OD490 (control) - OD490 (blank) "

(1)

2.5. Statistical Analysis. All the results were presented as
tstandard error of the mean value. Statistical analysis was
performed using ANOVA. A value of p <0.05 was consid-
ered statistically significant.

3. Results and Discussion

3.1. Characterizations. The screening formulation of the
prenanoemulsion system was usually considered involving
the following factors. First, the formulation composition
should be simple, safe, and compatible. Second, the formula-
tion should have good solubility and effective droplet size
after forming a microemulsion [27, 28]. The selection of the
surfactant/cosurfactant mixtures was primarily considered
for the homogeneity of the system. This is much related to
the Hydrophilic-Lipophilic Balance (HLB) of the surfactant.
The surfactants with HLB of 12-15 are good choices for the
best efficiency. Tween-80 with HLB of 15 combined with
PEG-600 as cosurfactant can adjust the HLB of surfactant
and increase the stability of microemulsion and enhance
the solubility of hydrophobic drug [29]. Therefore, the
excipients, Tween-80 and PEG-600, were chosen to load
rutin in the preemulsion system. Several formulations were
performed to evaluate the formation of prenanoemulsion of
rutin. The best results were obtained with PEG-600 and
Tween-80 at a concentration of 10% w/w and 30% w/w,
respectively. We used this formulation of rutin preemulsion
for further studies.

The solubility of prenanoemulsion of rutin in water is
assessed indirectly through dispersing of preemulsion into
the water and observed the light scattered through the disper-
sion, that is, the Tyndall effect.

The Tyndall effect is a phenomenon which is based on
the light scattering caused by particles in colloidal or suspen-
sion. This effect is employed to verify scattering ray caused by
particles in the colloidal or suspension and assess the homo-
geneity of the solution from the scattering [30]. When the
beam of light with a wavelength in the range of 630-680 nm
went through liquid-containing particles with the size from
40 to 900nm, these particles scatter the ray; thus, they
become brighter spots which can be observed [30]. The
image of the Tyndall effect of the two dispersions containing
pure rutin and rutin in the prenanoemulsion is presented in
Figure 2. The observed results indicated that rutin in the
preemulsion with PEG/Tween was well dispersed in water.

The morphology of rutin particle in the prenanoemul-
sion is investigated and shown in Figure 3. The rutin nano-
particles had a spherical shape with a smooth surface. The
rutin particles were uniform in size and shape and distributed
evenly in the water emulsion. The average size of the rutin
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Ficure 3: The HR-TEM image of nanorutin after dissolving the
preemulsion in water.

nanoparticles was about 15nm. Previous studies [31-33]
have shown that nanoparticles with size ranging from 10 to
100 nm are suitable for drug delivery in the body. Nanoparti-
cles with a size larger than 10nm will not be leaked into
capillaries and will then be removed by single-pass renal
clearance. Nanoparticles with size less than 100nm can
escape from being captured by the macrophage in the mono-
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FIGURE 4: Particle size distribution profile of rutin emulsion in
water.

nuclear phagocyte system and easily penetrate into the
human organs, especially tumors. This is because the size of
blood vessels of tumors ranges from 100 to 600 nm. There-
fore, the size of nanoparticles less than 100 nm is optimal
for the accumulation of the toxic compounds in the cancer
cells [31-33]. Another reason is that the spherical-shaped
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nanoparticles have better mobility in the blood vessel than
nanoparticles with other shapes. Thus, the prenanoemulsion
of rutin as a drug delivery system was proved to be successfully
fabricated. The dispersion of the prenanoemulsion system in
water has generated rutin nanoparticles with the desired
shapes and sizes targeted for enhancing its bioactivity.

The size distribution profile of rutin nanoemulsion is
illustrated in Figure 4. It was seen that the distribution of
rutin particle is unimodal with narrow distribution having a
polydisperse index of 1.5. This suggested that the rutin parti-
cles are quite uniform with an average size of 8-15nm. The
size of rutin nanoparticles measured from DLS analysis was
similar to that estimated from TEM.

The chemical structure of rutin and its interactions with a
mixture of PEG/Tween in the prenanoemulsion with
PEG/Tween was investigated by FTIR spectroscopy.
Figure 5 shows the FTIR of pure rutin, rutin prenanoemul-
sion, PEG, and Tween. In the IR spectra of pure rutin, the
absorption band at 3402cm™ was assigned to OH groups
and =C-H bonds in the benzene ring. The absorption band
at 1637 cm™" was assigned to the vibration of the C=0 bond.
Additionally, the absorption band due to the C=C bond at
1601 cm™" verified the presence of the aromatic alkene group.
In the IR spectrum of rutin prenanoemulsion, the absorption
band at 3424 cm™' was ascribed for OH groups and aromatic
C-H linkages. The absorption band appeared at 2980 cm™
belonged to the aliphatic C-H bond in Tween and PEG.
The characteristic absorption band of rutin prenanoemulsion
was similar to those of PEG, and Tween and most of the
characteristic bands corresponding to rutin did not appear.
However, the carbonyl absorption band was shifted from
1637 cm™ in the FTIR spectrum of rutin to 1644 cm ™ in the
FTIR spectrum of rutin prenanoemulsion. The shift in the
absorption band may be due to the interactions involving
hydrogen bonding between rutin and PEG/Tween mixture.

The interactions probably favour the hydrophilic characteris-
tics of rutin in the prenanoemulsion.

Figure 6 shows the "H-NMR spectrum of rutin prenanoe-
mulsion. In the spectrum, the signal at 4.4 ppm is assigned to
the proton of methanol-d4. The group of signals at 3.6-
3.7ppm is the characteristic peaks of PEG. The signals
marked with asterisk were assigned to Tween-80. To assign
thoroughly the signals of rutin, the rutin prenanoemulsion
was acidified with HCl 1M to remove substantial amount
of PEG and Tween. The sedimental was collected and
subjected to NMR measurement.

Figure 7 presents the "H-NMR spectra of pure rutin and
rutin prenanoemulsion after the acidification. It could be
seen that after the acidification, most of Tween and PEG were
removed, corresponding to the significant decrease in the
signal intensity of Tween and PEG. Consequently, the small
signals of rutin were observed. The assignment for the signals
is given in Figure 7. From the assignments, it confirmed that
the chemical structure of rutin was almost preserved in the
prenanoemulsion system. Therefore, we could conclude that
the formation of prenanoemulsion with the PEG/Tween
system did not change the chemical characteristics of rutin.

3.2. In Vitro Cytotoxicity of the Rutin Prenanoemulsion
System. From the TEM result, the rutin nanoparticle was
liberated into the water phase with the size of 15nm. The
efficacy of this drug delivery system could be enhanced due
to the small size of active compounds of rutin. The anticancer
effects and the safety of rutin prenanoemulsion were investi-
gated through in vitro assay tests. In the in vitro assay, lung
cancer cells, colon cancer cells, and human fibroblast cells
were treated with various concentrations of pure rutin, rutin
prenanoemulsion, and the excipients for 72 hours. The rutin
concentration in the prenanoemulsion rutin sample was
determined by HPLC with the UV detector. The analysis



6 Journal of Nanomaterials
PEG
N
T T T T T T T T T T T T T T T T T T T T T
124 12.0 11.6 11.2 10.8 104 10.0 9.6 9.2 8.8 8.4 8.0
Chemical shift (ppm)
£
Methanol-d4
* k0 ok
* * * % *
JL M L

8.0 7.5 7.0 6.5 6.0 5.5

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
Chemical shift (ppm)

F1GURE 6: "H-NMR spectrum of rutin prenanoemulsion (400 MHz, in methanol-d4).

showed that the amount of rutin in the prenanoemulsion is
about 9.27%. From this concentration, the rutin prenanoe-
mulsion sample was diluted to various rutin nanoemulsions
with the concentration ranges from 30 to 300 uM for the
MTS assay.

Figure 8 shows the MTS assay test results when lung can-
cer cells A549 were incubated with pure rutin, rutin nanoe-
mulsion, and the excipients at the concentrations ranging
from 30 to 300 uM for 72 hours. The reduction in the MTS
test indicates the viability and the proliferation of the cells.
The results in Figure 8 showed that the living rate of A549
lung cancer cell was remarkably different between the groups
of wells supplemented with different reagents (control, pure
rutin, rutin nanoemulsion, and excipients) and at different
concentrations (*p <0.05 and “p <0.05). The viability of
A549 lung cancer cells decreased as concentrations of nanoe-
mulsion rutin increased in the range of 100-300 uM. At the
same concentration of 150 UM, rutin nanoemulsion, pure
rutin, and the excipients caused 44.04%, 4.65%, and 5.35%
of cell death, respectively. At the concentration of 300 uM,
the rutin nanoemulsion, pure rutin, and excipients, the rate
of cell death in the wells was 99.74%, 4.4%, and 16.48%,
respectively. These results revealed that at the concentration
range of 150-300 uM, the rutin prenanoemulsion caused
higher viability in inhibition and proliferation of the A549
lung cancer cells than pure rutin and the excipients.

The IC50 values of pure rutin, rutin nanoemulsion, and
the excipients were determined by the rate of survival of
A549 lung cancer cells after they were all treated with the
studied concentrations. From the MTS assay results, the

typical equation describing the correlation between the rate
of survival of A549 cells and the corresponding concentra-
tion of nanorutin was established as follows:

y=-83.56 In (x) +471.32(R2 = 0.9654), (2)

in which, x represents the concentration of nanorutin (4M)
and y represents the percentage of viable cells of sample wells
compared to control wells without samples.

From Equation (2), when y value was taken as 50, the IC50
values of nanoemulsion rutin in A549 lung cancer cell line
were determined to be 154.8uM. On the other hand,
Figure 8 shows that the IC50 values of pure rutin and the
excipients were higher than 300 M. These results indicated
that rutin prenanoemulsion can inhibit A549 lung cancer cells
from concentrations higher than 150 uM; pure rutin and the
excipients are nontoxic to those cells at concentrations lower
than 300 yM. In the study reported by Goitia et al., the cyto-
toxicity of the complex (Na,[VO(rutin)(OH),]-5H,0) in
A549 lung cancer cells has the IC50 value of 93 uM [34].
The IC50 value of the complex was lower than the IC50 value
of the rutin prenanoemulsion in this study (150 uM). These
results indicate that the encapsulation of rutin in PEG/Tween
plays an important role in the enhancement of cytotoxic activ-
ity. It may be explained that rutin nanoemulsion is well soluble
in water. The increased hydrophilic moiety of rutin molecules
in the nanoemulsion decreases the energy barrier and subse-
quently increases the intermembrane transfer rate by over
25-fold [35]. Therefore, the absorption of rutin in PEG into
cells is higher than this of pure rutin.
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To evaluate the cytotoxicity of the rutin prenanoemul-
sion in the Caco2 colon cancer cells, the assay was prepared
in the same way as for the lung cancer cells. These results
are shown in Figure 9.

Figure 9 shows the results of the MTS test when Caco2
colon cancer cells were incubated with pure rutin, rutin pre-
nanoemulsion, and the excipients at concentrations in the
range of 30-300 uM for 72 hours. As similar as the results
observed for A549 lung cancer cell, the living rate of Caco2
colon cancer cell was drastically different between the groups
of wells supplemented with different reagents (control, pure
rutin, rutin prenanoemulsion, and the excipients) and at
different concentrations (*p < 0.05 and *p < 0.05). The rutin
prenanoemulsion had a cytotoxic effect on the viability and
proliferation of Caco2 colon cancer cells within the concen-
tration range of 150-500 uM. However, pure rutin and the
excipients exhibited no cytotoxic effect in Caco2 cells at the
concentration of less than 500 M. At the concentrations of
500 uM, the rate of cell death in those wells containing rutin
prenanoemulsion, pure rutin, or the excipients compared to
the control wells was 82.17%, 25.45%, and 36.75%, respec-
tively. From the results of the MTS assay, the general
equation describing the correlation between the rate of

survival of Caco2 cells and the corresponding concentration
of nanorutin was shown as follows:

y=-44.93In (x) +298.33 (R* = 0.9949). (3)

From Equation (3), the IC50 value of rutin prenanoemul-
sion in the Caco2 cell line was 251.5 uM. The IC50 value of
pure rutin and the excipients was higher than 500 yM. The
result demonstrated that the cytotoxic effect of pure rutin
and rutin prenanoemulsion depends on the different cell
lines (shown in Figure 10). ben Sghaier et al. also reported
the similar results of IC50, in which the IC50 values of pure
rutin in A549 lung and Caco2 cancer cells were 559.83 and
710.59 uM, respectively [36]. These results indicated that
pure rutin and rutin prenanoemulsion had higher cytotoxic-
ity to A549 cells than Caco2 cells. Rutin prenanoemulsion is
more effective in treating anticancer than pure rutin. It is
probably because that rutin prenanoemulsion dissolves in
culture medium better than pure rutin. Moreover, with
nanosize of rutin particles, i.e., 15 nm, rutin in the prenanoe-
mulsion was easily penetrated through cell membranes.
Previous studies have demonstrated that nanoparticles with
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size ranging from 10 to 100 nm are ideal for the drug delivery
system to intracellular internalization [37-39]. The bioavail-
ability of rutin in preemulsion with the PEG/Tween mixture
has been significantly enhanced. This is because the short-
chain length of PEG causes a higher probability of nonspe-
cific protein absorption resulting in a higher uptake of cancer

cells [40] and Tween-80 could help to increase the permeabil-
ity through the cell membrane [41].

The MTS assay of rutin prenanoemulsion and the
PEG/Tween mixture in healthy human fibroblast cell line
was conducted to assess the safety of the rutin prenanoemul-
sion. Healthy human fibroblast cells were incubated with
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prenanoemulsion rutin, the mixture PEG/Tween, control  ents to healthy human fibroblast cells. It showed that rutin
vehicle solution, or control solution at a concentration in  prenanoemulsion and the PEG/Tween mixture had no cyto-
the range 30-300uM for 72 hours. Figure 11 shows the  toxic effects on fiber cells at the concentrations less than
cytotoxicity effects of rutin prenanoemulsion and the excipi- 300 M. The results revealed that in the concentration range
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of 100-300 M, the rutin prenanoemulsion inhibited viability
and proliferation of the cancer cells but showed the safety for
normal cells.

4. Conclusions

The preparation of rutin prenanoemulsion was successfully
made in this work. Rutin in the prenanoemulsion had a
spherical shape with a size of 15nm. The rutin prenanoemul-
sion showed good solubility in water. The chemical structure
of rutin was unmodified in the prenanoemulsion system with
PEG/Tween and subsequently preserved its bioactivities.
When rutin was formed in the prenanoemulsion system with
a small size, the rutin’s bioactivity was enhanced double. The
IC50 of rutin in prenanoemulsion was determined to be
154.8 uM for A549 cancer cell treatment and 251.5uM for
Caco-2 cancer cell treatment. It reveals that the formation
of the rutin prenanoemulsion has potential to become a
new formulation which stabilizes the rutin and increases its
bioactivity towards cancer diseases.
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In the recent decade, nanomedicine and nanotechnology have been broadly developed leading to a significant advancement in
biomedical research as well as clinical practices. The application of several functionalized nanomaterials on the molecular and
cellular levels has yielded a lot of promising progresses in various fields of regenerative medicine including disease diagnosis,
combinational cell therapy, tissue engineering, and drug and gene delivery. In this review, we will summarize the recent
approaches of nanoscale materials utilized in neurological diseases and cancer therapy, with highlights on the most current
findings and future prospects of diverse biomedical nanomaterials for tissue regeneration, drug innovations, and the synthesis of

delivery system.

1. Introduction

Nanomedicine is a promising field that uses nanosized (10-
100 nm) materials to facilitate the diagnosis and treatment
of diseases. These nanomaterials with being used as a drug
are also used as a carrier, a scaffold, or an imaging agent
[1-3]. In common, all these applications could benefit from
the extraordinary properties of nanomaterials, such as high
specific surface area, transformable shape and size, and tun-
able chemical reactivity. A high surface area gives nanoma-
terials a huge adsorption capacity to load various molecules
of a certain density like drugs, proteins, genes, and metal
ion for the drug delivery, targeting ability, or disease inter-
ventions. In addition, shape (sphere, rod, wire, fiber, tube,
etc.) and size can also influence the characteristics of nano-
materials [4, 5]. All these clues indicate that nanomaterials

possess an ever-changing capacity, enabling them to adapt
to different application environments.

Neurological diseases and cancer are affecting approxi-
mately billions of people worldwide irrespective of age, sex,
education, or income. Neurological diseases, including Alz-
heimer’s (AD), Parkinson’s (PD), and stroke, have caused
tremendous pressure on human health. Not only is the path-
ogenic mechanism still unclear, the special anatomical loca-
tion of the brain and its criticality also make few drugs safe
to achieve therapeutic effects. The blood-brain barrier
(BBB) is obviously one of the key barriers. It prevents most
drugs from freely entering and leaving the brain, but its integ-
rity is vital to the safety of the central nervous system. There-
fore, we can only try to bypass or cross this barrier in certain
ways without destroying the BBB. Drugs based on nanoma-
terials are one of the promising ways to realize this idea. In
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addition, specially designed nanomaterials can also improve
the thrombolytic process of ischemic stroke and the effect
of stem cell transplantation. Similarly, in cancer treatment,
nanomaterials rely on their unique advantages to accurately
target some biotoxic drugs to cancer tissues without causing
damage to normal tissues [6].

Currently, a wide variety of nanomaterials have been
tested in neurological diseases and tumors, including lipo-
somes, micelles, polymeric nanomaterials, carbon nanotubes,
quantum dots, and metallic nanomaterials. Each of them
shows great promise in clinical applications, although there
are still many shortcomings to be resolved. Several nanoma-
terials, including liposomal vincristine, liposomal irinotecan,
PEGylated IFN beta-1a, and PEGylated factor VIII, have
been approved by the US FDA, or in the FDA clinical trial
processes [7] which signify the development of nanomater-
ials and their journey from lab to bedside. In this review,
we will focus on the application of nanomedicine in neuro-
logical diseases and cancer.

2. Therapeutic Nanomaterials for
Neurological Diseases

2.1. Nanomaterial for Neurodegeneration. Neurodegenera-
tive diseases such as Alzheimer’s (AD), Parkinson’s (PD),
and amyotrophic lateral sclerosis (ALS) generally have a long
pathological damage process, which causes inestimable harm
to the patients and their families [8]. Since the 1990s, with the
continuous maturity of nanotechnology, the technical bar-
riers to nanomaterial research have disappeared [9]. In the
studies of neurodegenerative diseases, nanomaterials have
gradually entered the field of vision for researchers. Various
nanomaterials including lipid-based nanomaterials (lipo-
somes, solid lipid nanoparticle (SLN)), polymeric nanoma-
terials (micelle, dendrimer, nanocapsule, and nanosphere),
and inorganic nanomaterials have been used for research.
At present, the research direction of nanomaterials in
neurodegenerative diseases is mainly focused on drug deliv-
ery, maintaining drug concentration, and early accurate diag-
nosis and treatment of diseases based on the characteristics of
nanomaterials. For example, lipid-based nanomaterials and
polymeric nanomaterials showed great biocompatibility and
membrane penetrating power [10, 11]. They have significant
advantages over traditional drugs in their ability to cross the
blood-brain barrier (BBB), along with the slow and con-
trolled release of the drug. In the research of PD, the use of
poly lactide-co-glycolide (PLGA) as a controlled release shell
for levodopa or neurotrophic factors has been studied by
researchers for more than 20 years [12-14]. Gold nanomater-
ials, carbon nanotubes, and other inorganic nanomaterials
are easy to shape and transform and can be stably identified
by imaging and laboratory methods. An interesting study
published in 2017 pointed out that the BBB permeability of
gold nanomaterials is closely related to their shape; the size
with 20 nm circular particles could achieve the strongest pen-
etration [15]. Nowadays, with the development of imaging
science, various studies on the enhancement of imaging per-
formance of gold nanomaterials have emerged endlessly.
Some research groups demonstrated that dopamine could
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enhance Raman spectroscopic scattering on the surface of
self-assembled gold nanomaterials, making it possible to
monitor dopamine levels in the brain [16]. The applications
of various nanomaterials in the treatment of neurodegenera-
tive diseases were exhibited in Table 1 [17].

2.2. Nanomaterials for Neuroprotection. Stroke is the leading
cause of death and disability around the world [49-51]. 87%
of cases are ischemic stroke, caused by cerebral vascular
embolism. However, there are no more effective treatments
in clinical practice, except for tissue plasminogen activator-
(tPA-) mediated thrombolytic or mechanical thrombectomy
within the prescribed time [52, 53]. Currently, nanomaterials
are considered to have great potential in the field of stroke
treatment [54, 55]. Three research directions attract the most
attention: (i) construction of safer and more efficient tPA-
coated nanomaterials, (ii) antioxidants delivered through
nanomaterials to reduce reperfusion injury, and (iii) genera-
tion of neuroprotective nanoscale exosomes.

Novel tPA-coated nanomaterials have been reported
multiple times in the thrombolysis studies. Various kinds of
structures and materials were applied in such researches.
Shear- [56, 57], sound- [58-61], light- [62], and magnetic-
[63, 64] sensitive nanomaterials were designed to improve
the thrombolytic efficiency of tPA and reduce its side effect
by changing the external physical environment. A previous
study in our lab demonstrated that nickel-nanorod-
composed nanomotors could be used as an independent
input to strengthen the efficacy of tPA in a mouse embolism
model [63]. Later on, we synthesized tPA-coated Fe,O,
nanorods, which could be accurately targeted at the throm-
bus site under the guidance of a magnetic field. Fascinatingly,
a mechanically rotated force could be created in an external
rotational magnetic field, which not only provides physical
strength to break down the clot but also allows more tPA to
be delivered at the blood clot and create better penetration;
as such, the plasminogen can be bound to a new site to
enhance the effect of chemical thrombolysis; significant
enhancement was both achieved in in vitro [64] and in vivo
[65] ischemic stroke mouse model studies. Similarly, nano-
material functionalized methods have also been used to
improve the targeting of tPA therapy. A recent study, con-
ducted by Chauvierre et al., demonstrated that tPA-
fucoidan-coated nanomaterials were able to bind the P-
selectin of activated platelets in thrombus due to the nano-
molar affinity between fucoidan and P-selectin. As a result,
the therapeutic dose and hemorrhagic complications of tPA
were dramatically reduced, and the time window of tPA
treatment could be much wider. However, the cytotoxicity
and systemic side effects of these nanomaterials are still a
big challenge [66].

