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Oral cancer, constituted up to 90% by squamous cell carcinomas, is a

significant health burden globally. Grape seed proanthocyanidins (PA) have

been suggested as a potential chemopreventive agent for oral cancer.

However, their efficacy can be restricted due to the low bioavailability and

bioaccessibility. Inspired by sandcastle worm adhesive, we adapted the

concept of complex coacervation to generate a new type of drug delivery

platform. Complex coacervates are a dense liquid phase formed by the

associative separation of a mixture of oppositely charged polyelectrolytes,

can serve as a drug delivery platform to protect labile cargo. In this study, we

developed a complex coacervates-based delivery of PA. The release kinetics

was measured, and anticancer effects were determined in two human tongue

squamous cell carcinoma cell lines. The results showed that complex

coacervate successfully formed and able to encapsulate PA. Additionally, PA

were steadily released from the system in a pH-dependent manner. The drug

delivery system could significantly inhibit the cell proliferation, migration, and

invasion of cancer cells. Moreover, it could markedly reduce the expression of

certain matrix metalloproteinases (MMP-2, 9, and 13) crucial to metastatic
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processes. We also found that suppression of protein kinase B (Akt) pathway

might be the underlying mechanism for these anticancer activities. Taken

together, complex coacervates-based delivery of PA can act as an effective

anticancer approach for oral cancer therapy.
KEYWORDS

complex coacervates, novel drug carrier, grape seed proanthocyanidins, chemopreventive
agent, oral squamous cell carcinoma, protein kinase B, matrix metalloproteinases
Introduction

Oral cancer is a prevalent malignancy in the head and neck

region with aggressive nature and poor prognosis (1). It is a

significant global health issue, with more than 377,000 new cases

and 177,000 deaths worldwide in 2020. The global estimation also

suggests that oral cancer incidence and mortality will further

increase in coming decades (2). Despite the advancements in oral

cancer treatment, prognosis and survival rate for patients have not

been significantly improved. Treatment failure mainly depends on

disease stages and therapeutic restrictions (3, 4). Therefore, the

research and development of novel effective approaches are

required for preventing and treating this fatal disease.

Natural products are compounds derived from natural

sources, which are beneficial for human health (5). Flavonoids

refer to as an important class of natural products having

polyphenolic structures, which are abundantly found in fruits,

vegetables, and beverages (6). Grape seeds are rich sources of

proanthocyanidins (PA) that are among the most common

subgroup of flavonoids. Dietary consumption of PA is

considered safe and beneficial for human health. The benefits

of PA are mainly attributed to their anti-oxidant, antimicrobial,

and anti-inflammatory properties (7). Furthermore, grape seed

PA are now appreciated for their multiple anticancer activities

such as anti-proliferative, pro-apoptotic, anti-angiogenic, and

anti-metastatic effects (7–9). Past studies demonstrated the

chemopreventive effects of PA to prevent the development and

progression of oral cancer both in vitro and in vivo (10, 11).

However, their efficacy in clinical practice can be restricted due

to the low bioavailability referring to as the proportion of a

compound that is ingested, absorbed, digested, and reached the

systemic circulation. In addition, due to their chemical nature to

promptly bind to fiber, sugar, and protein molecules, most PA

are insoluble, thereby compromising their bioaccessibility (7).

Therefore, the improvement of technologies to enhance

the bioavailability and bioaccessibility of PA would be

advantageous to optimize their anticancer effects.

Encapsulation is generally deployed in drug delivery systems

to form a shell in order to protect a particular agent and prevent

it from leaching out before reaching the target site (12).
02
Sandcastle worms living along the coast build their shells

under seawater by secreting a multicomponent, self-initiating,

and rapidly-set adhesive (13, 14). The phenomenon of complex

coacervation, which is an associative separation of oppositely

charged polyelectrolytes into liquid-liquid phases, plays an

important role in the formation of the adhesive of sandcastle

worms (15). With the advancements of drug delivery

technology, the use of complex coacervates as a drug delivery

platform has been emerged for their high loading capacity and

self-assembly in aqueous medium (16, 17). Once encapsulated

within the coacervate phase, a particular agent can be protected

from the surrounding environment to preserve its integrity and

bioactivity, subsequently increasing the bioavailability and

bioaccessibility. Moreover, unlike other common vehicles such

as hydrogels and microparticles, coacervates can form quickly

and do not require organic solvents which can adversely affect

the drug retention and bioactivity (16).

