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Abstract

Semi-synthetic andrographolide (AG) analogue, namely 19-tert-butyldiphenylsilyl-8,17-epoxy
andrographolide, or 3A.1, is an anticancer drug. However, the major problem of 3A.1 is poor water
solubility hindering its clinical applications. To improve the water solubility and anticancer potency of
this analogue, 3A.1-loaded polymeric micelles employing N-naphthyl-N-O-succinyl chitosan (NSCS) as
amphiphilic copolymer were prepared by the dropping method. The morphology, particle size,
entrapment efficiency (%EE), and loading capacity (%LC) were evaluated. The 3A.1-loaded NSCS
micelles were successfully prepared. These micelles were nano-size (66.26 to 102.53 nm) and with a
spherical shape, with negative surface charge (-30.50 to -22.23 mV). The 3A.1-loaded NSCS micelles
with 40 % drug loading exhibited the maximum values of both %EE (90.84 %) and %LC (25.95 %),
indicating that a high amount of 3A.1 could be entrapped into the NSCS micelles. In addition, in vitro
anticancer activity and cell migration assay on HN22 cells were evaluated. The 3A.1-loaded NSCS
micelles exhibited stronger anticancer effect and cell migration suppression than the free drug. Therefore,
these NSCS micelles containing 3A.1 may be potential nanocarriers for the treatment of oral cancer.
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Introduction

Head and neck cancers are common cancers that involve epithelial malignancies of the mouth, nasal
cavity, pharynx, and larynx and represent about 6 % of all cancer cases around the world [1]. Oral cancer
with squamous cell carcinoma (OSCC) is the most common type of cancer at the head and neck regions.
Currently, despite advances in multimodality treatments such as surgery, radiation, and chemotherapy for
oral cancer, the incidence has continually increased, because this cancer is an aggressive epithelial
malignancy with poor prognosis and a low survival rate. In advanced stage OSCC patients, there is high
occurrence of metastasis to distant organs resulting in treatment failure, which is the leading cause of
death [2,3]. Therefore, the discovery and development of effective anticancer agents from natural sources
has been studied for oral cancer therapy.

Plant-derived anticancer compounds have recently been developed to treat cancer diseases.
Angropholide (AG) (Figure 1a), a major diterpenoid lactone in Andrographis paniculata Nees
(Acanthaceae), is used as a traditional herbal medicine in many countries, including India, China, and
Southeast Asian countries (Thailand, Malaysia, Indonesia). It has been reported to have a wide spectrum
of pharmacological effects, including anticancer activity [4]. However, AG lacks selectivity and potency
in terms of several cancer cell lines. In order to improve cytotoxic activity to be a potential anticancer
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drug, many researches have attempted to chemically modify this compound [5]. In a recent research, a
novel semi-synthetic AG analogue, namely 19-tert-butyldiphenylsilyl-8,17-epoxy AG, or 3A.1 (Figure
1b), was successfully synthesized. This analogue possessed potent cytotoxic activity against several
cancer cells, including HepG2 (hepatocellular carcinoma), Hela (cervical carcinoma), and UISO-BCA1
(human breast carcinoma) in an in vitro testing [6]. Despite greater anticancer activity compared to the
parent compound, the poor aqueous solubility of 3A.1 is one of the major problems in the delivery of the
drug to targeted cancer cells, limiting its therapeutic usage. To address these problems, usage of
nanocarrier-based delivery systems is a favorable approach due to their unique properties, such as
nanometer size, increase in water solubility, improvement in tumor targeting, and minimization of
toxicity to normal cells [7]. Polymeric micelles (PMs) have received much attention for anticancer drug
delivery. PMs are spherical shaped, nanosized systems resulting from a self-assembly of amphiphilic
polymers with core-shell structures. PMs could efficiently entrap hydrophobic drugs into the inner core to
solubilize hydrophobic drugs, whereas the outer shell provides compatibility with the aqueous
environment and helps decrease uptake by the reticuloendothelial system. In addition, N-naphthyl-N-O-
succinyl chitosan (NSCS) as an amphiphilic polymer has been used in previous work due to favorable
properties including non-toxicity, biocompatibility, and biodegradability [8]. The present study aimed to
encapsulate 3A.1 into NSCS PMs using the dropping method to improve aqueous solubility. Morphology,
size, and drug loading were investigated. Moreover, the anticancer activity and inhibition of cell
migration on OSCC cells in vitro were also studied.
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Figure 1 Chemical structure of (a) andrographolide and (b) andrographolide analogue 3A.1

