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ABSTRACT

Physiochemical changes, including size, are known to affect gold nanoparticle cellular internalization and
treatment efficacy. Here, we report the effect of four sizes of cystine/citric acid-coated confeito-like gold
nanoparticles (confeito-AuNPs) (30, 60, 80 and 100 nm) on cellular uptake, intracellular localization and
photothermal anticancer treatment efficiency in MDA-MB231 breast cancer cells. Cellular uptake is size
dependent with the smallest size of confeito-AuNPs (30 nm) having the highest cellular internalization
via clathrin- and caveolae-mediated endocytosis. However, the other three sizes (60, 80 and 100 nm) uti-
lize clathrin-mediated endocytosis for cellular uptake. The intracellular localization of confeito-AuNPs is
related to their endocytosis mechanism, where all sizes of confeito-AuNPs were localized highly in the
lysosome and mitochondria, while confeito-AuNPs (30 nm) gave the highest localization in the endoplas-
mic reticulum. Similarly, a size-dependent trend was also observed in in vitro photothermal treatment
experiments, with the smallest confeito-AuNPs (30 nm) giving the highest cell killing rate, whereas the
largest size of confeito-AuNPs (100 nm) displayed the lowest photothermal efficacy. Its desirable physic-
ochemical characteristics, biocompatible nature and better photothermal efficacy will form the basis for

further development of multifunctional confeito-AuNP-based nanotherapeutic applications.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Gold nanoparticles (AuNPs) have attracted both scientific and
technological interest due to their inert nature, chemical stability
and ease of synthesis. As a result, there have been many studies on
the applications of AuNPs in biological imaging and drug delivery
in the past decade [1]. Furthermore, the unique optical property of
AuNPs to absorb and convert photon energy into thermal energy
based on localized surface plasmon resonance renders them useful
for photothermal cancer therapy [2]. Huang et al. [3] demonstrated
the capability of rod shaped-AuNPs to cause photodestruction after
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internalization into cancer cells. The uptake of nanoparticles by
tumor cells is crucial because the cellular uptake ability of AuNPs
enables photothermal treatment (PTT) to achieve greater tumor
therapeutic specificity with fewer off-target effects [4].
Physiochemical differences in nanoparticles such as particle size
affect the uptake efficiency and kinetics, internalization mecha-
nism and intracellular localization [5]. While studies have reported
size-dependent internalization efficiency with a greater uptake of
smaller sized AuNPs [6,7], some studies have reported that the
optimal size for the cellular uptake of AuNPs is 40-50 nm com-
pared with other sizes [8,9]. This optimum size range was suggested
to have the fastest membrane wrapping time and receptor-ligand
interaction to produce sufficient free energy to drive the NPs
into the cell. However, it remains a challenge to establish a gen-
eral conclusion to correlate the cellular responses to NP size,
due to the different physicochemical properties of the particle,
cell type, dosing parameters, and measurement methods [10,11].
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Macropinocytosis, and clathrin- and caveolae-mediated endocyto-
sis pathways are important for the cellular uptake of NPs, which
are usually coated with plasma proteins when exposed to physi-
ological fluids [12]. Even if they are homologs, AuNPs of different
sizes are often internalized into cells through different endocytic
mechanisms [13]. The nature of endocytosis potentially dictates
the subcellular localization of AuNPs, enabling the possibility to
develop AuNP-based drug carriers with subcellular targeting ability
[14].

Finally, size affects the ability of AuNPs to convert light to
heat energy, influencing the photothermal conversion efficiency.
Several studies have investigated the photothermal conversion effi-
ciencies of AuNPs with different sizes. Small gold nanospheres
(sphere-AuNPs) of 20 nm exhibited higher photothermal conver-
sion efficiency (97-103%) than gold nanocages of 85 nm (64%) and
gold nanoshells of 152 nm (39%) [15-17]. However, some of the
variation in these reported values might be due to the differences
in the laser irradiation conditions, nanoparticle shape and dose.

