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Introduction: Curcumin (Cur) is a natural extract of Asian spice Curcumin longa, showing
multi-targeting capability and low toxicity in anti-tumor activities. The low bioavailability
restricts its application as a therapeutic agent. Folate (FA) receptors are highly expressed in
many malignant tumors while low expressed in normal tissue. Herein, we developed a self-
assembled FA modified MPEG-PCL micelle to incorporate Cur (FA/Nano-Cur) and applied
it for colorectal cancer therapy.

Methods: We prepared FA/Nano-Cur micelles and identified their characteristics. The drug
release behavior, pharmacokinetics and in vitro anti-tumor activities of FA/Nano-Cur were
studied. Furthermore, the in vivo anti-tumor ability assessment and anti-tumor mechanisms
investigation were carried out in murine colorectal cancer model.

Results: FA/Nano-Cur micelles had an average particle size of 30.47 nm. Elongated T/, and
larger AUC were found in FA/Nano-Cur group than that in the Free Cur group. MTT assay
and apoptotic study indicated the growth inhibitory effect and pro-apoptotic effect of FA/
Nano-Cur were the most significant among all treatments. Moreover, the in vivo study
demonstrated that FA/Nano-Cur micelles exhibited a much stronger effect to suppress
tumor growth, promote tumor apoptosis and attenuate tumor angiogenesis than Free Cur
and Nano-Cur micelles.

Conclusion: The present study demonstrated FA/Nano-Cur micelles might be a promising
therapeutic agent in colorectal cancer treatment with distinctive advantages of improved
bioavailability, sustained drug release, tumor-targeted delivery and low toxicity.
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Introduction

Colorectal cancer (CRC) is the third most common tumor and one of the main
causes of cancer-related death among both men and women worldwide.! The
highest incidence of CRC is reported in Alaska natives and blacks, while the lowest
is in Asian Pacific Islanders, which is closely related to age and so-called western
lifestyle.> ™ In recent years, the morbidity and mortality rates of CRC have begun to
decrease as a result of lifestyle changes in pathogenetic reasons (e.g., decreased
smoking and alcohol consumption, body shaping and reduced red meat intake), the
application of sigmoidoscopy and colonoscopy, as well as improved treatment.*’
Unfortunately, the patients who developed distant metastasis had a five-year survi-
val of only about 11.7%.' The treatment options for CRC included surgery,
chemotherapy, targeted therapy, radiotherapy and immunotherapy. Chemotherapy
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as the principal treatment approach has some adverse
effects involving gastrointestinal tract toxicity, bone mar-
row suppression, neurotoxicity, liver and kidney damage
and other tissue damages.'' Moreover, current treatment
exhibited high recurrence and poor prognosis. Therefore, it
is increasingly important to explore more efficient and less
toxic treatment approach for CRC.

Phytotherapy has received more and more attention in
the field of medicine, focusing mainly on herbal active
pharmaceutical ingredients.'? Curcumin (Cur), an active
polyphenolic compound extracted from turmeric
(Curcuma longa L.), was found to possess beneficial prop-
erties including anti-oxidant, anti-inflammatory, anti-
hyperlipidemic, anti-diabetic, anti-microbial and powerful
anti-tumor effects.'>™'® Among these, the anti-tumor effect
of Cur is the most popular at present. It is reported that
Cur had inspiring anti-tumor abilities in melanoma, gastro-
intestinal, genitourinary, pancreatic, breast, lung, haemato-
logical, head and neck, neurological carcinomas and
sarcoma.'>'”% What’s more, Cur proved to be non-
toxic and safe in animal studies, making it a promising
drug agent.”* Despite these advantages, Cur has not yet
been approved as a therapeutic agent for cancer. The main
drawback is poor bioavailability.”> 2’ Some pharmacoki-
netic researches have indicated that the poor bioavailabil-
ity of unformulated Cur is mainly attributed to low water
solubility, fast metabolism and rapid systemic clearance,
which limit its therapeutic efficiency.>” Thereupon, we aim
to develop a new dosage form of Cur to overcome the poor
bioavailability and improve therapeutic efficacy in cancer
treatment.

