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G R A P H I C A L A B S T R A C T

Schematic diagram illustrated that AuNP-Col-Ave-mediated cellular uptake mechanisms and cell fates in both transform and non-transformed cell lines.
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A B S T R A C T

Goldnanoparticles (AuNPs) have well applied in imaging and carriers of drugs and/or biomolecules for diseases
and cancers therapeutics, due to their tunable physicochemical properties, easy functionalized with biomole-
cules and biocompatibility. AuNPs conjugated with biopolymer such as collagen has been demonstrated that
increased the cell proliferation, migration and cell differentiation. Avemar (Ave) is a nutraceutical from natural
components and dietary supplement for healthcare of tumor related anorexia/cachexia. Moreover, Ave has re-
vealed the excellent bio-efficacy of anti-proliferation, cell cycle disturbing and apoptosis induction in numerous
types of tumor cells in in vivo and in vitro. However, the effects of Ave on cellular uptake mechanisms still
unclear. In this study, we fabricate the Ave-deposited AuNP-collagen nanocarrier (AuNP-Col-Ave) and in-
vestigate their endocytic mechanisms in transformed SCC oral cancer cells and non-transformed BAEC and HSF
cell lines. By using DLS assay, Ave-deposited AuNP-Col have shown a particle size of 303 ± 35.2 nm. Both
UV–vis absorption assay and FTIR spectrum analysis were also demonstrated that the Ave conjugated onto
AuNP-Col. Further, both MTT assay and Calcein AM assay were revealed that AuNP-Col-Ave induced a sig-
nificant cytotoxicity in cancerous SCC cells and showed nontoxicity and biocompatibility for non-transformed
BAEC and HFS cells. In addition, AuNP-Col-Ave has showed an excellent uptake capacity in all these cell lines as
compared to AuNP-Col group. Further uptake mechanisms analysis demonstrated that the macropinocytosis
seems to be the favorite endocytic mechanism during AuNP-Col-Ave internalized into these transformed and
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non-transformed cell lines. Altogether, this study is first validating the endocytic mechanisms of AuNP-Col-Ave
in transformed and non-transformed cell lines. Our findings will provide a novel insight for endocytic me-
chanisms of cellular uptake nutraceuticals during nutrition therapy and cancer prevention.

1. Introduction

Nowadays, development of metallic nanoparticles such as gold and
silver nanoparticles has successfully trapped the attentions and pro-
mised its effects and benefits on biosensing, bioimaging, and biome-
dical applications such as diseases therapeutics, diagnostics and drugs
delivery [1–3]. Gold nanoparticles (AuNPs) is one of most investigated
and popular metallic nanoparticles and have been well applied in
imaging and carriers of drugs and/or biomolecules for diseases and
cancers therapeutics in which are resulted from their easy fabrication
process, tunable sizes, charges and unique physicochemical properties
as well as easy functionalized with biomolecules, native nontoxic and
biocompatibility [4,5]. Although the versatile benefits and advantages
of AuNPs, several limitations such as penetration and/or permeability,
drug retention, and vascular barriers are major problems in nano-
particles-based therapeutics and/or theranostics. Therefore, in order to
improve the above defects and increase drug utilization, several ame-
liorating methods on nanoparticles such as surface chemistry mod-
ification with biopolymers and penetrated molecules to increase the
cellular uptake ability, intracellular targeting and stability have been
development [6,7].

Cells can “eat” and “drink” nutrients, proteins and biomolecules as
well as microorganisms and/or cells from extracellular ambience
through endocytic mechanisms, which have categorized into several
types by based on the plasma membrane engulf morphologies and
molecular features. These are including of phagocytosis, pinocytosis,
circular dorsal ruffles and entosis [8]. In light of investigation on cel-
lular uptake mechanisms of nanoparticles, most endocytosis mechan-
isms were emphasized on phagocytosis and pinocytosis. Phagocytosis
can be evoked by cell undergoing microbials invasion, debris and/or
particles which size larger than 500 nm. Further, pinocytosis is initiated
by soluble and/or fluid substances and can be subclassified into cla-
thrin-mediated endocytosis, caveolae-mediated endocytosis, clathrin-
and caveolae-independent endocytosis as well as micropinocytosis
[9,10]. Due to the widely application of nanoparticles such as AuNPs on
biomedical and biotechnology [5], the cellular internalization of na-
noparticles has been attracted the insight for understanding the en-
docytic mechanism so that improvement of nanoparticles-mediated
drugs, antibodies, genes and biomolecules delivery efficiency.