To monitor the effect of particle size on the cellular uptake effi-
ciency and PTT efficacy of AuNPs, a series of confeito-like AuNPs
with sizes 0f 30,60, 80 and 100 nm was synthesized using a versatile
and environmental friendly preparation method [18]. The small-
est confeito-AuNPs of 30 nm were included in this study because
nanoparticles (10-20nm) rapidly undergo liver clearance upon
intravenous administration [19], while the largest confeito-AuNPs
of 100 nm were selected because the nanoparticles with a diame-
ter > 150 nm are not internalized by non-phagocytic cells [20]. The
biocompatibility of NPs is also highly dependent on the NP’s surface
chemistry [21]. Therefore, cystine was chosen as a co-protective
agent for confeito-AuNPs because of its non-toxicity and high cell
permeability properties [22].

To improve the rational design of confeito-AuNP-based drug
carriers and treatment devices for biomedical applications, this
study investigated the impact of the cystine/citric acid-capped
confeito-AuNP size on tumor cellular uptake and anticancer PTT
efficacy. The cellular uptake profile, including the endocytic mech-
anism and intracellular localization for each size of confeito-AuNPs,
was evaluated to elucidate the potential uptake pathway of
confeito-AuNPs by cancer cells. This would provide important
information to the advancement of confeito-AuNPs for applica-
tions in drug delivery and therapeutics. To determine which size
of confeito-AuNPs has the highest PTT efficacy, biocompatibility
and photothermal cytotoxicity experiments were also included
for confeito-AuNPs at pre- and post-laser irradiation. Herein, we
reported the characterization of confeito-AuNPs, demonstrating
how different sizes of confeito-AuNPs at non-toxic concentrations
enter the cells and exhibit photothermally induced anti-tumor
effects.

2. Methods
2.1. Materials and instruments

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT), phosphate-buffered saline (PBS), gold standard for
microwave plasma atomic emission spectroscopy (MP-AES) and
filipin III from Streptomyces filipinensis were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). Amiloride hydrochlo-
ride, genistein, dynamin inhibitor I dynasore, chlorpromazine
hydrochloride, cytochalasin D, nitric acid and hydrochloric acid
were purchased from Merck Millipore (Billerica, MA, USA). All the
chemicals were of analytical reagent grade.

Ultrapure Milli-Q water with a resistivity of 18.2 MQ.cm was
used throughout the synthesis and measurements. ProLong Dia-
mond Antifade Mountant, ProLong Gold Antifade Mountant with

4/ .6-diamidino-2-phenylindole (DAPI), MitoTracker Red FM (M-
22425), ER-Tracker Blue-White DPX (E-12353) and LysoTracker
Blue DND-22 (L-7525) were purchased from Molecular Probes,
Invitrogen (Eugene, OR, USA).

2.2. Synthesis of cystine/citric acid-capped confeito-AuNPs and
FITC-labeled cystine/citric acid-capped confeito-AuNPs

Confeito-AuNPs were synthesized according to the protocol
reported by Ujihara et al. [18]. Further details are provided in the
supplementary material section of this manuscript.

2.3. Characterization of samples

The zeta potential and average hydrodynamic diameter were
determined using a zetasizer (Zetasizer Nanoseries, Malvern).
Dispersions were prepared by centrifuging confeito-AuNPs at
12,500xg for 45min, resuspending in water, serum-free Dul-
becco’s Modified Eagle’s medium (DMEM) or complete DMEM
(supplemented with 10% of fetal bovine serum (FBS)), followed by
incubation for 3h at 37°Cin a 5% CO, humidified chamber. Micro-
scopic observation was performed using a field emission scanning
electron microscope (FESEM; Hitachi SU8000, Tokyo, Japan) at an
acceleration voltage of 15kV and a transmission electron micro-
scope (TEM, Hitachi H-7000 and HT7700, Tokyo, Japan) at an
acceleration voltage of 100 kV.