Reperfusion injury is caused by the free radicals like reac-
tive oxygen species (ROS), reactive nitrogen species (RNS),
and nitric oxide (NO) from injured cells, inflammatory cells,
and endothelial cells that are stimulated when blood is
restored in ischemic brain tissue [67, 68]. However, the direct
use of free radical scavengers has not been reported to be able
to achieve pleasant clinical results. To overcome these limita-
tions, scientists shifted the gear to synthesize all kinds of
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novel nanomaterials with free radical scavengers like tocoph-
erol [69], ascorbic acid [70], and melanin [71]. As a study
reported by Liu’s group, they conjugated melanin with nano-
materials to form a novel material, which could not only
effectively scavenge the free radicals in a rat stroke model
but also sufficiently inhibit the expression of inflammatory
mediators. What is more important is that this biomaterial
obtained fairly good biocompatibility, resulting in very minor
adverse reactions to the degree that the human body could
totally ignore [71]. In addition, antioxidant enzymes have
also received widespread attention since they are more effec-
tive at removing free radicals than free radical scavengers. For
instance, Yun and his colleagues combined superoxide dis-
mutase (SOD) enzyme with multiple nanomaterials (lipo-
somes, polybutylcyanoacrylate (PBCA), or poly lactide-co-
glycolide (PLGA)) and added targeting antibodies. In vivo
experiments show that this modified nanomaterial signifi-
cantly reduced the infarct area in the hippocampus region
after stroke by more than 50% [72]. Interestingly, nanoscale
exosomes secreted by a variety of cells have been shown to
improve the prognosis of stroke significantly [73-76]. Due
to the complexity of exosome components, the underlying
mechanism regarding the neuroprotective effect is really hard
to explain. However, exosomes’ certain properties, such as no
cytotoxicity and ability to carry a variety of lipids, proteins,
and nucleic acids through the BBB, may contribute to the
therapeutic effect after stroke [77]. Put together, by leverag-
ing the novel nanotechnology and nanomaterials in the
neuroprotective medicine, the faster delivery, more biocom-
patible and efficient neuroprotective drugs that could be syn-
thesized, and the better therapeutic strategies and approaches
could be provided to eventually overcome the challenges we
are facing right now.

2.3. Nanomaterials for Drug Delivery across the Blood-Brain
Barrier. BBB is a multicell-composed membrane between
the peripheral blood and the brain [78]. It not only blocks
most pathogens from invading the brain but also prevents
the entry of most drugs for targeting neurological diseases
[79], except for those small lipophilic molecules with a
molecular weight less than 400-500 Da and confined amount
of hydrogen bonds less than 9-10, which can pass through
the BBB [80]. In addition, even if the drug enters the brain
smoothly, a large proportion of the active ingredients will
be degraded or eliminated from the brain [81]. Such unique
anatomical structure and physiological characteristics deter-
mine that lots of medicines that act in the brain seem very
challenging. Therefore, many researchers around the world
are trying to find novel solutions to address these situations
by providing a better drug delivery system to penetrate the
BBB, while maintaining sufficient drug activities.

Based on current researches, four major strategies were
widely considered: (i) Bypassing the BBB, including methods
like intracerebroventricular, intracerebral, intrathecal, intra-
tympanic, and intranasal [82]. However, the limitations of
invasiveness, cytotoxicity, and low efliciency make it an
unsuitable method. (ii) BBB manipulation, focusing on
increasing the permeability of the blood-brain barrier, but
the consequence is that peripheral pathogens can also enter
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the brain, causing diseases such as Parkinson’s disease
(PD), Alzheimer’s disease (AD), amyotrophic lateral sclerosis
(ALS), multiple sclerosis (MS), and intracranial infection [83,
84]. (iii) Drug modification, including improving drug lipo-
solubility and modifying the drugs to increase the binding
affinity with the specific receptors or carriers on BBB [85].
(iv) Nanomaterial-based drug delivery system (Figure 1),
nanomaterials with multiple modifications could penetrate
the BBB and localize to the brain tissues quickly and accu-
rately, reducing enzymatic degradation, improving drug sta-
bility, and therefore maintaining a stable drug concentration
to achieve the best therapeutic effect [86, 87]. Undoubtedly,
due to the fact that the method involves easy modification
of nanomaterials, this drug delivery system will be the focus
of future scientists’ research.

At present, various nanomaterials are used in biophar-
maceutical research, including lipid-based nanomaterials,
polymeric nanomaterials, and inorganic nanomaterials.
One of the most promising biomaterials is the lipid-based
nanomaterials, because of their stability and nontoxicity.
Among which, the most well-reported lipid-based nanoma-
terials are liposomes as discussed below.

Liposomes are composed of phospholipid bilayers
surrounding a hydrophilic core [88]. This structure gives
liposomes the ability to support both hydrophilic and hydro-
phobic molecules, and these nanomaterials can be easily
modified to make them stable and effectively localized in
the specific cells after passing through BBB [89]. For exam-
ple, a novel Y-shaped multifunctional targeting material
c(RGDyK)-pHA-PEG-DSPE was designed to be incorpo-
rated with liposomes (c(RGDyK)-pHA-LS). In which,
c¢(RGDyK) and pHA could circumvent the blood-brain
tumor barrier (BBTB) and BBB, respectively. And the PEG-
DSPE was added to escape the liposomal removal function
of the reticuloendothelial system (RES). A multiple-ligand
structure gives it an ability to circulate stably in the blood
and target brain tumor cells specifically. In vitro and in vivo
studies demonstrated that doxorubicin- (DOX-) loaded
c¢(RGDyK)-pHA-LS display a better therapeutic effect than
the DOX-loaded liposome only group [90]. This result indi-
cated that more functional ligands should be applied to nano-
material synthesis. For instance, monoclonal antibodies and
receptor substrates were used as liposome ligands to allow
more precise binding of nanomaterials to the BBB [91-93].
However, these receptors are distributed throughout the
body, reducing the specificity of these nanomaterials. Corre-
sponding side effects are also caused by the activation of
receptors at various positions. Lipid-based nanomaterials
also include solid lipid nanomaterials (SLN), which possess
benefits like biocompatibility, improved drug stability, and
massive load capacity and provided a controlled drug release
within a few weeks. Although these nanomaterials have low
hydrophilic molecular loading capacity and some special
preparations in application, they are considered to have great
potential in drug delivery [94, 95].

The other two nanomaterials, including polymeric nano-
materials and inorganic nanomaterials, are also hotspots of
research. But same as lipid-based nanomaterials, there are
still many restrictions waiting to be overcome. Ideally, safe
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nanomaterials that could be loaded with various drugs and be
able to target the specific cells in the brain remotely are highly
expected.

2.4. Nanomaterial Stem Cell Hybrids for Neuroscience. Stem
cell transplant therapy using neural stem cells (NSCs),
embryonic stem cells, mesenchymal stem cells (ESCs), or
induced pluripotent stem cells (iPSCs) has been considered
as a potential therapeutic strategy for neurological diseases,
including stroke, brain trauma, PD, AD, and brain tumor
[96]. The low survival rate of transplanted stem cells is the
major reason why the majority of clinical trials fail. 30% of
embryonic stem cells died within 3 days after transplantation
into a rat stroke model, caused by reasons like immune rejec-
tion, lack of trophic factors, and extracellular matrix [97, 98].
Although there are a lot of studies reporting that the precon-
ditioning of stem cells [99] or lesion microenvironment [100]
may help to increase the cell survival ratio and acquire better
prognosis, the limitations and challenges still remain [101,
102]. Recently, nanomaterial-composed scaffolds were used
to facilitate stem cell transplantation therapy [103, 104]. Car-
bon nanotubes (CNTs) are considered promising nanoma-
terials due to their excellent electrical conductivity, which is
beneficial for stem cell differentiation and intercellular com-
munication [105]. Kam and his colleagues have synthesized
laminin-SWNT (single-walled carbon nanotube) thin films
in order to mimic the structure of living tissues in the human
body, in which laminin is a significant part of the extracellu-
lar matrix. An in vitro study demonstrated that this material
could support proliferation and differentiation of NSCs, indi-
cated by the presence of synaptic connections [106]. Simi-
larly, scaffolds like collagen/MMA/acrylic acid (PMMAAA)
[107], poly-L-lactic acid-co-poly-(3-caprolactone)/collagen

[108], terpolymer/collagen [109], poly-L-lactic acid (PLLA)
[110], and poly(lactic-co-glycolic acid)/praphene oxide-I-
theanine (PLGA/GO-TH) [111] are synthesized to enhance
stem cell survival and promote the differentiation.

Interestingly, some nanomaterials even could be
absorbed by stem cells and quickly spread throughout the
cells. A nanomaterial with superparamagnetic iron oxide
(SPIO) as the core and ZnO as the shell could be absorbed
by human adipose tissue-derived stem cells (hATSC), and
then, the transcription factors could be activated to modulate
the neurogenesis [112]. In another study, retinoic acid- (RA-)
loaded nanomaterials were taken up by NSC and the RA
could be further released in the cells, leading to the activation
of the SAPK/JNK signaling pathway and ultimately influenc-
ing the proneurogenic genes to benefit the differentiation of
neural stem cells in vitro and in vivo [113]. This study sug-
gested that some cell growth regulators could possibly be
loaded to the nanomaterials as well and eventually acquire
better effects. For instance, fibroblast growth factor
receptor-1 (FGFR1) and its FGF-2 ligand were delivered into
the brain subventricular zone, and the release of these growth
factors could stimulate the neurogenesis in the adult brain
[114].

Of course, transplantation therapy also faces the problem
of a lack of monitoring system. Scientists in many fields are
trying to build a nanomaterial-based imaging agent, which
requires merits like long half-life, high selectivity, contrast-
to-noise enhancement, and noncytotoxic. An amphiphilic
fluorophore-derived nanomaterial with aggregate-induced
emission (AIE) effect and self-assembly ability was used to
label human embryonic stem cells (hESC) and monitor their
differentiation. Experiments show that this monitoring could
last for 40 days and has better fluorescence intensity and



biocompatibility [115]. These nanomaterials could also be
radioactive, magnetic, paramagnetic, superparamagnetic,
and electron-dense [116-121], which can be monitored by
commercially available equipment (magnetic resonance
imaging (MRI), computed tomography (CT), or fluorescence
tomography (FT)) easily. However, the toxicity of nanoma-
terials to stem cells remains an open question.

3. Therapeutic Nanomaterials for Cancer

3.1. Nanomaterials as Immune-Modulating Agents. The bio-
logical immunity of cancer cells is divided into three steps:
(i) cancer cells recognized by the immune system, (ii) target-
ing of the cancer cells for specific elimination, and (iii)
immune system destroying cancer cells effectively [122]. Sig-
nificant progress has been made in the field of cancer immu-
notherapy by regulating the human immune system to
eliminate cancer cells. However, the problems of immune
changes and delivery efficiency at nontumor sites caused by
the systemic delivery of immunomodulatory compounds
have not been well addressed, resulting in the limited applica-
tion of immunotherapy. Nanotechnology offers a lot of
innate advantages in these aspects. Combining immunomod-
ulatory compounds by covalence conjugation [123], chela-
tion [124], encapsulation [125], etc., can increase the
functional efficacy of the immunomodulatory compounds
and reduce their depletion in the peripheral circulation to
avoid unnecessary immune responses.

Lipid-based nanomaterials and polymeric nanomaterials
have good encapsulation capabilities. The modification of
such nanomaterials makes it easier to obtain a single stable
targeting than other materials or immunomodulatory com-
pound only approach, therefore making it more reliable
and controllable [126]. For inorganic nanomaterials, under
certain conditions, they can become immunomodulators
themselves. This is undoubtedly a huge distinctive advantage
compared to other immune presenters that require targeted
controlled release. For example, gold nanomaterials could
produce a photothermal effect after receiving near-infrared
light to stimulate the immune system to work, and gold
nanomaterials are easily engulfed by monocytes [127].

At present, the application of nanomaterials in immuno-
modulatory therapy is mainly focused on the targeted
delivery of immunomodulators and enhanced immune
recognition of tumor cells [128, 129]. It is worth mentioning
that a special nanomaterial used in immunomodulatory ther-
apy is the virus-like particle (VLP). VLPs can be efhiciently
absorbed, processed, and presented by MHC class II mole-
cules of DCs, thereby activating T cells. In addition, unlike
many soluble antigens, VLPs efficiently cross-present
through APCs via the class I MHC pathway, thereby activat-
ing CD8" T cells [125].

3.2. Nanomaterials as Anticancer Drug Delivery System. Can-
cer is now responsible for the majority of global deaths and is
expected to be the single most important obstacle to increase
life expectancy in the 2Ist century [130]. Nanocarrier-
targeted drug delivery systems have the potential to circum-
vent several shortcomings of conventional therapeutic for-
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mulations. Nanomaterials with special ligand functionality
can efficiently target cancer cells [131]. Moreover, nanoma-
terials can be designed for improving the solubility and sta-
bility of anticancer drugs, increased drug loading, improved
half-life in the body, controlled release, and selective distribu-
tion by modifying their composition, size, morphology, and
surface chemistry [132].

As an anticancer drug delivery system, it can be divided
into three parts. The first part is the carrier, which refers to
a variety of nanomaterials, such as metal nanomaterials,
carbon-based materials, liposomes, and dendritic and macro-
molecule polymer nanomaterials [133]. Metal and metal
oxide nanomaterials are ideal anticancer drug carriers due
to their controllable size and shape, easily modified surface
functionalization, and good biocompatibility. A recent study
showed that docetaxel coupled with gold-doped apatite has
anticancer effects in vitro. The material showed higher cyto-
toxicity to human liver cancer cell line HepG2 and showed
improved bioavailability [134]. Carbon-based nanomaterials
have many advantages, such as large specific surface area,
high drug loading, and easy surface modification. They have
also been widely studied in imaging, drug delivery, and diag-
nosis of tumors [135]. Recently, the study of drug delivery by
multiwalled carbon nanotubes (MWCNTSs) has shown that
the release of drugs in the tumor site and the absorption of
cells have shown the potential for the treatment of
multidrug-resistant tumors [136]. Liposomes are the first
nanomaterials to be used; it can prolong the circulation time
of the drugs and reduce toxicity to healthy tissues around.
Correspondingly, these vehicles offer several other advan-
tages including biocompatibility, self-assembly, and high
drug cargo loading [137]. Another polymer nanomaterial
platform that has received much attention as a drug delivery
system is polymer micelle nanomaterial. Recently, Peng et al.
prepared a polymer micelle by combining temozolomide
(TMZ) and anti-bcl-2 siRNA with a folic acid triblock copol-
ymer to overcome the limitations of acquired drug resistance
of glioma cells and BBB on drug delivery [138].

The second part is the combination and release of drugs
with nanomaterials, such as the encapsulation of drugs by
liposomes, or the modification of metals and metal oxide
nanomaterials by drugs, and then the release of drugs
through REDOX, pH-mediated release systems, or other
stimulation methods, such as magnetic field, ultrasonic
induction, and electrochemical triggering.

The third part is the targeted drug delivery system. Tar-
geting can be divided into active and passive targeting. Pas-
sive targeting refers to the accumulation of nanomaterials
in tumor sites due to the vascular barrier destruction and
poor lymph node clearance in tumor sites. Active targeting
is ligand-mediated targeting, including recognition and
uptake of substrate [139, 140]. The system includes ligands
like antibodies, proteins, nucleic acids, peptides, vitamins,
and other organic molecules. Substrates can be molecules
on the surface of cancer cells, substances in the internal envi-
ronment of cancer cells, or proteins secreted by cancer cells
[141, 142]. For example, Au nanomaterials coated with
nuclear localizing signal (NLS) were able to escape the endo-
some and penetrate the nucleus of cancer cells to induce
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DNA damage [143]. And nanomaterials coated with polyeth-
ylene glycol (PEG) achieve passive targeting of tumor tissue
through EPR effect. The invisible coating of PEG and other
polymers prevents the adsorption of serum proteins,
increases cycle time, and increases the probability of particle
penetration of tumor tissue [144]. When multiple ligands are
combined with nanomaterials, their targeting also can be
improved [145].

At present, multiple nanomaterials (Table 2) were dem-
onstrated to benefit from cancer treatment, but due to their
particularity, the biological toxicity of nanomaterials is still
the major focus that we cannot ignore [146, 147].

3.3. Nanomaterials as a Combination Therapy for Cancers.
Traditional single-drug or multidrug combination chemo-
therapy tends to produce serious adverse consequences due
to the accumulation of drugs and their metabolism in vital
organs. Moreover, tumor cells are prone to multidrug resis-
tance, and the efficacy of chemotherapy drugs is often not
up to the expected effect [170, 171]. In medical applications,
liposomes and polymeric nanomaterial conjugates are the
two major categories, accounting for more than 80% of all
nanomaterial drugs.

Liposome is a kind of spherical lipid vesicles with a
double-membrane structure. It is widely used as a drug car-
rier by reasons that it can effectively encapsulate hydrophilic
and hydrophobic drugs to avoid adverse external stimuli and
carry specific ligands to identify specific cell tissues and
organs. For example, Doxil was the first liposome drug
approved by the FDA for the treatment of Kaposi’s sarcoma.
It wraps doxorubicin (a widely used anticancer chemother-
apy drug) in a liposome carrier to significantly extend the
half-life of doxorubicin and increase the accumulation of
the drug in tumor tissue [172, 173].

Another research hotspot is polymer-drug coupling of
polymeric nanomaterials. The combination of small mole-
cule drugs with polymeric nanomaterials can improve
adverse reactions. It also enhances the passive delivery of
drugs to leaky tumor tissue [174, 175]. In addition, metal
nanomaterials and ceramic nanomaterials have demon-
strated some specific therapeutic potential such as amino-
silane-coated iron oxide nanomaterials, which have recently
been used in brain tumors treated with thermotherapy; the
survival time was prolonged by 4.5 times by means of mag-
netic field-induced excitation of iron oxide superparamag-
netic nanomaterials and hyperthermia in a rat model [176].

In addition to the anticancer drugs that can inhibit or kill
tumor cells, the interaction between nanomaterials and intra-
cellular organelles also plays an important role in cancer
treatment [177]. For example, lysosomes and endolysosomes
of endogenous foreign bodies are used to monitor cell apo-
ptosis cascade, calcium cycle, and ATP synthesis. The
nucleus consists of DNA mutation, gene expression, cell pro-
liferation, endoplasmic reticulum [178], and other Golgi
complexes, which promote protein synthesis and transport
to other organisms [179]. Despite recent breakthroughs in
the research of nanomaterials in the field of tumors, more
in-depth exploration is needed, such as the optimal proper-
ties of various nanomaterials, the numerous biological
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barriers faced by nanomaterials, and the related cytotoxicity
of nanomaterials.

4. Conclusion and Future Directions

As discussed above, nanomaterials have proved their impor-
tance in the medical field and provided new directions for the
treatment of neurological diseases and cancers, although the
disadvantages are remaining, such as lack of specialized
equipment for efficient and high-quality nanomaterial syn-
thesis, difficulty of assessing its safety and effectiveness, and
some shortcomings of specific materials mentioned above.
Future directions of nanomaterials should be in line with
the following principles: (1) diameter within 100 nm, possess
high scalability, and easy to be degraded; (2) low cost and
high productivity; (3) biocompatibility, nontoxic, and with-
out initiating the pathological processes like inflammation
and thrombosis; (4) highly sufficient targeting and ability to
penetrate multiple biological barriers, like BBB; (5) stable in
the blood and resistant to be cleared by RES; and (6) loaded
molecules could be released smoothly and achieve significant
therapeutic effect for the diseases. In conclusion, the treat-
ment of neurological diseases or cancers, in this regard, is
an uphill battle that might be easily overcome with nanotech-
nology if solutions such as multimodal agents are actively
practiced. Nevertheless, the future still holds promises for
the field of nanomedicine to be exploited to its fullest extent
for the potential advanced therapeutic approaches.
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Objective. Currently, there is no study evaluating the effect of nano-curcumin on human oral cells in vitro. In this study, we
developed gelatin encapsulated curcumin nanoparticles (GelCur) and cultured the primary human gingival fibroblasts (hGFs) to
verify the effect of GelCur on the cellular events related to oral wound healing capacities, such as cell migration and
proliferation of gingival fibroblasts. Materials and Methods. GelCur was produced by the sonoprecipitation method. Particle size,
zeta potential, SEM morphological observation, entrapment efficiency, and drug loading were used to characterize new GelCur.
Primary hGFs were cultured from the attached gingival tissue of healthy third molar teeth. The effect of different concentrations
of GelCur on hGFs was investigated by cell toxicity assay (MTT), cell proliferation assay, and cell migration assays by scratch
test and transwell migration assay. Results. The average particle size of GelCur was around 356 nm with a moderate zeta
potential of 26.5mV. The mean PdI value of GelCur was 0.2, while the entrapment efficiency and drug loading of curcumin in
this study were around 57% and 2.4%, respectively. IC;, of GelCur on hGFs was 3.96 mg/ml, while IC;, was 12,37 mg/ml. More
than 70% of cells were viable after 24 hours incubated with 1, 2, and 3 mg/ml GelCur. At the concentration of 2 mg/ml GelCur
virtually limited cell proliferation and migration. Conclusions. GelCur remained physically stable and did not alter cell
proliferation and migration. The concentration of GelCur <3.96 mg/ml did not cause hGF cytotoxicity. Our study showed that
within appropriate doses, GelCur can be used safely for hGFs.

1. Introduction

With the current situation of drug resistance and abuse, nat-
ural medicines have been considered for patients. Turmeric
(Curcuma longa), the major source of the curcumin (diferu-
loylmethane), has long been recognized for its beneficial
pharmacological properties and is still being widely practiced
as a noninvasive wound therapy in many cultures [1]. Tradi-
tionally, curcumin has been a popular remedy for the treat-
ment of anti-inflammation, accelerate wound healing, and
minimal scar formation. The wound healing potential of cur-
cumin, which correlated to its biochemical effects such as

anti-inflammatory, anti-infectious, and antioxidant activi-
ties, has been investigated over recent years, leading to a
remarkable increase of clinical trials and publications [1-3].
Furthermore, many curcumin-based wound dressings have
been developed such as PVA/Chitosan/Curcumin, PVA/-
SA/TiO,-CUR, or sodium alginate/PVA incorporated curcu-
min patch for its anti-inflammatory, antioxidant, and
antibacterial properties that aid in the wound healing process
[4-6]. Despite the medicinal biological significances, the
applications of these findings into clinical treatments have
so far been impeded due to several physicochemical inherent
limitations of curcumin, especially its poor absorption,
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hydrophobicity, instability, rapid metabolism, and elimina-
tion [1, 7]. To overcome these obstacles, various curcumin
formulations, including emulsified micelles, nanofibers,
nanocapsules, or hydrogel, have been developed.