As so far, exploiting nanomedicine through endocytosis has cate-
gorized into three groups including of phagocytosis, receptor-mediated
endocytosis and subcellular region targeting viaendocytic uptake and
trafficking [11,12]. For examples, Wang et al. demonstrated that the
drug-delivery system ANS-TAT-AuNP which modified AuNPs with a
TAT, a potent cell membrane penetrating peptide and derived from the
transcriptional activator of HIV-1, to enhance the anticancer molecule
ANS-mediated the inhibition of cell proliferation and overcome the
multidrug resistant of cancer cells [13]. Moreover, Saei et al. have
summarized that controlled the nanoparticle surface chemistry through
modified the surface charge, hydrophobicity and hydrophilicity could
regulate the cellular uptake and the subcellular transport of NPs [14].
Accordingly, to understand and validate the differ nanoparticles-
mediated endocytosis mechanisms will improve drug and/or biomole-
cules delivery efficacy, diseases and/or cancers therapeutics and disease
theranostics.

Disease and/or cancer therapy and prevention using natural com-
pounds and nutraceuticals for supporting convention therapy have at-
tracted more and more attention which attributed to their promising of
lower toxicity and decrease the side effects of conventional che-
motherapy [15]. Avemar is fabricated from yeast-mediated

fermentation of wheat germ extract and has been verified its efficacy
benzoquinone components such as of 2-methoxy benzoquinone and 2,
6-dimethoxy benzoquinone (DMBQ) which were served as critical roles
on anti-cancer, cancer prevention and nutrient therapy in in vitro, in vivo
and human clinical trials [16–18]. Further, documents has proposed
that Avemar could interfere cellular metabolisms such as inhibition of
glucose uptake and nucleic acid synthesis, which involved in disturbed
several enzyme activity in glycolysis and pentose phosphate pathway,
to disrupt the tumor activity. These results are attributed to the high
redox potential benzoquinone-derived components in Avemar [16]. By
promising the safety and nontoxicity, Avemar has been widely used to
be a nutraceutical for cancer prevention and nutritional therapy to
enhance and supplement the conventional therapies [19]. Indeed,
Avemar-mediated cell proliferation inhibition, cell apoptosis induction,
cytotoxicity and cell cycle disturbing has systematically demonstrated
in different types of cancer cells [20]. Although the mechanisms of
Avemar-mediated anti-cancer activity and signaling transduction have
well investigated and elucidated, the cellular uptake-mediated en-
docytic pathways still unclear.

In previous study, we have fabricated a biocompatible AuNP na-
nocarrier through conjugated AuNP with a biopolymer-collagen (AuNP-
Col) and demonstrated their positively increase of cell proliferation and
migration in MSCs and stimulation of the endothelial cell differentia-
tion. In the present study, we further manufactured the AuNP-Collagen-
Avemer (AuNP-Col-Ave) nanocarrier through incorporated Avemar into
AuNP-Col nanocarrier. The AuNP-Col-Ave nanocarrier were next sub-
jected to physicochemical properties analysis, detection of cell viability
and validation of cellular uptake mechanisms in transformed SCC cells
and non-transformed HSF and BAEC cell lines.