Encouraged by the promising concept of complex coacervate

structures, we developed a complex coacervates-based drug

carrier (CCDC) for delivering grape seed PA with a hope to

enhance the bioavailability and biodistribution of PA, thereby

improving their performance. Aside from the advantage that

encapsulation can protect a cargo molecule during the

administration, two critical aspects of a drug delivery system

include the sufficient release from the carrier and the subsequent

induction of biological effects in the target site (18). Therefore, in

this study, the kinetic release profile of CCDC-PA system as well

as its inhibitory effects on cancer progression including cell

proliferation, cell migration, cell invasion, and matrix

metalloproteinases (MMPs) expression were investigated. In

addition, literature has indicated that anticancer activities of

grape seed PA mostly rely on their orchestration of various

signaling pathways such as phosphatidylinositol 3-kinase/

protein kinase B (PI3K/Akt) and mitogen-activated protein

kinases (MAPKs) (8). Hence, these pathways were also studied

in this research to reveal the possible underlying mechanisms by

which CCDC-PA system functioned. Since the majority of oral

cancer cases is comprised of oral squamous cell carcinoma

(OSCC) with the tongue is the most common site (19), SCC4

and HSC-3 cell lines were employed in this study. The former
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cell line is derived from human tongue squamous cell carcinoma

at T3N0M0 stage, whereas the latter is established from tumors

of metastatic lymph nodes originated in human tongue

squamous cell carcinoma.
Material and methods

Reagents

Oligochitosan (Och), Sodium hexametaphosphate (P6), and

Proanthocyanidins (PA) were purchased from Sigma, Taiwan.

All solutions were prepared in ultrapure water and undissolved

debris were removed by 0.22 micron filters and stored at 4°C

before use.
Preparation of complex coacervates-
based drug carrier

Complex coacervates-based drug carrier was prepared by

mixing Och (10 mg/mL) and P6 (10 mg/mL) at different ratio.

Briefly, Och and P6 were dissolved in ultrapure water at various

pH from 2.0 to 8.0 with 1M HCl or 1N NaOH solution. The Och

and P6 solutions were mixed intensively at different volume

ratios ranging from 5:1 to 1:5 of Och/P6. Complex coacervates

formed and the condensed liquid phase was centrifuged at 1,500

rpm at room temperature (RT) for 5 min. The yields of complex

coacervates drug carrier (CCDC) at each condition were

calculated by the equation (1):

Equation (1)

%  yield = (CCDC0 − CCDCi)=CCDC0½ � � 100

where CCDC0 was the total powder weight of Och and P6 used

to prepare the CCDC solution, and CCDCi was the weight of the

freeze-dried CCDC. The formation of CCDC was then visualized

by bright-field microscopy (Leica, Germany) and fluorescence

microscopy (Olympus, Japan).
Procedure of PA encapsulation

Och was premixed with PA at various concentrations

ranging from 20 mM to 1.25 mM. Then P6 was added to the

premixed solutions to form the CCDC-PA system at different

stoichiometric ratios (1:20, 1:10, 1:5, 1:2, and 1:1). After 30 min

for settling down at RT, the supernatant was measured by using

UV-vis spectrometry since the absorbance at 230 nm is specific

for PA and it is not overlapped with that of Och at 274 nm.

Determinations were performed in triplicate.

The encapsulation efficiency of each ratio was calculated

using the Equation (2):
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Equation (2)

Encapsulation efficiency = (UV0=UVi)� 100

where UV0 was the UV absorbance in the supernatant at the

specific wavelength, and UVi was the reference UV absorbance

at the standard concentration. The concentration of PA can be

accurately and quantified by linear regression method shown in

Supplemental Results.
Determination of release kinetics of PA
from CCDC-PA

Kinetic release experiments of PA from CCDC-PA were

carried out in different buffered pH solutions. CCDC-PA at

various ratios was prepared as described above. The release

kinetics of PA was determined by UV-vis spectrometry at the

wavelength of 230 nm. Briefly, supernatants were sampled and

replaced with 1 mL of fresh buffered pH solutions after 1, 2, 4, 8,

12, and 24 h. The replacement was then done every 24 h for 30

days. The corresponding cumulative percentage of released PA

was determined using a standard calibration curve covering the

range of the assay.
Cell culture

SCC4 and HSC-3 cell lines were investigated throughout this

study as representatives of human oral squamous cell

carcinomas. SCC4 cell line was purchased from Bioresource

Collection and Research Center (BCRC, Hsinchu, Taiwan).