Materials and methods

Materials

The 3A.1 anticancer agent was provided by Department of Chemistry, Faculty of Science, Burapha
University. N-naphthyl-N-O-succinyl chitosan (NSCS) was synthesized and characterized by Dr.
Warayuth Sajomsang (National Nanotechnology Center (NANOTEC), Thailand) [8]. Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS), trypsin-EDTA, and penicillin-
streptomycin were purchased from Gibco BRL (Rockville, MD, USA). All chemical substances were of
analytical grade and used without further purification.

Preparation of 3A.1-loaded polymeric micelles

The NSCS PMs were prepared through the dropping method. Briefly, 3A.1 (0 - 40 wt% to polymer)
and 5 mg of NSCS were dissolved in 0.5 mL DMSO. The solution was gradually dropped into stirred
water, and the mixed solution was stirred overnight. The final ratio of DMSO:water was fixed at 1:5 by
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volume. Subsequently, the mixture was placed in a dialysis bag and dialyzed against water overnight. The
solution was centrifuged at 1,500 rpm for 2 min. Then, the supernatant was collected for further
investigation.

Characterization of 3A.1-loaded polymeric micelles

The morphology of the blank and 3A.1-loaded NSCS PMs was observed by transmission electron
microscopy (TEM, Philips® Model TECNALI 20). The particle size, polydispersity index (PDI), and zeta
potential of the micelles were measured by a particle size analyzer (ZetasizerNano ZS, Malvern
Instruments, UK) at 25 °C. The measurements were performed in triplicate.

Entrapment efficiency (%EE) and loading capacity (%LC)

The amount of the drug incorporated into the PMs was determined using an HPLC. For
destabilization of the micelle structure, the 3A.1-loaded NSCS PMs were dissolved in a mixture solution
of DMSO/water (9/1, v/v). The entrapped drug was quantified using a reverse-phase high performance
liquid chromatography (RP-HPLC, Agilent 1100, USA) with a C-18 column (250%4.60 mm, 5 pm
particle size) and detected by a UV detector at 219 nm. The mobile phase was methanol/water (80/20,
v/v) with a flow rate of 1.0 mL/min. The %EE and %LC were calculated according to Egs. (1) and (2),
respectively;

Entrapment efficiency (%) = (C, / C;) x100, (1)
Loading capacity (%) = [C, / (C; + L;)] X100, 2)

where C, is the amount of 3A.1 in the NSCS micelles, C; is the initial amount of 3A.1 in micelles, and L;
is the amount of NSCS used for the micelle formulations.

In vitro anticancer activity

The effect of the free drug and the drug-loaded NSCS PMs on the cell viability of HN22 cells were
studied by MTT assay [8]. The cells were seeded in 96-well plates at 60 - 70 % confluency in DMEM-
containing serum. Afterwards, the cells were treated with 3A.1 and the 3A.1-loaded micelles with drug
concentrations of 0.1 to 10.0 pg/mL, followed by incubation at 37 °C in a CO, incubator for 24 h. After
that, MTT solution in PBS (5 mg/mL) was added to each well, and the cells were then further incubated
for 4 h. Then, 100 uL DMSO was added to solubilize the formed formazan crystals. The plates were then
incubated in the dark at 37 °C for 30 min, and the absorbance at 550 nm was measured using a microplate
reader (Universal Microplate Analyzer, Model AOPUSO1 and AI53601, Packard BioScience, CT, USA).