The confeito-AuNPs were placed in a 96-well plate and were
irradiated using a continuous wave diode-pumped solid-state
(DPSS) laser (Millenia Prime, Newport Corporation) for 5 min with
a laser emission wavelength at 532 nm. The laser intensity was set
at 2 W/cm? by controlling the laser power and irradiation area. The
temperature change of the suspension was monitored using a ther-
mocouple (Type T, Omega Engineering) with the probe positioned
at the center of the suspension. All the measurements were carried
out at room temperature (26°C), and the temperature change of
the suspension was recorded over the period of laser irradiation
using a data logger (HH127, Omega Engineering).

2.4. Cellular uptake of confeito-AuNPs

The amount of confeito-AuNPs taken in by MDA-MB-231 cells
was determined by a microwave plasma atomic emission spec-
trometer (4100 MP-AES, Agilent Technologies). Prior to analyzing
the specimens, a series of gold standard solutions (1.25-20.00 ppm)
was prepared, and the radiation emission intensity of each solu-
tion was measured. The data obtained were used to establish the
standard curve. Thereafter, the amount of confeito-AuNPs taken in
by MDA-MB-231 cells was determined in ppm from the standard
curve and was expressed in WM.

MDA-MB-231 cells were seeded in 6-well plates at a density of
300,000 cells per well and were cultured for 12 h to allow cell adhe-
sion. The cells were then incubated with confeito-AuNPs at 50 uM
Au at 4 and 37 °C atmosphere for 2, 5 and 24 h. Cell culture medium
was removed, and the cells were washed 3 times with cold PBS to
remove free confeito-AuNPs. The cells were detached using 200 L
of trypsin—-EDTA solutions and then were transferred to a borosil-
icate glass tube and were suspended in 1.0mL of PBS. To digest
the cells, 1 mL of aqua regia solution (nitric acid 65%/hydrochloric
acid 37%, 1:3 vol ratio) was added and allowed to stand at room
temperature for 2 days. After diluting with water to a total sample
volume of 15 mL, these samples were then analyzed for the total
gold content by MP-AES. The percentage of confeito-AuNP uptake
was expressed as the mean value of triplicate readings. The cellular
uptake studies for the cells treated with confeito-AuNPs were also
performed at 4°C for 2 h to assess the effects of temperature on the
uptake of NPs.
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To study the uptake pathways for different sizes of confeito-
AuNPs, MDA-MB-231 cells were preincubated with six endocytosis
inhibitors, including amiloride hydrochloride (10 wM), genistein
(100 M), dynasore (40 wM), cytochalasin D (1 wM), chlorpro-
mazine (50 wM) and filipin Il (4 wM) for 30min followed by
incubation with confeito-AuNPs (50 .M Au equivalent) for 2 h. The
cells were washed three times with cold PBS, trypsinized, and har-
vested, followed by acid digestion as described previously. The Au
content of each sample was determined using MP-AES.

2.5. Intracellular localization of FITC-confeito-AuNPs

FITC-confeito-AuNPs were used to determine the intracellular
co-localization. The fluorescence emission intensities of FITC-
confeito-AuNPs were measured using a fluorescence microplate
reader (Infinite M200, Tecan Group) at 524 nm after excitation at
490 nm. The amounts of FITC conjugated to confeito-AuNPs were
the same for all the four sizes of FITC-confeito-AuNPs because they
provided the same fluorescence emission intensities at the same
concentration when evaluated at 5 different concentrations (1,
12.5,25,50and 100 wM Au equivalent), and the fluorescence inten-
sities were proportional to the concentrations. The intracellular
localization of FITC-Confeito-AuNPs was determined based on the
protocol described by Viswanathan et al. [23]. Further details are
provided in the supplementary material section of this manuscript.