SCC4 cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM)/F12 supplemented with 10% fetal bovine

serum (FBS), 2 mM glutamine, 0.4 mg/ml hydrocortisone, 100

U/ml penicillin, and 100 mg/ml of streptomycin at 37°C in a

humidified atmosphere of 5% (v/v) CO2 in air. HSC-3 cell line

was purchased fromMerck (Darmstadt, Hesse, Germany). HSC-

3 cells were cultured in DMEM supplemented with 10% FBS at

37°C and 5% CO2. Cells were then seeded into 24-well plates one

day before various doses of drug treatments (CCDC-PA, and

SC78). After treatments, cells were then analyzed with the

following techniques.
Immunofluorescence microscopy

HSC-3 and SCC4 cells (5 × 103 cells/well) were seeded on

glass coverslips and treated with designed conditions. After

rinsing once with PBS, the cells on the slice were fixed in 3.7%

paraformaldehyde at RT for 15 min. Next, they were washed

three times with PBS to remove the residuals of the fixation

solution, and then 4% BSA was used for blocking for 15 min. The
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cells were incubated with anti-human CREB (1:100) at RT for

1 h. After washing twice with PBS, they were further incubated

with FITC-conjugated goat anti-rabbit IgG for 1 h. Images were

visualized under a fluorescence microscope (Zeiss, Axiovert

200 M).
Cell proliferation assay

HSC-3 and SCC4 cells (8 × 103 cells/well) were seeded on a

96-well plates and treated with designed conditions. After 24 h

or 48 h, 10 mL of CCK-8 solution was added into every well, and

the plates were incubated for 3 h to 6 h. The results were read on

a microplate reader at the absorbance of 450 nm.
Wound healing assay

HSC-3 and SCC4 cells (1 × 105 cells/well) were seeded on 12-

well plates. The confluent monolayer of culture was scratched

with a fine pipette tip, and CCDC-PA at various ratios was added

into the plates for 24 h. Following the treatments, cell migration

was visualized under a microscope and the rate of wound closure

was quantified.
Cell migration assay

The Transwell inserts (8-mm pore size; Costar, NY, USA) in

24-well dishes were used for cell migration assay. HSC-3 and

SCC4 cells (3 × 104 cells/well) were treated with CCDC-PA at

various ratios for 90 min and further incubated for 24 h. The

cells were then seeded in the upper Transwell chamber, and 300

mL of culture medium was added into the lower chamber. After

24 h, the cells were fixed in 3.7% formaldehyde for 30 min and

stained with 0.05% crystal violet for 60 min. Each chamber was

washed with DDW after removing the cells on the top of the

filter by using cotton-tipped swabs. The cells remained on the

bottom of the filter were then examined and counted under

a microscope.
RNA extraction and quantitative real-
time PCR

Total RNAs were isolated from HSC-3 and SCC4 cells treated

with CCDC-PA at various ratios by using Total RNA preparation

kits (easy-Blue Total RNA Extraction kit, iNtRON Biotechnology,

Seongnam, Korea) following the manufacturer’s protocol. The

RNA was reversely transcribed to cDNA by reverse transcriptase

(Invitrogen, Carlsbad, CA, USA). Quantitative real-time PCR

(qPCR) was used to determine the mRNA levels of target genes
Frontiers in Oncology 04
by running on the StepOnePlus machine (Applied Biosystems,

Foster City, CA, USA). The SYBR Green fluorescence probe

system (KAPA Biosystems, Woburn, MA, USA) was used for

determining the threshold cycle (CT) of target genes. Primers of

humanMMP-2, MMP-9, MMP-12, MMP-13, and glyceraldehyde

3-phosphate dehydrogenase (GAPDH) were purchased from

Sigma-Aldrich. The expression levels of target genes were

normalized to GAPDH levels. The formula of level ratio of

2−DDCt, where DDCt = (Ct target−Ct GADPH)Sample−(Ct target−Ct

GADPH)Control, was used for calculation.
Immunoblotting assay

Total cell lysates were collected from HSC-3 and SCC4 cells

treated with CCDC-PA at various ratios by using RIPA lysis

buffer for immunoblotting assay. Briefly, equal amounts of

proteins were separated by SDS-polyacrylamide gel

electrophoresis and transferred to polyvinyl difluoride (PVDF)

membranes. Blots were blocked with 5% non-fat milk at RT for

1 h, followed by overnight incubation at 4°C with specific

primary antibodies at 1:1000 dilutions: ACTIN (Catalog No.:

SI-A5441, Sigma); MMP2 (Catalog No.: 104577, Genetex),

MMP9 (Catalog No.: 100458, Genetex), MMP12 (Catalog No.:

102928, Genetex), MMP13 (Catalog No.: 69926S, Cell

Signaling), AKT (Catalog No.: 4691S, Cell Signaling), p-AKT

(Catalog No.: 4060S, Cell Signaling), ERK (Catalog No.: SC-

292838, Santa Cruz), p-ERK (Catalog No.: GTX129275,

Genetex), JNK (Catalog No.: 474, Santa Cruz), p-JNK (Catalog

No.: 9255S, Cell Signaling), MEK (Catalog No.: SC-56250, Santa

Cruz), p-MEK (Catalog No.: 16500, Cell Signaling), P38 (Catalog

No.: 110720, Genetex), p-P38 (Catalog No.: 133460, Genetex).

After three washes for removing the residues of primary

antibodies, and then incubated with HRP-conjugated goat

anti-Rabbit IgG secondary antibody conjugated to horseradish

peroxidase (Catalog No.: 31466, Thermo Fisher Scientific) at

1:5000 dilutions at RT for 1 h. The signals were detected on a

charge-coupled device camera-based detection system (UVP

Inc., Upland, CA, USA), and the ImageJ software (National

Institutes of Health, USA) was used to quantify. The cropped

images of blots shown in figures are used for illustrative

purposes, full scan of the entire original gel(s) are included in

the Supplementary Figures.
Data analysis

All experiment results were expressed as the mean value and

the standard deviation (S.D.) of three independent experiments

with triplicate of each sample. Data were statistically analyzed by

both Kruskal-Wallis and the ANOVA to determine whether

statistically significant differences exist (P<0.05).
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Results

Morphology and kinetic
characterizations of CCDC-PA system

Complex coacervates are a dense liquid phase formed by the

associative separation of a mixture of oppositely charged

polyelectrolytes (20). In this study, we found that positively

charged chitosan (Och) interact with negatively charged P6 that

formed complex coacervate phase to encapsulate proanthocyandies

(PA) (Figure 1A). The bright-field microscope image indicated the
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formation of complex coacervates-based drug carrier, or simply

CCDC, as characterized by the formation of spherical micron-sized

droplets (Figure 1B). As shown in Figure 1C, grape seed PA, or

simply PA (pink color), were successfully encapsulated by CCDC.

To evaluate the encapsulation efficiency of PA in the CCDC system,

the supernatant fraction (unencapsulated phase) of CDCC-PA was

measured by UV spectrometer from 210 to 300 nm. Our results

showed that a significant decreased of UV absorbance at 232 nm

(specific to PA), indicating CDCC encapsulates PA with high yield

(Figure 1D). To demonstrate the release profile of PA within the

CCDC system, 1 mMPAwas used as an example in this study. Our
A

B

D E

C

FIGURE 1

Structural and kinetic characterizations of CCDC-PA system. (A) The working model of CDCC formation by charge-charge interaction. (B)
Multi-foamy structures of CCDC under a bright-field microscope at 10× magnification and (C) Encapsulation of PA by CCDC. Scale bars were
10 mm. (D) Encapsulation efficiency validated using UV-Vis spectrometry. (E) Profile of cumulative percentage of PA released from the CCDC
system at various pH conditions for 24h.
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result showed that PA was steadily released from the CDCC system

over time in a pH-dependent manner. Specifically, PA release was

more stable at neutral pH 6.0 or 7.5 over 72 h period. In contrast,

acidic (pH 2.0) or alkaline (pH 9.0) conditions led to a greater

release of PA (Figure 1E). At higher pH conditions, Och tends to

lose its positive charge due to deprotonation of amino groups which

destabilize the ionic interaction within the CDCC system.
CCDC-PA inhibited the cell proliferation
of SCC4 cells

Although it has been demonstrated that PA inhibits the

growth of cancer cells (10), the encapsulated form of PA and its

effect on oral cancers remain uncharacterized. Therefore, the

effect of CDCC-PA on the viability of both HSC-3 and SCC4

cells was evaluated using a CCK-8 assay. Both bright-field and

immunofluorescence images visually showed that CCDC-PA

can affect the cell proliferation of both HSC-3 and SCC4 cells

in a dose-dependent manner at either 24 h or 48 h time point. In

particular, the lower amount of CCDC-PA, the lesser inhibited

proliferation of cancer cells (Figure 2A). However, the

quantitative data using CCK-8 assay indicated that CCDC-PA

only significantly inhibited the cell proliferation of SCC4 cells,

yet HSC-3 cells. The dose-dependent trend of CCDC-PA in

suppressing the cell proliferation of SCC4 cells was more evident

at 48 h with PA concentrations of 5 μg/mL and higher (1:10 to

1:1) (Figure 2B). The CDCC system alone did not affect the

proliferation of HSC-3 and SCC4 and therefore we confirmed
Frontiers in Oncology 06
that the cancer inhibition effect is from the PA released from the