A variety of curcumin-based systems have been produced
to resolve those problems and enhance the applications of
curcumin can be referred. For instance, Slika et al. have pre-
pared curcumin-poly (allyl amine) hydrochloride-based
nanocapsules to accelerate the encapsulation and release of
curcumin to enhance its effectiveness against colon cancer
[8]. Mouslmani and colleagues have developed a curcumin
associated poly (allylamine hydrochloride)-phosphate self-
assembled nanocapsules to control curcumin release and its
antioxidant activity [9]. Venkatasubbu’s group has incorpo-
rated curcumin into chitosan/TiO, nanoparticles to control
its release for infectious wound management [10]. Especially,
the development of nanobiotechnology allows for the encap-
sulation of curcumin in drug delivery systems such as gelatin
nanoparticles has emerged as a remedial approach [11].
Gelatin nanoparticles have been recognized as potential can-
didates for medical applications by owning biodegradable,
biocompatible, and nontoxicity properties. Moreover, the
encapsulation of drug in gelatin nanoparticles enhance drug
stability and control drug release effectively [12].

Oral fibroblast, including gingival fibroblast, plays
important role in oral tissue homeostatic maintenance,
wound healing, and tissue repair by synthesizing and secret-
ing various extracellular matrix (ECM) proteins, containing
collagen, fibronectin, and proteoglycans [13]. To investigate
the natural remedies, which are safe, effective to accelerate
oral wound healing and reduce the treatment costs is neces-
sary. However, there is no study to investigate the effect of
nano-curcumin in oral cells regarding cell toxicity, prolifera-
tion, and migration. Ngo and colleagues have previously
developed and characterized gelatin encapsulated curcumin
nanoparticles (GelCur) to implement in transdermal drug
delivery study [11]. Following up on those insights, in this
study, we synthesized GelCur based on established work
and cultured the primary human gingival fibroblasts to verify
the effect of GelCur on the cellular events related to oral
wound healing capacities, such as cell migration and prolifer-
ation of gingival fibroblasts.

2. Materials and Methods

2.1. Fabrication of Gelatin Encapsulated Curcumin. Curcu-
min powders were supplied by Shanghai Zhanyun Chemical
Co. Ltd. (China). Gelatin (bovine skin, type B) and poloxa-
mer 407 (POX 407) were obtained from Sigma-Aldrich,
Inc. (USA). The method of encapsulating curcumin using
gelatin followed the sonoprecipitation method in the previ-
ous study [11]. Briefly, 20 mg curcumin and 250 mg poloxa-
mer 407 (POX407) were dissolved in 5ml methanol to
form solvent phase suspension. 20ml of gelatin solution
1 wt% was prepared by dissolving gelatin powder in distilled
water and stirring at 400 rpm at 40°C for 1 hour. The pre-
pared solvent phase suspension (Cur/POX407) was added
dropwise into antisolvent phase (gelatin solution 1wt%)
while stirring at 750 rpm. The mixture was then sonicated
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for 20 minutes using probe sonication (QSONICA, USA)
with an amplitude of 30%. The mixture was kept in an ice-
cold water bath to maintain the temperature below 30°C.
After sonication, the mixture was left stirring at 30°C for 2
hours for methanol to evaporate. In the subsequent step,
the mixture was centrifuged at 1000 rpm for 30 minutes to
remove the pellets, then the supernatant was collected and
lyophilized at -50°C for 48 hours using Labconco Freeze
Dryer (USA) to obtain GelCur powders (Figure 1(a)).

2.2. Characterization of Gelatin Encapsulated Curcumin

2.2.1. Particle Size and Zeta Potential. The particle size and
zeta potential (parameter correlates with the surface charge
of nanosuspension) of GelCur were analyzed using Zetasizer
Nano Series (Malvern Instrument Limited, UK). 10 yl of Gel-
Cur suspension was diluted with 10 ml methanol as dispers-
ing solution, followed by vortex shaking prior analysis.
Measurements were performed in triplicate at 25°C.

2.2.2. Entrapment Efficiency and Drug Loading. The quantity
of curcumin was determined using Ultimate 3000 HPLC
(Thermo Fisher Scientific Inc., USA) followed previous stud-
ies’ settings [11]. 23.5mg of GelCur powders (equivalent to
1 mg of curcumin corresponding to theoretical mass) was
dispersed in 25 ml distilled water, followed by ultrasonicating
at 50°C for 30 minutes. Then, absolute ethanol was added
into the cooled down mixture and adjusted accurately to
obtain 50 ml of the total solution. 100 ul of the solution was
diluted with 900 ul methanol for HPLC analysis. The mea-
surement was performed three times for each sample; the
entrapment efficiency (EE) and drug loading (DL) were cal-
culated using the given equations:

EE = the mass of drug in nanoparticles x 100%/total mass
of drug used in the preparation of nanoparticles

DL = the mass of drug in nanoparticles x 100%/the mass
of nanoparticles

2.2.3. Morphological Observation. A scanning electron micro-
scope (SEM, JSM-IT100, JEOL, Japan) was employed to
observe the morphology of GelCur powders at 10kV. Before
SEM observation, the samples were coated with Au using the
sputter-coater (Cressington Sputter Coater 108 auto).

2.3. Primary Human Gingival Fibroblast Culture. Ten third
molars from seven 18 to 25-year-old healthy volunteers were
extracted as recommended by their dentist. Tissues were
obtained individually as previous studies [13, 14]. Immedi-
ately after extraction, the teeth were transferred to the lab
in ice-cold storage medium Dulbecco’s Modified Eagle’s
Medium/Ham’s Nutrient Mixture F12 (DMEM/F12) supple-
mented with 10% FBS, 500 UI/ml penicillin, 500 pg/ml strep-
tomycin (Sigma, USA). The gingival tissues attached to the
cervical area were carefully removed from the tooth and
rinsed twice with PBS. The tissue was minced into 1 x2
mm pieces with a surgical blade and seeded in DMEM/F12
supplemented with 10% FBS, 1% antibiotics. The tissue sam-
ples were incubated separately at 37°C humidified atmo-
sphere with 5% CO,, the medium was replaced every 3
days until outgrowing cells reached confluence. The primary
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FIGURE 1: (a) Schematic of gelatin encapsulated curcumin nanoparticles (GelCur) production. (b) SEM micrographs of GelCur (left) and the

nanoparticle size measurements (right) at x5000 magnification.

hGFs at the 3rd-6th passage were used for the experiments.
The patients provided written informed consent for the use
of discarded tissues for research purposes. Tissue samples
were de-identified and analyzed anonymously. The use of
gingival tissues for research purposes was approved by the
Ethics Committee of the University of Medicine and Phar-
macy at Ho Chi Minh City (No. 277/DHYD-HDDD).

2.4. Cell Toxicity Assay. Cell toxicity assay was assessed by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide assay (MTT, USB Corporation, USA) [15, 16]. The cells
were plated at 10* cells/well in 96-well plates. Cells were incu-
bated with 1, 2, 3, 4, and 5 mg/ml GelCur with the approxi-
mate concentration of curcumin being 66, 132, 198, 264,
and 330 uM, respectively (diluted in 10% FBS DMEM/F12
and serum-free DMEM/F12). DMSO 20% was used as the
control based on the ability to induce cell death of DMSO
from 20% as the previous studies [17, 18]. After 24 h, the
medium was replaced with 100l MTT solution and
incubated for 30 min at 37°C. The formazan product was

dissolved in solubilization/stop solution. Using a microplate
reader (EZ Read 400, Biochrom, UK), the optical densities
were measured at 570 nm. The relative growth rate (RGR) as
ISO 10993-5 was calculated by: %RGR = (ODs;./ODgyp ) X
100%, in which OD570e is the optical density of GelCur
treated group and OD570Db is the optical density of 10% FBS
DMEM/F12 group. Cells were toxic when %RGR which is
lower than 70% [19].

2.5. Cell Proliferation Assay. For proliferation assay, cells
were plated at 10° cells/well in 96-well plate. From the result
of toxicity assay, cells were treated with a proper dose of Gel-
Cur (diluted in 10% FBS DMEM/F12 and serum-free
DMEM/F12) and control groups. After 1, 3, 5, 7, 9, 11 days,
cell numbers were counted by trypan blue 0.4% as previously
[16]. Briefly, 20 ul of cell suspension from each well was
mixed with 20 ul trypan blue solution following by 3 minutes
incubation at room temperature. The cells mixture was
loaded into a hemocytometer and counted by a light micro-
scope [16].



2.6. Scratch-Test Assay (“wound healing assay”). Firstly, 10°
cells/well were seeded in 6-well-plate. After cell starving, a
sterile 100 ul pipette tip was used to make a straight scratch
line on the monolayer of confluent cells at the bottom of
the culture plate. The debris was washed away with PBS,
and the cells were then cultured at 37°C, humidified 5%
CO,. The cells were treated with GelCur at the concentration
of 2 mg/ml by diluting in DMEM (with or without FBS). Cul-
ture medium contains 10% FBS was used as positive control,
while the serum-free medium was used as the negative con-
trol. At time point Oh and 24 h, the whole cell-free areas of
each well were observed and recorded by an inverted micro-
scope (CKX53, Olympus, Japan) and digital camera in the
same position. The area of “wound healing” was analyzed
using the Image-Analysis ] 1.45S software as described
previously [13].

2.7. Transwell Migration Assay. 3D cell migration assay was
performed in 24-well size transwell inserts with 8.0-ym-pore
polycarbonate membrane and 0.3 cm? effective growth area
(BD Falcon™ Cell Culture Inserts, BD Biosciences, USA). 3
% 105 cells in a total of 200 yl medium were seeded in each
insert. To prevent cell proliferation, the migration assay was
performed with serum-free medium in the presence or
absence of GelCur for 16 hours. On the next day, nonmi-
grated cells from the upper surface of the membrane were
carefully removed by a cotton swab. The cells that migrated
to the other side of the membrane were fixed by formalde-
hyde 3,7% in PBS for 2 minutes following by 100% methanol.
Then, cells were stained with Giemsa’s azur eosin methylene
blue solution (Merck, Germany) and washed two times in
PBS [20].

2.8. Data Analysis. All experiments were repeated with three
different cell lines, each line was repeated three times. For sta-
tistical analysis, Kruskal-Wallis rank sum test and Dunn
Kruskal-Wallis multiple comparisons posthoc test were used
to compare between groups. We analyzed by package drc
(dose-response curve), R version 3.6.1 with the level of signif-
icance being 0.05. p values were adjusted with Bonferroni
correction for multiple testing.

3. Results

3.1. Characteristics of GelCur. Following the production of
GelCur, the analysis showed that the average particle size of
GelCur was around 356 nm with a moderate zeta potential
of 26.5mV (Table 1), which remained physically stable and
considered to be acceptable in this study. The PdI reveals
the particle size distribution of nanosuspension, where the
smaller range of particle size, the smaller PdI values and the
contrary. The mean PdI value of GelCur was as small as 0.2
indicating that this GelCur nanosuspension possessed a uni-
form size distribution for monodisperse standards.

The entrapment efficiency measures the amount of cur-
cumin that can be loaded into nanoparticles. The entrapment
efficiency and drug loading of curcumin in this study were
around 57% and 2.4%, respectively. The entrapment effi-
ciency is determined by the concentration of drug carriers
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TaBLE 1: Characteristics of GelCur including particle size, particle
size distribution (PdI), zeta potential, entrapment efficiency, and
drug loading. Each measurement was repeated at least in three
independent experiments (SD: standard deviation).

Parameter Value + SD
Particle size (nm) 356.8 +35.3
PdI 0.21+£0.07
Zeta potential (mV) 26.5+2.1

Entrapment efficiency (%) 57.03+5.5
Drug loading (%) 2.43+0.23

(gelatin), in which the higher the concentration of gelatin,
the higher the viscosity of nanosuspension. The increase in
viscosity could prevent diffusion between solution and anti-
solvent, where the larger particles containing higher curcu-
min content were fabricated. SEM was also employed to
confirm the morphology of GelCur powders (Figure 1(b)).
Further characterizations of GelCur including Fourier-
transform infrared spectroscopy, X-ray diffraction, and Cur
release profile can be found in the previous study [11].

3.2. Primary Culture of hGFs. At day 4-8, cells appeared from
gingiva tissues by outgrowth culture method (Figure 2(a)).
These cells started with different shapes (star, round, elon-
gated shapes) and then gradually exhibited uniformed typical
fibroblast-like morphology with a large oval nucleus and
many cytoplasmic tails on day 10 (Figures 2(a) and 2(c)).
The cells were healthy growing and reached confluent at
day 20, even at passage 6P (Figure 2(b)).

3.3. GelCur Induces Cytotoxicity of hGFs in a Dose-Dependent
Manner. To assess the cell viability, hGFs were treated with
different concentrations of GelCur (1-5 mg/ml) for 24 hours,
and cytotoxicity was measured by MTT assays. Results indi-
cated that GelCur induced cytotoxicity in a dose-dependent
manner (Figure 2(e)). The alteration of the shape and mor-
phology of hGFs upon their incubation with GelCur was
observed by an optical microscope (Figure 2(d)). Different
concentrations of GelCur diluted in culture medium pro-
duced different shade of yellow colors. hGFs with normal
morphology (spindle shape) were observed at the concentra-
tion 1, 2, and 3 mg/ml of GelCur, which are homologous with
the negative control group. Meanwhile, treated with higher
concentrations of GelCur (4 and 5mg/ml), some hGFs with
abnormal morphologies (shrinkage) are detected. More par-
ticularly, hGFs viability was decreased to 88.8%, 78.7%,
72.5%, 69.9%, and 68.1% for the concentrations of 1, 2, 3, 4,
and 5mg/ml, respectively. However, there was no significant
difference within serum medium and GelCur groups by
adjusted p values. Only DMSO 20% gave to significant cyto-
toxicity on hGFs. From the % of cell viability, IC;, and IC5, of
GelCur on hGF were calculated (12,37mg/ml and
3,96 mg/ml, respectively). According to ISO 10993-5:2009
standard for in vitro cytotoxicity, a dose of GelCur
>3.96 mg/ml which resulting in <70% viable cells after 24
hours will be cytotoxic to hGFs [19].
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FIGURE 2: (a) Primary culture of hGFs from the gingival tissue at day 1-20. (b) hGFs at passage 1%, 4™, and 6. (c) hGF morphology by H&E
staining at passage 5™. (d) hGF culture under various conditions and concentrations of GelCur after 24h. (e) % of hGF viability under
different conditions (Dunn Kruskal-Wallis multiple comparisons, there was a significant difference between DMSO 20% vs. serum
medium group with adjusted #p < 0.05, no significant difference was found in GelCur, serum medium groups).

3.4. GelCur Inhibits hGFs Proliferation. Base on the results of
the cell toxicity assay, the concentration of 2 mg/ml was used
to evaluate the effects of nano-curcumin on the proliferation
of hGFs. hGFs allowed to proliferate through serum-free and
serum-supplemented DMEM were used as negative and
positive controls. GelCur inhibited hGFs proliferation in a
time-dependent manner (Figure 3(a)). The cell number of
the positive control group significantly increased and reached
a peak at day 7, while a reverse trend was observed in other
groups. Data indicated that from day 5 to 11, cell prolifera-
tion was significantly (adjusted p < 0.05) suppressed in both
hGFs treated with GelCur in serum-free and serum medium
in comparison with the positive control group. Additionally,
on day 9, cell numbers in GelCur/serum medium groups
were higher than GelCur/serum-free group. Generally, the
proliferation of hGFs was substantially reduced after curcu-
min administration.

3.5. GelCur Do Not Influence the Migration of hGFs. To
investigate the effect of nano-curcumin in hGFs migration
during the oral wound-healing process, a scratch-test assay
was conducted. After 24 hours, migrated cells toward the
provisional gap were observed only in the serum medium
group, which indicated the natural rate of cell migration
(Figure 3(b)). The migrated hGFs were noted to be the lower
in the presence of GelCur. However, the analysis showed no
significant difference among groups (Figure 3(c)). Overall,
although at the nontoxicity level, GelCur did not influence
the migration of gingival fibroblasts.

3.6. GelCur Is Not a Chemoattractant Factor Moderating
hGFs Motility. To clarify whether nano-curcumin plays a role
as a chemoattractant factor stimulating fibroblast migra-
tion, a transwell migration assay was performed. hGFs

were seeded in the upper chamber, while the bottom
chamber contained 2mg/ml GelCur diluted in serum-free
DMEM or 10% FBS DMEM. hGFs were allowed to
migrate through the membrane in the medium with or
without FBS as positive and negative controls, respectively.
GelCur treatments were found to reduce the number of
migrated hGFs after 16 hours (Figure 3(d)). The signifi-
cant reduction was noted in hGFs incubated with 2 mg/ml
GelCur in both serum-free (2,29 +1,36) and serum-
supplemented DMEM (3,52 + 1,77) compared with posi-
tive control group (25,01 +4,01) (Figure 3(e)).

4. Discussion

The therapeutic applications of curcumin have been limited
due to its low solubility, short half-life, and poor bioavailabil-
ity. To overcome those problems, a variety of curcumin for-
mulations have been developed including emulsified
micelles, nanoformulations, or incorporating in hydrogels,
microgels, and nanofibers [2, 10]. Among the possible
approaches, we chose gelatin, a natural protein obtained
from the hydrolysis of collagen, which has been well-known
for its biodegradability, biocompatibility, and nontoxicity as
curcumin carrier (emulsifier). The use of gelatin as a curcu-
min carrier can increase curcumin solubility, stability as well
as control its release. Most importantly, gelatin has been
commonly used as an effective drug carrier owing to its
diverse functional groups within its backbone, which
offers many benefits for chemical modification and drug
attachment, giving the site-specificity for efficient drug
delivery [21, 22].

Particle size and surface charge (represented as zeta
potential) are among the two important characteristics of
nanocomposite. They determine the drug loading, drug
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release, stability, and bioactivity of nanocomposite as well as
influence cell-drug interactions [23]. In particular, the sur-
face charge of near +30mV suggests that the GelCur nano-
composite is stable and has a low risk of particle aggregate.
In terms of particle size, the size of submicroscale of GelCur
particles can enhance their surface interaction while not
enable direct penetration through the cell membrane. Once
GelCur particles attach to the surface, Cur can slowly be
released, thus, lower the unexpected toxicity caused by high
concentrations of Cur as reported previously [24]. Due to
the smaller particle size than curcumin and improved drug
permeation and drug release (85% after 24 h) [11], GelCur
could overcome the low oral bioavailability of curcumin
and increase the level and effectiveness of curcumin. On the
side note, our GelCur nanosuspension produced the
lyophilized-spherical particles that were slightly larger than
in reported particle size results. The increase in particle size
could be due to the pressure and stress emerged during
lyophilization, which altered the interactions between parti-
cles and caused particle aggregation. Therefore, the use of
lyophilization protectants should be considered in further
research to prevent possible alteration of nanocomposite
properties [25, 26].

Toxicity of nanomaterials is a common concern during
developing a new topical wound healing agent, which is
essential for clinical translation. Previous clinical trials shown
that receiving high oral doses of curcumin (8 g/day) does not
lead to cytotoxic concentrations due to the low oral bioavail-
ability of curcumin [27]. However, a relatively high number
of reports demonstrated that curcumin, at concentrations
exerts a beneficial effect, can induce DNA damage and chro-

mosomal alterations both in normal and malignant cells. Cao
et al. reported 2.5-5ug/ml of curcumin-induced nuclear
DNA damage and apoptosis in human hepatoma G2 cells
[28, 29]. Curcumin nanoparticles were developed to
increases the levels of curcumin in tissues by enhancing par-
ticle penetration [27]. Aimee et al. shown that keratinocytes
treated with 5mg/ml nano-curcumin exhibited 81.7% cell
viability as compared to untreated cells [30, 31]. Our results
from our cell toxicity assay demonstrated that the survival
of hGFs gradually decreased with the subsequent increase
of GelCur concentration. Notably, a dose of GelCur
>3.96 mg/ml will be cytotoxic to hGFs. Previous in vitro
studies used direct curcumin leading to lower safe doses than
our nano-curcumin [28, 29, 31]. Additionally, human gingi-
val fibroblasts express a specific phenotype in extracellular
matrix remodeling as mentioned [13, 32, 33]. The application
of nano-curcumin and human oral fibroblasts in our study
may contribute to the optimal implementation of drug deliv-
ery by nanoparticles in the oral environment. As in vitro
studies do not thoroughly simulate the physiologic environ-
ment, further in vivo studies and clinical trials should be con-
ducted for providing a complete insight into the potential
toxicity of GelCur.

hGFs not only enable the maintenance of the barrier func-
tion of normal oral mucosal but also play a critical role in nor-
mal wound healing [34]. Upon wounding, cells proliferate and
migrate into the wound area for synthesizing and depositing
newly formed matrix components. To investigate the effect
of GelCur on the cellular events of hGFs related to oral wound
healing capacity, including proliferation and migration, the
nontoxicity concentration of GelCur (2mg/ml) was used.
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Our data showed that the proliferation of hGFs was substan-
tially reduced after GelCur administration. The results may
explain the ability of curcumin to control the wound healing
process and prevent scar formation. Nanoformulated curcu-
min inhibited the growth and mobility of several types of cells
both in vivo and in vitro in previous studies [35, 36]. Fibrotic
progression, characterized by fibroblast proliferation and the
deposition of collagens, has been effectively reduced when
treated by curcumin [37]. Most of the recent studies demon-
strated that the mechanism of inhibiting fibroblast prolifera-
tion by curcumin is related to blocking the TGF-f1 signaling
cascade and upregulation of cathepsin K/L expressions [38].
Furthermore, curcumin upregulated the expression and activ-
ity of p53 which associated with the inhibition of proliferation
and increases apoptosis in a variety of different cell lines [39,
40]. Our data from proliferation assay correlated well with
data obtained from previous studies that curcumin exhibit
an antifibrotic effect by the significantly inhibited proliferation
of human fibroblast [38]. We found no evidence that GelCur
influences the hGF migration, in congruence with past inves-
tigations using dermal fibroblast [30]. The reason may be
because gingival fibroblasts express specific molecules
involved in the regulation of inflammation and extracellular
matrix remodeling in comparison to other fibroblasts. It may
explain the ability of gingival wounds to heal faster with less
scar formation as compared to skin wounds [13, 32, 33]. From
these results, our next study will focus on the anti-
inflammatory and antioxidant properties of our nano-
curcumin by in vitro inflammation model using LPS induced
gingival fibroblasts. Additionally, more studies with shorter
treatment durations of nano-curcumin on hGFs and other
oral cell types need to be performed to have a comprehensive
understanding of nano-curcumin.