2.6. In Vitro photothermal anticancer therapy

For the cytotoxicity test without laser treatment, the MDA-MB-
231 cell line was grown and maintained in complete DMEM at 37 °C
in a 5% CO, humidified chamber. MDA-MB-231 cells were seeded
in 96-well plates at 10,000 cells/well and were incubated overnight
for cell adherence. Confeito-AuNPs diluted in culture medium were
added to the cells to give final Au concentrations ranging from 0.1
to 100 wM. The cells were then incubated for 24h at 37°C in 5%
CO,. The cell viability was assessed using the MTT assay. Details
about the MTT assay procedure are provided in the supplementary
material section of this manuscript.

For PTT, MDA-MB-231 cells were treated with different concen-
trations of confeito-AuNPs followed by incubation for 2 h at 37°C,
95% humidified atmosphere and 5% CO,. Thereafter, cells were irra-
diated with a DPSS laser (532nm, 2 W/cm?) for 60s. After laser
treatment, cell viability was assessed using the MTT assay.

2.7. Statistical analysis

All the results were presented as the means =+ standard deviation
(SD). Statistical significance of the differences between different
groups was evaluated by independent T test or analysis of vari-
ance (ANOVA) with Tukey’s posttest. Differences were considered
statistically significant at p<0.05 and p<0.01.

3. Results and discussion
3.1. Characterization of confeito-AuNPs

The average hydrodynamic diameters for confeito-AuNPs of 30,
60, 80 and 100 nm suspended in water were increased to 29.4, 63.8,
81.4 and 104.1 nm, respectively, while the zeta potential ranged
narrowly from —34 to —43 mV (Table 1). Meanwhile, the average
hydrodynamic diameter of confeito-AuNPs became 6- to 10-fold
larger when suspended in serum-free DMEM. This suggests that
confeito-AuNPs tended to aggregate in serum-free DMEM, and the
stability of confeito-AuNPs was reduced. This tendency was corrob-
orated by the less negative zeta potential in serum-free DMEM. The
high ionic strength of serum-free media compressed the electric

Table 1
Physical parameters of confeito-AuNPs in water, serum-free DMEM and complete
DMEM. The data are represented as means +SD, (n=3).

Sample Average Hydrodynamic

Diameter (nm)

Zeta Potential (mV)

Confeito-AuNP 30 nm

Water 29.4+03 —33.87+1.20
Serum Free DMEM 352.6+20.8 —13.80+0.50
Complete DMEM 37.1+05 -10.42+0.61
Confeito-AuNP 60 nm

Water 63.8+2.6 —35.63+1.66
Serum Free DMEM 550.2+71.6 -18.37+0.87
Complete DMEM 70.1+1.3 -10.82+0.33
Confeito-AuNP 80 nm

Water 81.4+0.6 —39.8+0.80
Serum Free DMEM 679.2 +24.6 -15.40+0.57
Complete DMEM 96.0+1.0 -12.43+1.03
Confeito-AuNP 100 nm

Water 104.1+0.8 —42.63+0.61
Serum Free DMEM 663.8+26.0 —20.20+0.08
Complete DMEM 112.6+0.8 —1137+1.12

Table 2
Number of tips per confeito-AuNP particle and per particle surface area for different
sizes of confeito-AuNPs. The data are represented as means + SD, (n=50).

Number of
Tips/Particle

Sample Number of Tips/Particle

Surface Area (nm?)

Confeito-AuNP 30 nm 23.7+4.8 8.2x 1073
Confeito-AuNP 60 nm 33.9+3.2 2.8x10°3
Confeito-AuNP 80 nm 52.2+6.4 2.4x1073
Confeito-AuNP 100 nm 75.0+9.5 1.1x10°3

double layer and reduced the electrostatic repulsion force between
confeito-AuNPs, allowing the van der Waals attractive force to
dominate and cause aggregation of confeito-AuNPs [24].

Unlike in serum-free DMEM, confeito-AuNPs suspended in com-
plete culture media (DMEM supplemented with 10% FBS) presented
hydrodynamic sizes comparable to those in water with a slight
increase of approximately 10 nm (Table 1). This slight increase is
most likely a result of the adsorption of plasma proteins from FBS
onto the surface of confeito-AuNPs producing a multi-layered pro-
tein corona [25]. Because this protein corona on confeito-AuNPs is
thin, it is unlikely to have a great impact on the cellular uptake and
decreased targeting specificity [26].