Nanotechnology is playing a significant role in drug
delivery systems nowadays. Nanoparticles, such as lipo-
somes, polymeric micelles, can encapsulate water-insoluble
drugs as vectors and protect them from enzymatic and hydro-
lytic degradation.”® *° Methoxypoly (ethylene glycol)-poly
(e-caprolactone) (MPEG-PCL) are biodegradable, amphi-
philic diblock copolymers.*’ When the copolymers are in
aqueous solution, the hydrophobic PCL segments can spon-
taneously assemble to form a core enclosing water-insoluble
drug; meanwhile, the hydrophilic PEG segments are
encircled by water to form a shell-like structure.’* The
hydrophobic drugs loaded MPEG-PCL copolymers are cap-
able of sustaining drug release and improving drug
bioavailability.**** Moreover, the amphiphilic MPEG-PCL
micelles have biodegradability and nanoscale properties,

making them ideal drug carriers for systemic administration.

Usually, the activity of pharmaceutical agent is non-
selective, and the agent can be inactivated or induce adverse
effects on normal tissues and organs.’® Folate (FA) is
a member of water-soluble vitamin B family, which has
low immunogenicity. FA receptors are glycoproteins fixed
to the cell membrane by glycosyl phosphatidyl inositol
(GPI), showing high affinity to FA and FA modified drug
formulation, so the drug can be transferred into cells through
FA exhibits distinguished advantage in
increasing the specificity of anti-cancer drug vehicle because

endocytosis.>®

the FA receptors are highly expressed in various malignant
tumors including colon, brain, lung and breast carcinomas,
but low expressed in normal tissues.>’ *° Therefore, FA
conjugated nanoformulation might be useful to realize active
tumor-targeted drug delivery, sustain drug release, as well as
reduce adverse effect. In this research, we prepared the FA/
Nano-Cur formulation and compared its therapeutic effect
with Free Cur and Nano-Cur formulation in the treatment of
CRC. Our in vitro and in vivo results demonstrated that the
Cur-loaded FA/MPEG-PCL micelles might be a promising
therapeutic approach for CRC.

Materials and Methods

Materials and Reagent

Curcumin, FA, MPEG (molecular weight=2000D), e-
caprolactone (e-CL) (molecular weight=2000D), 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT) were purchased from Sigma, USA. Roswell Park
Memorial Institute (RPMI) 1640 and fetal bovine serum
(FBS) were purchased from Gibco, USA. Methanol and
acetic acid (HPLC grade) were purchased from Fisher
Scientific, UK. 4', 6-diamidino-2-phenylindole (DAPI)
and hematoxylin and eosin (HE) dye from Beyotime
Biotechnology, China. Dimethyl sulfoxide (DMSO) and
acetone were purchased from KeLong Chemicals, China.
Antibodies used include: rabbit anti-mouse cluster of dif-
ferentiation 31 (CD31) polyclonal antibody, rabbit anti-
mouse proliferating cell nuclear antigen (PCNA) antibody,
and horseradish peroxidase (HRP)-conjugated secondary
antibody (Servicebio, China).

Murine CT26 colon carcinoma cells were purchased
from American Type Culture Collection (ATCC, USA)
and cultured in RPMI 1640 culture medium containing
10% FBS, 100 U/mL penicillin, and 100 pg/mL strepto-
mycin. Cells were maintained in a humidified chamber at
37°C in an atmosphere containing 5% CO,. 6—8 weeks
female BALB/C mice were obtained from the Animal
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Center Laboratory of Beijing HFK Bioscience (China) and
provided with sterilized water and chow. All animal
experimental procedures were approved by the
Institutional Animal Care and Treatment Committee of
Sichuan University and conducted according to the

Institutional Animal Care and Use Guidelines.

Preparation and Characterization of FA/

Nano-Cur Micelles
According to the previous reports,”> MPEG-PCL diblock
copolymer was synthesized by ring-opening polymerization
of MPEG and &-CL catalyzed by Sn(Oct),. Briefly, an equal
amount of MPEG, &-CL were introduced into a glass
ampoule with the addition of Sn(Oct), (0.5% w/w) under
nitrogen protection. The mixture reactant was maintained at
130°C for 6 h. The crude product was then dissolved in
dichloromethane and purified by precipitation in ice-cooled
diethyl ether followed by vacuum drying for further use. FA
(100 mg) and NH,-PEG-PCL (200 mg) dissolved in 4 mL of
dimethylsulfoxide (DMSO) were introduced into a flask,
with the addition of DMAP (150 mg) and DCC (130 mg).
After agitation at 37°C under nitrogen for 10 hrs, the synthe-
sized copolymer solution was dialyzed and dried under
vacuum. All obtained products were stored in a desiccator.