CDCC system.
CCDC-PA inhibited the cell migration
and invasion of HSC-3 and SCC4 cells

As shown in Figure 3A, both representative photographs and

quantitative data from the wound healing assay demonstrated

that CCDC-PA can significantly impede the cell migration of

HSC-3 cells in a dose-dependent manner. In particular, CCDC-

PA at the stoichiometric ratio 1:1 (PA at 50 μg/mL) yielded the

highest inhibitory effect. Similar results were also shown in SCC4

cells (Figure 3B). As shown in Figure 4A, both representative

photographs and quantitative data from the Transwell Matrigel

invasion assay suggested that CCDC-PA can markedly suppress

the cell invasion of HSC-3 cells in a dose-dependent manner,

whose highest inhibitory effect was at the stoichiometric ratio

1:1. Similar results were also observed in SCC4 cells (Figure 4B).

We also confirmed that the inhibitory effect of CCDC-PA is

mainly came from PA rather than the components (i.e. Och and

P6) presented in the CCDC (Supplemental Results).
CCDC-PA inhibited the expression of
MMPs in HSC-3 and SCC4 cells

Tumor invasion and metastasis require a profound

remodeling and degradation of extracellular matrix (ECM),
A B

FIGURE 2

CCDC-PA inhibited the cell proliferation of SCC4 cells treated with CCDC-PA at various stoichiometric ratios at 24 h and 48 h. (A) Bright-field
and immunofluorescence images of HSC-3 and SCC4 cells. (B) The cell proliferation of HSC-3 and SCC4 cells was determined by CCK-8 assay.
Control indicates a condition without treatment of CCDC-PA. 1:20, 1:10, 1:5 1:2, and 1:1 indicate the final concentration of PA in the CCDC
system is equivalent to 2.5, 5.0, 10, 25, and 50 µg/mL respectively. Data are expressed as mean ± S.D. (n = 3), with *P< 0.05 indicating the
significant difference from the controls.
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and MMPs present a family of ECM-degrading enzymes (21).

MMPs can be classified into collagenases, gelatinases, and many

more depending on their substrate specificity. Collagenases, such

as MMP-13, are secreted enzymes capable of cleaving various

types of collagen before degradation by other MMPs (22). This

subfamily of MMPs is considered to associate with angiogenesis

(23). Gelatinases, including MMP-2 and MMP-9, are another

subfamily of MMPs that is well-established as important

markers in the malignant progression of oral cancer (21). To

examine the anti-metastatic potential of our experimental drug

delivery system, the effects of CCDC-PA on the expression of

different members of MMPs were assessed. As shown in

Figure 5A, CCDC-PA was able to markedly reduce the gene

expression of all Mmps tested (Mmp-2, Mmp-9, Mmp-12 and

Mmp-13) in HSC-3 cells in a dose-dependent manner. Similar to

HSC-3 cells, the gene expression of Mmp-2, Mmp-9, Mmp-12

and Mmp-13 in SCC4 cells, in general, were strongly alleviated

by CCDC-PA at every stoichiometric ratio (Figure 5B). The

protein expression of these MMPs were further investigated by

immunoblotting assay. As shown in Figure 5C, CCDC-PA was

able to mitigate the expression of MMP-2, MMP-9, MMP-12,

and MMP-13 in HSC-3 cells in a dose-dependent trend, in

which the stoichiometric ratio 1:1 yielded the highest inhibitory

effect. Similar results were also observed in SCC4 cells, except

that MMP-12 expression was maintained as comparable as the

control (Figure 5D).
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Inhibition of oral cancer cell migration by
CCDC-PA is mediated via the PI3K/AKT
signaling pathway

PI3K/Akt axis is one of crucial signaling pathways, which is

considered as a master regulator of oral cancer progression. The

activation of this pathway may contribute to cancer cell survival

and growth, angiogenesis, and migration and invasion (24, 25).

Another key signaling pathway in the oral carcinogenesis is

MAPKs which comprise of three major signaling pathways

termed c-Jun N-terminal kinase (JNK), extracellular signal-

regulated kinase (Erk), and p38. The Erk signaling pathway

consists of three components, among which is MEK (26).