In vitro cell migration

In vitro scratch assay was performed for the assessment of cell migration due to it being a simple,
inexpensive, and well-developed method [9,10]. Briefly, the HN22 cells were cultured in 6-well plates
until confluent as a monolayer. To create a gap in the cell monolayer, a uniform gap (about 1,000 pum)
was scratched from edge-to-edge in each well using a sterile 200-uL pipet tip to generate 3 straight
lines/well. The cells were washed gently with 1.0 mL PBS to remove the detached cell and residual
media. Both 3A.1 and the 3A.1-loaded micelles at a final concentration of 3.0 pug/mL in serum free
DMEM were added into each well, and then incubated at 37 °C in a CO, incubator for 24 h. The images
of the wound were taken using an inverted microscope (Model: T-DH Nik0n®, Japan) at 0, 6, 10, 18, and
24 h. The image was captured by 3 images/well/time point, and the wound gap and wound area were
determined using Imagel] software (National Institutes of Health) using 40x magnification. %wound
closure was calculated according to Eq. (3);
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wound area at start time — wound area at end time
% Wound closure = - x100. 3)
wound area at start time

Statistical analysis

All experiments were performed in triplicate. All results are expressed as mean += SD. The
independent sample t-test was used and the one-way analysis of variance (ANOVA) and the Tukey
multiple comparison were used for analysis of statistical difference between groups using GraphPad
Prism version 5.01 (GraphPad, Inc, USA). P values < 0.05 are considered as statistically significant
differences.

Results and discussion

Preparation and characterization of the blank micelles and the 3A.1-loaded micelles

The NSCS was used as an amphiphilic graft copolymer for the polymeric micelle formulations. This
is composed of a hydrophobic naphthyl and a hydrophilic succinyl group that can entrap hydrophobic
anticancer drug 3A.1 into the core-shell structure of PMs. In this research, the dropping method, as one of
the simplest and most convenient physical preparation methods, was selected to prepare the blank
micelles and the 3A.1-loaded NSCS PMs. The TEM image of the blank micelles and the 40 % 3A.1-
loaded NSCS PMs prepared by the dropping method are presented in Figure 2. The TEM image revealed
that the formed particles were of spherical shape and of nanometer size.

Figure 2 TEM images of the NSCS micelles. (a) Blank NSCS PMs and (b) 40 % 3A.1-loaded NSCS PMs

The particle size, PDI, and zeta potential of the blank micelles and the 3A.1-loaded NSCS PMs are
shown in Table 1. The size of the drug-loaded PMs was larger than that of the blank PMs due to drug
encapsulation. The micelle size of the drug-loaded PMs increased with an increase in the drug to polymer
ratio. These micelles had mean particle sizes of less than 200 nm, with narrow size distributions. The
3A.1 molecule could form interactions with the hydrophobic cores of NSCS PMs by hydrophobic-
hydrophobic bonding. The zeta potential of both the blank micelles and the drug-loaded PMs were
electrically negative charges that could prevent particle aggregation.

Drug loading

The entrapment efficiency (%EE) and loading capacity (%LC) of the drug-loaded NSCS PMs are
summarized in Table 1. The results showed that different drug concentrations affected the %EE and
%LC, since both the %EE and %LC values increased with an increase in drug to polymer ratio. The
entrapment mechanisms of 3A.1-loaded micelles were likely due to the hydrophobic interaction between
aromatic groups of 3A.1 molecules and the hydrophobic inner core (naphthyl group) of the polymers, as
suggested by previous reports regarding the incorporation behaviors of meloxicam [11]. Noticeably, the
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40 % 3A.1-loaded NSCS PMs showed the highest %EE (90.84 + 3.34) and %LC (25.95 + 1.48). Thus,
this formulation was selected for further evaluation.

We tried to study the solubility of free 3A.1 in water; unfortunately, we could not detect the amount
of 3A.1by HPLC, indicating that free 3A.1 had poor water solubility, at least below the detection limit of
our HPLC (1pg/mL). However, when 3A.1 was entrapped in the micelles, HPLC readily reported the
3A.1 peak, with a 3A.1 concentration range from ~400 to 450 pg/mL. This result revealed that the micelle
system could dramatically increase aqueous solubility of this drug, and highlights micelle preparation as
an effective carrier for the aqueous solubility enhancement of 3A.1.