5. Conclusion

In this study, gelatin encapsulated curcumin nanoparticles
GelCur was developed which remained physically stable
and did not cause hGF cytotoxicity at concentrations
<3.96 mg/ml. Our study showed that within the nontoxicity
dose, GelCur did not alter the proliferation and migration
of hGFs. The results suggest that GelCur can be used safely
in oral fibroblasts in vitro. Further studies can focus on the
antibacterial and antioxidant properties of GelCur in the oral
environment.
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Chemotherapy drugs are cytotoxic to tumor cells, but their lack of specificity leads to a range of side effects. The off-target effects of
such drugs can be improved through the use of nanoparticles (NPs). Administered NPs show enhanced accumulation in tumor
tissue near the blood vessels, enhancing both anticancer drug permeability and tumor retention. Several nanocarriers are now
approved for clinical use in a range of cancer therapies, and many novel formulations are in the later stages of clinical trials.
Here, we describe the advances in this area through the review of novel NP drug formulations developed over the last year. We
focus specifically on lung, colon, cervical, and breast cancers and discuss the future of NPs as potential treatment options in

these areas.

1. Introduction

Cancer encompasses a variety of diseases that result from the
deregulated growth and spread of malignant cells. According
to recent World Health Organization (WHO) statistics, up to
10 million new cancer cases are estimated to occur each year
and are projected to increase to 13 million cases in the next
20 years [1]. Despite the increased occurrence, cancer-
related mortality has decreased due to improved diagnostics,

molecular knowledge of cancer cell biology, and treatments
[2]. Cancer therapy typically involves surgery, chemother-
apy, and radiation therapy alone or in combination, with
sequencing technologies, permitting the era of precision ther-
apy that tailors cancer treatments to the genetic basis of each
individual cancer [3, 4]. Chemotherapy drugs primarily
interfere with DNA synthesis, targeting rapidly dividing can-
cer cells. These agents, whilst effective, are nonspecific, lead-
ing to healthy tissue damage and subsequent side effects that
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can contribute to the high mortality rates of cancer patients
[5]. An additional issue with chemotherapy drugs is the
increased incidence of drug resistance [6]. Hence, the ability
to develop chemotherapeutics that actively target cancer cells
is highly desirable.

In recent years, the improved understanding of tumor
biology combined with the advancements in the develop-
ment of versatile materials has led to improved drug delivery
systems of chemotherapeutics to tumor sites. More specifi-
cally, nanotechnology has profoundly improved clinical can-
cer therapeutics in the last 20 years [7-12]. NP-based drug
delivery systems or nanocarriers can improve drug efficacy
and selectivity through enhanced permeability and retention
(EPR) effects in tumor tissues [13-20]. Nanocarriers also dis-
play improved cellular uptake in comparison to standard
chemotherapy drugs. Among the nanocarriers, liposomes,
polymeric nanoparticles, and micelles have received the most
attention [21]. To date, several nanoparticle-based chemo-
therapeutics are clinically approved whilst others are in the
advanced stages of clinical development. However, nanocar-
riers are associated with certain drawbacks such as poor bio-
degradation, bioavailability, stability, tissue distribution, and
toxicity, thus causing safety concerns, particularly for long-
term cancer treatment. Herein, we will discuss drug delivery
nanocarriers for cancer therapy to improve chemotherapeu-
tics that have been developed recently. We will further
discuss the future directions of NP-based cancer chemother-
apy with a focus on lung, colon, and female cancers.

2. Nanocarriers

The physical and chemical properties of NPs greatly influ-
ence their efficacy. Nanoscale compounds from synthetic
polymers, lipids, proteins, and inorganic particles have been
developed [21-29]. They promote drug protection, solubility,
and stability, enhancing drug delivery. NP functionalization
with target specific ligands, such as folic acid, aptamers, pep-
tides, and antibodies, permits the targeted delivery of drugs.
The culmination of these benefits is numerous drug delivery
vehicles with reduced toxic side effects and improved phar-
macokinetics, which vary according to surface physicochem-
ical properties and size [30-35].

Among organic nanocarriers, liposomes are spherical
lipid vesicles composed of a self-forming phospholipid
bilayer that surrounds an aqueous internal cavity [25, 36].
The commercially available lipids for liposome NPs include
cholesterol,  phosphatidylcholine, phosphatidylethanol-
amine, and phosphatidylserine. Liposomes are attractive as
they lack toxicity and easily internalize into tumor cells, per-
mitting drug transport across cellular membranes. However,
their major disadvantages are expensive preparation
methods, low drug-loading capacity and stability, and rapid
disintegration in the human body before achieving the ther-
apeutic effect. ThermoDox®, a thermosensitive liposomal
formulation (TSL) containing doxorubicin, is the only TSL
in development. This formulation selectively unloads its pay-
load in the tumor microenvironment due to its responsive-
ness to a temperature above 40°C, thus resulting in
increased anticancer efficacy of its loaded drug [37]. The
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use of lipid-based nanocarriers as opposed to liquid oils per-
mits controlled drug release through reducing drug mobility
[38]. Solid lipid NPs (SLNs) are frequently used as NPs for
intravascular administration and consist of a hydrophobic
lipid core into which drugs can be dissolved permitting high
drug-loading efficiencies [39]. Polymeric micelles are another
form of lipid based-NP < 100 nm in size and composed of
phospholipids and polymers that spontaneously form in
aqueous solution [40, 41]. They are suitable carriers for drugs
with poor water solubility due to their amphiphilic character-
istics, viz., hydrophobic core and hydrophilic shell. Reverse
micelles (RMs) are frequently used due to their ease of solu-
bility in oil phases [42-44]. However, a disadvantage of RMs
is their lack of tissue specificity and inability to mediate tar-
geted drug delivery [42]. Micellar nanocomplex (MNC)
NPs are mainly composed of (—)-epigallocatechin-3-O-gal-
late (EGCG), an anti-inflammatory polyphenol [45]. MNCs
can shield protein drugs from the action of proteolytic
enzymes during transportation to the tumor tissues.
Genexol-PM® is amphiphilic polymer-based micellar formu-
lation loaded with paclitaxel and is used for the effective
treatment of metastatic breast and small-lung-cell carci-
noma. The formulation achieves enhanced anticancer activ-
ity of the drug to its long circulation as it gets avoidance
body clearance [46].

Among nonlipid-based NPs, mesoporous materials hold
promise due to their facile synthesis, highly ordered struc-
tures, biocompatibility, and large pore sizes, typically pre-
pared from assemblies of inorganic components such as
silica [30]. The pore size of mesoporous silica NPs (MSNs)
influences their pharmacological potential in terms of drug
adsorption, loading capacity, and drug release [30]. Pore
diameters vary from 2 to 50 nm enabling the production of
NPs that bind to small drug molecules or macromolecules.
The stability of the pore also dictates controlled drug-
release kinetics. So far, MSNs characterized by temperature,
pH, irradiation, enzymes, magnetic field, ultrasound, and
redox-based stimuli-responsive drug release have been devel-
oped [47].

Metal-organic frameworks (MOFs) constitute a class of
porous NPs with differing hybrid structures that consist of
a metal ion and an organic linker or spacer [48]. MOFs show
promise for controlled drug release due to their large surface
area and tunable pore size. However, MOFs must be scaled
down to the nanoscale level for utility as in vivo anticancer
drug carriers [49, 50]. Nano-MOFs have particular utility in
pharmaceutical applications as they permit controlled drug
release [49, 50]. Compared to conventional porous materials,
nano-MOFs incorporate much higher amounts of drugs
offering obvious advantages to cancer treatment. MOF-
based stimuli-responsive systems responding to pH, redox-
based, ATP, magnetic fields, temperature, pressure, irradia-
tion, and humidity have been developed.

Recently, NPs based on biocompatible and biodegradable
polymers such as polylactic acid (PLA) esters and their
copolymers with glycolic acid (PLGA), poly(e-caprolactone),
polyglutamic acid, and poly(alkyl cyanoacrylate) have gained
popularity for nanocarrier fabrication [51]. These polymers
are broken down in the body to oligomers and monomers
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which are further eliminated via metabolic pathways. To sur-
mount the issue of phagocytosis upon intravenous adminis-
tration, the NPs may be coated with a hydrophilic polymer
such as polyethylene glycol (PEG), which hinders the identi-
fication of the NPs by the reticuloendothelial system. Dendri-
mers, inorganic NPs, nanoemulsions, carbon-based
nanomaterials, etc. are some of the other popular nanocar-
riers (Figure 1).

The first nanobased therapeutic approved by the FDA
was the liposomal NP doxorubicin Doxil®, a chemothera-
peutic primarily employed for breast cancer (BCa), bladder
cancer, and acute lymphocytic leukemia treatment. This
liposomal formulation results in enhanced anticancer
activity of the drug due to long circulating properties of
the liposomes achieved through inclusion of polyethylene
glycol in their composition [52-56]. The development of
this NP system was followed by Abraxane® (nab-pacli-
taxel), a BCa chemotherapy drug. Abraxane® is based on
albumin NPs; albumin NPs not only increase the drug sol-
ubility but also localize the drug into tumors due to its
higher affinity for hydrophobic molecules [57-61]. Notable
nanocarriers that have undergone FDA approval or are in
clinical trials are presented in Table 1 [54, 62-67]. Even
though most of the FDA-approved nanocarriers rely on
passive targeting via EPR, a few next-generation nanocar-
riers in clinical trials utilize active targeting approaches
due to the recent advances in protein engineering and
polymer chemistry.

3. Recent Advances in Nanocarrier Delivery
Systems for Cancer Treatment

3.1. Anticancer Drug Targeted Delivery through NPs.
Improved chemotherapy requires the drugs to cross the bio-
logical barriers followed by their selective localization in the
target tumor tissues, thus leading to enhanced anticancer
activity with minimum off-target side effects. Passive and
active NP drug targeting is a widely used approach [86, 87].
In passive targeting, nanocarriers localize their loaded anti-
cancer drugs passively in tumor tissues exploiting the
physiopathologic characteristics of tumors such as tumor
vasculature. Tumor vessel architecture becomes highly
defective along with poor lymphatic drainage, thus leading
to enhanced permeation and retention (EPR) effect [88, 89].
Small size of nanocarriers and defective tumor vasculature
are also exploited for anticancer drug passive targeting [90].
Blood vessels in the tumor tissue microenvironment have
larger gaps (100nm-2um) in the endothelium; thus, they
differ from that of the normal. Therefore, nanocarriers in this
size range can easily reach tumors, resulting in selective local-
ization of the drugs in tumors [91, 92]. Furthermore, tumor
tissues are associated with poor lymphatic system which
results in higher interstitial pressure at their centers than
peripheries. This in turn leads to nanocarrier access into the
interstitial space; thus, nanocarriers remain in interstitia for
longer time with ultimate enhanced anticancer activity in
tumors [93]. Passive targeting strategies through nanocarriers
are depicted in Figure 2. Anticancer drugs can also be passively
targeted through making nanocarriers long circulating. Such

nanocarriers avoid clearance from the body and remain in bio-
logical systems for a longer time; thus, they pass through the
tumor microenvironment repeatedly with ultimate increased
anticancer activity of their loaded drugs. Similarly, cationic
nanocarriers are also used to localize their loaded drugs in
tumors due to their electrostatic interactions with angiogenic
endothelial cells in tumor blood vessels [86, 87].

Active drug targeting uses nanocarrier surface modified
with a targeting moiety. Targeting moiety attached to the sur-
face of nanocarriers recognizes specific receptors or antigens
associated with tumors as shown in Figure 3. This results in
the selective localization of drugs in the site of action whilst
preventing their uptake in healthy cells and tissues. Further-
more, some targeting ligands can trigger drug release from
nanocarriers inside target cells via receptor-mediated endo-
cytosis process [94]. Drug tumor internalization through
receptor targeting is an effective approach for improved che-
motherapy [95]. Cancer cells overexpress certain types of
receptors; thus, targeting moieties recognize these receptors
and highly selective drug localization in tumors is achieved
[96, 97]. Similarly, nanocarriers are also made responsive to
the changes in the tumor microenvironment; drugs get
released from nanocarriers in the tumor vicinity as a result
of their responsiveness to those stimuli such as pH, hyper-
thermia, redox potential, and certain enzymes in the tumor
microenvironment [86, 87]. Thus, increased drug concentra-
tion is achieved in the tumor microenvironment with ulti-
mate improved chemotherapy.

3.1.1. Targeting Lung Cancer. Lung cancer (LCa) is a leading
global cause of cancer-related deaths [98]. A chemotherapy
regimen, dependent on it being either adenocarcinoma or
squamous cell carcinoma, is often administered, combining
2 or 3 chemotherapy agents including cisplatin, docetaxel,
gemcitabine, Abraxane®, paclitaxel, pemetrexed, and vinorel-
bine [98, 99]. Many promising NP formulations for LCa ther-
apy have been described recently.

Due to their ability to permeate blood vessels and tissues
into tumors, metal-based NPs can be applied as drug carriers
for reducing cytotoxicity to healthy cells. Using nonorganic-
based approaches, Ramalingam and coworkers conjugated
Dox onto gold NPs using polyvinylpyrrolidone [100]. The
NPs inhibited the proliferation of A549 cells, increased cellu-
lar ROS production, and led to the induction of apoptosis.
Similarly, Kalaiarasi and colleagues synthesized copper oxide
NPs that could downregulate specific oncogenes including
histone deacetylase in A549 cells, leading to apoptotic induc-
tion [101]. Although platinum-based antitumor agents have
been widely used for LCa, their clinical outcomes are largely
limited by severe side effects and multidrug resistance.
Hence, platinum(Il)-loaded drug nanocarriers have been
developed to overcome these drawbacks. For instance, Tsai
and coworkers synthesized diaminocyclohexane-platinu-
m(II)- (DACHPt-) loaded NPs through self-assembly that
could be efficiently internalized by platinum- (Pt-) resistant
LCa cell lines, inducing high levels of tumor toxicity [6].
Therefore, these DACHPt-loaded NPs provide a novel
potent nanocarrier platform for combating multidrug-
resistant LCa.
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Figure 1: Different types of nanocarriers for drug delivery in cancer therapy.

Active targeting can be achieved by coupling drugs or
nanocarriers with cell-specific targeting moieties such as
ligands, peptides, antibodies, and aptamers, which can distin-
guish between normal and tumor cells. For instance, Song
and colleagues designed epidermal growth factor- (EGEF-)
conjugated core-shell lipid-polymer hybrid NPs (LPNs) to
actively deliver docetaxel (DTX) and resveratrol (RSV) to
tumor cells [36]. The biodegradable EGF-DTX/RSV-NPs
showed synergistic tumor inhibition with minimal off-
target effects, highlighting their promise for LCa treatment.
Nanocarriers based on vitamin E succinate display biocom-
patibility, hydrophobicity, ease of synthesis, and anticancer
activity. On the other hand, hyaluronic acid (HA), a biocom-
patible and biodegradable anionic polysaccharide, permits
active targeting of tumor cell CD44 receptors. To enhance
tumor cell targeting and specific drug release, Song and
coworkers synthesized redox-sensitive NPs from hyaluronic
acid- (HA-) disulfide-vitamin E succinate conjugates that
were loaded with paclitaxel (PTX) [12]. The PTX-loaded
redox-sensitive NPs showed greater cytotoxicity in A549 cells
and A549 mouse xenograft models compared to redox-
insensitive NPs and PTX alone, indicating their potential
for PTX-targeted delivery for LCa treatment.

The clinical application of naringenin (NAR), a flavo-
noid, is limited by its low aqueous solubility, bioavailability,
and stability. These drawbacks could be overcome by
designing polymeric nanoparticles based on biocompatible
and biodegradable polymers. Parashar et al. [102] designed
chitosan- and HA-decorated naringenin poly caprolactone

NPs (NAR-HA@CS-PCL-NPs) that were cytotoxic to A549
cells but had no effect on noncancer cell lines. In vivo, the che-
mopreventive effects of the NAR-HA@CH-PCL-NPs were
shown in urethane-induced LCa rat models. AS1411 is a 26-
base G-rich DNA oligonucleotide that functions as a
nucleolin-binding aptamer overexpressed in a range of cancer
cells [103]. Guo et al. [5] developed a multifunctional nanocar-
rier consisting of methotrexate-loaded fluorescent gold
nanocluster-conjugated chitosan and AS1411 aptamers
(MTX@AuNCs-CS-AS1411), which exhibited significant
anticancer activity in A549 cells and inhibited tumor growth
in BALB/c mice. The codelivery of functionally distinct
anticancer drugs is an efficient strategy to overcome drug
resistance during LCa treatment. To achieve this, Amreddy
et al. [104] synthesized folic acid-conjugated polyamidoamine
(PAMAM) dendrimers to codeliver human antigen R (HuR)
siRNA and cis-diamine platinum to folate receptor-alpha
overexpressing LCa cells. The dendrimers produced greater
therapeutic effects than the individual therapies alone whilst
being nontoxic towards normal lung fibroblasts, which was
attributed to the elevated HuR in LCa cells.

miRNA-29b inhibits DNA methylation in LCa cells by
targeting DNA methyltransferases, further resulting in inhi-
bition of cell proliferation and apoptosis. Its limitations
including oft-target effects, degradation, and poor cellular
uptake might be mitigated by a nanocarrier system. MUCI,
a transmembrane protein overexpressed in LCa, aids the
active targeting of drugs to the tumors. Perepelyuk and col-
leagues [105] synthesized mucinl-aptamer miRNA-29b-
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TaBLE 1: Nanocarriers for cancer either in the market or in clinical trials.
Commercial name (company) Drug/agent Delivery system Indication Status  Ref.
Doxil®/Caelyx™ (Schering- . . Kaposi’s sarcoma; ovarian
Plough; Ortho Biotech) Doxorubicin Liposome cancer; multiple myeloma Approved  [68]
Myocet® (Sopherion; . . .
Cephalon) Doxorubicin Liposome Metastatic breast cancer Approved [68]
Lipodox® (Sun) Doxorubicin Liposome Ovarian cancer Approved [69]
DaunoXome® (Galen) Daunorubicin Liposome Kaposi’s sarcoma Approved [70]
Margqibo® (Talon; o . Acute lymphoblastic
Merrimack) Vincristine Liposome leukemia Approved [68]
Onivyde® (Ipsen) Irinotecan Liposome Pancreatic cancer Approved [71]
. Polymeric Acute lymphoblastic
® -
Oncaspar® (Enzon) PEG-L-asparaginase nanoparticles leukemia Approved [69]
Eligard® (Tolmar) Leuprolide acetate Polymer (poly(DL- Prostate cancer Approved [72]
lactide-co-glycolide))
NanoTherm® (MagForce) Iron oxide Iron nanoparticles Brain tumors Approved [73]
® iQe i
Abraxane® (Abraxis; Paclitaxel Albumin bpund Various cancers Approved [68]
AstraZeneca) nanoparticles
Rexin-G® (Epeius) Targeting protein marked Retrovector Osteosarcoma, pancreatic Approved  [74]
p phospholipid @ miRNA-122 cancer PP
Ontak® (Eisai) Diphtheria toxin and interleukin Protein nanoparticles T-cell lymphoma Approved [75]
2 bound to liposomes P ymp PP
Vyxeos (Jazz) Daunorubicin+cytarabine Liposomes Acute myeloid leukemia Approved [76]
_ ®
Qenexol PM® (Samyang Paclitaxel Polymeric micelles Ovarian cancer Phase IT  [68]
Biopharm)
LEP-ETU (NeoPharma) Paclitaxel Liposomes Ovarian, breast, lung cancers Phase I/Il  [77]
Paclical (Oasmia) Paclitaxel Micelles Ovarian cancer Phase ITII  [78]
OSI-211 (OSI) Lurtotecan Liposomes Lung, ovarian cancer Phase I  [79]
. . Solid tumors; glioblastoma;
SGT-53 (SynerGene) Wild-type p53 gene Liposomes pancreatic cancer Phase II  [80]
Atragen (Aronex) All-trans-retinoic acid Liposomal Acute promy'elocytlc Phase II  [79]
leukemia
Lipoplatin (Regulon) Cisplatin Liposomal Various cancers Phase IIT  [79]
At}rlmmune (CytImmune TNE- Colloidal gold Solid tumors Phase I [79]
Sciences) nanoparticles
NK012 (Nippon Kayaku) 7-Ethyl-10- Polymeric micell Advanced solid tumor ~ Phase Il [79]
ippon Kayaku hydroxycamptothecin olymeric micelle vanced solid tumo ase
NK105 (Nippon Kayaku) Paclitaxel Micelles Metastatic breast cancer Phase III  [81]
PEP02 (Merrimack) Irinotecan Liposomes Advanced solid tumor Phase I  [82]
CriPec (Cristal) Docetaxel Polymeric micelles Solid tumor Phase I  [76]
CRLX101 (Cerulean) Camptothecin Cyclodextrlg—based Non-small-cell lung cancer Phase II [75]
nanoparticles completed
ABI-009 (AADi) Rapamycin Albumln—l).ound Bladder cancer Phase I/IT  [79]
nanoparticles
ThermoDox (Celsion) Doxorubicin Thefm al-sensitive Hepatocellular carcinoma Phase Il [83]
iposomes
CPX-351 (Fred Hutchinson . - . . .
Research Center) Cytarabine+daunorubicin Liposomes Acute myeloid leukemia Phase I/IT  [79]
LiPlaCis (Oncology Venture) Cisplatin Liposomes Various cancers Phase II  [71]
PLM60 (CSPC ZhongQi) Mitoxantrone hydrochloride Liposomes Non-Hodgkin lymphoma; Phase I/II  [84]
breast cancer
MM-302 (Merrimack) Trastuzumab Liposomes Breast cancer Phase I  [78]
NBTXR3 (Nanobiotix) Radiotherapy Hafnium oxide Liver cancer Phase I/IT  [76]

nanoparticles
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TaBLE 1: Continued.