Cur (10 mg), MPEG-PCL (80 mg) and FA/MPEG-PCL
(10 mg) were dissolved in 3 mL acetone in a round bottom
flask. Next, the acetone was removed by vacuum evaporation
under 55°C water bath and a yellow film was formed on the
bottom of the flask. PBS was added to hydrate the film and
slowly stirred. The un-encapsulated drug and polymerized
copolymer were filtered and removed with a 0.22-um filter.
Blank micelles were prepared following the same procedure.
The particle size and zeta potential of FA/Nano-Cur micelles
were determined by dynamic light scattering (Malvern Nano-
ZS 90, UK). The morphology of FA/Nano-Cur was observed
under a transmission electron microscope (TEM) after
phosphotungstic acid staining (Hitachi H-60091V, Japan).
The content of Cur in FA/Nano-Cur was determined by high-
performance liquid chromatography (HPLC). The encapsula-
tion efficiency (EE) and drug loading (DL) of FA/Nano-Cur
micelles were calculated according to the equations: drug
loading (DL) = experimental Cur loading/total micelle mass
% 100% (a), encapsulation efficiency (EE) = experimental Cur
loading/theoretical Cur loading x100% (b).

The in vitro drug release behavior of Cur from Free Cur,
Nano-Cur and FA/Nano-Cur were conducted using the dia-
lysis method. 0.5 mL of Free Cur in DMSO solution, Nano-

Cur solution and FA/Nano-Cur solution was placed in the
dialysis bag (molecular weight cut-off, 3.5 kDa), respec-
tively. Dialysis bags were incubated in 30 mL of phosphate-
buffered solution (pH=7.4) containing Tween-80 (0.5 wt%)
at 37°C with mild shaking. The incubation medium was
replaced with fresh incubation medium at different time
points, respectively. The drug release profiles of Cur from
different formulations were studied by HPLC assay.

Pharmacokinetic Study

Firstly, a catheter was introduced into the jugular vein of
rats 24 hrs before drug administration. The rats were then
assigned into three groups and received different drugs:
Free Cur group (50 mg/kg Cur), Nano-Cur group (50 mg/
kg Cur) and FA/Nano-Cur (50 mg/kg Cur) group. At the
indicated interval, the blood was collected from the cathe-
ter in the jugular vein. The plasma of each blood sample
was extracted and lyophilized. The dried plasma was dis-
solved in methanol and analyzed by HPLC.

Cell Cytotoxicity Assay

CT26 cells at the logarithmic phase were seeded in 96-well
culture plates at a density of 3x10° or 5x10°> cells/well and
incubated for 24 hrs at 37°C for cell attachment. Cells were
treated with different concentrations of Free Cur, Nano-Cur
and FA/Nano-Cur for 24 hrs or 48 hrs, and then incubated
with the addition of 20 pL. MTT solution (5 mg/mL) for 4 hrs.
Next, the culture medium was aspirated carefully and 150 pL
DMSO was added. After gently shaking for 10 mins to dis-
solve the formazan, the absorbance of each well at 570 nm
(OD570) was measured by a microplate reader (OPTImax,
Molecular Dynamics, USA).

Cell Necrosis and Apoptosis Assay
Cell
a commercial Propidium (PI)/fluorescein isothiocyanate

necrosis and apoptosis were analyzed using
(FITC) conjugated Annexin-V apoptosis detection kit (BD
Pharmingen, USA). CT26 cells (2x10° cells/well) were
seeded in six-well plates for cell attachment and then incu-
bated in culture medium containing different concentrations
of Free Cur, Nano-Cur or FA/Nano-Cur. After incubated for
48 hrs, cells were collected and washed with PBS. Next, cells
were re-suspended with 100 pL binding buffer containing
3 uL PT and 3 uLL Annexin-V for 15 mins. The percentages of
cell necrosis and apoptosis were determined by a flow cyt-

ometer (Novocyte, USA).
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Mice Model and Treatment

In this work, the mice model of heterotopic CRC was estab-
lished to evaluate the anti-tumor ability of different treat-
ments by inoculating CT26 cells (1x10°) in the right flank of
mice. When the tumor volume reached about 100 mm?,
tumor-bearing mice were randomly allocated into five treat-
ment groups (Control, FA/Nano, Free Cur, Nano-Cur and
FA/Nano-Cur) and received the treatment by intravenous
injections every 2 days. Control group: normal saline (NS),
FA/Nano group: equal amount of FA/Nano as FA/Nano-Cur,
Free Cur group: 50 mg/kg Cur; Nano-Cur group: 50 mg/kg
Cur; FA/Nano-Cur: 50 mg/kg Cur. The tumor volume and the
body weight of mice were measured on indicated days during
the experimental period. The calculation equation of tumor
volume: V = nxAxB%/6 (A: longest diameter, B: shortest
diameter). All experimental mice were sacrificed on the
18th days after inoculation and the tumor, peripheral blood
and vital organs of mice were collected for further analysis.