2. Materials and methods

2.1. Preparation of gold-collagen-Avemar nanocomposites (AuNP-Col-Ave)
and FITC conjugation

The gold nanoparticle-collagen (AuNP-Col) has generated and de-
scribed as the previous study [21,22]. No reference was found before
published the novel method for preparation this AuNP-Col-Ave nano-
carrier. Briefly, to prepare the AuNP-collagen-Avemar nanocarrier
(AuNP-Col-Ave), the AuNP (Gold Nanotech Inc, Taiwan) was sonicated
for 15min and next thoroughly mixed with 100 μl of collagen (0.5 mg/
ml, BD Bioscience, USA) in a 1:1 vol ratio at RT for 30min and obtained
the AuNP-Col nanocomposites with a volume of 200 μl (20 ppm). The
AuNP-Col nanocomposites were further interacted with Avemar
(0.5 mg/ml) in a 3:2 vol ratio at 4 °C for 2 h and obtained the AuNP-Col-
Ave nanocomposites. For preparing a FITC conjugation, the AuNP-Col-
Ave nanocomposites were generally interacted with FITC (0.5 mg/ml,
Sigma) in a 50:1 vol ratio at 4 °C for 8 h. The generated AuNP-Col-Ave-
FITC nanocomposites were further washed with deionized water for
twice and kept in a dark at 4 °C.

2.2. Characterization

The fabricated AuNP-Col and AuNP-Col-Ave were further char-
acterized their physical and chemical properties which have described
as previously study [21]. Briefly, the UV–vis absorption spectrum was
analyzed using UV–vis spectrophotometry (Helios Zeta, Thermo fisher
Scientific Inc, USA) and the infrared (IR) spectra was obtained using a
Fourier transform IR spectrometer (Shimadzu Pretige-21, Japan). Fur-
ther, the hydrodynamic sizes were analyzed using Dynamic light
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scattering (DLS, Zetasizer Nano Malwen ZS90, Taiwan). For zeta po-
tential analysis, the fabricated AuNP-Col-Ave was pipetted into the
disposable cuvette and the effective electric charge of the nanocarrier
surface was evaluated using a DLS analyzer (ZETASIZER, Malvern
ZS90, Taiwan) according to the manufacturer’s instructions.

2.3. Cell culture

The transformed cells of oral squamous cell carcinoma SCC-4 cells
were kindly provided by Prof. Da-Tian Bao [23] and were maintained in
DMEM contained with 10% FBS, 2mM glutamine, and 1% penicillin/
streptomycin/neomycin. Non-transformed cells such as human skin fi-
broblasts (HSF) and bovine aortic endothelial cells (BAEC) were ob-
tained from the American Type Cell Culture (ATCC) and maintained in
low glucose Dulbecco’s modified Eagle medium supplemented with
10% FBS and 1% (v/v) antibiotics (10,000 U/ml penicillin G and
10mg/ml streptomycin). All the cells were maintained in a humidified
atmosphere incubator with 5% CO2 and 37 °C.

2.4. Cell viability assay

The cytotoxic effects of AuNP-Col-Ave were detected using a col-
orimetric MTT assay and Calcein AM Assay. Cells (1× 104 cells/well)
were seeded in 96 wells culture plate and then incubated with various
doses of AuNP-Col-Ave (0.02, 0.04, 0.08, 0.16, 0.24, 0.48 and 0.96mg/
ml) for 48 h. Cells were then incubated with MTT agent (0.5 mg/ml) for
2 h at 37 °C and the further dissolved colorimetric formazan complex

was analyzed at the absorption wavelength of 570 nm using an ELISA
reader (SpectraMax M2, Molecular Devices, USA). The Calcein AM cell
viability assay was executed according to the manufacturer’s instruc-
tions. Briefly, after cells were treatment of AuNP-Col-Ave, cells were
then incubated with Calcein AM solution (2 μM) in PBS for 30min at
37 °C. the fluorescence images and fluorescence intensity were mea-
sured and recorded using a fluorescent microscopy (ZEISS AXIO Z1,
USA) and Flow cytometer combined with FACS software (Becton
Dickinson, USA), respectively.