Commercial name (company) Drug/agent Delivery system Indication Status  Ref.
Onco-TCS (Inex) Vincristine Liposomes Non-Hodgkin’s lymphoma  Phase I/II  [79]
Aroplatin (Antigenics) Cisplatin analog Liposomes Colorectal cancer Phase I/II  [79]
E.ndOTAG-I (SynCore Paclitaxel Liposomes Breast, pancreatic cancers Phase II  [79]
Biotechnology)

Nektar-102 (Nektar) Irinotecan PEGylated liposome Breast, colorectal cancers Phase ITII  [79]
NKTR-105 (Nektar) Docetaxel PEG-docetaxel Solid tumor Phase I  [85]
loaded NPs which exhibited enhanced stability and delivery ~ functionalizing technique, Zheng and colleagues [19]

of miRNA-29b to LCa tissue in vivo, resulting in inhibited
tumor growth.

An emerging area in lung cancer treatment is the inha-
lation delivery of NPs to improve tumor targeting. Inhaled
Dox NPs exhibit lower cardiac side effects compared to
the same standard dose of Dox after intratracheal adminis-
tration, and paclitaxel-polyglutamic acid conjugates have
been shown to be well tolerated by mice following intratra-
cheal administration [106]. Studies in this area also highlight
how lipid-based NPs display higher tumor accumulation and
remain resident in the lungs for longer time periods postin-
halation delivery. These and other inhalation-based nanocar-
riers hold promise for the effective delivery of anticancer
agents specifically to lung tumors in the future.

Recent advancements in pharmaceutical nanotechnology
have enabled formulation scientists to design surface-
engineered smart NP system for highly localized delivery of
chemotherapeutic agents in cancerous tissues. A recent study
reported PLGA-based dual-functionalized NP surface engi-
neered with epidermal growth factor receptor (EGFR)
aptamer for targeted delivery of homoharringtonine to lung
cancer. The NPs were capable of delivering and releasing
their loaded drug selectively to lung cancer cells due to their
receptor recognition ability and responsiveness to glutathi-
one present in the microenvironment of lung cancer [107].

3.1.2. Targeting Colon Cancer. Colon cancer is among the
most common cancer types [108]. Patients with localized
colon cancer typically receive surgery as the frontline treat-
ment, and chemotherapy regimens are typically administered
after surgery for ~6 months but their effectiveness remains
limited. As the enhanced expression of CD98, a transmem-
brane glycoprotein, is a characteristic of the apical membranes
of colon cancer cells, it is now established as a therapeutic
target for drug delivery to colon tumors. To target this recep-
tor, Xiao and colleagues [13] synthesized CD98-siRNA and
camptothecin-loaded PEGylated Fab'-NPs embedded in a
hydrogel for colon targeting. The efficacy of the dual system
was highlighted in mouse models of orthotropic colon tumors
in which the therapeutic efficacy was higher than NPs contain-
ing a single drug due to higher drug internalization into the
tumor cells.

A number of miRNAs display anticolon cancer activity
in vitro, but their in vivo applications are limited by
degradation in biofluids and limited cellular uptake. miR-
204-5p is significantly downregulated in colorectal cancer
tissues compared with normal tissues. Using a surface-

synthesized poly(D,L-lactide-co-glycolide)/poly(L-lactide)-
block-poly(ethylene glycol)-folate polymer NPs that were
loaded with miR-204-5p and demonstrated their anticancer
effects on colon cancer cells and xenograft colon tumor
models in vivo. This study highlighted the NP system as a
novel option for miRNA delivery to colon cancer cells in an
in vivo setting.

Galectins are galactoside-binding proteins overexpressed
in colorectal cancer and are involved in regulating its devel-
opment, progression, and metastasis. In addition, they
display high affinity for sugars such as galactose and lactose.
Liu and colleagues [30] developed 5-fluorouracil-loaded
mesoporous silica NP-based galactosylated chitosans as
galectin-recognition materials for colon cancer-specific drug
delivery. The NPs displayed a high loading capacity,
sustained release, and increased cytotoxicity to human colon
cancer cells compared to free 5-fluorouracil in vitro, demon-
strating the efficacy of the inorganic-organic nanocomposite.
Similarly, Jiang and coworkers prepared HA-conjugated
mesoporous silica NPs loaded with 5-fluorouracil and
demonstrated their cytotoxicity to colon cancer cells [109].
HA on the surface of NPs targeted the CD44 receptors over-
expressed in the cancer cells.

Biotin is capable of targeted binding to biotin receptors
overexpressed on the surfaces of colon cancer cells. So,
Lin et al. [110] developed poly(ethylene glycol) and
biotin-modified Dox-loaded silica NPs. Dox release from
the NPs was redox-sensitive, and its tumor accumulation
was potentiated in both HCT116 cells and tumor-bearing
mice, enhancing its anticancer efficacy. In another study,
the effects of silymarin (SLM), previously limited as an anti-
cancer agent due to its low bioavailability, were enhanced
using nanostructured SLM encapsulated in micelles. These
NPs inhibited colon cancer cell growth and enhanced their
apoptotic and necrotic indexes, with no effects on healthy
colon cells [33].

Curcumin has been extensively shown to have anticancer
properties, but its use is restricted by poor absorption, degra-
dation, and rapid metabolism. In an interesting study by
Alkhader and colleagues [111], curcumin was encapsulated
into a chitosan-pectinate NP system (CUR-CS-PEC-NPs)
to enhance its colon targeting ability. The NPs significantly
enhanced the oral bioavailability of curcumin due to its pro-
tection from gastric degradation by pectin. These findings
highlight the potential of the CUR-CS-PEC-NPs for oral
delivery during colon cancer treatment and pave the way
for the development of similar carriers to improve the tumor
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targeting of natural anticancer compounds. In another study,
pH-responsive xylan-curcumin prodrug NPs were synthe-
sized for improving curcumin anticancer efficacy against
colon cancer. The synthesized NPs were capable of releasing
their loaded drug at acidic pH owing to their pH-responsive
nature and increased the drug efficacy against human colon
cancer cells as compared to pure drug [112]. A recent study
has reported novel xylan-SS-curcumin redox-sensitive
prodrug NPs for codelivery of curcumin and 5-fluorouracil
against human colorectal cancer cells. Novel NPs were capa-
ble of increasing anticancer activity of their loaded drugs,
showing them promising drug delivery systems for improved

cancer therapy [113]. Another similar study reported xylan-
5-fluorouracil-1-acetic acid conjugates for colon cancer
targeted therapy. Results revealed polymeric conjugates
improved the drug anticancer efficacy against human colon
cancer [114]. The same research group also reported improved
anticancer activity for 5-fluorouracil against human colon
cancer cells upon delivery in amphiphilic xylan-stearic acid-
based NPs [115].

Colchicine is a natural alkaloid prodrug and acts as anti-
mitotic anticancer agent; however, its cytotoxicity is a chal-
lenge for its effective anticancer efficacy. A recent study
reported mesoporous silica NP surface functionalized with



phosphonate groups and decorated with folic acid
chitosan-glycine complex for colchicine effective delivery
against colon cancer cells [116]. Enhanced anticancer
activity of colchicine-laded NPs was proposed to be due
to intrinsic apoptosis achieved via increased antimitotic
activity. Another recent study reported targeted delivery
of 5-fluorouracil (5Fu) and perfluorocarbon for effective
treatment of colon cancer through epidermal growth factor-
(EGF-) functionalized PLGA NPs. The functionalized NPs
were capable of selective localization of both the drugs into
colon cancer cells and inhibited tumor growth through their
ability of recognizing specific receptors present on colon
cancer cells [117].

3.1.3. Targeting Cervical Cancer. Cervical cancer accounts for
~3% of new cancer cases and the fourth most frequent cancer
in women [1]. Several studies highlighted how NPs improve
the activity of known anticancer drugs and natural products
and enhance their efficacy against cervical cancer cell lines
in vitro. However, in vivo studies on the effectiveness of these
NPs remain limited. Silver NPs display antimicrobial, anti-
inflammatory, and anticancer activities. Al-Sheddi and
coworkers [118] synthesized silver NPs using aqueous
extracts of the plant Nepeta deflersiana and demonstrated
their anticancer activity in HeLa cells through their ability
to enhance ROS, lipid peroxidation, and subGl cell cycle
arrest. Yuan and colleagues investigated the synergistic
effects of camptothecin, an inhibitor of topoisomerase with
potent anticancer activity, and silver NPs on cultured human
cervical cancer (HeLa cells) [15]. This combination was
beneficial in the treatment of cervical cancer by altering the
mitochondrial membrane permeability, increasing ROS
formation, and activating caspases 9, 6, and 3. Hence, the
combination of NPs and anticancer agents represents as a
promising strategy in cancer research.

Regarding other nanomaterials, Luo and coworkers
produced biotin-modified polylactic-co-glycolic acid NPs
and demonstrated their ability to improve the antiprolifera-
tive effects of 15,16-dihydrotanshinone I in HeLa cells by
decreasing intracellular ROS generation [31]. Transferrin
has been extensively employed as a cancer cell-targeting
molecule since transferrin receptor is overexpressed on
cancer cells relative to normal cells. Boondireke and col-
leagues [119] enhanced the cytotoxicity of monomyristin,
a monoacylglycerol from saw palmetto palm, in HeLa cells
through its encapsulation into dextran-covered polylactide
NPs conjugated to transferrin. Encapsulation and transfer-
rin receptor targeting synergistically improved the water
solubility and anticancer efficacy of monomyristin.

Cisplatin (CDDP) is an effective anticancer drug, but its
lack of selectivity to cervical cancer tissue has limited its
use. Therefore, Cheng and colleagues incorporated CDDP
into fluorescein PEG amine grafted-aldehyde HA (Cy5.5-
PEG-g-A-HA) NPs to increase its selectivity for cervical can-
cer through tumoral acidic pH response [120]. Although HA
is used as a targeting agent in nanocarriers, a major fraction
might accumulate in the liver and might be cleared rapidly.
The application of aldehyde HA (A-HA) in this study seems
to have mitigated this issue. The experiments revealed
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favourable CDDP biocompatibility and cervical tumor tar-
geting, with the NPs able to internalize and induce tumor cell
apoptosis. Fluorescent imaging in vivo revealed high levels of
CDDP-Cy5.5-PEG-g-A-HA accumulation at the cervical
tumor site, thus demonstrating improved CDDP targeting.

A recent study reported development of pH-sensitive
lipid polymer conjugate NP surface decorated with folic acid
for targeted delivery of paclitaxel and carboplatin to cervical
cancer. The dual-functionalized NPs resulted in higher cel-
lular uptake of the loaded drugs in cervical cancer cells
and tumor inhibition via pH-responsive drug release and
receptor recognition [121]. Similarly, another recent study
reported multifunctional layer-by-layer controlled released
mesoporous CaCO, NPs for doxorubicin delivery to cervi-
cal cancer cells. The intelligent NPs were constructed with
chitosan and sodium alginate as alternative materials, folic
acid as cancer cell targeting ligand, and layer-by-layer as
pH-responsive approach. Cervical cancer cell-targeted deliv-
ery of doxorubicin was achieved in a controlled manner via
pH responsiveness and receptor recognition [122]. Another
recent study reported a novel bioinspired NP strategy for
simultaneous delivery of paclitaxel and siRNA for effective
treatment of cervical malignancies. Biomimetic dual-drug
delivery system was designed through camouflaging HeLa
cell membrane on PLGA NPs loaded with paclitaxel and
siRNA. The innovative biomimetic dual-drug delivery sys-
tem increased the drug selective tumor localization through
immune escaping ability. As a result, almost 83% cervical
tumor volume inhibition was achieved without side effects
in major organs [123].

3.1.4. Targeting Breast Cancer. Breast cancer (BCa) is the sec-
ond most frequent cancer and the leading cause of death in
women globally [1]. Although photothermal therapy (PTT)
is considered an attractive anticancer strategy, PTT-treated
cancer cells may attain thermoresistance due to the upregula-
tion of heat shock proteins (HSPs), mainly HSP70. Hence,
inhibiting upregulated HSP70 may diminish the resistance
of tumor cells to PTT. Quercetin, a dietary flavonoid, is not
only a HSP70 inhibitor but also a protein kinase B and
caspase 3 inhibitor. On the other hand, a cell membrane-
camouflaged system bestows NPs with powerful advantages.
In this context, Zhao and colleagues produced macrophage
membrane- (M-) camouflaged quercetin- (QE-) loaded hol-
low bismuth selenide NPs (M@BS-QE NPs) as a novel BCa
therapeutic [17]. The M@BS-QE NPs remained resident in
the circulation for longer time periods and enhanced BCa
tumor drug accumulation through their ability to evade the
immune system. A combination of macrophage membranes,
quercetin, and bismuth-based NPs promoted active target-
ing, sensitized the tumor cells to phototherapy, and inhibited
tumor invasiveness and metastasis. Actin cytoskeletal
remodelling is highly correlated with tumor metastasis. Qin
and colleagues designed novel small-sized fullerenol NPs that
caused cytotoxicity in migratory BCa cells. The NPs could
disturb actin cytoskeleton reorganization and dynamics in
cancer cells and inhibited metastasis of aggressive BCa [124].

Dhanapal and Balaraman Ravindrran synthesized chito-
san- and PLA-coated nanocarriers for piceatannol, a
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polyphenol with anticancer activity [24]. The degradation of
chitosan was inhibited by combining it with the polymer
PLA. These polymeric NPs provided a continuous release
of the entrapped piceatannol, leading to higher cytotoxic effi-
cacy for BCa and other cancer cell lines via mitochondria-
dependent pathways.

Kong et al. developed docetaxel- (DTX-) loaded cholic
acid-functionalized AS1411 aptamer-polydopamine-poly(e-
caprolactone-ran-lactide) (CA(PCL-ran-PLA)) NPs which
displayed potent in vitro and in vivo cytotoxicity in combina-
tion with photothermal treatment for BCa therapy [125].
With excellent biocompatibility and reduced side effects,
these NPs appear promising for the synergistic chemo-
photothermal strategy of BCa. Shafiei-Irannejad et al. estab-
lished that metformin, a biguanide antidiabetic drug,
enhances the sensitivity of Dox-resistant BCa cells to Dox
via inhibition of P-gp activity [126]. They synthesized biode-
gradable poly(lactide-co-glycolide)-D-a-tocopheryl PEG
1000 succinate NPs encapsulating Dox and metformin,
which displayed efficacy towards inactivation of resistant
BCa cells [127]. Therefore, codelivery of Dox and metformin
by polymeric NPs might be a promising approach to over-
come MDR in BCa treatment.

Zeolitic imidazolate framework-8 (ZIF-8) is the most
frequently employed MOF for pH-responsive drug release,
due to its porosity, sensitivity, and superior drug-loading
capacity. Tian et al. fabricated fluorescein-ZIF-8/graphene
oxide nanocrystals with acidic pH-responsive release of
fluorescein [128]. These nanocrystals inactivated breast
cancer 4T1 cells with high efficacy due to photothermal effect
under near-infrared light. Chen and colleagues developed
ATP-responsive Dox-loaded aptamer-gated nano-MOFs,
which induced 40% and 55% cell death, respectively, within
5 days in MDA-MB-231 BCa cells [129]. They also reported
a Dox-loaded ATP/Mg**-responsive Zr-MOF which dis-
played selective cytotoxicity against MDA-MB-231 cells
[130]. Due to overexpression of ATP in cancer cells, the apta-
mer targets the nucleolin receptor sites, leading to enhanced
cell permeation of nano-MOFs.

A recent study reported multiwalled carbon nanotubes
decorated with glycopolymers conjugated with folic acid for
targeted delivery of doxorubicin for effective breast cancer
therapy. Doxorubicin was selectively delivered to breast
cancer cells through dual targeting of glucose transporter
protein and folic acid receptors in breast cancer cells
[131]. Another recent study reported methotrexate-loaded
silica-coated gold NP system surface functionalized with
folic acid for combined chemo-phototherapy of breast
cancer. The nano system increased the effects of combined
chemo-phototherapy selectively in breast cancer cells due
to its selective delivery via folic acid receptor recognition
overexpressed on the surfaces of those cancer cells [132].
Furthermore, another recent study reported dual targeting
polymeric NPs for selective delivery of paclitaxel for the
treatment of bone metastatic breast cancer. The NPs were
decorated with folic acid and alendronate-modified D-a-
tocopheryl polyethylene glycol succinate for achieving dual
drug targeting. The novel system showed binding affinity
for hydroxyapatite followed by receptor-mediated internal-

ization, thus showing greater therapeutic effects for the
drug against bone metastatic cancer through inhibition of
tumor growth and increasing survival rate [133].

4. Conclusion and Future Perspectives

Chemotherapy is preferred for effective treatment of various
types of cancer due to its noninvasive nature and killing of
cancerous cells. However, optimum clinical efficacy of
chemotherapeutics cannot be achieved due to their unique
physicochemical properties and lack of target selectivity. As
a result, minimum anticancer efficacy is achieved at the cost
of massive contamination of the rest of the body, thus leading
to severe off-target side effects. Furthermore, the tumor
microenvironment also presents various obstacles due to its
abnormal pathophysiology. Due to their small size and
modulated physicochemical properties, nanocarriers are
now established as materials that can be increasingly utilized
in cancer therapeutics. In particular, stimuli-responsive and
surface-engineered targeted nanocarriers that release their
payloads at the tumor site are of particular interest to cancer
therapy. Recent advances in the field of pharmaceutical
nanotechnology have led formulation scientists to develop
smart nanocarrier-based targeted delivery systems for effec-
tive treatment and management of lung, colon, cervical,
and breast cancers. Published reports show that various types
of nanocarriers including liposomes, lipid, metal and
polymeric NPs and micelles, nano-MOFs, and carbon
nanotubes have been effectively used for targeted delivery
of chemotherapeutic agents for lung, colon, cervical, and
breast cancer treatment. Various types of surface-
functionalized nanocarriers such as high redox status, acidic
pH, or hypoxia-responsive NPs have also been reported for
overcoming the barriers of the tumor microenvironment
and selective localization of anticancer drugs in lung, colon,
cervical, and breast tumors. Recently, several nanodrugs have
received FDA approval, and many more are in clinical trials.
Most of the presently approved nanodrugs are based on
approved conventional drugs and simple NPs.

However, the lack of standard protocols for nanocarrier
and nanodrug characterization toxicity, physical, chemical,
and biological instability, disease heterogeneity, and irregular
in vivo behaviour of NPs frequently restrict the efforts of
researchers, thus leading to NP failure in late-phase clinical
trials. To prevent their failure in clinical trials, it is crucial
to understand the cancer heterogeneity and inherent proper-
ties of NPs so they can be effectively modulated for increasing
their stability and biocompatibility and uniform in vivo
behaviour. Similarly, research in nanomedicine for lung,
colon, cervical, and breast cancer treatment is mostly focused
on material and formulation investigations which represent
the preliminary stages. Data for their potential applications
as therapeutics needs to be acquired only from animal
studies, and multidisciplinary approaches should be
adopted. With the global trend towards precision medicine,
the future for a multicentered strategy of nanocarrier tech-
nology appears promising. Furthermore, regularity proce-
dures also remain as major obstacles; thus, an easy and
integrated approval procedure approach should be designed.
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Nevertheless, nanodrug platforms are incorporating a broad
range of NP types and becoming more complex. The research
occurring in this arena predicts the availability of numerous
new nanodrugs for clinical use in the future. Intelligent
NP systems capable of simultaneous targeted chemother-
apy, disease monitoring, and diagnosis can also be pre-
dicted from the current advancements being made in this
area. Although many challenges complicate nanodrug
development, it may only be a matter of time until these
agents offer unique solutions for unmet clinical needs.
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It has been evidenced that liver cancer stem cells (LCSCs) are to blame hepatocellular carcinoma (HCC) occurrence, development,
metastasis, and recurrence. Using iron-platinum nanoparticles (FePt-NPs) as a carrier and CD133 antigen as a target, a new
strategy to targetly kill LCSCs by integrating HSV-TK suicide gene, "*'I nuclide irradiation, and magnetic fluid hyperthermia
(MFH) together was designed and investigated in the present study. The results showed that FePt-NPs modified with PEI (PEI-
FePt-NPs) could bind with DNA, and the best binding ratio was 1:40 (mass ratio). Moreover, DNA binding to PEI-FePt-NPs
could refrain from Dnasel enzyme digestion and could release under certain conditions. LCSCs (CD133" Huh-7 cells) were
transfected with pHRE-Egr1-HSV-TK by PEI-FePt-NPs, and the transfection efficiency was 53.65 + 3.40%. These data showed a
good potential of PEI-FePt-NPs as a gene transfer carrier.">'T was labeled with anti-CD133McAb in order to facilitate therapy
targeting. The combined intervention of pHRE-Egrl-HSV-TK/anti-CD133McAb-"*'I/MFH mediated by PEI-FePt-NPs could
greatly inhibit LCSCs’ growth and induce cell apoptosis in vitro, significantly higher than any of the individual interventions
(p <0.05). This study offers a practicable idea for LCSC treatment, and PEI-FePt-NPs may act as novel nonviral gene vectors

and a magnetic induction medium.

1. Introduction

As an extremely malignant tumor, hepatocellular cell car-
cinoma (HCC) severely endangers human health and life.
There were about 800 thousand people that died of HCC
all over the world in every past year [1, 2]. In the past
decades, much progress has been made in hepatoma diag-
nosis and treatment, but the overall prognosis of HCC is
still not satisfactory and the 5-year survival rate is only
10% or so. It is therefore pivotal to seek an effective strat-
egy for HCC therapy.

In recent years, cancer stem cell (CSC) theory has drawn
wide attention from scholars in the whole world [3]. Specifi-

cally, CSCs, accounting for merely 5% of tumor cells, are the
root of tumor heterogeneity, with the ability for self-renewal,
unlimited proliferation, and multidirectional differentiation
potential. Normally, most of them exist in the GO and hyp-
oxic microenvironment, resistant to radiotherapy and che-
motherapy in a way. Moreover, they are mostly to blame
for the occurrence, progress, metastasis, and recurrence of
tumor. CSCs have been discovered in blood malignant
tumors and many solid tumors, such as breast cancer, colo-
rectal cancer, HCC, lung cancer, pancreatic cancer, and mul-
tiple myeloma [4-10].

According to CSC theory, it is significant to eliminate
liver cancer stem cells (LCSCs), which can be served as one
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of the crucial indicators to monitor HCC progress and eval-
uate curative effect, for HCC treatment and prognosis
improvement. Now, LCSCs are mainly isolated by flow
cytometry and immune magnetic bead, the principles of
which are both based on some specific markers to identify
LCSCs. Many molecular markers of LCSCs have been discov-
ered, including ALDH, CD133, CD13, CD90, CD44, CD24,
OV6, and EpCAM. CD133, a five-transmembrane single-
chain glycoprotein known as prominin-1, was first identified
from human hematopoietic stem cells and mouse CD34"
neural stem cells in 1997. It has been proved that CD133"
HCC cells have the ability for proliferation, differentiation,
and self-renewal. Suetsugu et al. [11] isolated CD133" cells
from the Huh-7 cell line, which have a stronger ability to pro-
liferate than CD133™ Huh-7 cells in vitro. Hence, it has
become a key research hotspot to integrate various means
to specifically kill LCSCs in HCC therapy.