Immunohistochemical Analysis

Tumor sections (4 um) were prepared and stained with
PCNA and CD31 antibodies for the purpose of evaluating
tumor proliferation and tumor angiogenesis in different
treatment groups. Briefly, the paraffin-embedded tumor
tissue sections underwent de-paraffinage and rehydration.
The antigen retrieval process was conducted, followed by
endogenous peroxidase inactivation with a 3% hydrogen
peroxide solution. Then, the tumor sections were punched
with Triton X-100 (for PCNA staining), blocked with goat
serum, and sequentially incubated with PCNA antibody or
CD31 antibody (Servicebio, China) and corresponding
HRP conjugated secondary antibody (Servicebio, China).
Finally, the labeled sections were colorated by DAB and
counterstained with hematoxylin. All stained sections were
observed under a light microscope at 200% magnification.
Cells with positive expression of PCNA or CD31 were
stained in yellow brown. The PCNA index was calculated
as the amount of PCNA staining positive cells divided by
the amount of total cells in five randomly selected fields.
The microvascular density was calculated as the amount of
CD31 staining positive cells in five randomly selected
fields.

Immunofluorescent Staining

Paraffin-embedded tumor sections (4 um) were deparaffinized
and rehydrated as above. The terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick-end labeling (TUNEL) staining

was carried out according to the manufacturer's description of
a commercially available TUNEL staining kit from Promega,
USA. DNA fragmentation of apoptotic cells in tumor tissue
sections from different treatment group would be labelled with
FITC green fluorescence. Finally, all stained sections were
examined under a fluorescence microscope at 200x magnifi-
cation. The apoptotic cell percentage was calculated as the
amount of TUNEL staining positive cells divided by the
amount of total cells in five randomly selected fields.

Safety Assessment

The important organs including heart, liver, spleen, lung
and kidney of the mice were harvested and prepared as
paraffin-embedded sections (4 um). These tissue sections
were stained with H&E dye and examined under a light
microscope by two independent pathologists for morphol-
ogy identification. What is more, the serums of peripheral
blood samples were obtained for biochemical analysis to
further evaluate the toxicity of different treatments in vivo.

Statistical Analyses

Statistical analysis was performed using GraphPad Prism
6.0 software (GraphPad, USA). Data were expressed as
mean + standard error (SD). Student’s #-test was utilized to
compare two experimental groups. P<0.05 was considered
to be statistically significant.

Results

Characterization and Drug Release
Behavior of FA/Nano-Cur

A graphic scheme was shown to introduce the preparation
process of FA/Nano-Cur micelles in the study (Figure 1). The
amphiphilic FA/MPEG-PCL copolymers and MPEG-PCL
copolymers could spontaneously gather to form a spherical
like structure in aqueous solution. As is shown, water-
insoluble Cur was entrapped in the hydrophobic core of the
self-assembled FA/MPEG-PCL micelle to form FA/Nano-
Cur micelles. FA/Nano-Cur was suggested to have the cap-
ability to target the FA receptors on tumor cells, thus to
enhance tumor-targeted drug delivery. The characteristics
of the FA/Nano-Cur micelles were identified by the dynamic
light scattering (DLS) method. The particle size of FA/Nano-
Cur micelles was found to be 30.47+0.65 nm with PDI being
0.17, indicating a very narrow particle size distribution
(Figure 2A). The zeta potential is —3.55 mV, which was
slightly negative (Figure 2B). According to the observation
under TEM, FA/Nano-Cur micelles were well dispersed with
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Figure | Schematic diagram of the study. The self-assembled FA/Nano-Cur micelles composed of MPEG-PCL polymers, FA/MPEG-PCL polymers and Free Cur were
administrated intravenously in the mice heterotopic colorectal cancer model, showing the capability of promoting tumor apoptosis, inhibiting tumor proliferation and

attenuating tumor angiogenesis.

a nearly spherical morphology, indicating successful self-
assembly of the polymers (Figure 2C). Furthermore, the
DL and EE of FA/Cur-Nano were determined to be 10%
and 98%, respectively, by HPLC.