2.5. Cellular uptake assay

Cells (1× 105) were treated with AuNP-Col-Ave-FITC (0.5mg/ml)
for 2 h and washed away the excess nanoparticles with PBS. The cells
were incubated for another 48 h at 37 °C. For fluorescence analysis,
cells were washed with PBS and then subjected to 4% paraformalde-
hyde fixation, 0.5% Triton X-100 permeability and F-actin phalloidin
staining (Rhodamine phalloidin, Sigma-Aldrich, USA) as well as DAPI
nuclear staining (Invitrogen). The fluorescence images were obtained
and carried out using a fluorescent microscopy (ZEISS AXIO Z1, USA).
Moreover, the cellular uptake ability was further validated by detected
the fluorescein-positive cells using flow cytometer and quantified with
the FACS software (Becton Dickinson, USA). Next, to verify the cellular
uptake mechanisms, cells (1× 105) were pre-treated with several en-
docytosis inhibitors included Cytochalasin D (Cyto, 5 μM),
Chlorpromazine (CPZ, 2 μM), Bafilomycin (Baf, 100 nM) and Methyl-β-
cyclodextrin (β-MCD, 2.5mM) for 1 h and then treated with AuNP-Col-

Fig. 1. Characterization of AuNP-derived nanocomposites: AuNP-Col and AuNP-Col-Ave. (A–B) The size distribution and quantification of AuNP-derived nanocarrier
were determined respectively using DLS. (C). UV–Vis absorption spectra for AuNP-derived nanocomposites. (D) The FTIR spectra of Col, AuNP-Col, Ave and AuNP-
Col-Ave nanocarrier in the total wavenumber ranges from 400 cm−1 to 4000 cm−1 regions. Data were presented as the mean ± SD (n=3). **P < 0.05, ** P < 0.01.
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Ave-FITC (0.5mg/ml) for 2 h. After cells were washed away the excess
nanoparticles with PBS and incubated in culture medium for another
48 h at 37 °C, cells were subjected to fluorescence image assay and flow
cytometry and the fluorescein positive cells were further quantified
using the FACS software (Becton Dickinson, USA), respectively.

2.6. Statistical analysis

Data from multiple samples (n=3–6) were collected for a given
experiment and expressed as mean ± standard deviation. All experi-
ments were independently repeated at least three times. Student’s t-test
and the single-factor analysis of variance (ANOVA) method were used
to examine the difference between groups. For ANOVA, Bonferroni was
chosen for post hoc analysis. The p values less than 0.05 (p < 0.05)
were considered statistically significant.

3. Results and discussion

3.1. Characterization of the fabricated AuNP-collagen-Avemar (AuNP-Col-
Ave) nanocomposites

We first characterized the physicochemical properties of AuNP-Col-
Ave nanocarrier with dynamic light scattering (DLS), UV–vis absorption
spectroscopy and IR spectra analysis (Fig. 1). The DLS assay revealed

that the incorporated avemar would not affect the size distributions of
AuNP-Col-Ave and has showed a similar size with AuNP-Col (Fig. 1A).
The further quantification of size distributions was indicated that the
average size of AuNP-Col-Ave is 303 ± 35.2 nm as comparing to
301.9 ± 20.4, 127 ± 7.7 and 64.2 ± 0.5 nm on AuNP-Col, Ave and
AuNP, respectively (Fig. 1B). We also analyzed the zeta potential of
AuNP-Col-Ave and obtained an effective surface electric charge of
43.6 ± 5.0mV. Further, the UV–vis absorption data showed a peak
was found at 520 nm on Ave conjugated AuNP-Col nanocarrier
(Fig. 1C). The FTIR results of Col, AuNP-Col, native Ave, and AuNP-Col-
Ave were represented in Fig. 1D. The peaks at 1547, 1642 and
3424 cm−1 of Col were indicated to the bands of amide II and amide I
as well as NH stretching, respectively. Following AuNP incorporation,
these two indicated amide peaks were shifted to lower frequency 1545
and higher frequency 1648 cm−1, respectively. This result is corre-
sponding to AuNP-conjugated with Col [22]. Moreover, the peaks of
observed at 1062, 1405 and 1635 cm−1 on Ave were corresponded to
the stretching of C–O [24], the coupled (C–H)/(NHe) plane-bending
[25], and the aromatic C]C, respectively [26]. This may result from
the chemical components of benzoquinone such as of 2-methoxy ben-
zoquinone and 2, 6-dimethoxy benzoquinone (DMBQ) [18]. In AuNP-
Col-Ave group, the peak of 1635 cm−1 which observed in native Ave
was shifted into a higher frequency 1638 cm−1 and revealed a strong
absorption. Further, the peaks of observed at 1405 and 1062 cm−1 of

