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Abstract

The current study utilizes folic acid conjugated poly(styrene-co-maleic anhydride) block
copolymer (FA-SMA) to enhance the solubility of a hydrophobic but very potent synthetic
curcumin-difluorinated (CDF) analog and its targeted delivery to folate receptor-alpha
overexpressing cancers. The nanomicelles showed high aqueous solubility. Importantly, the
encapsulation of CDF in nanomicelles resulted in high photo-stability of the otherwise photolabile
drug. When the nanomicelles were tested in folate-receptor overexpressing ovarian and cervical
cancer cells they exhibited high anticancer activity causing significant cell population to undergo
apoptosis due to upregulation of tumor suppressor phosphatase and tensin homolog (PTEN) and
inhibition of nuclear factor kappa-B (NFxB), which further confirmed the targeting ability and
anticancer potentials of folate-targeted formulations.

Graphical Abstract

"Corresponding author: Arun K. Iyer, Ph.D., Department of Pharmaceutical Sciences, Eugene Applebaum College of Pharmacy and
Health Sciences, 259 Mack Ave, Room 3601, Wayne State University, Detroit, M1 48201, Phone: 313-577-5875, Fax: 313-577-2033,
run.iyer@wayne.edu (A.K. lyer).
Equally contributing authors
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosures: There is no conflict of interest and disclosures associated with the manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Luong et al. Page 2

High uptake
—_

Targeted FA-SMA-CDF

Keywords

Ovarian cancer; cervical cancer; folic acid; folate receptor-alpha targeting; polymeric micelles;
curcumin difluorinated (CDF); flavonoid analog; targeted drug delivery

Background

Worldwide, cancer accounts for millions of deaths annually. Chemotherapy, radiotherapy,
and photothermal therapy are the most common approaches for cancer treatment.
Chemotherapy is a foremost modality for most cancer types because of its high efficacy
compared to other treatments [1-3]. Most of the cancer patients are diagnosed at the
advanced stage and can only be treated with chemotherapy and radiotherapy. However,
development of resistance to conventional chemotherapy is the most common reason for the
failure of cancer treatment. In addition, the nonspecific distribution of conventional
chemotherapeutic drugs in the body affect both cancerous and normal cells, leading to dose-
related adverse effects and insufficient drug concentrations in the cancerous tissues. An ideal
delivery carrier for anticancer drugs must be capable of transporting the drug specifically to
the cancerous tissues and releasing the drug molecules inside the tumor cells [4-6].

Polymeric nanomicelles have been widely used in medicine as drug delivery carrier by
active targeting approach [7-9] They have the ability to improve hydrophobic drug delivery,
reducing metabolic drug degradation, specific targeting of cancer cells by surface
modification using targeted ligand, and displaying sustained and triggered drug release [10-
12]. In addition to the ability to enhance the aqueous solubility of hydrophobic drugs,
nanomicelles also have the ability to target cancer cells by two approached: passive and
active. The passive targeting ability of nanomicelles takes advantage of the phenomenon
called the enhanced permeability and retention (EPR) effect, which was discovered by
Matsumura and Maeda. The EPR phenomenon suggested that the proliferation of cancer
cells results in the development of the highly disorganized and leaky blood vessels. Thus, the
macromolecules including nanomicelles can extravasate and accumulate at the tumor site
[12-17]. In the active targeting approach, nanomicelles are typically conjugated/decorated
with a targeting moiety, thereby facilitating the preferential accumulation of the drug in
selected tissues, individual cancer cells, or intracellular organelles that are associated with
specific recognition molecules in cancer cells [14,18-24].

Regarding receptor mediated targeting, folate receptor-alpha targeting by using folic acid
seem to be a promising strategy for cancer therapy with numerous of drugs going under
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clinical trials at this moment [20]. Folate receptor-alpha, a glycosylphosphatidylinositol
anchored cell surface receptor, is overexpressed in the majority of cancer tissues with limited
expression in healthy tissues and organs [18]. Folate receptor-alpha is highly expressed in
ovarian, cervical, epithelial, brain, breast, kidney, and colorectal tumors [25,26]. Folic acid is
small (441 Da), stable over a broad range of temperatures and pH values, inexpensive, and
non-immunogenic, and it retains its ability to bind to the folate receptor after conjugation
with drugs or diagnostic markers [12]. After folate attaches to the receptors located within
clathrin, it is internalized through the endocytotic pathway.