The drug release study is necessary for the evalua-
tion of a drug delivery system. Thereupon, the release
behavior of Cur from Free Cur, Nano-Cur and FA/Nano-
Cur were investigated in our study. According to the
in vitro drug release study, 91.60%, 44.53%, 46.32% of
Cur has been released at 100 hrs in Free Cur group,
Nano-Cur group and FA/Nano-Cur group, respectively
2D). Cur group,
a significantly slower release of Cur was observed in

(Figure Compared with Free
the Nano-Cur group and FA/Nano-Cur group, suggesting
a more sustainable drug release. Moreover, the in vivo
drug release study results showed elongated T;, and
increased C..x as well as enlarged area under curve
(AUC) by Nano-Cur and FA/Nano-Cur micelles. The
Tmaxs Cmax>» T1/2 and AUC of Free Cur were 0.25 hrs,
61.67 ug/mL, 0.81 hrs and 62.28 ug mL™" hr. The Tpay,
Cmaxs T1/2 and AUC of Nano-Cur were 0.25 hrs, 146.67

pug/mL, 1.42 hrs and 478.6 pg mL " hr. The Tpax, Crnax
Ty, and AUC of FA/Nano-Cur were 0.25 hrs, 163.00
pg/mL, 1.58 hrs and 579.1 pg mL™" hr (Figure 2E). The
results showed that the nanoformulation of Cur signifi-

cantly extended the drug duration of Cur agent.

Cytotoxicity Assay

We then investigated the cytotoxic effect of Free Cur,
Nano-Cur and FA/Nano-Cur on CT26 cells using MTT
assay. The results demonstrated that the cytotoxicity of
Free Cur, Nano-Cur and FA/Nano-Cur were in dose-
dependent and time-dependent manners. At 24 hrs, the
half-maximal inhibitory concentration (ICso) of the Free
Cur, Nano-Cur and FA/Nano-Cur were 9.614 pg/mL,
5.683 pg/mL, 5.777 pg/mL, respectively (Figure 3A). At
48 hrs, the ICsq of the Free Cur, Cur-Nano, FA/Cur-Nano
was 9.490 pg/mL, 2.642 pg/mL, 1.373 pg/mL, respec-
tively (Figure 3B), which illustrated that FA/Nano-Cur
exhibited the strongest cytotoxic effect compared with
Free Cur and Nano-Cur in vitro study.
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Figure 2 Characterization of FA/Nano-Cur micelles and drug release study. The particle size and the zeta-potential of FA/Nano-Cur micelles measured by the dynamic light
scattering (DLS) method (A and B). Morphological identification of FA/Nano-Cur micelles under transmission electron microscopy (TEM) (C). Cur release from Free Cur, Nano-
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Figure 3 Cell cytotoxicity analysis. CT26 cells viability detected by MTTassay after treatment with different concentrations of Free Cur, Nano-Cur and FA/Nano-Cur at 24 hrs

(A) and 48 hrs (B).

Cell Necrosis and Apoptosis Assay

Many studies have already reported the pro-apoptotic effects
of Cur on tumor cells. We performed PI/Annexin-V
staining flow cytometry to determine the effects of Free
Cur, Nano-Cur and FA/Nano-Cur on CT26 cells. The results
indicated that CT26 cell death caused by Free Cur and Cur-
loaded nanomicelles were mainly apoptosis. The percentage
of Annexin-V" cells was 0.89%, 1.3%, 2.65%, 8.82% and
95.27% in the Free Cur treated group (Figure 4A), 1.22%,
23.3%, 58.93%, 91.43% and 99.96% in the Nano-Cur treated

group (Figure 4B), versus 0.87%, 51.53%, 50.18%, 96.59%
and 99.95% in the FA/Nano-Cur treated group (Figure 4C)
for concentrations of Cur at 0, 3.125 pg/mL, 6.25 pg/mL,
12.5 pg/mL and 25 pg/mL, respectively. Hence, the above
results confirmed that FA/Nano-Cur and Nano-Cur induced
more cell apoptosis than Free Cur at the same concentration.
Besides, there was an upper-shift of cell population with the
increase of drug concentration, which might be attributed to
the auto-fluorescence of Cur. It is noteworthy that the FA
modification further enhanced the cytotoxicity of Nano-Cur,
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Figure 4 Cell apoptosis and necrosis analysis. Flow cytometry results of Pl/Annexin-V staining of CT26 cells treated with different concentrations of Free Cur (A), Nano-

Cur (B) and FA/Nano-Cur (C) for 48 hrs.

demonstrated by more apoptotic cells in the FA/Nano-Cur
treated group than that in the Nano-Cur treated group.