As a green therapy, tumor hyperthermia has shown ideal
potential, and the techniques for thermotherapy have been
continuously improved in recent years. Jordan et al. [12]
developed magnetic fluid hyperthermia (MFH) for cancer
treatment by integrating nanotechnology and magnetic
induction hyperthermia together and achieved remarkable
results. Specifically speaking, after delivery into the tumor
area, magnetic fluid (contains magnetic nanoparticles) can
warm up to the temperature capable of killing cancer cells
by the rearrangement mechanism of the relaxation magnetic
vector in an applied magnetic field (AMF). For the surround-
ing normal tissues, they are not adversely impacted without
magnetic materials there, which makes the therapy highly
targeted and specific. Furthermore, hyperthermia can not
only directly kill tumor cells but also enhance the sensitivity
of radiotherapy and chemotherapy.

Radiation-gene therapy is a strategy to combine a thera-
peutic gene with a radiation-inducible regulatory sequence
to form recombinant plasmids. After transfection into tumor
cells and administration of radiation, the therapeutic genes
are induced to express themselves, resulting in a double kill
of the tumor by radiation and the genes. In this regard, this
method can relatively lower the equivalent irradiation dose
and the damage to normal tissues, by which therapeutic
genes can express locally by local irradiation as well. How-
ever, two key factors are involved in the desired therapeutic
effect, with one being an applicable vector to transfer the
therapeutic genes and the other gene expression regulation.

In view of the above background, exploiting CD133 anti-
gen as a target, using PEI-FePt-NPs as a gene transferring car-
rier and magnetic thermotherapy medium, taking advantage
of the solid tumor hypoxic microenvironment, we integrated
anti-CD133McAD (anti-CD133 monoclonal antibody) labeled
with '*'I, pHRE-Egrl-HSV-TK (suicidal genes driven by
hypoxia/radiation double sensitive promoters), and MFH
together, complementing their advantages, to kill LCSCs in
the present study and obtained encouraging results.

2. Methods

2.1. Main Materials. The main materials are as follows: Huh-
7 cell line (human HCC cells) (Shanghai Institute of Cell
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Research, Chinese Academy of Sciences), chloroplatinic acid
(Chinese medicine), ferric nitrate (Chinese medicine),
sodium chloride, (Chinese medicine), trimethylammonium
bromide (CTAB) (Chinese medicine), polyethyleneimine
(PEI) (Sigma, USA), dimethyl sulfoxide (Beijing Suo Laibao
Technology Company), MTT (Sigma, USA), 0.25% trypsin-
EDTA (Gibco, USA), DMEM (Gibco, USA), newborn bovine
serum (Hangzhou Sijiging Bioengineering Materials
Research Institute), chloramine T (Sinopharm Chemical
Reagent Co. Ltd.), Na'>'T (Gangwon Hospital), sodium sul-
fite (Sinopharm Chemical Reagent Co. Ltd.), BSA (Sino-
pharm Chemical Reagent Co. Ltd.), CD133 monoclonal
antibody (ImmunoWay, USA), FcR Blocking Reagent (Mil-
tenyi Biotec, Germany), epidermal growth factor (EGF)
(PeproTech, USA), basic fibroblast growth factor (bFGF)
(PeproTech Company, USA), insulin (PeproTech, USA),
B27 (PeproTech, USA), DMEM/F12 medium (Gibco,
USA), DNA marker (Shanghai Shenggong), PCR expansion
additive kit (Shanghai Shenggong), Annexin V (Invitrogen),
and propidium iodide (PI) (Invitrogen).

2.2. Sorting, Identification, and Culture of CD133" Huh-7
Cells. CD133 expression of Huh-7 cells was detected by flow
cytometry. CD133" Huh-7 cells were sorted by flow cytometry
and cultured in serum-free DMEM/F12 medium with 40 ng/ml
EGF, 20ng/ml bFGF, 1% B27, 0.4% bovine serum albumin,
and 5mg/ml insulin. The medium was replaced half every 3
days. The clone spheres were checked by a light microscope.

Soft agar cloning experiment process is as follows: (1)
CD133" Huh-7 cells were trypsinized into individual cells
at 1x10° cells/l with DMEM of 20% FBS. (2) Two low-
concentration agarose solutions of 1.2% and 0.7% were pre-
pared with dH,O and placed at 40°C of water bath after
autoclaving. (3) 1.2% agarose and 2x DMEM (containing
20% fetal bovine serum and 2 times double antibody) were
mixed at 1:1 in a dish. After cooling coagulation, the mixture
was placed in a CO, incubator to be used as bottom agar. (4)
0.7% agarose and 2 x DMEM were mixed at 1:1, and then,
0.2ml cell suspension was added. After thoroughly mixing,
the mixture was poured into the plate with a 1.2% agarose
bottom layer; then, a double-layer agar medium was gradu-
ally formed. Placed in a biosafety cabinet after condensation,
the cells were cultured in a 37°C, 5% CO, incubator for 12
days. (5) The cell clones in the plate were observed by an
inverted microscope.

2.3. FePt-NP Synthesis, Modification, and Characterization.
FePt-NPs were synthesized by reverse microemulsion method
as follows. 0.087g Fe(NO,),9H,0, 0.1g NaCl, and 5ml
H,PtCl,-6H,0 (0.02g/ml) were dissolved in a conical flask,
and 0.73 g CTAB and 90 ml benzene were added. Then, the
mixture was mixed on a magnetic stirrer at 70°C for 6h and
then continued to be magnetically mixed at 90°C for 3 h. Sub-
sequently, the water was removed, and the reminder mixture
was dried and calcined in an air atmosphere for 5h, then
reduced in an H, atmosphere for 10 h. After washed with water
to remove redundant NaCl and dried, FePt-NPs were obtained.

Some FePt-NPs were dissolved in deionized water to pre-
pare 4% magnetic fluid, by ultrasonical dispersion. After
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high-speed centrifugation, the supernatant was removed.
The precipitate was resuspended in PBS and ultrasonically
dispersed. Then, some PEI was slowly added to the mixture.
The mass ratio of PEI to FePt-NPs is 1:5. After fully mixing
and shaking for 24 h at room temperature, the nanoparticles
were isolated by magnetic separation and washed repeatedly
with distilled water and methanol, and then dried in vacuum
to obtain FePt-NPs modified with PEI (PEI-FePt-NPs).

Some FePt-NPs were taken and dispersed in absolute eth-
anol for 15 min, respectively, then dropped to a copper mesh
and observed under a transmission electron microscope
(TEM, JEM-2100 (HR)). The morphology, size, and disper-
sion of FePt-NPs were checked and photographed, and then,
a bar was marked in view of magnification in each picture.
We counted 100 nanoparticles and calculated their size
according to the bar, then figured out the mean and standard
deviation (SD), applying mean + SD.

X-ray diffraction (XRD) of FePt-NPs was detected in the
condition of Cu targeting Ka (A =0.154nm), 30 mA tube
flow, and 40kV tube pressure.

The magnetic fluids of FePt-NPs and PEI-FePt-NPs were
prepared, respectively, and were placed at 4°C for one week to
observe colloidal stability.

To detect magnetothermal effect, 0.25, 1.0, 1.5, and 2.0 g/1
FePt-NP and PEI-FePt-NP magnetic fluids were prepared
with 0.9% NaCl, respectively. Then, 5ml of each magnetic
fluid was put into a 25cm? flat-bottomed test tube, respec-
tively, and heated on the plate coil of high-frequency magnetic
induction heating (SPG-10A-II) with 215kHz frequency and
35 A output current at room temperature for 1 h. The test tube
bottom was away about 0.5cm from the heating coil center.
The temperature was recorded every 5min. Taking time as
the abscissa and temperature as the ordinate, temperature ris-
ing curves of FePt-NP and PEI-FePt-NP magnetic fluids
with different concentrations were drawn.

With 215 kHz and output currents 25 A, 30 A, 35 A, 40 A,
5ml of 1.0 g/l FePt-NPs and PEI-FePt-NPs was heated for 1 h
at room temperature as the above, respectively. Every five
minutes, the temperature was recorded. Taking time as the
abscissa and temperature as the ordinate, temperature rising
curves of FePt-NP and PEI-FePt-NP magnetic fluids at dif-
ferent magnetic intensities were drawn.

2.4. Construction and Identification of Eukaryotic Expression
Plasmids pHRE-Egr1-HSV-TK. Eukaryotic expression plas-
mids pCDNA3.1-pHRE-Egr1-HSV-TK (pHRE-Egr1-HSV-
TK) were designed and constructed as References [13-17].
pHRE-Egr1-HSV-TK were digested by BgllI+Xhol and then
subjected to 1% agarose gel electrophoresis. The electrophoresis
band was observed by a UV lamp. In addition, a 5SHRE-Egrl
fragment in pCDNA3.1-5HRE-Egr1-HSV-TK was sequenced
and then aligned with a 5SHRE-Egr1 template sequence to fur-
ther examine whether the plasmids were correctly constructed.

2.5. The Investigation of the Potential of PEI-FePt-NPs Used
for Gene Transfer Carrier. Using pHRE-Egrl-EGFP con-
structed according to References [13-17] as a model, the
potential of PEI-FePt-NPs used for gene transfer carrier
was investigated.

2.5.1. Experiment of DNA Binding to PEI-FePt-NPs. PEI-
FePt-NPs and pHRE-Egrl-EGFP were mixed at a mass ratio
of 0:1,5:1, 10:1, 20:1, 40:1, and 80:1, respectively, and
the final concentration of plasmids was 20 ng/ul, then supple-
mented to 20 ul of total volume with ultrapure water, and
placed at room temperature for 30 min to form a complex.
5 ul of each complex was taken for agarose gel electrophoresis
(100 ng/lane) to detect the binding of DNA to a magnetic
nanoparticle. And then, the most suitable ratio of pHRE-
Egr1-EGFP binding to FePt-NPs was screened out.

2.5.2. The Experiment of Protection DNA from DNasel
Digestion by PEI-FePt-NPs. The complex of pHRE-Egrl-
EGFP and PEI-FePt-NPs (1:40 of mass ratio) was mixed in
Tango Buffer (Thermo) and DNasel enzyme. After digestion
for 1 min, 10 min, 30 min, 45 min, and 1h at 37°C of water
bath, the reaction was terminated by an equal volume of
0.5mol/l EDTA solution, and DNasel was further inacti-
vated by a 55°C water bath. Then, pHRE-Egrl-EGFP bind-
ing to PEI-FePt-NPs was eluted with SDS, extracted with
phenol and chloroform, precipitated with absolute ethanol,
washed with 75% ethanol, and dissolved in equal double
distilled water. Finally, agarose gel electrophoresis was per-
formed to observe the ability of the complex to resist
DNA enzymatic hydrolysis, and naked pHRE-Egrl-EGFP
was used as a control.

2.5.3. The Examination of DNA Release from the Complex
PEI-FePt-NPs/DNA. The total volume of the complex (mass
ratio of pHRE-Egrl-EGFP and PEI-FePt-NPs was 1:40) was
supplemented to 500 ul with TE solution for 10 pg plasmids,
then shaken with 200 rpm at 37°C. An equal sample was taken
out at hour 1, hour 4, hour 8, hour 12, day 1, day 2, day 3, and
day 4, respectively, and subjected to agarose gel electrophore-
sis to observe DNA release from the complex.

2.5.4. The Detection of PEI-FePt-NP Gene Transfection
Efficiency. PHRE-Egrl-EGFP was transfered into CD133"
Huh-7 cells by PEI-FePt-NPs, and the transfection efficiency
was tested and compared with the lipofection method. In
detail, PEI-FePt-NPs and pHRE-Egrl-EGFP were diluted
with serum-free medium at a mass ratio of 40:1 (according
to the results of Section 2.5.1), respectively. 5min later, the
two were mixed and incubated for 30 min to obtain the
pHRE-Egrl-EGFP/PEI-FePt-NP complex. The logarithmic
growth phase CD133" Huh-7 cells were seeded in 6-well
plates (5x 10° cells/well) and cultured in 5% CO, at 37°C
for about 18 h. Then, the original culture solution was dis-
carded, and the cells were washed three times with sterile
PBS and serum-free medium 2 times, respectively; then,
serum-free medium containing pHRE-Egrl-EGFP/PEI-
FePt-NPs complex (3 ug pHRE-Egrl-EGFP per well) were
added to the corresponding wells. 5h incubation later, the
whole medium was replaced with serum-free. After the cells
were routinely cultivated for 2 days, the transfection effi-
ciency was detected by flow cytometry. As the control,
pHRE-Egrl-EGFP was transfected into CD133" Huh-7 cells
by liposome.



2.6. The Intervention of LCSCs by pHRE-Egr1-HSV-TK/Anti-
CD133McAb-"*"I/MFH In Vitro. '*'I-anti-CD133McAb were
prepared, purified, and identified as Reference [16]. CD133"
Huh-7 cells were transfected with pHRE-Egrl-HSV-TK by
PEI-FePt-NPs as the above, and then incubated in 5% CO,
at 37°C. Two days later, the transfected cells were diluted into
3% 10°/ml single cell suspension and seeded in 5 culture
flasks (3 ml/flask). The grouping was as follows: (1) negative
control group (untransfected), (2) B antiCD133McAb
group (untransfected, radioimmunotherapy group), (3) mag-
netic hyperthermia group (untransfected, MFH group), (4)
pHRE-Egrl-HSV-TK/GCV/"*'T/anti-CD133McAb  group
(pHRE-Egrl-HSV-TK/"*'I-anti-CD133McAb group), and
(5) pHRE-Egrl-HSV-TK/GCV/"*'I/anti-CD133McAb/MFH
group (pHRE-Egrl-HSV-TK/"*'I-anti-CD133McAb/MFH
group). DMEM, I anti-CD133McAD (ultimate concentra-
tion: 50 uCi), and GCV (ultimate concentration: 5 yg/ml)
were added to the corresponding group. After incubation
for 24 h, PEI-FePt-NPs (ultimate concentration: 1g/1) were
added to the MFH group and pHRE-Egrl-HSV-TK/"'I-
anti-CD133McAb/MFH group. The groups involved in
MFH were placed on a flat coil of high-frequency magnetic
induction heater (SPG-10A-II) with 215kHz, 2.4kW, and
output current of 35A for 1h. The PHRE-Egrl-HSV-
TK/"'I-anti-CD133McAb and pHRE-Egrl-HSV-TK/"'I-
anti-CD133McAb/MFH groups were cultured in a hypoxic
environment at 37°C for 2 days, and the other groups were
cultured in 5% CO, at 37°C for 2 days.

2.6.1. The Examination of the Cell Proliferation Inhibitory
Rate of Each Group. Some cells of each group were taken
out to prepare single cell suspension, respectively, and then
seeded in 96-well plates (200 ul/well), and 5 replicate wells
were set in each group. After incubation for 24 h, each well
was added with 20 ul MTT, and then continued to incubate.
4h later, the medium in each well was discarded, and then,
DMSO was added (150 ul/well). After shaking for 10 min,
OD values at 493 nm were examined by a microplate reader.
Cell proliferation inhibitory rate = (1 — (OD of experimental

group — OD of blank control group)/(OD of negative control
group — OD of blank control group)) x 100%.

2.6.2. The Detection of Cell Apoptosis of Each Group. The
remaining cells of each group above were collected and
washed with cold PBS 3 times. After centrifugation, the
supernatant was discarded, and the cells were suspended in
an annexin-binding buffer. Then, Annexin V and PI were
added, respectively. After reaction at room temperature in
dark for 15 min, the annexin-binding buffer was added, and
the cell apoptosis rate of each group was analyzed by flow
cytometry within 1h.

2.7. The Analysis of VEGF and CD44 Protein Expression.
After treatment for 24 h as Section 2.6, LCSCs were collected,
and then, VEGF and CD44 protein of each group were
detected by western blot, respectively.

2.8. Statistical Analysis. All data used in the experiments were
expressed as mean + SD. Statistical analysis was performed
using SPSS 20.0 software. One-way analysis of variance was
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used. ANOVA or ¢ test was used for comparison. p < 0.05
was considered statistically significant.

3. Results

3.1. Sorting, Identification, and Culture of CD133+ Huh-7
Cells. Flow cytometry analysis showed that the CDI133
expression rate of Huh-7 cells was 9.61% (Figure 1(a)), and
then, CD133" Huh-7 cells were sorted by flow cytometry
and seeded in serum-free DMEM/F12 medium with cell
growth factors. Six days later, a few small cell spheres
appeared in the medium (Figure 1(b)). On the 13th day,
many big cell spheres were suspended in the medium
(Figures 1(c)-1(e)). Figure 1(d) is a cluster of CD133" Huh-
7 cells in an unstained bright field, and Figure 1(e) shows
the clusters of CD133" Huh-7 cells cloned with soft agar.
These data indicate that the sorted liver cancer CD133"
Huh-7 cells have a strong clonality.

3.2. Characterization of FePt-NPs. Figure 2(a) is an XRD pat-
tern of the prepared FePt-NPs, with sharp diffraction peaks.
The interplanar spacing (d value) corresponding to each dif-
fraction peak corresponded to the Powder Diffraction Stan-
dards Association Card (JCPDS: 43-1359), indicating FePt-
NPs prepared were in crystalline state. TEM examination
showed that FePt-NPs were about 3 + 1 nm in size, with good
dispersion (Figure 2(b)).

The magnetic fluid of FePt-NPs and PEI-FePt-NPs was
placed at 4°C, respectively. 24 h later, the FePt-NP magnetic
fluid showed a clear sedimentation layer with clear boundary.
The upper layer was colorless and translucent, and the lower
layer was black. By comparison, the PEI-FePt-NP magnetic
fluid showed mild sedimentation after one week and homoge-
neously dispersed again after shaking. This indicates that PEI
modification improved the suspension stability of FePt-NPs.

3.3. Magnetothermal Effect of FePt-NPs and PEI-FePt-NPs.
Figure 3 shows the magnetothermal effects of FePt-NPs and
PEI-FePt-NPs at different concentrations and different mag-
netic field intensities. When magnetic field intensity was con-
stant, the temperature of four concentrated magnetic fluids
increased with time. The larger the magnetic fluid concentra-
tion, the stronger the heating ability (Figures 3(a) and 3(b)).
When the concentration of the magnetic fluid was constant,
the temperature of the magnetic fluid increased under the
four magnetic field strengths with time. The higher the mag-
netic field strength, the stronger the temperature rising abil-
ity (Figures 3(c) and 3(d)). Either the same concentration
or the same magnetic field intensity, the magnetic fluid of
FePt-NPs and PEI-FePt-NPs both warmed up fast within
the first 20 minutes and then slowly remained at a certain
temperature range. The results suggested that FePt-NPs and
PEI-FePt-NPs had good heating performance in AMF and
may be used for magnetic fluid hyperthermia.

3.4. Identification of Eukaryotic Expression Plasmids pHRE-
Egr1-HSV-TK

3.4.1. Enzyme Digestion Identification. pEgrl-HSV-TK and
pHRE-Egr1p-HSV-TK were identified by restriction enzyme
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FiGUrE 1: Identification and cloned spheres of CD133" Huh-7 cells. (a) 9.61% CD133 expression rate of Huh-7 cells tested by flow cytometry.
(b) Cloned spheres of CD133" Huh-7 cells cultured for 6 days. (c) Cloned spheres of CD133" Huh-7 cells cultured for 13 days. (d) CD133"
Huh-7 cell cluster photographed in an unstained bright field. (¢) CD133" Huh-7 cell clusters photographed after cloning with soft agar.

digestion, respectively. As shown in Figure 4(a), there was a
small band of about 2500bp and a large band of about
4500 bp after pEgr1-HSV-TK was digested. By comparison,
there was a small band of about 400 bp between 250 bp and
500bp bands after pHRE-Egrl-HSV-TK was digested
(Figure 4(b)). It was indicated that the SHRE fragment was
successfully inserted into pEgr1-HSV-TK.

3.4.2. Sequencing Identification. Figure 4(c) is a sequencing
map of pHRE-Egr1-HSV-TK. Compared with the canonical

sequence of 5HRE-Egrlp, the sequence examined of pHRE-
Egr1-HSV-TK was completely correct, indicating that the
5HRE-Egrlp fragment was successfully inserted, and
pHRE-Egr1-HSV-TK was successfully constructed.

3.5. Gene Transfection Using PEI-FePt-NPs Used as a
Carrier In Vitro

3.5.1. Experiment of DNA Binding to PEI-FePt-NPs.
Figure 5(a) is an agarose gel electrophoresis map of DNA
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FIGURE 2: Characterization of iron-platinum nanoparticles. (a) XRD pattern of FePt-NPs. (b) TEM of FePt-NPs.

binding to PEI-FePt-NPs. It can be seen that when the mass
ratio of pHRE-Egr1-HSV-TK and PEI-FePt-NPs was 1:40,
all plasmids could bind to PEI-FePt-NPs. 1:40 (mass ratio)
was thus considered the optimum ratio of DNA and PEI-
FePt-NPs to bind.

3.5.2. DNA Protection from DNasel Digestion by PEI-FePt-
NPs. Figure 5(b) is an experimental electrophoresis of
DNasel digestion protection of PEI-FePt-NPs/DNA. It can
be seen that PEI-FePt-NPs/pHRE-Egr1-HSV-TK remained
stable after DNasel digestion within 60 minutes, whereas
the naked plasmids were almost completely digested at
1 min, with no bands observed, indicating that PEI-FePt-
NPs could effectively protect the plasmids from DNasel
digestion.

3.5.3. DNA Release from PEI-FePt-NPs/DNA Complex.
Figure 5(c) is an experimental gel electrophoresis of DNA
release from the PEI-FePt-NPs/pHRE-Egrl-HSV-TK com-
plex. Within 3 days, released DNA gradually increased, and
there was almost no difference after the fourth day and the
fifth day, indicating that DNA could effectively release from
the complex (PEI-FePt-NPs/pHRE-Egrl-HSV-TK) in
appropriate conditions.