In terms of chemotherapeutic agents, curcumin-difluorinated (CDF), a synthetic flavonoid
anticancer compound with 16-fold increased half-life and significantly better anticancer
activity as compared to its parent compound curcumin, seems to be a very promising
chemotherapeutic agent when tested on pancreatic cancer cells [11,27,28]. Although having
such a great potential for anticancer activity, CDF’s extremely high hydrophobicity, and
water insolubility prevent it from moving further to preclinical and clinical testing. In our
previous reports, we successfully overcame CDF’s solubility drawback using styrene-maleic
acid (SMA) copolymer conjugated with hyaluronic acid (HA) [5,10]. With the presence of
both hydrophobic and hydrophilic moieties, SMA could form nano-micelles with peripheral
hydrophilic carboxylic groups conjugated with HA to target CD44 receptor overexpressed in
pancreatic cancer cells, and hydrophobic styrene moieties facilitated encapsulation of CDF
(HA-SMA-CDF). As a result, CDF’s solubility was increased dramatically with a significant
anticancer activity. HA conjugation gave HA-SMA-CDF the ability to accumulate in MIA
PaCa-2 cells resulting in better anticancer activity. With the impressive results of HA-SMA-
CDF, the aim of this study was to explore CDF’s anticancer activity further using folate-
mediated delivery to cervical cancer cells (HeLa) and ovarian cancer cells (SKOV3)(Figure
1) [29-32]. For this purpose, SMA copolymer conjugated with folic acid (FA) as targeting
ligand was employed.

CDF was synthesized as described earlier [10,11]. Poly(styrene-co-maleic anhydride)
(Average MW 1600), N-(3-(dimethylamino) propyl)-N-ethyl carbodiimide hydrochloride
(EDC), and 3-[4,5dimethylthiazol-2-yl]-2,5diphenyltetrazolium bromide (MTT) was
purchased from Sigma-Aldrich (St. Louis, MO). FA was purchased from Fisher Scientific,
Waltham, MA. Guava Nexin Reagent for cell apoptosis kit was purchased from EMD
Millipore, Billerica, MA. All other chemicals were of reagent grade and used without any
modification.

Preparation of folate-conjugated SMA (FA-SMA) copolymer

FA-SMA copolymer was synthesized using a slightly modified method used earlier [33].
Briefly, FA solution was prepared by dissolving known amounts of FA in NaHCO3 buffer
and magnetically stirring for 6 h. In another container, SMA polymer was activated by
adding EDC and NHS in of DMSO, and the reaction was allowed to complete for 4 h at
room temperature. Then activated SMA solution was added dropwise to the alkaline FA
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solution under vigorous stirring and stirred for 24 h at room temperature to synthesize FA-
SMA conjugate. Finally, FA-SMA conjugate was purified using Millipore tangential flow
filtration (TFF), (Millipore, Milford, MA) by ultrafiltration. Final FA-SMA conjugate was
Iyophilized, characterized [proton nuclear magnetic resonance spectroscopy (*H NMR) and
Fourier transform infrared spectroscopy (FTIR)] after which the products obtained were
stored in the freezer until further use.

Fabrication and characterization of FA-SMA-CDF nanomicelles

FA-SMA-CDF nanomicelles were fabricated according to the previously reported method by
us with significant modification [10,11]. In short, a known quantity of the freshly
synthesized FA-SMA conjugate was dissolved in DI water at RT under magnetic stirring,
and the pH was adjusted to 5.0. Dissolved CDF in a minimum quantity of DMSO and added
dropwise to the FA-SMA polymer solution. Instantaneous self-assembly of the styrene
component of SMA and hydrophobic parts in CDF ensured the formation of nanomicelles.
Consequently, EDC was added and stirred in the dark for 30 min to minimize CDF light
exposure, and maintained the pH at 5.0. The pH was increased to 10.0 by slow addition of 1
M NaOH till the suspension become clear. Final pH was readjusted to 7.4 using 0.1 M HCI
and dialyzed overnight using dialysis membrane (molecular weight cutoff 3.5 kDa,
Spectrapor, Spectrum Laboratories, SD) against distilled water to remove free drug (CDF),
and lyophilized (Eyela Inc., Tokyo, Japan).

FA-SMA-CDF nanomicelles were characterized for particle size and zeta potential using a
Beckman Coulter Delsa Nano-C DLS Particle analyzer (Beckman Coulter, Inc., Fullerton,
CA) equipped with a 658 nm He—Ne laser as reported earlier by us [5,10,11]. Subsequently,
nanomicelles were further characterized for surface morphology by transmission electron
microscopy (TEM) and atomic force microscopy (AFM) as reported earlier [11].

Drug loading study

The amount of drug present in the nanomicelles was determined by High-performance liquid
chromatography (HPLC) method using a C18 column with Photodiode Array detector
(PDA) at 447 nm. For this purpose, initially, the standard curve of CDF was first performed
by dissolving the known amount of CDF in DMSO and its successive dilutions (in mobile
phase), followed by HPLC analysis with the absorbance at 447 nm. Further, the amount of
CDF loading in micelles was calculated by dissolving the known amount of micelles in PBS
buffer (pH 7.4) followed by further dilution in the mobile phase and determination of CDF
loading by HPLC at the absorbance at 447 nm against the standard curve.