Fig. 2. Comparison of AuNP-Col-Ave-mediated
on cell viability of transformed SCC cells and
non-transformed HSF and BAEC cell lines using
MTT assay and Calcein-AM staining assay.
After Cells were treated with various doses of
AuNP-Col-Ave for 48 h, a cytotoxicity effect
was further validated using MTT assay (A–C).
For further detected the effect of AuNP-Col-Ave
on cell viability, cells were treated with AuNP-
Col-Ave (500 μg/ml) for 48 h and then sub-
jected to Calcein-AM staining assay. The data
were next presented in fluorescence images
and fluorescence intensity (D–F). Scale bars,
50 μm. Data were presented as the mean ± SD
(n=3). ** P < 0.01.
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Ave were also shifted to lowering frequency with broad and absorption
of 1403 and 1057 cm−1, respectively. In addition, the peak of 1545 cm-

1 which represented in AuNP-Col was disappearance followed Avemar
incorporation. These results suggested that Ave is decorated onto
AuNP-Col and formed into AuNP-Col-Ave nanocarrier. Altogether,
these results indicated that the incorporation of Ave into AuNP-Col was
achieved and obtained their average size about 303 nm.

3.2. The effects of AuNP-Col-Ave nanocarrier on cell viability and
cytotoxicity of transformed oral cancer SCC cell line and non-transformed
HSF and BAEC cell lines

So far, AuNP-based drug delivery, theranostics and therapeutics
have been promised their enhancement of drug targeting release and
elevation of diseases therapeutic efficacy including of cancers [27–29].
Here, we conjugated AuNP-Col with a natural multisubstance compo-
sition nutriments-Ave, which has been used clinically as a dietary
supplement for malignant diseases [17], and investigated the effects of
the fabricated AuNP-Col-Ave on cytotoxicity and cell viability of
transformed and non-transformed cell lines, respectively. By MTT
assay, AuNP-Col-Ave induced a significant cytotoxicity (˜50%) on
transformed SCC cells rather than non-transformed HSF and BAEC cell
lines at an administrated dose of 480 μg/ml (Fig. 2A–C). The IC50 value

of AuNP-Col-Ave was further obtained at 620 μg/ml in SCC cells. To
further validate the effect of AuNP-Col-Ave on cell viability, these cell
lines were subjected to Calcein-AM staining assay. Our result revealed
that SCC cells were more susceptible for AuNP-Col-Ave administration
as compared to non-transformed HSF and BAEC cell lines (Fig. 2D–F).
Additionally, the friendly and no toxic effects of AuNP-Col-Ave on these
non-transformed HSF and BAEC cell lines have been further verified
using FACS analysis and results showed that AuNP-Col-Ave treatment
neither change cell cycle distribution nor induce cell apoptosis (Figs. S1
and S2). These data suggested that AuNP-Col-Ave significantly induced
a cytotoxicity on transformed cells as compared to non-transformed
cells.