Table 1 Characteristics of blank and 3A.1-loaded NSCS PMs. Each data is presented as the mean + SD (n
=3)

3A.1* Particle size Zeta potential

(% to polymer) (nm) PDI (mV) VoEE %LC
0 66.26 + 1.21 0.300 (-)30.50+£1.93 - -
5 7523 £1.35 0.164 (-) 26.77£0.97 46.95+2.62 2.24+0.12
10 82.12 £3.55 0.185 (-) 28.80£2.32 57.49 +0.80 5.23+0.08
20 90.33 £2.28 0.255 (-)24.97+1.11 72.59 +3.61 12.10+0.93
40 102.53 + 0.60 0.162 (-)22.23£5.27 90.84 +3.34 25.95+1.48

*% to polymer is defined as amount of drug, calculated based on 5 mg of polymer (%W/W)

In vitro anticancer activity

The cytotoxic activity of the 40 % 3A.1-loaded NSCS PMs and free 3A.1 were evaluated against
HN22 cells using MTT assay. As shown in Figure 3, the different concentrations of the free drug and the
drug-loaded PMs exhibited anticancer activity against HN22 cells in a dose-dependent manner. The
results revealed that ICsy of the drug-loaded PMs (3.04 + 1.20 pg/mL) was slightly lower than the I1Csy of
the free drug (4.65 £ 1.35 pg/mL), but the difference was not statistically significant (p > 0.05). This data
indicated that the drug-loaded NSCS PMs still retained growth inhibition against HN22 cells when
compared to the free drug.
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Figure 3 Anticancer activity against HN22 cells of (M) free 3A.1 and () 40 % 3A.1-loaded NSCS PMs
determined by MTT assay. Each value presents the mean + SD of 5 replications. ICs, values were
estimated using GraphPad Prism v. 5.01 and their values present the mean + SD of 3 replications. *, p <
0.05 compare free 3A.1 at the same concentration.

In vitro cell migration

As revealed in many reports, the parent compound AG exhibits anti-migratory activity against
several human cancer cell lines [12], such as breast cancer cell line MDA-MB-231 [13], non-small cell
lung cancer cell line A549 [14], and colon cancer cell lines CT26 and HT29 [15]. Additionally, some AG
derivatives were reported to suppress cell migration in cancer cell lines [12]. For example, Hsieh et al.
demonstrated that dehydroandrographolide inhibited cell migration in SCC9 oral cancer cell lines [16].
However, the anti-migratory effect of 3A.1 analogue has not been studied in cancer cells. Here, we have
unprecedentedly revealed the anti-migratory activity of 3A.1 through an in vitro scratch assay compared
to the free drug dissolved in DMSO. In this study, the images expressing wound gap in each treatment at
0, 6, 10, and 18 h are shown in Figure 4a. For the quantification of cell migration, the %owound closure is
presented in Figure 4b. The %wound closure was not significantly different in the control and DMSO
groups, indicating that at 0.1 % DMSO did not interfere with the migration of HN22 cells. The drug-
loaded PMs exhibited significantly slower wound closure rates compared to the free drug (p < 0.05). This
finding suggested that the formulation of anticancer drug 3A.1 into NSCS PMs increased the migration
suppression of 3A.1 against HN22 cells compared to the free drug. This result was consistent with
previous studies, which reported that curcumin-loaded methoxy polyethylene glycol—polylactide
polymeric micelles can significantly suppress migration of human A549 non-small-cell lung cancer at a
higher rate than the free drug [12]. Another study confirmed that the inhibitory migration effect of fisetin
as anticancer drug-loaded tocopheral polyethylene glycol 1000-polylactide polymeric micelles against
MCEF breast cancer cells was better than that of the free drug [13].
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Figure 4 The 40 % 3A.1-loaded NSCS suppressed cell migration in scratch assay compared to free 3A.1
(equivalent concentration) in HN22 cells. (a) The images of wound gap of each treatment at various time
points. (b) %wound closure of each condition at 18 h time point. *, p < 0.05 denotes statistically
significant difference compared with other groups.

Conclusions

3A.1-loaded NSCS PMs were successfully prepared through the dropping method. These PMs had
small particle size with high drug loading. Moreover, the drug-loaded PMs not only enhanced anticancer
activity against OSCC cells, but also potentiated inhibitory activity toward HN22 cell migration in vitro
compared to the free drug. This study suggests that the 3A.1-loaded NSCS PMs may be promising
nanocarriers for oral cancer chemotherapy. However, further in vitro cell migration is needed to be tested
in other cancer cell lines. Moreover, the performance of this micelle delivery system should be evaluated
using an appropriate animal model.
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