Stress stability indication assay

Free CDF, SMA-CDF, and FA-SMA-CDF nanomicelles were exposed to different stress
conditions such as thermal, acid, alkaline, oxidation, and photolytic in order to generate
degradation byproducts of the drug. These conditions included heat (95°C), acid hydrolysis
(1N hydrochloric acid), base hydrolysis (1N sodium hydroxide solution), oxidation (3%
hydrogen peroxide solution), and photolysis with UV light. Samples were later analyzed by
HPLC to ensure that there was no interference between the degradation products and pure
drug peak.
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Human cervical cancer cells (HeLa cells), human ovarian carcinoma cells (SKOV3 cells)
(folate receptor overexpressing cell lines) [29-31,34], and human lung cancer cells (A549
cells) (folate receptor negative cell line) [35,36] were used in this study. HeLa cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Fisher Scientific, Waltham

MA). SKOV3 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium
(Thermo Fisher Scientific, USA). A549 cells were cultured in Kaighn’s Modification of
Ham’s F-12 Medium (F-12K; Thermo Fisher Scientific, USA). All media contained 10%
fetal bovine serum (FBS) and streptomycin sulfate (10mg/L). All cell lines were incubated at
37°C in a 5% COy air humidified atmosphere.

In vitro cytotoxicity assay

The Jin vitro cytotoxicity of free CDF, SMA-CDF and FA-SMA-CDF nanomicelles was
evaluated by MTT assay on HelLa, SKOV3, and A549 (negative control) cell lines. In short,
cells were seeded in 96-well plates with an average of 2000 cells in each well. After 24 h
incubation, cells were treated with various formulations with a concentration range from 0.5
UM — 2 uM. Treated cells were incubated for 72 h at 37°C, followed by addition of MTT
solution (1 mg/ml) and further incubation at 37°C for 2 h. Following this, media was
replaced by DMSO and the plates were placed on a shaker for 10 mins. The absorbance was
measured at 590 nm using a high-performance multi-mode plate reader (Synergy 2, BioTek).
Percentage of survival cells was determined by comparing the absorbance with appropriate
controls [10,11].

Fluorescence microscopic studies

Fluorescence microscopic study was performed in SKOV3 cell line (folate receptor
overexpressing cell line) to examine the effect of folate receptor targeting ability of the
targeted formulation on cellular internalization as compared to the non-targeted formulation.
In brief, SKOV3 cells (5 x 10%) were seeded in four-well chamber slide and incubated at
37°C under 5% CO,, for 24 h. The medium was removed, and Rhodamine B loaded
formulations (non-targeted and targeted) were added and incubated for 6 h. The formulation
containing medium was removed, and resulting cells were washed with PBS three times and
fixed with 3% formaldehyde in the PBS at RT for 10 min, and the samples were analyzed
qualitatively using a fluorescent microscope (Leica, Germany) [37].

Confocal microscopic study

SKOV3 cells were seeded in a four-well chamber slide at a density of 1 x 104 cells in a total
volume of 400 pl for each well and allowed to incubate overnight. Media was replaced with
formulations loaded with Rhodamine B and incubate for 6 h. Following, the supernatant
was, and cells were washed thrice with 400 pl of PBS. Then, cells were fixed with 3%
paraformaldehyde solution in PBS for 10 min at room temperature. This solution was then
discarded, and cells were washed thrice with 400 ul of PBS. The nucleus was stained with a
cell permeable far-red fluorescent DNA dye DRAQS5® (Cell Signaling Technology, USA) at
a concentration of 5 uM for 10 min at room temperature. Cells were then washed thrice with
400 pl of PBS. The chambers were then removed, and 1 drop of mounting media (Thermo
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Fisher Scientific) was added per coverslip. The coverslips were mounted on the slide and let
sit for 1 h in the dark. Images were recorded using Leica TCS SP5 confocal microscope.

Western blot

Western blot analysis was performed to determine the level expression of Phosphatase and
tensin homolog PTEN and Nuclear factor kappa B (NF-xB) in HeLa and SKOV3 cell line
using reported method [38]. Briefly, HeLa and SKOV3 cells were treated with different
nanoformulations and lysed. The protein concentration was determined by the Bio-Rad
Protein Assay (Bio-Rad kit). Lysates were electrophoresed by SDS-PAGE and the proteins
were transferred onto the nitrocellulose blotting membrane, followed by blocking with 5%
BSA in TBST buffer at room temperature for 1h. Primary antibodies (PTEN or NF-xB)
were added and incubated overnight at 4°C, subsequently washed and incubated with
compatible secondary antibodies. The protein bands were visualized by incubation with
chemiluminescent substrate (Thermos Scientific) at room temperature for 2 min, followed
by chemiluminescent detection using a digital imaging system (ImageQuant LAS 4000, GE
Healthcare Bio-Sciences AB, Sweden).

Flow cytometry

HelL a cells and SKOV3 cells were cultured in 6-well plates at 50000 cells/well and
incubated for 24 h at 37°C under 5% CO», followed the treatment of plain CDF, SMA-CDF,
and FA-SMA-CDF to induce apoptosis. The concentrations of CDF, SMA-CDF, and FA-
SMA-CDF were chosen based on the value of IC5g on HelLa cells and SKOV3 cells from in
vitro cytotoxicity assay. After 72h incubation, cells were collected, and samples were
prepared according to the protocol for Guava Nexin Annexin V assay (EMD Millipore,
USA). The samples were analyzed by Guava Easycyte flow cytometer (EMD Millipore,
USA).