3.5.4. PEI-FePt-NP Gene Transfection Efficiency. pHRE-Egrl-
EGFP were transfected into CD133" Huh-7 cells by PEI-FePt-
NPs, and the transfection efficiency was 53.65 + 3.40%, signif-

icantly higher than 38.76 + 4.50% transfection by lipofection,
a common transfection reagent (p <0.05), indicating that
PEI-FePt-NPs can be served as vectors for gene transfer
(Table 1).

3.6. Radioactivity Detection of "*'I-Anti-CD133McAb. '
was labeled to anti-CD133McAb, and the crude product
of anti-CD133McAb labeled with '*'T was purified by
PDI0 column to remove free "*'I. Figure 6(a) is a TLC
quality control chart of pure '*'I-anti-CD133McAb, and
Table 2 is quality control peak area % report form of pure
I.CD133McAb TLC. The radiochemical purity of anti-
CD133McADb labeled with "*'T was 100%, and the labeling
rate was 36%.

After being placed at room temperature for 6 h, the radio-
chemical purity of "*'I-anti-CD133McAb was still 100% by
TLC (Figure 6(b) and Table 3), indicating that B anti-
CD133McAb prepared had good radiation stability.

3.7. Liver Cancer Stem Cells Were Intervened by pHRE-Egrl-
HSV-TK/"*'I-Anti-CD133McAb/MFH In Vitro

3.7.1. Cell Proliferation Inhibition and Apoptosis. Cell prolif-
eration inhibition was tested by MTT, and cell apoptosis was
examined by flow cytometry. As shown in Table 4 and
Figure 7(a), PEI-FePt-NP-mediated radiation-gene therapy
combined with magnetic fluid hyperthermia greatly inhibited
LCSC proliferation and induced cell apoptosis. The cell
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FIGURE 3: In vitro magnetic induction heating curves of FePt-NPs and PEI-FePt-NPs. (a) Magnetic induction heating curves of FePt-NPs with
different concentrations. (b) Magnetic induction heating curves of PEI-FePt-NPs with different concentrations. (c) Magnetic induction
heating curves of FePt-NPs under different magnetic field strengths. (d) Magnetic induction heating curves of PEI-FePt-NPs under

different magnetic field strengths.

proliferation inhibition rate and apoptosis rate of the pHRE-
Egrl-HSV-TK/"*'I-anti-CD133McAb/MFH group was up to
63% and 49.22%, respectively, both significantly higher than
those of any other groups (p < 0.05).

3.7.2. Expression of VEGF and CD44 Proteins. Figure 7(b)
shows VEGF and CD44 protein expression in LCSCs by
western blot. VEGF and CD44 proteins of the pHRE-Egrl-
HSV-TK/"*'I-anti-CD133McAb/MFH group both clearly
decreased. Figure 7(c) displays the protein expression levels
of VEGF and CD44 based on the fS-actin gray value.
Compared with the negative control group and all the other
experimental groups, the expression levels of VEGF and
CD44 proteins of the pHRE-Egrl-HSV-TK/"*'I-anti-
CD133McAb/MFH group were both reduced, and there
was a statistically significant difference (p < 0.001). These
data suggest that the combination of targeted radiation-
gene therapy and magnetic fluid hyperthermia mediated by
PEI-FePt-NPs significantly inhibited VEGF and CD44 pro-
tein expression in LCSCs.

4. Discussion

4.1. Preparation, Modification, and Characterization of FePt-
NPs. Owing to the magnetic property at the nanometer scale,
magnetic nanoparticles have been widely used in many fields,
without the exception of the medical field, including mag-
netic resonance imaging systems, biological separation,
immunoassays, and magnetic hyperthermia. They can be pri-
marily classified into metals, metal oxides, and metal alloys.
Among them, nanoiron oxides have been extensively
exploited in tumor thermotherapy and imaging diagnosis
because of their handy synthesis and good biocompatibility.
As for metal alloy FePt-NPs, it has a strong magnetic prop-
erty, excellent oxidation resistance [18], small superparamag-
netic critical dimension, high magnetic energy level, high
Curie temperature, and eximious biocompatibility [19-22],
showing a promising application potential in the biomedi-
cine field. Nowadays, chiefly prepared by mechanical con-
densation method [23], vacuum deposition method [24],
magnetron sputtering method [25, 26], and some chemical
methods, FePt-NPs were synthesized in this study by the
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F1GURE 4: Identification of eukaryotic expression plasmids pHRE-Egr1-HSV-TK. (a) Enzyme identification map of pEgr1-HSV-TK (lane 1:
pEgr1-HSV-TK digested with BgllI+Xhol; lane M: marker). (b) Enzyme identification map of pHRE-Egrl-HSV-TK (lane 1: pHRE-Egrl-
HSVTK digested with BgllI+Xhol; lane M: marker). (c) Sequencing map of pHRE-Egr1p-HSV-TK.

inverse microemulsion method in combination with the
azeotropic distillation device (Organic benzene was used as
the continuous phase. The iron precursor, the iron nitrate
platinum precursor, chloroplatinic acid, and sodium chloride
aqueous solution were exploited as the dispersed phase, and
cetyltrimethylammonium bromide was added as the surfac-
tant). After removing the redundant water by distillation,
we removed the free surfactant at high temperature. Finally,
hydrogen reduction was adopted to get FePt-NPs. TEM
detected that the FePt-NPs were about 3.0 nm in diameter,
uniform in size with good dispersion, meeting the require-
ments for particle size in the biomedical field. Meanwhile,
the crystalline FePt-NPs were confirmed by X-ray diffraction
analysis [27].

Polyethylenimine (PEI) is a commonly used cationic
surfactant. Owing to the strong ability to bind DNA and
adhere to cells, PEI can be used as the surface modifier
for many substances to increase their biocompatibility, dis-
persibility, and chemical stability, which is thus applied to
the biological science field [28]. The principle is that PEI
can effectively diminish the surface potential energy of
the nanoparticles by electrostatic repulsion, or establish a
material barrier near the particles to prevent them from
getting close to each other to stabilize the system, thereby
improving the particles’ dispersibility and biocompatibility
[29-31]. In the current study, FePt-NPs were modified by
PEI and the results showed good suspension stability of
PEI-FePt-NPs.
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F1GuRre 5: The potential investigation of PEI-FePt-NPs used as a carrier for gene transfection. (a) Electrophoresis of pHRE-Egr1-HSV-TK
binding to PEI-FePt-NP (lane 1, 1:0 (100 ng plasmid DNA, no magnetic nanoparticles); lane 2, 1:5; lane 3, 1:10; lane 4, 1:20; lane 5,
1:40; lane 6, 1:80; and lane M: DNA marker (standard band from top to bottom is 2000 bp, 1500 bp, 1000 bp, 700 bp, 500 bp, 300 bp, and
100 bp)). (b) Electrophoresis map of DNasel digestion protection of PEI-FePt-NPs/DNA (lane 1: 100 ng of nude pHRE-Egr1-HSV-TK;
lane 2: complex digested for 1 min; lane 3: complex digested for 10 min; lane 4: complex digested for 30 min; lane 5: complex digested for
45min; lane 6: complex digested for 1h; lane 7: naked pHRE-Egrl-HSV-TK digested for 1min; lane 8: naked pHRE-Egr1-HSV-TK
digested for 10 min; lane 9: naked pHRE-Egr1-HSV-TK digested for 30 min; lane 10: naked pHRE-Egr1-HSV-TK digested for 45 min; and
lane M: DNA marker (2000 bp, 1500 bp, 1000 bp, 700 bp, 500 bp, 300 bp, and 100 bp from top to bottom). (c) Electrophoresis map of
DNA release from PEI-FePt-NPs/pHRE-Egr1-HSV-TK (lane 1: 100 ng pHRE-Egr1-HSV-TK; lane 2: 1h; lane 3: 4h; lane 4: 8 h; lane 5:
12h; lane 6: 1d; lane 7: 2d; lane 8: 3d; lane 9: 4d; lane 10: 5d; and lane M: DNA marker (2000 bp, 1500 bp, 1000 bp, 700 bp, 500 bp,

300 bp, and 100 bp from top to bottom)).

TasLE 1: Transfection efficiency of CD133" Huh-7 cells in vitro.

Group Transfection efficiency (%)
PEI-FePt-NPs transfection 53.65+3.40
Liposome transfection 38.76 £4.50

The PEI-FePt-NP group compared with liposome group, p < 0.05.

Under the action of AMF, ferromagnetic materials have
thermogenesis because of postmagnetic effects, domain
enthalpy resonance, hysteresis effect, and natural resonance.
Magnetic fluid hyperthermia can control temperature within
a desired range. In this study, FePt-NPs and PEI-FePt-NPs
prepared by the reverse microemulsion method both had
ideal magnetothermal effect in AMF. When the magnetic
field strength was constant, the higher is the magnetic fluid
concentration and the stronger is the heating ability. If the
magnetic fluid concentration is invariable, the higher mag-
netic field strength indicates a stronger heating capacity. It
is worth noting that the temperature rose fast in the first 20
minutes, and then slowly maintained at a certain level. In

terms of 1g/l FePt-NP and 1g/l PEI-FePt-NP magnetic
fluids, the temperature was maintained at 43°C or so, which
was a desired temperature for tumor thermotherapy. The
reason lies in that tumor cells are subjected to be damaged
when the temperature is maintained at 39-45°C, with few or
no damage to the surrounding normal cells and tissues. This
data suggest that PEI-FePt-NPs may be used for magnetic
fluid hyperthermia.

4.2.  Construction of pHRE-Egrl-HSV-TK Eukaryotic
Expression Plasmids. As a remedy by transferring the exoge-
nous gene into target cells and using the expression products
of the exogenous gene to treat disease, gene therapy can treat
cancer by inducing tumor cells’ apoptosis, activating body
immune system and inhibiting tumor angiogenesis. With
the rapid progress of molecular biology and genetic engineer-
ing technology, gene therapy for HCC has undergone fast
growth. The gene therapies for HCC principally encompass
suicide gene therapy, antisense gene therapy, tumor suppres-
sor gene therapy, immune gene therapy, antineovasculariza-
tion therapy, combined gene therapy, resistant gene therapy,
and RNA interference. HSV-TK, a widely used suicide gene,
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(b) TCL quality control chart after '*'I-anti-CD133McAb product was placed at room temperature for 6 h.

131

TaBLE 2: "~ I-CD133 pure TLC quality control peak area % report
form.

Retention Area Area Peak Percentage of
time percentage (%) height height (%)
0.162 355656 100.000 129692 100.000
Total 355656 100.000 129692 100.000

TasLE 3: TCL control peak area % after >'I-anti-CD133 placed at
room temperature for 6 h.

Retention Area Area Peak Percentage of
time percentage (%) height height (%)
0.158 117013 100.000 40969 100.000
Total 117013 100.000 40969 100.000

comes from herpes simplex virus and encodes thymidine
kinase. The product HSV-TK expressed can concentrate in
the tumor area to convert prodrug GCV into cytotoxic drug
to selectively kill the tumor, thus reducing side effects [13].
But it is of extreme importance to select an appropriate reg-
ulatory sequence and activating mode to generate exact and
efficient expression of the therapeutic gene. Egr-1 (early
growth response gene 1, a radiation-inducing gene) pro-
moter has some conserved domains that can feel physico-
chemical stimulation inside and outside to induce the
corresponding gene to express itself, which has a good appli-
cation prospect in gene therapy [32, 33]. When Egr-1 pro-
moter is ligated into the upstream of cDNA, it can regulate
the related gene expression in time and space by radiation

[15]. As an anoxic sensitivity enhancer, HRE can mediate
hypoxia and specifically bind up with the Egr-1 promoter
to induce the downstream gene expression [14, 17]. We con-
structed pHRE-Egr1-HSV-TK, and the plasmids were con-
firmed correct by restriction enzyme digestion and
sequencing in this study.

4.3. PEI-FePt-NPs Were Used as a Vector for Gene
Transfection. The applicable gene delivery vector is another
key to obtain the desired therapeutic effect. Although trans-
fection efficiency of the viral vector system is high, its clinical
application is strictly limited in consideration of security
risks. While the nonviral vector system can avoid potential
risks, its low transfection efficiency makes it difficult to obtain
meaningful gene expression. Thus, how to break through the
bottleneck of gene transfer has become a top priority in the
gene therapy research field. With good potential in gene ther-
apy, nanogene delivery is to encapsulate therapeutic genes,
such as DNA and RNA, onto nanoparticles, which will then
enter cells under the action of cell uptake to release the ther-
apeutic molecules. If coupled with specific biomolecules,
such as antibody, ligand, or aptamer, nanocarrier delivery is
conducive to achieve targeted gene treatment for cancer
and other diseases. Compared with traditional vectors, nano-
carriers have many edges, including no immunogenicity,
genotoxicity, and cytotoxicity, allowing genes to release
slowly, improving transfection efficiency and bioavailability
of transfection products, and obtaining long-term stable
expression of transgenes [34-36]. It not only integrates the
strength of viral vectors and conventional nonviral vectors
but also averts the defects of both, thus having turned into
a new carrier system with great application prospects. Cur-
rently, a variety of nanogene transfer vectors are being
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TaBLE 4: Results of MTT experiments after different methods of treatment.

Group OD value Proliferation inhibition rate (%)
Negative control group 1.322+£0.028

*!L-anti-CD133McAb group 0.991 +0.019%° 25

MFH group 0.945 + 0.046" 29
pHRE-Egrl-HSV-TK/"*'I-anti-CD133McAb group 0.795 +0.037° 40
pHRE-Egrl-HSV-TK/"*'I-anti-CD133McAb/MFH group 0.488 +0.051* 63

2 Compared with the control group, p < 0.05; ® compared with the combination treatment group, p < 0.05.

developed. As a sort of inorganic nonviral carrier [37, 38],
magnetic nanocarriers are handy to prepare and surfacely
modify, with good biocompatibility and no tissue cytotoxic-
ity. Besides the characteristics of general nanoparticles, it
has superparamagnetism and can thus directionally migrate
in AMF to realize gene-targeted therapy [39]. Furthermore,
given that magnetic nanoparticles also can be induced to
warm, they thus may be used for tumor thermotherapy in
AMEF [15].

In this study, PEI-FePt-NPs were combined with DNA
(using pHRE-Egr1-EGFP as a model) to prepare composite
nanoparticles. Biological characteristic detection experi-
ments confirmed that the optimal ratio of DNA binding to
PEI-FePt-NPs was 1:40 (the mass ratio); the plasmids in
the composite nanoparticles could be protected from Dnasel
enzyme digestion and could slowly release from the complex
under certain conditions. The recombinant pHRE-Egrl-
EGFP was transfected into CD133" Huh-7 cells by PEI-
FePt-NPs, the transfection efficiency of which was 53.65 +
3.40% in line with flow cytometry analysis. These results
indicate that PEI-FePt-NPs may be used as the vector for
gene transfer.

4.4. Preparation, Purification, and Identification of >'I-Anti-
CD133McAb. Tumor radioimmunotherapy is a strategy to
combine radionuclide with the tumor-specific monoclonal
antibody to seck a targeted treatment for cancer, allowing tar-
get cells to be exposed with more radiation, while with less
damage to the surrounding normal tissues and cells. In
1978, Golden et al. successfully applied radioimmunotherapy
to tumor imaging and therapy study. The CD133 antigen, a
specific molecule marker independently expressed on the
surface of various tumor stem cells, is bound up with tumor
self-renewal, differentiation potential, radiochemotherapy
resistance, recurrence, and prognosis [9, 40-42]. The killing
effect of paclitaxel nanoparticles labeled with anti-
CD133McAb on breast cancer stem cells was remarkably bet-
ter than that of free paclitaxel [43]. Anti-CD133McAb-
directed toxins have also achieved good therapeutic effects
on ovarian cancer stem cells [44]. In liver cancer tissues, the
positive rate of CDI133 antigen was 76.3%, and some
researchers have utilized the CD133 antibody to separate
liver cancer stem cells from liver cancer tissues and liver can-
cer cell lines [45, 46]. CD133 antigen is expected to be a new
target for liver cancer stem cell treatment. '*'I with 8.05-day
physical half-life can emit both gamma and beta rays. The
latter (f3) can be used for tumor treatment, and the former
(y) for medical imaging. Numerous clinical practices have

shown that the human body has good tolerance to '*'I, with

few adverse effects. Anti-CD133McAb labeled with "*'T can
selectively concentrate in the tumor region, and it can
improve the targeting of '*'T and HSV-TK for LCSCs treat-
ment. In this study, '*'I-anti-CD133McAb prepared by the
chloramine T method was purified by the PD10 column, with
100% of radiochemical purity and 36% of the labeling rate.
After 6h at room temperature, the radiochemical purity
was still 100%, showing excellent radiological stability.

4.5. Targeted Intervention of pHRE-Egr1-HSV-TK/"*'I-Anti-
CD133McAb/MFH for LCSCs In Vitro. LCSCs are to blame
in the process of occurrence, progress, metastasis, and recur-
rence of HCC and responsible for the failure of HCC treat-
ment. Therefore, a successful HCC treatment should aim
for LCSCs, without an exception of nonstem cells differenti-
ated from LCSCs. As the specific molecule marker indepen-
dently expressed on the surface of various tumor stem cells,
the CD133 antigen is closely involved in tumor self-renewal,
differentiation potential, radiochemotherapy resistance,
recurrence, and prognosis [47, 48], possibly becoming a
new target for cancer stem cell treatment.

The expression rate of CD133 antigen in Huh-7 cell line
was 9.61%, and CD133" Huh-7 cells were sorted by flow
cytometry in the present study. With serum-free culture,
the screened CD133" Huh-7 cells successfully formed into
cloned spheres or clusters, indicating that LCSCs with clon-
ing ability have been successfully sorted out. We combined
anti-CD133McAb labeled with '*'I, pHRE-Egr1-HSV-TK,
and MFH together to intervene with LCSCs by using PEI-
FePt-NPs as a linker. The results showed that radiation-
gene therapy combined with MFH prominently inhibited
LCSC proliferation and induced cell apoptosis, significantly
better than any of the individual interventions.

As one of the pivotal angiogenesis regulators, VEGF is
overexpressed in HCC tissues, playing a vital role in the
growth and metastasis of liver cancer [49]. CD44, the hya-
luronic acid receptor that functions in tissue remodeling,
cell matrix adhesion, and cell migration, has been recog-
nized as one of critical biomarkers for multiple solid
tumor stem cells [50]. Yang et al. [51] reported that
CD44" liver cancer cells exhibited more aggressiveness
than CD44 liver cancer cells did. In this study, western
blot analysis showed that VEGF and CD44 proteins both
dwindled at different levels in each experimental group.
Notably, they decreased most significantly in the pHRE-
Egr1-HSV-TK/"*'I-anti-CD133McAb/MFH group, indicat-
ing that radiation-gene therapy in combination with
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FiGure 7: Cell apoptosis and related proteins’ protein expression of each group after treatment. (a) Cell apoptosis analyzed by flow cytometry.
(1) Negative control group. (2) **'I-anti-CD133McAb group. (3) MFH group. (4) pHRE-Egrl-HSV-TK/"*'I-anti-CD133McAb group. (5)
pHRE-Egrl-HSV-TK/"*'I-anti-CD133McAb/MFH group. (b) Expression of VEGF and CD44 proteins after treatment tested by western
blot. (1) Negative control group. (2) *'I-anti-CD133McAb group. (3) MFH group. (4) pHRE-Egrl-HSV-TK/"*'I-anti-CD133McAb group.
(5) pHRE-Egrl-HSV-TK/"*'I-anti-CD133McAb/MFH group). (c) Expression level of VEGF and CD44 proteins based on the B-actin gray
value and analyzed by an image processing system. (1) Negative control group. (2) "*'I-anti-CD133McAb group. (3) MFH group. (4)
pHRE-Egrl-HSV-TK/"*'I-anti-CD133McAb group. (5) pHRE-Egrl-HSV-TK/1311-anti-CD133McAb/MFH group).
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magnetic fluid hyperthermia may exert an antitumor effect
by inhibiting angiogenesis, proliferation, and invasion
through restraining the expression of VEGF and CD44
proteins.

In summary, LCSCs (CD133") were separated from the
Huh-7 cell line by flow cytometry and constructed recombinant
plasmids pHRE-Egr1-HSV-TK in the present study. Using PEI-
FePt-NPs as the vector, LCSCs were transfected with pHRE-
Egrl-HSV-TK, with good transfection effect. Besides, '*'I-
anti-CD133McAb was successfully prepared, with 100% radio-
chemical purity, 36% labeling rate, and good radioactive stabil-
ity. Targeted radiation-gene therapy combined with magnetic
fluid hyperthermia mediated by PEI-FePt-NPs (pHRE-Egrl-
HSV-TK/"*'I-anti-CD133McAb/MFH)  could efficaciously
inhibit LCSC proliferation and induce cell apoptosis. The mech-
anism may be related to the downregulation of VEGF and
CD44 protein expression, thereby restraining tumor angiogen-
esis, tumor stem cell proliferation, and invasion. This study
offers a theoretical and practicable approach for LCSC treat-
ment but is simply limited to experiments in vitro. Animal
experiments in vivo and the therapeutic mechanism are cur-
rently ongoing.
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Nanocarriers with integrated advantage, such as excellent stealth property, active targeting function, and rapid intracellular drug
release, are significant for cancer treatment. Herein, a biodegradable zwitterionic triblock copolymer containing disulfide-linked
poly-e-caprolactone and polycarboxybetaine methacrylate (PCB-SS-PCL-SS-PCB) was first synthesized and then partly modified
with galactosamine (GAL) for constructing polymeric micelle drug carrier with multifunctionality. Polymeric micelles showed
ultralow protein absorption in serum and obvious reduction-responsiveness in the presence of glutathione, provided by the
zwitterionic polymer shell and the disulfide bond, respectively. Furthermore, active targeting of the carrier to hepatic carcinoma
cells was achieved via GAL ligands on PCB shells due to their specific binding to asialoglycoprotein receptors on the cell surface.
As expected, in vivo competition studies demonstrated that doxorubicin- (DOX-) loaded GAL-modified micelles have better
anticancer effect in hepatic tumor-bearing mice than free DOX and nontargetable micelles. As a result, this novel multifunctional

carrier provides a valuable strategy to design promising anticancer drug delivery systems for liver cancer treatment.