The particle surface charges of all four confeito-AuNPs were
approximately —11 mV when suspended in complete DMEM. This
value was less negative than that in water (-34 to —43 mV) and
even that in serum-free DMEM (—14 to —20 mV), probably because
the corona formed by the adsorbed protein molecules shields the
surface charge [27]. This interpretation concurs with the findings
reported by Peuschel et al. [28] and Lesniak et al. [29] that NPs
in complete cell culture medium have lower zeta potentials than
those in serum-free media. Our results suggest that our confeito-
AuNPs are favorable biomedical nanoparticles because it has been
reported that nanoparticles with low surface charges (—15mV)
are more likely to evade phagocytosis by macrophages and to
be internalized by non-phagocytic cells than nanoparticles with
high negative charges [30]. According to Yamamoto et al.[31], low
negative surface charges will also enhance the cell selectivity of
nanoparticles and prevent non-specific binding to non-target cells
before arriving at the target tumor site.

The tips of confeito-AuNPs (ends of bosses on spherical core
surface) were evident (Fig. 1A and B). The total numbers of tips
on the surfaces of confeito-AuNPs were estimated from FESEM
images based on the mean of 50 particles and were divided by
the surface area of the particles to normalize for the comparison
of different sizes of confeito-AuNPs (Table 2). Although the largest
size of confeito-AuNPs (100 nm) produced the highest total number
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Fig. 1. Characterizations of confeito-AuNPs. (A) FESEM images of confeito-AuNPs at (i) 30 nm, (ii) 60 nm, (iii) 80 nm, and (iv) 100 nm. (B) TEM images of confeito-AuNPs at
(i) 30 nm, (ii) 60 nm, (iii) 80 nm, and (iv) 100 nm. (C) Transient bulk temperature profiles of confeito-AuNP dispersions in complete DMEM under laser irradiation (2 W/cm?,
5 min of irradiation). The data are represented as means + standard deviation (SD), (n=3).

of tips per particle (75 tips/particle), followed by a decrease in the
total number of tips with the decreasing size of confeito-AuNPs, the
smallest confeito-AuNPs (30 nm) produced the highest number of
tips per unit particle surface area (8.2 x 10~3 tips/nm?2). The large
number of tips per unit particle surface area corresponds to the
dense or close existence of tips on AuNPs, indicating the increased
plasmonic effect and intra- and inter-hot spot effect by confeito-
AuNPs [32,33]. Thus, these effects may cause a strong photothermal
therapeutic effect, which will be discussed later.

The bulk temperatures of suspensions of all four sizes of
confeito-AuNPs were measured using a thermocouple. Under CW
laser irradiation (2 W/cm?), the bulk temperatures of all four sizes
of confeito-AuNPs began to increase steadily from ambient room
temperature (26.7°C) (Fig. 1C) and reached ~50% (7.5-10.8°C
increase) of the temperature increase at 5min irradiation within
the first one minute of irradiation. The rates of the tempera-
ture increase slowed down after the first one minute. It can be
noted that all four sizes of confeito-AuNPs exhibited a higher bulk
temperature increase than that of the control (complete DMEM
without confeito-AuNPs), indicating that, upon laser irradiation,
heat was produced via transfer from confeito-AuNPs to its sur-
rounding through light energy harvest and conversion to heat

energy in confeito-like AuNPs, resulting in a higher increase in the
temperature of the medium by 10-20°C.