Results

Folate receptor is overexpressed in the vast majority of cancer cells, while its expression is
limited in healthy non-target tissues and organs [18]. Also, our earlier studies showed that
folate engineered nanocarrier showed promising activity against various cancers. CDF has
been shown to be a very promising anticancer agent with the potential to treat several cancer
cells as well as overcome drug resistance. However, photolytic decomposition and low
solubility profile of CDF has caused difficulties in sample preparation and made its systemic
administration problematic. Our earlier reports suggested that SMA based micelles could
enhance the solubility of various compounds and satisfy the need to achieve anticancer drug
accumulation at the tumor site and minimize adverse side effects [5]. Based on this
information, the goal of this work was to design an efficient folate-based targeted
nanomicelles system loaded with CDF which could be useful for targeted anticancer therapy
for multiple cancers.

Synthesis and characterization of FA-SMA conjugate

FA engineered styrene maleic acid polymer (FA-SMA) was synthesized, purified, and
structurally characterized by *H NMR and FTIR spectroscopy. The IH NMR spectrum
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showed characteristic peaks between 6.85 — 7.60 ppm are ascribed to the benzene unit of
folate, and the signal at 8.63 ppm corresponds to the C—H group of the folate nitrogen ring.
The characteristic aromatic peaks of the styrene subunits (of SMA) at about 6.2—7.2 ppm
further confirmed the presence of SMA components in HA-SMA conjugates. Additionally,
the FTIR spectrum of FA-SMA revealed a unique characteristic peak at 1630.71 cm™t was
confirmed the formation of an amide bond (Figure 2a).

Fabrication and characterization of drug loaded non-targeted (SMA-CDF) and targeted (FA-
SMA-CDF) nanomicelles

DLS was employed for the measurement of the particle size and size distribution of
nanomicelles. The obtained particle size and the size distribution of the SMA-CDF
nanomicelles were 183.4 + 3.28 nm and 0.191 + 0.028, respectively. However, the particle
size and the size distribution of the FA-SMA-CDF nanomicelles were 191.3 + 2.92 nm and
0.176 £ 0.069, respectively (Figure 2b). Both, non-targeted and targeted nanoformulations
had a negative zeta potential values of —=50.79 + 1.06 mV and —7.86 + 1.67 mV, respectively,
as measured after dilution with 1 mM NacCl at 25 °C (Figure 2c).

The surface morphology of SMA-CDF and FA-SMA-CDF was investigated by AFM
(Figure 3). To investigate the surface morphology of developed nanomicelles, we also
performed AFM measurements by immobilizing them on freshly cleaved mica. The
spherical shaped nanoparticles were observed using AFM, and FA-SMA-CDF showed
comparatively, higher particle size and results have corroborated the results obtained by
DLS.

Drug loading in nanomicelles

The loading of the drug in the nanomicelles was estimated by HPLC method. A calibration
curve was developed in a range of 10-250 pg/ml (R2 = 0.99) and accuracy and precision
data were determined, and the validated HPLC method was employed for determining the
CDF concentration and to evaluate drug release from the developed nanomicelles. The
loading of CDF in SMA-CDF and FA-SMA-CDF was 18.48 + 2.79 and 10.44 + 3.16 %
wi/w, respectively. The lesser loading of the drug in FA-SMA-CDF may be attributed to the
physical interaction between SMA and 1,3 diketonic compounds such as CDF.

Stress stability indication assay

Itis illustrated in (Figure 4a) that there is no interference between drug peak and the
degradation peaks. Also, by making a nano-micellar formulation for CDF using FA-SMA,
the photolysis stability of CDF was increased to a large extent (Figure 4b).

In vitro cancer cell viability assay

CDF loaded nanoformulation cytotoxicity assay was performed against three different types
of cell lines [SKOV3 (human ovarian carcinoma cell line), HeLa cells (human cervical
cancer cells), and A549 (human lung cancer cells)] in order to determine the efficacy of
developed formulations against different types of cancers. Plain polymer (FA-SMA) showed
very little toxicity to all the experimental cell lines with the cell viability more than 90%,
confirmed the safety of the carriers. The anticancer activity of FA-SMA-CDF nanomicelles

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Luong et al. Page 8

was compared with SMA-CDF and the free drug. Targeted nanomicelles exhibited an
improvement in anticancer activity in all three experimental cells after incubation for 72 h
with respect to the free drug and non-targeted nanomicelles.

For cytotoxicity assay, different cells were treated with four equivalent doses of CDF; 0.5, 1,
1.5, and 2 pM of the formulations. The result of the MTT cell viability assay exhibited a
significant difference in the toxicity of folate-based nanomicelles in comparison to plain
drug and the non-targeted formulation. FA decorated micelles resulted in a statistically
significant enhancement (P < 0.01) in the anticancer activity (Figure 5). In SKOV 3 cells,
after 72h, half minimal (50%) inhibitory concentration (ICgg) values of CDF, SMA-CDF and
FA-SMA-CDF were found to be 0.65 + 0.18, 1.20 + 0.25, and 0.40 + 0.26 PM, respectively.
FA-SMA-CDF micelles reduced the ICsq value of SMA-CDF by approximately 3 folds. A
similar pattern of cell viability was observed in the case of HelLa cells, where the 1Cgq values
of CDF, SMA-CDF, and FA-SMA-CDF were found to be 0.70 + 0.26, 1.28 + 0.19, and 0.47
+ 0.14 uM, respectively after 72h. FA-SMA-CDF micelles reduced the 1Cgq value of SMA-
CDF by approximately 2.72 folds.