Considering the pivotal roles of these pathways during the

course of oral cancer, the expression and phosphorylation of

Akt, JNK, MEK, Erk, and p38 were studied to explore the

possible mechanisms underlying the anticancer effects of

CCDC-PA. As shown in Figure 6, CCDC-PA could

significantly inhibit the phosphorylation of Akt, but not that

of MAPKs, in both HSC-3 and SCC4 cells in a dose-

dependent manner.

We then treated cells with SC78, an AKT agonist, to detect

whether CCDC-PA at 1:5 ratio (a concentration that showed a

significant effect in most results) inhibited oral cancer through

the AKT signaling pathway. Our results demonstrated that

treatment of SC78 promoted phosphorylation of AKT and
A

B

FIGURE 3

CCDC-PA inhibited the cell migration of HSC-3 and SCC4 cells treated with CCDC-PA at various stoichiometric ratios for 24 h. Wound healing
assay of (A) HSC-3 and (B) SCC4 cells. Images of wound closure were taken at the baseline (0 h) and 8 h after wound generation.
Representative photographs and quantitative data are graphically shown. Control indicates a condition without treatment of CCDC-PA. 1:20,
1:10, 1:5 1:2, and 1:1 indicate the final concentration of PA in the CCDC system is equivalent to 2.5, 5.0, 10, 25, and 50 µg/mL respectively. Data
are expressed as mean ± S.D. (n = 3), with *P< 0.05 indicating the significant difference from the controls.
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reversed the CCDC-PA-induced suppression of AKT

phosphorylation (Figure 7A) and MMPs (Figures 7B, C, E–L).

Moreover, addition of SC78 enhanced cell migration in the

presence of CCDC-PA (Figure 7D). These findings suggested

that activation of Akt signaling pathway can be halted by our

experimental delivery drug system to rescue the oral

cancer progression.
Discussion

Delivery and release of bioactive compounds by

encapsulation is of great interest in the field of biomedicine

(27). The inspiration behind the use of complex coacervates as a

drug carrier in this study came from the underwater adhesive of

sandcastle worms. Sandcastle worms are able to secrete and cure

their adhesive under the sea through the mixture of oppositely

charged proteins into a liquid complex coacervate phase (15).

Having the same concept, in our study, CCDC was successfully

formed through the complex coacervation of oppositely charged
Frontiers in Oncology 08
macromolecules derived from natural polysaccharides.

Considering the natural origin of its components, CCDC was

presumed to be compatible to biological systems. In consistency

with the literature (17, 28), we observed that the formation of

complex coacervation significantly depended on the conditions

including pH and molar ratio of charged macromolecules. The

optimal condition for complex coacervation was thus established

at pH 7.5 with 1:1 ratio of Och and P6 in our experiments.

The benefits of dietary intake of polyphenolic compounds in

preventing and treating diseases have been recognized for their

wide range of biological activities (5, 6). Flavonoids comprise the

main group of polyphenols abundantly found in the nature (6),

and grape seed PA are among the most common (7). Although

flavonoids possess promising health benefits, their weak stability

and low insolubility are obstacles to their bioaccessibility.

Moreover, flavonoids are degraded in the extreme acidic pH of

gastric juice, compromising their bioavailability (27). Therefore,

encapsulation can be an effective approach to protect these

compounds with lower doses to achieve therapeutic effects.

Although complex coacervation is one of physicochemical
A

B

FIGURE 4

CCDC-PA inhibited the cell invasion of HSC-3 and SCC4 cells treated with CCDC-PA at various stoichiometric ratios for 24 h. Transwell
Matrigel invasion assay of (A) HSC-3 and (B) SCC4 cells. Representative photographs and quantitative data are shown. Control indicates a
condition without treatment of CCDC-PA. 1:20, 1:10, 1:5 1:2, and 1:1 indicate the final concentration of PA in the CCDC system is equivalent to
2.5, 5.0, 10, 25, and 50 µg/mL respectively. Data are expressed as mean ± S.D., with *P< 0.05 and **P< 0.01 indicating the significant difference
from the controls.
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methods for encapsulation techniques (29), encapsulation of

proteins within a coacervate phase can represent a challenge

because not all proteins of interest are strongly charged (30).

Intriguingly, our study the first time provided a key step towards

the preparation of CDCC formulated from complex coacervates

to successfully encapsulate grape seed PA for the purpose of oral

cancer treatment. Importantly, the release of PA from drug

carriers can be tuned by the changes of pH. This mode of action

for cargo releasing can be advantageous for clinical application

since it can trigger the disassembly of complex coacervates-based

delivery vehicles in human bodily fluids (31).