Although this study employed a conventional method to inves-
tigate the bulk temperature increase of confeito-AuNPs, it was
challenging to compare the thermal data directly with other pub-
lished studies due to differences in the concentration and physical
characteristics (shape and size) of NPs, as well as differences in
the types and power intensity of the laser used for irradiation.
In our study, the smallest size of confeito-AuNPs (30nm) pro-
duced the highest temperature increase (21.3 +1.0°C), while the
largest size of confeito-AuNPs (100 nm) had the lowest temper-
ature increase (16.140.8°C) than the other sizes (Fig. 1). On the
other hand, confeito-AuNPs of 80 nm exhibited a slightly higher
temperature elevation (18.5 £+ 0.4 °C) than confeito-AuNPs of 60 nm
(17.5+0.3°C). The results were largely in agreement with those
of a previous study [34] that reported that the smallest AuNP of
31 nm had a higher photothermal conversion efficiency than other
sizes of AuNP (47, 59, 74 and 86 nm). A smaller size of NP tends
to have better photon to heat conversion efficiency relative to the
larger size according to Mie’s theory [35]. Although a bulk tempera-
ture increase of ~ 10 °C was recorded for complete DMEM (control)
during laser irradiation for 5 min (Fig. 1C), this is consistent with
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Fig. 2. Cellular uptake profile of confeito-AuNPs into MDA-MB-231 cells. (A) Confeito-AuNP uptake after 2h, 5h and 24 h of incubation. *p <0.05 (ANOVA). (B) Energy-
dependent cellular internalization of confeito-AuNPs and effect of transport inhibitors. *p <0.05 and **p <0.01 (independent T test) compared with the normalized control.

The data are represented as means +SD, (n=3).

the observations reported by Liu et al. [36], where the tempera-
ture of water was increased by ~ 7 °Cunder 980 nm laser irradiation
(0.8 W/cm?, 5 min) and that by Wong et al. [37], where an increase
of~5°C in water was observed under 520 nm light irradiation
(0.5W/cm?2, 5 min).

In addition to the effect of particle size, the effect of the plasmon
phenomenon of AuNPs should be considered for their photother-
mal conversion efficiency. One of the motive forces of such a strong
enhancement effect is the existence of edge or tips on NPs, where
plasmon waves can be concentrated to provide hot spots. The dis-
tance and number of tips of bosses on the spherical core surface
in confeito-AuNPs play an important role in heat production. It is
reasonable that confeito-AuNPs of 30 nm with the highest number
of tips per unit surface area generates more heat than those (60, 80
and 100 nm) with fewer tips per unit surface area. The results of
this study agree with previous reports that the plasmon enhance-
ment of confeito-AuNPs is associated with the number of tips on
the surface of NPs. Additionally, the number of hot spots is also a
contributory factor [33].

3.2. Cellular uptake of confeito-AuNPs

MP-AES was chosen to obtain the precise quantification of the
amount of gold that has been taken up by cells. In the present

study, cellular uptake was size and time dependent. The smallest
size of confeito-AuNPs was indicative of the best cellular uptake
into MDA-MB-231 cells compared with other sizes of confeito-
AuNPs (Fig. 2A). A decreasing cellular uptake trend was observed
for all incubation periods (2, 5 and 24 h) with an increasing size of
confeito-AuNPs, and the uptake was always higher at the longer
uptake time as expected.

The two smaller sizes of confeito-AuNPs (30 and 60nm)
produced better cellular internalization in agreement with the
optimum size reported by others for cellular uptake (30-60 nm)
[8,38,39]. Smaller nanoparticles with a diameter <25nm were
often detached from receptors easily due to the low binding affin-
ity and failure to generate sufficient free energy for membrane
wrapping [8,9], while nanoparticles >80 nm would require pro-
longed wrapping periods, causing lower cellular uptake [40]. Both
extremely small and large nanoparticles would yield inefficient
cellular uptake.

Although the size of confeito-AuNPs can be controlled during the
synthesis process, the issue of protein adsorption onto the surface
of confeito-AuNPs in complete cell culture medium must be consid-
ered in cellular uptake studies. Protein corona formation will lead
to an increase in the hydrodynamic radius of confeito-AuNPs and,
hence, affect the interactions with cells. Itis important to determine
the actual hydrodynamic size and whether confeito-AuNPs retain
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Fig. 3. Z-stack confocal microscopic images of MDA-MB-231 cells incubated for 5 h with FITC-confeito-AuNPs 30 nm and DAPI. The scale bars correspond to 20 pm.

their singularity in the biological media prior to cell entry. In addi-
tion, Cheng et al. [13] reported a size-dependent serum inhibition
effect on the cellular uptake of confeito-AuNPs. With an increasing
NP size, the inhibition effect of serum on the uptake of nanopar-
ticles became greater. This may explain the lower cellular uptake
with the increasing size of confeito-AuNPs.