In the case of A549 cells after 72h, the I1Csq values of CDF, SMA-CDF, and FA-SMA-CDF
were found to be 1.65 + 0.16, 1.85 + 0.22, and 1.55 £ 0.23 pM, respectively. FA-SMA-CDF
micelles reduced the 1Cgq value of SMA-CDF by approximately 1.19 folds. In this case
(A549 cells) the ICgq values were comparatively higher than other two experimental cell
lines (SKOV3 and HelLa cells).

Fluorescence microscopic study

SKOV3 cells were selected for in vitro fluorescence microscopic study based on the results
of MTT and receptor blockade assay. In cell uptake studies, SKOV3 cells were incubated
with Rhodamine B labeled formulations and analyzed after 6 h. As shown in Figure 6a, free
Rhodamine B treated cells did not show any apparent fluorescence. However, the cells
treated with Rhodamine B based nanomicelles were found to be more fluorescent. As
compare to non-targeted micelles, comparatively, higher uptake was observed in cells treated
with targeted micelles.

Confocal microscopic study

The uptake of the formulation was further confirmed by using confocal microscopic assay
using SKOV3 cell lines. After incubating the cells with the formulation for 6 h, they were
analyzed under a confocal microscope. As shown in Figure 6b, targeted formulation showed
comparatively higher uptake than the non-targeted formulation in both the cell lines. The
results are well in accordance with the fluorescence microscopic study indicating the higher
cellular uptake of the targeted formulation.

Flow cytometry

Apoptosis induction in HeLa and SKOV3 cells of the drug-loaded formulations was
determined by flow cytometry with Annexin V//7-AAD dual staining. The percentage of
Annexin V7/7-AAD ~ (R5), Annexin V*/7-AAD ~ (R6) and Annexin V~/7-AAD * (R4) and
Annexin V~/7-AAD * (R3) were used to determine the number of live cells, early apoptotic,
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late apoptotic and necrotic cells. In both HeLa and SKOV3 cell lines, the number of
apoptotic cells was found to be significantly higher with targeted formulation FA-SMA-CDF
as compared to plain CDF or non-targeted formulation SMA-CDF. The percentage of
apoptotic cells were found to be approximately 36.6 + 6.8 and 45.9 + 5.4 in targeted
formulation FA-SMA-CDF as compared to non-targeted formulation SMA-CDF 25.1 £ 7.5
and 14.5 + 6.2 in HeLa and SKOV3, respectively. The results suggested a better apoptosis
induction ability of targeted formulation FA-SMA-CDF and were consistent with higher
anticancer activity in vitro cytotoxicity assay using MTT and better cellular uptake in
fluorescence and confocal microscopy studies. Besides, plain carrier FA-SMA conjugate
exhibited relatively low apoptosis in both HeLa and SKOV3 cell lines, showing its safety
when using for drug delivery (Figure 7).

Western blot

Western blot was performed to identify the level of PTEN and NF-xB expression in HelLa
and SKOV3 cells after treatment with the nanomicelles. In control cells, PTEN expression
was found to be relatively low. However, a significant increase in PTEN level was observed
after treatment with nanomicelles. FA-SMA-CDF formulation shown significantly higher
increment in PTEN level than SMA-CDF nanomicelles. When it comes to NF-xB
expression, in control cells without treatment, NF-xB level was found to be higher than in
cells treated with nanomicelles. Noticeably in HeLa cells, the ability to upregulate PTEN
and downregulate NF-xB of the formulations is significant (Figure 8).

Discussion

Our newly developed CDF, have shown enhanced stability, higher therapeutic potential, and
16-fold increased half-life compared to conventional curcumin. CDF also displayed
extremely enhanced pancreas selective accumulation [28,39]. More importantly, we found
that CDF could inhibit the growth of CSCs and induce disintegration of colonospheres that
are highly enriched in CSCs [40]. Very recently, our CDF nanoformulations [SMA-CDF,
HA-SMA-CDF (hyaluronic acid conjugated SMA-CDF), PAMAM-CDF and HA-PAMAM-
CDF] have shown significant activity for the treatment of pancreatic cancers [5,10,11].
Hence we assume that our CDF nanoformulations can be a promising platform for treating
CD44 expressing pancreatic cancer stem-like cells (CSLCs).

Based on these promising results of CDF and its nanoformulations, our next challenge was
to develop a new CDF based nanoformulation which can be utilized for the treatment of
multiple cancers. Because folate receptor-alpha is overexpressed in various cancers such as
ovarian, cervical, epithelial, brain, breast, kidney, and colorectal tumors [25,26], we utilized
FA as targeting ligand.