Gold nanoparticle grafted biopolymers including of collagen, poly-
urethane and fibronectin have been demonstrated the potent biome-
dical applications in activation of cellular behaviors such as cell mi-
gration, cell adhesion and cell growth in endothelial cells and fibroblast
cells, and induction of cell differentiation and vascular regeneration in
mesenchymal stem cells [21,30–32]. In addition, based on the AuNP
photochemical properties, AuNP-collagen nanocarrier also displayed
their excellent efficacy of anti-tumorigenicity in in vivo through the
photothermal and/or photodynamic fashions [33,34]. Accordingly, the
AuNP-conjugated biopolymers, have been promised their excellent
bioactivity, biomimetic interface and biocompatibility, which were

Fig. 3. Evaluation of Cellular uptake ability on
FITC conjugated with AuNP-Col and/or AuNP-
Col-Ave in transformed and non-transformed
cell lines, respectively. After cells were treated
with AuNP-Col-FITC and/or AuNP-Col-Ave
(500 μg/ml) for 2 h and then incubated for
another 48 h, cells were subjected to F-actin
phalloidin staining and detected the cellular
uptake ability using fluorescence microscopy
and FACS analysis, respectively. (A–C) The
uptake efficiency of both AuNP-Col and AuNP-
Col-Ave was analyzed on the transformed SCC
cells and non-transformed HSF and BAEC cells
using fluorescence microscopy. (D–F) the up-
take efficiency of both AuNP-Col and AuNP-
Col-Ave on these cell lines were further as-
sessed and quantified using FACS analysis.
Scale bars, 50 μm. Data were presented as the
mean ± SD (n= 3). *P < 0.05, ** P <
0.01.
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regarded as good candidates for carrier of compounds and/or drugs.
Avemar is a nontoxic wheat germ extract and biocompatible nutriment
and has wildly used as an ingredient in dietary supplements for cancer
patients [35]. Moreover, Ave-mediated cytotoxicity has been demon-
strated in many types of cancers such as colon cancer, head and neck
cancer, breast cancer and ovary cancer in in vivo and in vitro [35,36]. In
this study, we showed the AuNP-Col-Ave selectively induced cytotoxi-
city in oral cancer SCC cells and revealed biocompatibility in non-
transformed HSF and BAEC cell lines. Due to highly glucose con-
sumption and glucose metabolism are necessary for tumor cell pro-
liferation and tumor growth. Avemar can serve as an antagonist for
inhibition of glucose uptake and interfering enzymes functions which
involved in anaerobic glycolysis and PPP (pentose phosphate pathway)
glucose metabolism as well as disruption of DNA and RNA synthesis
[37,38]. Therefore, these reports may explain why Ave is more friendly
and/or biocompatibility for normal and/or non-transformed cells rather
than tumor cells. In addition, previous study has indicated that Ave
significantly inhibited cell viability in oral cancer SCC cells and ob-
tained the IC 50 value of 980 μg/ml at 48 h [23]. While in the present
study, AuNP-Col-Ave revealed a dramatical decrease of IC 50 value
(620 μg/ml) in the SCC cells. This result suggested that AuNP-Col as an
ideal carrier and thus enhancing uptake efficacy, cytotoxicity and bio-
function of Ave in cancerous SCC cells.

3.3. The fabricated AuNP-Col-Ave nanocarrier enhance cellular uptake
capacity

A highly delivery efficiency of drug, gene and /or biomolecules into
target cells is crucial step for infectious diseases control, cancer ther-
apeutics and/or theranostics. Endocytosis is important mechanisms for
cells processing their taken up of nutrients, growth factors, biomole-
cules and drugs from the environment as well as recycling the cell
apoptotic debris and eliminating the pathogens from the ambiences
[39]. Here, to understand the AuNP-Col-Ave-mediated different cell
fates on transformed and non-transformed cell lines, we next examined
the cellular internalized capacity for AuNP-Col-Ave in these cell lines
using fluorescence measurement assay and FACS analysis. We first
conjugated AuNP-Col-Ave with FITC (AuNP-Col-Ave-FITC) and then
incubated these cell lines with the nanocomposites for 2 h. After cells
were incubated for another 48 h, the cellular uptake capacity for AuNP-
Col-Ave-FITC was verified using fluorescence measurement. As shown
in Fig. 3, fluorescent image assay indicated that AuNP-Col-Ave reveals
an excellent internalized ability as compared to AuNP-Col in these three
cell types (Fig. 3A–C). Moreover, FACS analysis also revealed that Ave
incorporation is dramatically enhancing AuNP-Col internalization in
these cell lines (Fig. 3D–F). These results suggested that AuNP-Col-Ave
could induce a significant uptake capacity as compared to AuNP-Col in