Oral cancer, dominated up to 90% by OSCC, is a significant

health burden in the world (1, 2). It is crucial to explore novel

and effective strategies for the prevention and treatment of this

lethal disease. Previous studies indicated the chemopreventive

effects of grape seed PA on different OSCC models both in vitro
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and in vivo (10, 11). At the cellular level, anticancer effects of PA

include the inhibition of cell survival and proliferation,

induction of apoptosis and cell cycle arrest, and suppression of

metastatic processes of cell migration and invasion (8–11). In

addition, the selective cytotoxicity of grape seed PA to human

OSCC cells was also reported (32). These findings collectively

suggest that grape seed PA can efficiently impair OSCC cells

without damaging normal cells. However, their efficacy in

clinical practice can be limited due to their insufficient

biodistribution and bioavailability (7). To overcome these

weaknesses, in our study, CCDC was synthesized to

encapsulate grape seed PA (CCDC-PA) for preserving their

integrity and bioactivity until they reach the cancer cells. Our

data demonstrated that CCDC-PA was able to inhibit the cell

proliferation of SCC4 cells in a dose-dependent manner. In

particular, the smaller stoichiometric ratio between CCDC and
A

B

D

C

FIGURE 5

CCDC-PA inhibited the expression of MMPs in HSC-3 and SCC4 cells treated with CCDC-PA at various stoichiometric ratios for 24 h. The gene
expression of Mmp-2, Mmp-9, Mmp-12, and Mmp-13 was analyzed by real-time PCR in (A) HSC-3 and (B) SCC4 cells. The protein expression of
MMP-2, MMP-9, MMP-12, and MMP-13 was observed by immunoblotting assay in (C) HSC-3 and (D) SCC4 cells. Control indicates a condition
without treatment of CCDC-PA. 1:20, 1:10, 1:5 1:2, and 1:1 indicate the final concentration of PA in the CCDC system is equivalent to 2.5, 5.0,
10, 25, and 50 µg/mL respectively. The cropped images of blots shown in figures are used for illustrative purposes, full scan of the entire original
gel(s) are included in the Supplementary Figures. Data are expressed as mean ± S.D. (n = 3), with *P< 0.05 indicating the significant difference
from the controls.
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PA, or the lower molar concentration of PA, the lesser

proliferation of cancer cells. These findings implicated the

improvement of PA effectiveness in treating oral cancer

following the encapsulation and delivery by CCDC. As

opposed to SCC4 cells, HSC-3 cells were not significantly

responsive to CCDC-PA. This low responsiveness to treatment

may be due to the metastatic nature of HSC-3 cells. However, we
Frontiers in Oncology 10
found that CCDC-PA efficiently inhibited the cell migration and

invasion in both cell lines. The same dose-dependent manner

was also observed, suggesting the benefits of CCDC to enhance

the chemoprevent ive e ffec ts of PA for inhibi t ing

OSCC progression.

The metastatic potential of OSCC mainly relies on its ability

to degrade the ECM for penetrating the basement membrane,
A

B

FIGURE 6

CCDC-PA inhibited the Akt phosphorylation in HSC-3 and SCC4 cells treated with CCDC-PA at various stoichiometric ratios for 24 h. Protein
lysates were subjected to Western blot analysis, and b-actin was used as the loading control (data not shown). The protein expression of Akt,
JNK, MEK, Erk, and p38 as well as their phosphorylated forms were observed in (A) HSC-3 and (B) SCC4 cells. The quantification of p-Akt/Akt,
p-JNK/JNK, p-MEK/MEK, p-Erk/Erk, and p-p38/p38 ratios was further done by densitometry analysis in (A) HSC-3 and (B) SCC4 cells. Control
indicates a condition without treatment of CCDC-PA. 1:20, 1:10, 1:5 1:2, and 1:1 indicate the final concentration of PA in the CCDC system is
equivalent to 2.5, 5.0, 10, 25, and 50 µg/mL respectively. The cropped images of blots shown in figures are used for illustrative purposes, full
scan of the entire original gel(s) are included in the Supplementary Figures. Data are expressed as mean ± S.D. (n = 3), with *P< 0.05 indicating
the significant difference from the controls.
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invading the adjacent tissues, and initiating tumor angiogenesis.