Initially, FA-SMA conjugates were synthesized and characterized by *H NMR and FTIR
spectroscopy (Figure 2a). Next, we successfully formulated non-targeted (SMA-CDF) and
targeted (FA-SMA-CDF) nanomicelles. The FA present on FA-SMA is hypothesized to form
the corona of the nanomicelles, with the ability to bind effectively to various receptors
overexpressed on different cancer cells.
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We have analyzed our nanomicelles for size, size distribution, charge, and morphology by
DLS, and AFM techniques. Our results revealed that formulated nanomicelles were in the
ideal size range with narrow size distribution profiles (PDI) for tumor targeting. DLS data
suggested that there was a slight increase in particle size following conjugation with folate
(FA-SMA-CDF). The increase in particle size was attributed to the bulkiness provided by
folate moiety to the nanomicelles. Also, it should be noted that our nanomicelles displayed
unimodal size distribution as shown in Figure 2b. Further, AFM images proved them to be in
spherical shape and higher particle size for FA-SMA-CDF than SMA-CDF which are well in
agreement with results obtained by DLS. Zeta potential data showed negative value and
indicating them to be safe carriers for systematic drug delivery (Figure 2c) [41]. Noticeably,
the high negative charge of SMA-CDF was neutralized by FA conjugation, resulting in a
relatively low negative charge of FA-SMA-CDF nanomicelles. The low negative charge is
believed to help the targeted nanomicelles FA-SMA-CDF have lower uptake and less
cytotoxicity in phagocytic cells [42].

In regard to the loading of CDF into the micelles, FA-SMA-CDF showed less CDF loading
than SMA-CDF formulation. The possible reason was due to the steric hindrance caused by
the additional crowding of the ligand on the periphery of the folate-based micelles which
prevented CDF from reaching into the micelles core. Another reason was due to the
comparatively greater sealing of micelles structure by FA-SMA-CDF at the peripheral
portions of micelles as a coating, which prevented CDF loading.

Besides the aqueous solubility issue, CDF is highly prone to photolysis. Because of this
susceptibility to photolysis, CDF can lose its anticancer activity dramatically when exposed
to light resulting in low cancer treatment efficacy. Fortunately, nanomicelle formation with
FA-conjugated SMA does not only enhance CDF’s aqueous solubility, deliver CDF
specifically to cancer cells but also protect CDF from photolysis. Therefore, the activity of
CDF will be retained during the preparation of FA-SMA-CDF formulation prior to
intravenous injection. Stability assay showed an approximately 80% of therapeutically active
CDF remained in the nanomicelle formulations when exposed to UV stress condition
continuously for 2 h. It has been reported that curcumin derivative (CDF) is photolytic
unstable and expose of UV light destabilizes the CDF[43]. Noticeably, approximately 90%
of plain CDF was decomposed under the same UV stress condition (Figure 4a and b). The
results suggested the ability of nanomicelle formulation to enhance the stability of CDF
against photolysis.

Human ovarian carcinoma cell line SKOV3, cervical cancer cell line HeLa (folate receptor-
alpha-positive control) and human lung cancer cell line A549 (folate receptor deficiency
control) were chosen for the /n vitro cytotoxicity assay. From the /in vitro cell viability assay
(Figure 5), the targeted formulation FA-SMA-CDF showed a significant increase in
anticancer activity with a decrease in ICsg when tested on SKOV3 and HelLa as compared to
non-targeted formulation SMA-CDF. In SKOV3, ICsq values after 72h incubation were
found to be 1.20 = 0.25 and 0.40 £ 0.26 uM for non-targeted formulation SMA-CDF and
targeted formulation FA- SMA-CDF, respectively. The results observed in HelLa also
showed a better anticancer activity of targeted formulation FA-SMA-CDF with ICsg of 0.47
+ 0.14 pM as compared to non-targeted formulation SMA-CDF with ICsq of 1.28 £ 0.19
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UM. On the other hand, in A549 cell line with low expression of folate receptor-alpha, there
was a small increase in anticancer activity of targeted formulation FA-SMA-CDF with 1Cgq
of 1.55 £ 0.23 uM as compared to the non-targeted formulation SMA-CDF with the ICsg
value of 1.85 + 0.22 uM. The higher anticancer activity of FA decorated nanomicelles FA-
SMA-CDF found in SKOV3 and HelLa with overexpression of folate receptors as compared
to non-targeted formulation SMA-CDF suggested a higher cellular uptake of targeted
formulation FA-SMA-CDF in those cell lines. Folate receptor mediated endocytosis helped
FA-SMA-CDF internalize faster in SKOV3 and HeLa following by CDF release.
Meanwhile, in A549 with low expression of folate receptors, targeted formulation FA-SMA-
CDF has a slight increase in activity. This could be explained by the low number of folate
receptors on the membrane of A549 cells; therefore, targeted formulation FA-SMA-CDF
could not take advantage of folate receptor mediated endocytosis. Interestingly, in all three
cell lines, the targeted formulation FA-SMA-CDF showed higher activity than plain CDF.
The results suggested the potential of targeted nanomicelles (FA-SMA-CDF) in not only
enhancing CDF’s poorly aqueous solubility but also improving cellular uptake with better
activity. The results also suggested the safety profile of FA-SMA for drug delivery with
almost close to 100% cell viability in all three cell lines after 72h incubation. In figure 6a &
b, we observed that FA-targeted micelle has higher cell uptake than the non-targeted
formulation, which indirectly proves FR-mediated cell uptake. Previously, our lab has shown
FR-competition experiment with various types of nanoparticles to prove the receptor
mediated uptake [44—-46]. Herein, we used folic acid conjugated polymeric micelles, thus
one can expect FA-SMA micelle will follow FR-mediated endocytosis and there will be FR-
competition.