Fig. 4. Determination of AuNP-Col-Ave-mediated cellular uptake mechanisms. Cells (included the transformed SCC cells and non-transformed HSF and BAEC cells)
were pre-treated with several endocytosis inhibitors included Cytochalasin D (Cyto), Chlorpromazine (CPZ), Bafilomycin (Baf) and Methyl-β-cyclodextrin (β-MCD)
for 1 h and then incubated with AuNP-Col-Ave-FITC (500 μg/ml) for 2 h. Cells were next subjected to fluorescence image assay (A–C) and flow cytometry (D–F) and
the fluorescein positive cells were further quantified using the FACS software (Becton Dickinson, USA), respectively. Scale bar, 50 μm. Data were presented as the
mean ± SD (n= 3). *P < 0.05, ** P < 0.01.
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both transformed and non-transformed cell types.

3.4. Determination of the cellular uptake mechanisms of AuNP-Col-Ave
nanocarrier

Endocytosis is predominantly categorized into phagocytosis, en-
docytosis and macropinocytosis. Moreover, triggering of different en-
docytic mechanisms is highly associated with the physicochemical
properties of nanoparticles such as size, shape, surface charge and
surface chemical properties [9,10]. Due to the AuNP-Col-Ave induce
the excellent cellular uptake and trigger different viability fates within
these transformed and non-transformed cell lines, we next validated the
AuNP-Col-Ave -mediated cellular uptake mechanisms in these cell lines.
Here, several pharmacological inhibitors included Cytochalasin D
(Cyto), Chlorpromazine (CPZ), Bafilomycin (Baf) and Methyl-β-cyclo-
dextrin (β-MCD) were used to investigate which endocytic pathways
were involved in AuNP-Col-Ave internalization. Where the Cyto is an
inhibitor for actin polymerization and have been suggested that dis-
turbed macropinocytosis [40], CPZ is involved in the inhibition of Rho
GTPase-mediated clathrin-mediated endocytosis (CME) [41], Baf is
known a vacuolar ATPase inhibitor which involved in an interfering of
cell autophagy [42,43], and β-MCD is a cholesterol captor and may
perturb membrane lipid raft associated endocytic pathway such as
micropinocytosis, clathrin-mediated endocytosis and clathrin-in-
dependent endocytosis (CIE) [9,44]. In this study, cells were first pre-

treated with endocytosis inhibitors for 1 h, and then incubated with
AuNP-Col-Ave-FITC for another 2 h. Cells were subsequently harvested
and subjected to analyze the uptake mechanisms of AuNP-Col-Ave. By
using fluorescence image analysis, the internalization of AuNP-Col-Ave
was obviously inhibited by Cyto treatment as compared to other in-
hibitors in cancerous SSC cells (Fig. 4A). For non-transformed HSF cells,
we found that both inhibitors of CPZ and β-MCD were significantly
interfered the internalization of AuNP-Col-Ave (Fig. 4B). Interestingly,
the Cyto disturbed AuNP-Col-Ave internalization was also found in non-
transformed BAEC cells (Fig. 4C). Moreover, the consistently results
were also found in FACS analysis (Fig. 4D–F). These results suggested
that AuNP-Col-Ave internalization in cancerous SCC cells and bovine
aortic endothelial BAEC cells were through the macropinocytosis.
Moreover, several mechanisms including of micropinocytosis, clathrin-
mediated endocytosis and clathrin-independent endocytosis were in-
volved in AuNP-Col-Ave internalization on fibroblast HSF cells.