In vivo Anti-Tumor Activity

Therapeutic Efficacy in Mice Model of Heterotopic
CRC

The in vitro study results had found that FA/Nano-Cur and
Nano-Cur showed enhanced ability to inhibit tumor prolifera-
tion and promote tumor apoptosis. Thereafter, a mice model of
heterotopic CRC was established to evaluate the anti-tumor
efficacy of different treatments in vivo. Figure SA shows the
subcutaneous tumors in each treatment group on the 18th day
after tumor inoculation. The body weight of mice in each
group increased gradually (Figure 5B). The tumor growth
curves were plotted by dynamic monitoring of subcutaneous
tumor volume, showing that the tumors in the control, FA/
Nano, Free Cur, and Nano-Cur groups grew rapidly, compared
with slowly increase in the FA/Nano-Cur group from Day 12
to Day 18 (Figure 5C). On the 18th day, the tumor-inhibition
rate was 77.32% in the FA/Cur-Nano group, 20.77% in the
Nano-Cur group and 16.25% in the Free Cur group. No
significant difference was shown between the FA/Nano
group and control group. In addition, the comparison of

tumor weight among different treatment groups validated the
above conclusion (Figure 5D). Thus, our results demonstrated
that Cur-loaded polymeric micelles were more effective than
Free Cur, and in which FA/Nano-Cur exerted the strongest
anti-tumor effect in the treatment of CRC.

Effect of Inhibiting Tumor Proliferation

In an anti-tumor drug assessment, it is essential to evaluate
the ability of inhibiting tumor proliferation. In the study,
the PCNA immunohistochemical staining was performed
to compare the effect of different treatments on tumor
proliferation. Our results showed that the PCNA index of
Free Cur, Nano-Cur and FA/Nano-Cur were significantly
lower than that of the control group and FA/Nano group,
suggesting decreased tumor proliferation by Cur treatment
(Figure 6A—E). Among all groups, the FA/Nano-Cur group
had the fewest cells in proliferation status. Therefore, the
results indicated that FA/Nano-Cur had a better effect on
inhibiting tumor proliferation than other treatment groups.

Effect of Inducing Tumor Cells Apoptosis

Flow cytometry with PI/Annexin-V staining found that Free
Cur, Nano-Cur and FA/Nano-Cur could induce tumor apopto-
sis in vitro. Hence, the TUNEL staining method was employed
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to study the effect of different treatments on tumor apoptosis
in vivo. As a result, only few apoptotic cells were observed
in the control group and the FA/Nano group whereas the
apoptotic cells increased slightly in the Free Cur group
(Figure 7A—E). There was a large number of apoptotic cells
observed in the Nano-Cur treated group and the FA/Nano-Cur
treated group, and the proportion of apoptotic cells in the FA/
Nano-Cur group was higher than that of the Nano-Cur group.
Taken together, the results confirmed that FA/Nano-Cur could
induce more tumor cells apoptosis, thereby enhancing the anti-
tumor effect.

Effect of Attenuating Tumor Angiogenesis

Tumor angiogenesis is crucial for the development and metas-
tasis of malignant tumor. To further explore the anti-
angiogenesis capability of different treatments, we labeled
the vascular endothelial cells in tumor tissues using immuno-
histochemical staining method. The number of CD31 positive
cells in the randomly selected microscopic field was defined as
microvessel density (MVD). Results showed that the MVD in
all but the FA/Nano group was significantly lower than the
control group, and the FA/Nano-Cur group had the minimum
MVD (Figure 8A-E). In addition to inhibiting proliferation
and promoting apoptosis, it was demonstrated that Free Cur,

A Control B

D Nano-Cur

FA/Nano

Nano-Cur and FA/Nano-Cur exhibited the capability of anti-
angiogenesis, among which FA/Nano-Cur was the most effec-
tive one.

Systemic Toxicity Assessment

In order to investigate the systemic toxicity of different treat-
ments, the vital organs including heart, liver, spleen, lung and
kidney of mice from each treatment group were sliced and
examined by HE staining. No apparent morphological
abnormalities were found in all treatment groups
(Figure 9A-E). Furthermore, the appetite change, diarrhea
and abnormal behaviors of mice were monitored to evaluate
the adverse effects. No obvious appetite and behavioral
abnormalities appeared in the groups throughout the treatment
period. Besides, there was no significant difference in serolo-
gical biochemical parameters among the groups, suggesting
that all treatments were low toxic to the mice (Figure 10A-D).
The FA/Nano-Cur and Nano-Cur prepared in the study
showed good safety, which indicated their great potential for

future application.
Discussion

As the natural product extracted from traditional Asian spice
Curcuma longa L., Cur is easily available, low toxic, and

c Free Cur

| — |
50— n.s. *
3 | e | E— ]
@ 40+
8 *
g 30+ *
= n.s.
8 204 ' '
o
T T
o T
w104
o }
'—