In fluorescence and confocal microscopic studies, SKOV3 cells were chosen to represent the
folate receptor overexpressing cell lines to examine the ability of the targeted formulation
FA-SMA-CDF in increasing cellular uptake utilizing folate receptor mediated endocytosis.
The majority of receptor mediated uptake is clathrin mediated endocytosis. Due to this,
clathrin-mediated endocytosis is historically referred to as “receptor-mediated endocytosis
[47]. This is also applicable to folic acid decorated polymer nanoparticles that are first up
taken by FR and form “clathrin pit”, then they internalize to the cytoplasm and release cargo,
and finally FR again recycles back to the cell membrane [15].

It is has been reported that tumor cells over-expressed FR, whereas healthy cells expressed
reduced folate carrier (RFC) and the binding affinity of folic acid (FA) to RFC is much
weaker than binding affinity between FA and FR [48]. Therefore, FA-conjugated polymer
nanoparticles showed high affinity to cancer cells than the normal cells and this is reason FR
is a successful biomarker for selective cancer therapy. The formulations were labeled with
Rhodamine B, followed by incubation with SKOV3 cells for 6h. The results showed a
significantly higher Rhodamine B fluorescence signal in SKOV3 with targeted-formulation
FA-SMA-CDF labeled Rhodamine B as compared to non-targeted formulation SMA-CDF
labeled Rhodamine B (Figure 6). In combination with the /n vitro cell viability assay results,
the fluorescence, and confocal microscopic studies suggested that the significantly higher
anticancer activity of targeted formulation FA-SMA-CDF found in SKOV3 and HelLa were
due to the higher cellular uptake facilitated by folate receptor mediated endocytosis.
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With results from in vitro cell viability assay, fluorescence and confocal microscopic studies,
apoptosis assay and western blot studies were performed to further investigate the anticancer
potential of CDF in the targeted formulation FA-SMA-CDF against SKOV3 and HeL a cells.
Apoptosis assay revealed a higher percentage of apoptotic and necrotic cells in both HelLa
and SKOV3 after treatment with targeted formulation FA-SMA-CDF as compared to non-
targeted formulation SMA-CDF and plain CDF. The results were in accordance with in vitro
cell viability assay with a lower percentage of viable cells observed in SKOV3 and HelLa
after treatment with FA-SMA-CDF. The higher number of apoptotic and necrotic cells in
SKOV3 and Hel a treated with FA-SMA-CDF could be explained by higher uptake of the
targeted formulation due to the folate receptor mediated endocytosis. Noticeably, the plain
targeted carrier FA-SMA showed a negligible percentage of apoptotic and necrotic cells in
both SKOV3 and HeL a cells which indicated that plain FA-SMA is biologically safe and
biocompatible at tested concentrations (Figure 7).

Western blot analysis was performed to evaluate the expression levels of tumor suppressor
Phosphatase and Tensin homolog PTEN and Nuclear factor — kB (NF-xB) in control and
treated SKOV3 and Hela cells. CDF is known to upregulate PTEN which has been shown to
be an important factor in stem cell self-renewal [49-51]. In various human tumors, PTEN
downregulation is believed to be the leading factor to the development of chemotherapy
resistance and recurrence of cancer by dephosphorylating phosphatidylinositol 3,4,5-
trisphosphate (P1P3) and antagonizing the PI13-K/Akt pathway [52]. PTEN also regulates
many important processes in cancer cells such as cell proliferation, adhesion, migration,
invasion, and apoptosis [38]. From western blot studies, all of the formulations showed an
elevated level of PTEN in both SKOV3 and HeLa cells. More importantly, the targeted
formulation FA-SMA-CDF showed a higher level of PTEN expression in both SKOV3 and
Hel a as compared to non-targeted formulation SMA-CDF and plain CDF. PTEN levels in
cells treated with the targeted formulation were found to be higher approximately 1.8 and 2
folds than cells treated with the non-targeted formulation in SKOV3 and HeL a, respectively.
Noticeably, as compared to the control without treatment, PTEN expression was elevated by
approximately 3 or 6 times after treatment with the targeted formulation in SKOV3 and
HelLa, respectively. The same pattern was also observed with NFxB when tested on both
SKOV3 and HelLa cells. CDF is a flavonoid analog of curcumin which is known to have the
pro-apoptotic properties mediated by downregulation of NFxB in many types of cancer
[53,54]. NFxB has been known to induce cell survival through promaoting expression of anti-
apoptotic genes such as bc/-xL [55] and X-linked inhibitor of apoptosis (X/AP) [56].
Activation of NFxB has been observed in several types of cancer and is believed to
contribute to apoptosis resistance of those cancer cells [57,58]. From western blot results,
our formulation showed the ability to downregulate NFxB in both SKOV3 and Hel a cells.
FA-SMA-CDF showed a stronger downregulation of NFxB in SKOV3 and HeLa as
compared to SMA-CDF. Noticeably in HeLa, the downregulation of NFxB when cells were
treated with FA-SMA-CDF is approximately 2 times stronger as compared to SMA-CDF.
This results can be attributed to a higher cellular internalization of the targeted formulation
FA-SMA-CDF in SKOV3 and HeLa due to the targeting ability of folic acid and followed by
sustained release of CDF into the cells (Figure 8). The results suggested the potential of
targeted nanomicelles (FA-SMA-CDF) to upregulate the expression of PTEN and
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downregulate NFxB which plays an important role in tumor suppressor activity and lead to
cancer cell death. In conclusion, FA-conjugated copolymer SMA showed great potential for
targeting delivery of CDF, a potent anticancer compound. The FA engineered nanomicelles
possess numerous of excellent characteristics such as high CDF loading with the ability to
deliver a high dose of CDF to cancer cells utilizing folate receptor mediated endocytosis,
enhance CDF’s stability against photolysis and biologically safe and biocompatible.
Moreover, the targeted formulation FA-SMA-CDF showed the ability to increase the number
of apoptotic and necrotic cells, and upregulate level of PTEN expression which is believed to
help avoid drug resistance and cancer recurrence after initial treatment. The results
suggested the promising potential of FA-SMA-CDF for targeted anticancer therapy,
warranting further in vivo investigations underway in our laboratory.
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Research highlights