Based on there are different subcategorized mechanisms involved in
endocytosis, many methodologies have been well developed and widely
used to investigate cellular uptake mechanism such as inhibitors, mu-
tated proteins by gene manipulation and siRNA introduction [9].
Moreover, the nanoparticle sizes were always one of important factors
during investigation of cellular uptake mechanisms [45]. Indeed, pre-
vious study indicated that cell allowed the nanoparticles entering into
vesicles with a size range of 10–1000 nm, in which the large particles
(200–500 nm) were internalized may through macropinocytosis. The

Fig. 5. Schematic diagram illustrated that
AuNP-Col-Ave-mediated cellular uptake me-
chanisms and cell fates in both transform and
non-transformed cell lines. (A) The procedures
for AuNP-Col-Ave fabrication. (B) The bio-
functional assays of AuNP-Col-Ave were exe-
cuted in transformed and non-transformed cell
lines in which included of cell viability and
cellular uptake mechanism. We showed that
AuNP-Col-Ave-induced a significant cytotoxi-
city in cancerous SCC cells and exhibited non-
toxicity and biocompatibility for non-trans-
formed BAEC and HFS cells. This result
indicated that the different survival stress may
be attributed to Avemar-mediated a metabo-
lism disturbing in transformed cells rather than
non-transformed cells. Moreover, cellular up-
take mechanisms of AuNP-Col-Ave were re-
vealed that macropinocytosis pathway is
adapted in all three cell types. Moreover, the
additional clathrin-dependent and clathrin-in-
dependent endocytosis were exclusively found
in non-transformed HSF cells.
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particles sizes around 10–300 nm and 60–80 nm would be involved in
clathrin-mediated endocytosis and caveolae-mediated endocytosis, re-
spectively. In addition, the other clathrin-independent pathway may be
responsible for particles size lower 100 nm [39,46,47]. In addition, the
positively charged AuNP-Col-Ave (43.6 ± 5.0mV) may also play an
important role for cellular uptake due to their easily attracted and
bound to the negatively charged cell membrane surface which could
elicit a endocytic mechanism of macropinocytosis [10].

In this study, we detected the stature of Ave-incorporated AuNP-Col
nanocarrier and obtained an average particle size of 303 nm. Moreover,
we found that the macropinocytosis seems to be the favorite endocytic
mechanism during AuNP-Col-Ave internalized into these transformed
and non-transformed cell lines. Although macropinocytosis was utilized
in both SCC cells and BAEC cells during AuNP-Col-Ave treatment, the
cellular fates between SCC cells and BAEC cells were remained different
(Fig. 2). Moreover, our data also implied that AuNP-Col-Ave-mediated
endocytic pathways were adopted in a cell types-dependent manner.
Therefore, to further understand the AuNP-Col-Ave-mediated endocytic
mechanisms, thoroughly validation of the cellular uptake-mediated
signaling pathways is guaranteed and necessary in the future.

4. Conclusion

In this study, we first deposited the fermented extract of wheat germ
called Avemar into AuNP-collagen nanocarrier (AuNP-Col-Ave) and
methodologically detected their physicochemical properties and bio-
logical effects on transformed SCC cells and non-transformed BAEC and
HSF cells. Our results showed that AuNP-Col-Ave own an average
particle size of 303 nm and revealed a significant cytotoxicity in can-
cerous SCC cells as well as exhibited nontoxicity and biocompatibility
for non-transformed BAEC and HFS cells. Further, AuNP-Col-Ave na-
nocarrier also validated the excellent cellular uptake capacity as com-
pared to AuNP-Col nanocarrier. Interestingly, the uptake mechanisms
analysis revealed that macropinocytosis pathway is the major me-
chanism utilized for AuNP-Col-Ave internalization in these cell types.
Moreover, the additional clathrin-dependent and clathrin-independent
endocytosis were exclusively found in non-transformed HSF cells
(Fig. 5). Altogether, this study is first validating the endocytic me-
chanisms of AuNP-Col-Ave nanocarrier in transformed and non-trans-
formed cell lines. Our findings will provide a novel insight for endocytic
mechanisms of cellular uptake nutraceuticals during nutrition therapy
and cancer prevention.
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