Figure 7 Effect on tumor apoptosis. The results of TUNEL staining in Control group (A), FA/Nano-Cur group (B), Free Cur group (C), Nano-Cur group (D) and FA/Nano-

Cur group (E) (*P<0.05, **P<0.01).
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Figure 8 Effect on tumor vascularization. Microvessel densities in Control group (A), FA/Nano group (B), Free Cur group (C), Nano-Cur group (D) and FA/Nano-Cur

group (E) (*P<0.05, *P<0.01).

mass-produced. Cur has received extensive attention for its
versatile role in many pharmacological activities, which
makes it a promising drug candidate in the treatment of
various diseases.'>'*'*'® The anti-tumor mechanisms of
Cur were associated with the development and progression
of cancer. Many signal pathways were involved in the pro-
cesses including mitogen-activated protein kinase (MAPK),
peroxisome proliferator-activated receptor (PPAR), WNT/
beta-catenin, sonic hedgehog (sHh), NOTCH and PI3K/
PTEN/Akt/mTORC, protein 53 (P53), activating protein 1
(AP-1), signal transducers and activators of transcription 3
(STAT3), B-cell lymphoma-2 (Bcl-2), epidermal growth
response-1 (Egr-1), showing the multi-target capability of
Cur in cancer treatment.*'*” In CRC, Cur was also able to
suppress cyclooxygenase-2 (COX-2) and reduce prostaglan-
din synthesis in the colon carcinogenesis process.***’

One previous study has demonstrated that consuming 8
g of Cur per day for 3 months caused no significant toxic effect
in patients with high-risk or precancerous lesions.”® However,
the solubility of Cur was reported to be less than 0.125 mg/L in
water.”' What is more, the content of Cur was undetectable in
mice plasma and brain at 0.5 h after oral administration of Cur
(50 mg/kg), indicating poor bioavailability.’> Research has
shown that the content of Cur was merely 50 ng/mL after
oral administration of Cur at the dosage of 10-12 mg/kg in
human.> Some researches reported FA modified MPEG-PCL

polymers encapsulating chemotherapeutic or hormone-
therapeutic drugs such as doxorubicin, paclitaxel and tamox-
ifen in cancer therapy, which showed a good anti-tumor
effect.*® Another study introduced a Y-shaped FA-MPEG-
PCL,; copolymer with a particle size of 48.94 nm to improve
the uptake of Cur in Hela and HepG2 cells.’” Herein, we
synthesized Cur-loading FA/MPEG-PCL micelles (FA/Nano-
Cur) with an average size of 30.47 nm for vein injection,
which was expected to improve the bioavailability of Cur.
Gou et al applied MPEG-PCL micelles in the Cur drug deliv-
ery system for CRC treatment, which showed an improved
anti-tumor effect than free Cur in mice model.** In the
research, we used FA conjugated MPEG-PCL micelle to
encapsulate hydrophobic Cur. The drug release study showed
the nanoformulation of Cur significantly extended drug dura-
tion of Cur and had a prominent delayed drug release effect.
Improved T}, and increased C,,,, as well as the enlarged area
under curve (AUC) by Nano-Cur and FA/Nano-Cur micelles
were observed. FA/Nano-Cur not only possessed the outstand-
ing properties of nanoscale MPEG-PCL micelles, such as
improving water solubility, sustaining release, reducing sys-
temic elimination, enhanced permeability and retention (EPR)
effect, but also exhibited enhanced tumor-targeting capability,
which further augmented the therapeutic efficacy. Taken
together, the low toxicity of Cur and the selective delivery
by FA conjugated nanoformulation would reduce adverse
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Control
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Figure 9 Safety assessment on vital organs. HE staining results of heart (A), Liver (B), spleen (C), lung (D) and kidney (E) sections from different treatment groups were

presented.

effects, compared with the systemic diffusion of chemother-
apeutic drug.