1. Introduction

Chemotherapeutics are still the main treatment strategy
for human cancer [1]. To reduce side effects and enhance
bioavailability of hydrophobic drugs, nanodrug delivery
systems (NDDS) have been widely explored in cancer che-
motherapeutics during past decades [2, 3]. Generally, ther-
apeutic nanoparticles required a hydrophilic coating to
ensure a stealthy and long circulation in the bloodstream
[4]. To date, polyethylene glycol (PEG) is the most widely
used biointerface materials to prevent nonspecific protein
adhesion on nanoparticles [5, 6], resulting in a passive
accumulation of cargo in the tumor site via a so-called
enhanced permeability and retention (EPR) effect [7, 8].
However, recent reports revealed that anti-PEG immuno-
globulin antibodies detected in PEGylated systems after
repeated administration lead to an insufficient antitumor
efficacy caused by an accelerated blood clearance (ABC)
phenomenon [9, 10].

Zwitterionic polymers are also neutral and ultrahydro-
philic since they bear an equimolar number opposite ioniz-
able group in monomeric unit [1]. The unique structure
enables a zwitterionic layer to tightly bind water molecules
via ion interaction, giving rise in ultrahigh resistance to pro-
tein adsorption and excellent blood compatibility. Moreover,
without detectable immune response and avoiding ABC
phenomenon, zwitterionic polymers have been also identi-
fied as better biointerface material alternative PEG [11, 12].
Recently, a variety of zwitterionic therapeutic nanoparticles,
such as polymer-drug conjugates [13], nanogels [14], and
polymeric micelles [15] have been developed. However,
overcoming their less efficient tumor cell uptake is still a
challenge [16].

Among zwitterionic polymers, such as polyphosphobe-
taine and polysulfobetaine, polycarboxybetaine (PCB) has
superior abilities because of its reactive carboxylate anion,
which can readily conjugate with amine-containing biomole-
cules via simple carbodiimide chemistry [17]. Although the
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modification has little influence on the antifouling property,
it introduces novel functions [18-20]. For instance, to
address the reduced cell uptake efficacy of zwitterionic nano-
particles, Lin et al. used ¢((RGDyK)-modified PCB to obtain
micelle carriers with prolonged blood circulation time and
active targeting property to improve therapeutic efficacy
in vivo [21]. Furthermore, based on the specific recognition
of asialoglycoprotein (ASGP) receptors to glycoproteins on
hepatic carcinoma cells [22, 23], the immobilization of
galactosamine on PCB substrates allows the adhesion-based
selection of hepatocytes differing from other cell types [24].
Jiang’s group also used fluorescein and galactose with the
amine group to modify PLGA-PCB nanoparticles for
selectively binding HepG2 cells [25]. The modification of
galactose ligand on zwitterionic nanoparticles has exhibited
an integrated ultrahigh antifouling and tumor-targeting
properties to hepatic carcinoma cells. However, the in vivo
antitumor effect of such NDDS needs further invistigation.
In addition to long circulation and tumor-targeting prop-
erties, an optimal micellar carrier should precisely control
drug release inside the cancer cell. However, therapeutic
efficacy is always restricted by the gradual drug perme-
ation for its hydrophobicity [26]. The development of
stimuli-responsive carriers that quickly release encapsulated
cargo triggered by intracellular environmental factor is an
efficient strategy to improve drug bioavailability [27-29]. In
our recent paper, we developed micelle platform with a
PCB shell and disulfide linked to a biodegradable poly-e-
caprolactone (PCL) core. The carriers showed many advan-
tages, such as ultralow protein absorption in serum and a fast
intracellular drug release triggered by higher GSH intracellu-
lar concentration [30]. Herein, to enhance drug bioavailabil-
ity in vivo, this micellar carrier was further optimized by
introduction of a galactosamine ligand for integrating the
multifunction, excellent stealth property, active targeting to

hepatic carcinoma, and reductively responsive intracellular
release, as showing in Scheme 1.

2. Materials and Methods

2.1. Materials. PCL-diol (Mn = 2000, PDI = 1.2) was purchased
from Sigma-Aldrich (Shanghai, China). Cystamine dihy-
drochloride (Cys.2HCI) (>96%) and 1, 1-carbonyldiimidazole
(CDI) (>97.0%) were purchased from the National Pharma-
ceutical Group Chemical Reagent (Beijing, China) and used
as received. 2, 2-Azobis(isobutyronitrile) (AIBN) (97%) was
purchased from J&K Chemical (Beijing, China) and
recrystallized before being used as an initiator. The mono-
mers, carboxybetaine methacrylate (CBMA, 99%), RAFT
reagent (4-cyanopentanoic acid)-4-dithiobenzoate (CPADB,
98%), doxorubicin hydrochloride (DOX-HCI, 99%), N-(3-
dimethylaminopropyl)-N'-ethyl carbodiimide hydrochlo-
ride (EDC-HCI, 98%), and N-hydroxysuccinimide (NHS,
98%), were purchased from J&K Chemical (Beijing, China)
and used as received. All other reagents and solvents were
of analytical grade and used as received. Dulbecco’s modified
Eagle’s medium (DMEM), penicillin-streptomycin, fetal
bovine serum (FBS), and 3-[4, 5-dimethylthiazol-2-yl]-2,
5-diphenyltetrazolium bromide (MTT), were purchased
from Thermo Fisher Scientific (Shanghai, China).

2.2. Synthesis of PCL Macro-RAFT Agent. For synthesis of the
PCL macro-RAFT agent, two hydroxyl groups of PCL-diol
were first activated by CDI and then conjugated with cysta-
mine monomer to provide reductive disulfide bonds and
reactive amino-end groups [29]. Next, the PCL macro-
RAFT agent, CPADB-SS-PCL-SS-CPADB, was prepared by
a condensation reaction between amino-end groups of PCL
and the carboxylic group of CPADB through EDC/NHS
chemistry. The detailed synthesis and characterization of
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the PCL macro-RAFT agent were described in our previous
paper [28].

2.3. Synthesis of PC-SS-PCL-SS-PCB. PCB-SS-PCL-SS-PCB
was prepared by RAFT polymerization of CBMA by
using CPADB-SS-PCL-SS-CPADB as the chain transfer
agent. Typically, The CPADB-SS-PCL-SS-CPADB (0.4g,
0.140 mmol) and AIBN (4.6 mg, 0.028 mmol) were dissolved
in a sealed ampoule with 4ml dry tetrahydrofuran (THF).
Then, CBMA (0.6g, 2.618 mmol) was dissolved in 4ml
saturated salt water and placed into an above reaction tube.
After three freeze-evacuate-thaw cycles, the polymerization
was conducted at 70°C for 48 h. The product was purified
by dialysis (bag MWCO 3000) against deionized water to
remove salt and unreacted CBMA. Finally, PCB-SS-PCL-
SS-PCB was obtained by lyophilization as a light pink powder
(0.574 g, 57.4%).

2.4. Modification of PCB-SS-PCL-SS-PCB with Galactosamine.
Targeting molecule, GAL is used to conjugate on PCB-SS-
PCL-SS-PCB by an amidation reaction between the amine
of GAL and carboxylate group of PCB. To accomplish the
purpose, 50 mg of PCB-SS-PCL-SS-PCB was first resolved
in the 4 ml mixed solution of equivoluminal dimethyl sulfox-
ide (DMSO) and pure water. Subsequently, the solution
was incubated with 0.5ml EDC-HCI (400 mM) and NHS
(200mM) in water for 30 min and then adjusted the pH
value to 9 by adding in 10 mM sodium borate buffer. After
that, 5mg of GAL was added and reacted at room temper-
ature (RT) for 4h. The solution was transferred into a
dialysis bag (MWCO 3500) against pure water for 48h
and then lyophilized to obtain GAL-modified PCB-SS-
PCL-SS-PCB (GAL-m-polymer).

2.5. Preparation of GAL-M-Polymer Micelles. To prepare
the GAL-m-polymer micelles (denoted as GAL-micelles),
we used a similar procedure with that of PCB-SS-PCL-
SS-PCB micelles (denoted as PCB micelles) reported in
our previous paper [28]. The size and size distribution
(PDI) of GAL-micelles were measured with a laser particle
size analyzer (Nano ZS90, Malvern, UK). The morphology
of GAL-micelles was characterized with a JEM2100 (JEOL,
Japan) transmission electron microscopy (TEM) system at an
operated voltage of 75kV. For TEM observation, a drop of
micelle solution was added onto the copper grid, and then,
the resulting sample was air-dried and measured at RT.

2.6. DOX Loading and Release from GAL-Micelles. We
used a coprecipitation method to prepare DOX-loaded
GAL-micelles. Briefly, 2mg DOX-HCI was first dissolved
in DMSO and then treated by triethylamine solution
(Img/ml) for 2h. Subsequently, 10mg GAL-m-polymer
was added to the solution and stirred overnight. PB
(50 mM, pH 7.4) was added at a rate of one drop every 6-7 s
until the micellization of GAL-m-polymer. The solution
was sealed using a dialysis bag (MWCO 3500) against PB at
RT for 48 h, then filtered through a 0.45 ym filter for removal
of the free DOX. To calculate drug loading content, lyophi-
lized DOX-loaded GAL-micelles were dissolved in DMSO
and analyzed at 485nm with a UV-Vis spectrophotometer

(UV2550, Shimadzu, Japan). Drug loading content (DLC)
and drug loading efficiency (DLE) were determined by the
following equations:

weight of loaded drug

DLC (%) = 1009

(%) weight of drug-loaded micelles X 100% )
DLE (%) = weight of loaded drug « 100%

(%) = weight of drugin feed °

In vitro release profiles DOX from GAL-micelles were
studied using a dialysis tube (MWCO 14000) at 37°C against
PB (pH 5.0, 50 mM) and PB (pH 7.4, 50 mM) in the presence
and absence of 10mM DTT. At regular intervals, 3ml of
release media was collected and an equal volume of fresh
media was added. The amount of released DOX was deter-
mined by UV-Vis spectroscopy. The release experiments
were conducted in triplicate. The results showed the average
value with standard deviations.

2.7. Cell Uptake Studies. The cellular uptake of DOX,
DOX-loaded PCB micelles, and DOX-loaded GAL-micelles
was observed by fluorescence microscopy. HepG2 and
EC109 cells were seeded into 24-well plates with 5-104
cells/well in 1 ml DMEM (10% FBS) and incubated at 37°C
in 5% CO,. After reaching about 80% confluence, the cells
were incubated with free DOX, DOX-loaded PCB micelles,
or DOX-loaded GAL-micelles, where the concentration of
DOX was fixed at 5ug/ml in each culture medium. After
4h incubation, the cells were washed three times with
PBS and then imaged by fluorescence microscopy (IX73,
Olympus, Japan). After that, the cells were treated with
0.25% trypsin and resuspended in 500 ul PBS (pH7.4) for
flow cytometer (FC500, Beckman Coulter, US) measurement.

2.8. Cell Viability Assays. The cytotoxic effects of empty
micelles or micelle-loading drug were determined using
MTT assays. HepG2 and EC109 were seeded into 96-well
plates at 5000 cells/well and cultured 24h. The culture
medium was replaced with PBS (pH7.4) containing free
DOX, DOX-loaded PCB micelles, or DOX-loaded GAL-
micelles, and then, the cells were incubated for another
24 h. The medium was replaced with 200 pl of fresh medium,
and 20yl MTT (5mg/ml in PBS) was then added to each
well. After 4h, unreacted dye was carefully removed and
formazan crystals were dissolved in 200 ul/well DMSO. The
plate was incubated in 37°C for 10 min before measuring
absorbance at 570nm with an ELISA microplate reader
(Bio-Rad). Cell viability (%) was calculated as follows:

oD
—_sample 100, (2)

control

Cell viability (%) =

where OD,,... is the absorbance of the cells treated by poly-
mers and OD_ ... is the absorbance of the untreated cells.
Each experiment was done in triplicate.

2.9. In Vivo Antitumor Studies. The nude mice bearing
HepG2 tumor model were injected via the tail vein with
200l PBS, DOX, DOX-loaded PCB micelles, or DOX-
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ScHEME 2: Synthesis route of GAL-m-polymer. (i) CDI, anhydrous DCM, RT., 24 h; (ii) DMSO, pyridine, TEA, RT, 48 h; (iii) DCC, NHS, RT.,
48 h; (iv) AIBN, THF, saturated salt water, 60°C, 48 h; (V) EDC-HCI, NHS, DMSO, water, RT.

loaded GAL-micelles at an equivalent DOX dose of 4 mg/kg
every two days. The tumor size and the body weight of mice
were measured before each injection. Tumor size was
measured using vernier calipers and calculated using the
following formula: V = d* x D/2 (where d is width and D is
length, respectively). The therapeutic efficacy of the treat-
ment was evaluated by comparing the experimental groups
with the control group.

3. Results and Discussion

3.1. Polymer Characterization. Scheme 2 represents the
synthesis route of GAL-m-polymer. PCL-diol was first intro-
duced the cystamine at the end groups [31]. Next, a PCL
macro-RAFT agent was readily obtained by a conjugating
reaction of amino-end groups of PCL and the carboxylic
group of CPADB. PCB-SS-PCL-SS-PCB was prepared by
RAFT polymerization of CBMA by using CPADB-SS-PCL-
SS-CPADB as the chain transfer agent. Finally, GAL-m-

polymer was prepared by modified PCB-SS-PCL-SS-PCB
with GAL via EDC/NHS chemistry.

The resulting PCB-SS-PCL-SS-PCB and GAL-modified
PCB-SS-PCL-SS-PCB (GAL-m-polymer) were characterized
with "HNMR and FT-IR spectrum. "HNMR spectrum of
GAL-m-polymer (Figure 1(a)) presents new small character-
istic peaks at 1, 2, 3, 4, and 5 (85.2, 3.9, 3.8, 3.6, and 3.4 ppm,
respectively) which are attributed to the protons of GAL [30],
in addition to the characteristic protons of PCB-SS-PCL-SS-
PCB [28]. FT-IR spectra were also used to determine the
successful modification of PCB with GAL (Figure 1(b)).
Compared with FT-IR spectrum of PCB-SS-PCL-SS-PCB,
the absorption peak around 3400 cm-1 broadening in that
of GAL-m-polymer indicates the increased hydroxyl after
the modification. Besides, the newly emerging peaks around
1656 cm ™" belongs to vibration of C=0 in the amide.

3.2. Characterization of GAL-m-Polymer Micelles. GAL-m-
polymer was self-assembled into polymeric micelles in
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Figure 2: Hydrodynamic diameter distribution f(D,) (a) and TEM image (b) of GAL-m-polymer micelles.

aqueous solution with PCL as a core and modified PCB as
a shell. The hydrodynamic diameter distribution (D)) of
micelle was measured by DLS (Figure 2(a)). The average
diameter is approximately 91 +4mnm, showing a slight
change compared to that of without modification [30].
The polydispersity index (PDI) is approximately 0.18.
TEM imaging revealed that the micelles of GAL-m-
polymer have a spherical morphology with a mean
diameter of approximately 75+ 3 nm (Figure 2(b)). The
difference between DLS and TEM measurements of micel-
lar size is likely due to the shape of micelle at different
hydration states, from swelled at hydrated (DLS) to col-
lapsed at dry (TEM).

The antifouling and redox-responsive properties of PCB
micelles and GAL micelles were investigated by DLS analysis.
After incubation with 50% FBS solution, both micelles show
no significant changes in size even after incubation for 72h
(Figure 3(a)), indicating that the zwitterionic PCB shell effec-
tively prevents protein adsorption from polymer micelles.
High serum stability is helpful to prolong circulation in the
bloodstream. Reductive response to GSH was further investi-
gated by analyzing size change with DLS. Both micelles show
an increased Dj, and broadened PDI after addition of 10 mM
GSH for 12h. As disulfides are cleavable in the presence of
GSH, the PCB shells are detached from the micellar surface,
resulting in micelle aggregation.
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3.3. Preparation of DOX-Loaded GAL-Micelles. The multi-
functional micellar carrier prepared by GAL-M-polymer is
illustrated in Figure 4(a), where the PCB segment provided
antifouling capability; the conjugated GAL ligand was
expected an active targeting function; PCL was used for drug
encapsulation and cystamine linkers offered a reductive
response. Drug loading content was determined by UV-Vis
spectrophotometry in DMSO. DLC and DLE were approxi-
mately 19.6% and 47.3%, respectively. The average diameter
of DOX-loaded GAL-micelles increased to 143 + 4 nm and
also maintained a narrow size distribution (Figure 4(b)),
when compared to GAL-micelles (Figure 2(b)). TEM image
showed that DOX-loaded GAL-micelles have a spherical
morphology with good dispersion and a diameter of approx-
imately 167 + 7 nm (Figure 4(c)). The results illustrate sur-
face modification with GAL ligand show little influence on
drug loading and carrier’s properties [30] but may endow a
novel function of active targeting to HepG2 cells. The stable
structure and uniform small size facilitate intracellular
uptake and EPR effect of carriers efficiently in vivo [32].

3.4. In Vitro Drug Release. In vitro drug release profile from
DOX-loaded GAL-micelles was investigated at 37°C in PBS
at pH 7.4 and 5.0 with or without 10 mM GSH and as shown
in Figure 5, only approximately 24% of DOX was released
from GAL-micelles within 48 h at pH 7.4 without treated by
GSH. As the increase of acidity to pH 5.0, the DOX release
reached to 48.2% within 24 h, which is likely to result from
the protonation of DOX. In comparison, an accelerated
release of DOX was activated in the presence of 10 mM
GSH, in which over 60% and 80% of DOX was released from
GAL-micelles at both pH7.4 and 5.0, respectively. The
reductive response triggered a rapid drug release which is
due to the cleavage of disulfide bonds at the surface of the
core [33], leading to shell shedding and micelle aggregating,
followed by fast drug efflux during the reassembly of depro-
tected micelles [34].

3.5. In Vitro Cytotoxicity and Cell Uptake. In vitro cytocom-
patibility of PCB micelles and GAL-micelles was evaluated
with MTT assays in HepG2 and EC109 cells. Cells without
treatment were used as control and showed a viability of
100%. As shown in Figure 6(a), the viability of HepG2 and
EC109 cell was over 90% incubation of both micelles, even
at a concentration up to 200 mg/1. The micelles possess low
cytotoxicity which was likely due to the biocompatible PCB,
PCL, and GAL ligand. For the cytotoxicity assays, HepG2
and EC109 cells were incubated with free DOX, DOX-
loaded PCB micelles, and DOX-loaded GAL-micelles
(Figure 6(b)). The inhibitory concentrations to produce
50% of cell death (IC50) in HepG2 cells were 0.26 mg/l,
1.44mg/l, and 0.72mg/l for free DOX, DOX-loaded PCB
micelles, and DOX-loaded GAL-micelles, respectively
(Figure 6(b)). The DOX-loaded PCB micelles showed signif-
icantly lower cytotoxicity than free DOX, which may be due
to less efficient cell uptake caused by the stealth shielding
shell of zwitterionic PCB [15, 16]. After the functionalization
with GAL, DOX-loaded GAL-micelles exhibited increased
inhibition of cellular proliferation when compared with
DOX-loaded PCB micelles. However, DOX-loaded PCB
micelles and DOX-loaded GAL-micelles showed similar anti-
tumor activity in EC109 cells.

DOX is a popular chemotherapeutic drug and widely
used in clinics for treating various hematological malignan-
cies and solid tumors. Mechanistically, the insertion of
DNA into tumor cells inhibits macromolecular biosynthesis,
eventually leading to cell apoptosis [35, 36]. Intracellular
drug accumulation depends on the efficacy of cell uptake
and drug release from the loading carrier [37]. The increased
therapeutic effect of DOX-loaded GAL-micelles in HepG2
cells can be attributed to improve cell uptake via active
targeting, as demonstrated by fluorescence microscopy
(Figure 6(c)). Indeed, empty micelles had no fluorescence
signal, whereas the red fluorescence of DOX was easily
detectable (Figure 6(c), B), showing that DOX is efficiently
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(n=3)).

released from DOX-loaded PCB micelles in response to
intracellular GSH. Furthermore, DOX fluorescence in the
cytoplasm and nucleus was brighter and more intense in
DOX-loaded GAL-micelles (Figure 6(c), C), consistent with
the increased cell uptake due to GAL binding to ASGP
receptors on the surface of HepG2 cells [22]. However,
DOX-loaded GAL-micelles showed a similar DOX fluores-
cence signal than DOX-loaded PCB micelles in EC109 cells,
suggesting that active targeting of GAL is less effective in this
cell type (Figure 6(d)). These results are consistent with the
toxicity studies described above. Together, our data demon-
strate that DOX-loaded GAL-micelles possess outside active
targeting and inside redox-responsive release in HepG2 cells,
suggesting they are promising nanocarriers for efficient treat-
ment of liver cancer in vivo.

3.6. In Vivo Antitumor Efficacy. The antitumor efficacy of
DOX-loaded micelles was investigated in vivo by using a
nude mice bearing tumor model of human liver cancer.
When the tumor size reached approximately 100 mm?, PBS,
free DOX, DOX-loaded PCB micelles, or DOX-loaded
micelles GAL were injected into the tumor-bearing mice
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through the tail vein. Tumor volume and body weight were
measured and plotted as a function of time (Figure 7). As
shown in Figure 7(a), the tumor volume in mice treated with
PBS increased rapidly. In contrast, in the other groups, the
tumors showed a slow growth, particularly, tumors in mice
injected with DOX-loaded GAL-micelles. The body weight

of mice treated with free DOX showed a clear decrease in
weight as a result of in vivo cytotoxicity [21] (Figure 7(b)),
the mice in the other groups exhibited a slow increase in body
weight. More importantly, mice treated with DOX-loaded
GAL-micelles had the smallest increase in weight within 12
days, suggesting the most effective tumor inhibition.
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Excellent stealth property from zwitterionic shells provides
drug-loaded micelles a prolonged circulation time [38, 39]
and enhanced drug accumulation at tumor site via EPR
effect. The active targeting of DOX-loaded GAL-micelles to
HepG2 cells further improves cell uptake. Finally, DOX is
rapidly released due to reductive cleavage of disulfide bonds
inside HepG2 cells.

4. Conclusions

The multifunctionality of polymeric micelle carrier, includ-
ing high antifouling ability, redox responsive property, and
active targeting in hepatic carcinoma cells, was successfully
achieved by the modification of a triblock copolymer with
disulfide-linked zwitterionic and biodegradable polymer
(PCB-SS-PCL-SS-PCB) with galactosamine. GAL-micelles
loaded with DOX exhibit rapid drug release under reductive
environment, enhanced drug levels, and antitumor activity in
HepG2 cells. As expected, this carrier revealed better antican-
cer efficacy in hepatic tumor-bearing mice than free DOX or
no-targetable micelles. Thus, multifunctional nanocarriers
with a flexible design of zwitterionic polymeric micelles rep-
resent a valuable strategy for improving drug bioavailability
in the treatment of liver cancer.
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