. Folic acid (FA) is a well-established biomarker for folate overexpressing
cancers.

. A new FA linked block-copolymer with styrene malic acid (FA-SMA) is

reported.

. FA-SMA forms nanomicelles with a potent difluorinated curucumin analog
(CDF).

. FA-SMA-CDF shows promising potential on cervical and ovarian cancers
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[ VAV
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Folate receptor
mediated endocytosis

Drug release

Figure 1.
The pictorial representation of accumulation of targeted nanomicelles (FA-SMA-CDF) at the

tumor site by folate receptor-mediated endocytosis due to the specific binding of FA to folate
receptors overexpressed on cancer cells is shown.

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Luong et al.

(a)

(b)

()

Figure 2.

"IFA

“'smA

FA in DMSO-d6

L LN -

- M . . . ' . - -

SMA in D20

SMA-CDF

=

Zeta Potential : -50.79 (mV)

L W
— -—  — ——f e e
“[FA-SMA - FA-SMA in D20 e
: i"\! |
L.
SMA-CDF FA-SMA-CDF ————————=
E . -. E E | '. E
g A |
Average size: 183.4 nm Average size: 191.3 nm

FA-SMA-CDF

Zeta Potential : -7.86 (mV)

Page 19

(a) FTIR (left) and 1H NMR (right) characterization of FA, SMA, and FA-SMA conjugate;
(b) Particle size and (c) Zeta potential characterization of SMA-CDF and FA-SMA-CDF

using Dynamic light scattering (DLS) technique.
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Flatten
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Figure 3.

Surface morphology of SMA-CDF and FA-SMA-CDF by Atomic force microscopy (AFM).
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Figure 4.

(a) HPLC analysis. There is no interference in HPLC between drug peak and the degradation
peaks; (b) Stability of nanomicelles under varying conditions are shown. It can be seen that
the nano micellar formulation of CDF increased the drug photolytic stability significantly
(n=3).
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Figure 5.
In vitro cell viability assay showing the percentage of cell viability and the 1Csq values

observed at 72 h after treating SKOV3, HeLa and A549 cells with various formulations are
shown (n=8).
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(a) Fluorescence mICI'OSCOpIC im &es (40x)
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(b) Confocal microscopic images (40x)

&

Figure 6.
(a) Fluorescence microscopic images (40x) of SKOV3 cells incubated with nuclear stain

Hoechst (blue fluorescence) and Rhodamine B (red fluorescence) labeled non-targeted and
targeted formulations at 6 h are shown; (b) Confocal images of SKOV3 cells treated with
DRAQ5® stain alone (control, blue fluorescence) or DRAQS and Rhodamine B (red
fluorescence) labeled non-targeted formulation, and targeted formulation respectively are
shown. Higher cellular uptake of the targeted formulation is suggested by the higher red
fluorescent signal of Rhodamine B.
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Figure 7.

Viable cells

[ Control E CDF B SMA-CDF & FA-SMA-CDF

Apoptotic cells

Induction of apoptosis in SKOV3 and HeL a cells when treated with CDF, SMA-CDF, and
FA-SMA-CDF as evaluated by Annexin V/7-AAD dual staining. An increased percentage of
the apoptotic cell population was noted when cells were treated with targeted formulation
(FA-SMA-CDF) as compared to both plain CDF and non-targeted SMA-CDF, suggesting
the better killing activity of the targeted formulation FA-SMA-CDF (n=3).
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Western blot analysis showing PTEN and NF-xB expression in SKOV3 and HelLa cells
without treatment as controls (CTL), and in SKOV3 and HeL a cells after treatment with
SMA-CDF (NT) and FA-SMA-CDF (T) (GAPDH expression was used as the protein

loading control, n =3).
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