Our results demonstrated Free Cur, Nano-Cur and FA/
Nano-Cur were capable of inducing colon tumor cell apop-
tosis both in vitro and in vivo, and FA/Nano-Cur exhibited
the most powerful effect. Cur has been disclosed to induce
cell apoptosis via suppressing NF-kB and its associated
pathways.** Cur could also promote apoptosis through acti-
vating cancer suppressor gene pS53 and down-regulating
anti-apoptotic genes Bcl- 2/Bcl-xL as well as upregulating
pro-apoptotic genes Bax.*” Furthermore, Cur was found to
induce growth arrest and apoptosis by affecting Wnt and
cell-cell adhesion pathway.** In addition, we found the anti-
proliferation effect of Free Cur and Cur nanoformulation by
MTT assay and PCNA staining method. Research has
reported Cur might suppress the expression of epidermal
growth factor receptor (EGFR) by reducing Egr-1 activity
in colon cancer cells, thus to restrain colon cancer cell

growth.* The tumor angiogenesis in FA/Nano-Cur treated

group was significantly mitigated as well. Cur was reported
to potentiate the anti-tumor effect of gemcitabine in an
orthotopic model of pancreatic cancer by reducing CD31"
microvessel density.* In summary, the results illustrated
that FA/Nano-Cur treatment exhibited stronger anti-tumor
ability in terms of promoting tumor cell apoptosis, inhibit-
ing tumor cell growth and reducing tumor angiogenesis,
compared with Nano-Cur treatment. Besides, no obvious
systemic toxicity induced by FA/Nano-Cur injection was
found through serological detection and pathomorphologi-
cal observation.

So far, there are three ongoing clinical trials on Cur
nanoformulation in the treatment of CRC and colorectal
adenomatous polyps, indicating promising prospects of FA/
Nano-Cur application in future.’® Still, great efforts are
required to ascertain the therapeutic effect and toxicity of
FA/Nano-Cur for human CRC therapy. Research has
reported that Cur showed a synergistic effect with S5-fluor-

ouracil in gastric cancer.”® Cur could also sensitize human

International Journal of Nanomedicine 2020:15

submit your manuscript

1249

Dove


http://www.dovepress.com
http://www.dovepress.com

Hu et al Dove
A 40 1501 100+ 400+
o
30 T 3004
2 g 100 = )
2 Lo 2 2 2 201
9 ] = 5 %
< < 50+ < <
10 100+
o o o
9 ] ) $ $
& & o & 8 & & o o doo R
v\‘\ & & <& v? & d o ©
<& & 75‘\'0 < <& 2
< <&
B 3 4000+ 25 4
g T T 3000- a i ol - 3
3 2 H 3
E g E 15 g —_
£ s 2000+ <3 £ 21 s
3 10+ =
2 14 o T g g 1
3 1000+ i
o- o o
o $ $ $ < $ $ $
& @,boc‘ & S ® ‘\é‘o & & & ® &S doo & 54 & &S opo
0 G <€ » & < Y &S & N AR A
< < 2 Q <& @ < 3 & 9 < < @ @
C “v@ & «V§ Qv*;
2.5 30001 0.6 3
- _ T T _
3 o 20004 ERNYe g
5 =]
13 3 £ £
E z E £
a = 10004 2 o024 )
I a =
o 0.0-
9 o $ $ $
& ‘,\‘9‘\ ooo opo O'Go
2 N N
&« & 2
D Qv§
4001 101
T
—~ 3004 g T 404
I s g S 301 T
3 40 E 2001 2 =
[ 4 i 5 20 T
«
20 > 1004 EE 104 i
o o 0 0- .
$ & & po‘ & ¢ £ & & ¢ & &L & ;}" &
SO S N o
& 2 2 <& & & & < & & &
& ¢ R S
<& « <

Figure 10 Serological biochemical parameters detection. A series of biochemical parameters in mice serum from different groups were detected including ALB, ALP, ALT,
AST (A), CHOL, CK, CREA, GLU (B), HDL, LDH, LDL, TG (C) and TP, UA, UREA, AMY (D).

CRC xenograft to gamma-radiation.”” We hope our study
will provide a new aspect for CRC treatment and more
research are warranted to investigate the therapeutic effect
of FA/Nano-Cur on other malignant cancer types. The com-
bination therapy of FA/Nano-Cur and other treatment is also

an interesting and meaningful topic for future study.

Conclusion

We prepared a new injectable dosage form of Cur formulation
by encapsulating Cur in FA modified MPEG-PCL micelles.
Our preclinical study in the CRC mice model has shown that
FA/Nano-Cur exhibited a significantly better therapeutic
effect than Free Cur and Nano-Cur. FA/Nano-Cur treatment
induced tumor cell apoptosis while significantly reduced the
tumor proliferation and tumor angiogenesis, which might be
attributed to improved bioavailability and enhanced tumor-

targeting effect. Taken together, FA/Nano-Cur is a promising
therapeutic agent for CRC treatment with low toxicity and
better efficacy as well as good biodegradability.
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