Degradation of ECM generally requires the activities of MMPs

(21–23). The roles of MMPs in tumor progression, tumor

angiogenesis, and metastatic dissemination have been reported

in the literature. It was indicated that MMP-2, MMP-9, and

MMP-13 are among the crucial regulators in the progression and

invasion of OSCC, and they can serve as reliable markers of these

phenomena (33). An in vitro study showed the inhibitory effects

of grape seed PA on the secretion of MMP-2 and MMP-9 in the

tongue squamous cell carcinoma cell line Tca8113, indicating

the anti-metastatic capability of PA (10). In this study, our

results also observed that CCDC-PA can reduce both gene levels

and protein expression of MMP-2, MMP-9, and MMP-13 in

HSC-3 and SCC4 cells in a dose-dependent trend, in which the

stoichiometric ratio 1:20 (PA concentration at 2.5 μg/mL)

already showed inhibitory effects as compared to a previous

study used unprotected PA at 25 μg/mL (10). Our results implied

that protected PA using the CCDC system may provide a more

potent anticancer effect using lower doses. As many MMPs,

macrophage elastase called MMP-12 is able to degrade ECM
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components to contribute to remodeling processes as well (34).

Since MMP-12 is mainly expressed on macrophages, it is not

surprising that we did not observe any impact of CCDC-PA on

MMP-12 protein expression in SCC4 cells. However, MMP-12

expression in HSC-3 cells was somewhat affected by CCDC-PA,

possibly due to its origin of metastatic lymph nodes. Taken

together, our results proposed that the anti-metastatic potential

of grape seed PA in OSCC can be improved after encapsulation

and delivery by CCDC.

Chemopreventive agents that interfere with a particular

pathway or a complex network specifically involved in the

tumorigenesis may be more beneficial for cancer treatment

(35). The PI3K/Akt pathway is well-known as a major

signaling pathway that controls many cellular processes such

as proliferation, apoptosis, angiogenesis, and metastasis during

the progression of many cancers (24). Being a commonly

upregulated pathway in oral cancer, targeting PI3K/Akt axis

might be helpful in the prevention and treatment of this disease

(25). Previous data indicated that grape seed PA can suppress the

phosphorylation of Akt which is central to PI3K/Akt pathway,
A B D

E F G

I

H

J K L

C

FIGURE 7

Inhibition of oral cancer cell migration by CCDC-PA is mediated via the PI3K/AKT signaling pathway. After cells treated with the AKT agonist
SC78, the gene expression levels of Mmp-2, Mmp-9, Mmp-12 and Mmp-13 were analyzed in (A–D) HSC-3 cells and (E–H) SCC4 cells in
response to CCDC-PA (1:5 ratio) at 24h. The protein expression levels of MMP-2, MMP-9, MMP-12 and MMP-13 were analyzed in (I) HSC-3 and
(J) SCC4 cells in response to CCDC-PA at 24h. (K) The protein levels of AKT and phosphorylated forms were analyzed. (L) Cell migration assay
of HSC-3 and SCC4 cells were analyzed, and quantified. Control indicates a condition without treatment of CCDC-PA. 1:20, 1:10, 1:5 1:2, and
1:1 indicate the final concentration of PA in the CCDC system is equivalent to 2.5, 5.0, 10, 25, and 50 µg/mL respectively. The cropped images
of blots shown in figures are used for illustrative purposes, full scan of the entire original gel(s) are included in the Supplementary Figures. Data
are presented as the mean ± standard deviation. * and # indicate P<0.05.
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compromising downstream cascades to prevent the progression

of tongue squamous cell carcinoma cells (10). Similarly, we also

found that Akt phosphorylation was significantly inhibited by

CCDC-PA in HSC-3 and SCC4 cells in a dose-dependent

manner, indicating the importance of Akt signaling in the

mode of action of CCDC-PA for inhibiting OSCC

development. In addition to PI3K/Akt, MAPKs pathway

consisting of Erk, JNK, and p38 subfamily also presents

another important mechanism for oral carcinogenesis (26). A

few evidences have reported that grape seed PA can exert

contradictory effects on the activation of these MAPKs (36–

38). However, in our study, none of three pathways was affected

by CCDC-PA. This may be ascribed to the differences in the

cancer types and experimental models among studies as well as

the dose-dependent effects of PA itself.

In summary, our in vitro results support the concept that

grape seed PA encapsulated by complex coacervates-based drug

delivery can act as an effective anticancer agent for patients with

oral cancer. However, some limitations still remain. Due to the

static nature of in vitro experiments, our data cannot fully

represent the bioaccessibility and bioavailability of CCDC-PA

in in vivo tissues and human body. Therefore, more animal

studies and clinical trials are required to explore the distribution,

digestion, and absorption of this drug delivery system for their

biomedical applications in the future.
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