3.2.1. Temperature effect and trafficking

Cellular uptake at 4 °C was reduced by approximately 80% for all
four sizes of confeito-AuNPs relative to the uptake at 37°C when
incubated with MDA-MB-231 cells (Fig. 2B) (p<0.01, independent
T test). This suggests that the cellular internalization of confeito-
AuNPs is energy dependent and probably occurs via endocytic
pathways [41].

To determine the predominant endocytic pathway such as
the clathrin-mediated pathway, caveolae-mediated endocytosis or
macropinocytosis, and inhibitors such as chlorpromazine, dyna-
sore, genistein, filipin III, cytochalasin D and amiloride, were
used. The cytotoxicity of inhibitors against MDA-MB-231 cells was
screened using the MTT assay prior to cellular uptake mechanism
experiments. The cell viability of MDA-MB-231 incubated with
selected concentrations of different inhibitors for 24 h was more
than 90%, suggesting negligible toxicity from inhibitors (data not
shown).

The uptake of 30-nm confeito-AuNPs was significantly inhib-
ited by both dynasore (~85%) and chlorpromazine (~50%) relative
to the control (p<0.01, independent T test). Caveolae inhibitors Fil-
ipin Il and genistein reduced the uptake of 30-nm confeito-AuNPs
by~40% and~53%, respectively (Fig. 2B) (p<0.01, indepen-
dent T test). For the confeito-AuNPs of 60nm, 80nm and
100 nm, the uptake was predominantly inhibited by dynasore and
chlorpromazine only. Macropinocytosis inhibitors (amiloride and
cytochalasin D) did not significantly hinder the uptake of confeito-
AuNPs for all four sizes. These results clearly suggest that the major
internalization mechanisms for confeito-AuNPs of 30nm were
clathrin- and caveolae-mediated endocytosis, while the uptake of
confeito-AuNPs of 60 nm, 80 nm and 100 nm occurred mainly via
the clathrin-mediated pathway. The internalization of confeito-
AuNPs of 30 nm by both clathrin and caveolae pathways probably
explains its higher cellular uptake than other sizes of confeito-
AuNPs.

Chengetal.[13] reported a similar uptake mechanism (clathrin-
mediated endocytosis) for 50nm AuNP in Hep G2 cells and

caveolae-mediated endocytosis for 20nm AuNP. Thus, it is con-
ceivable that nanoparticles of similar size can be internalized via
different pathways in different cells. Additionally, the surface prop-
erty and shape of NPs also have been indicated as important factors
for the interaction between NPs and cells. Contrary to our find-
ings where the cellular uptake of confeito-AuNPs of 30 nm was
by a clathrin- and caveolae-mediated mechanism, Brandenberger
etal. [42] reported that the uptake of similarly sized citrate-capped
sphere-AuNPs into cells was by a macropinocytosis mechanism.

3.2.2. Intracellular localization of confeito-AuNPs

Intracellular localization of FITC-confeito-AuNPs (30, 60, 80 and
100 nm) in MDA-MB-231 cells was determined and analyzed using
confocal microscopy. Images of cells treated with FITC-confeito-
AuNPs co-stained with organelle-specific probes were captured,
and localization topographic profiles were compared. As evidenced
by the localization topographic profiles, minimal fluorescence over-
laps between FITC-confeito-AuNPs and DAPI were shown (Fig. 3).
This result suggests that even the smallest FITC-confeito-AuNPs
(30 nm) were not localized in the nucleus after 5 h of incubation and
is consistent with another report indicating that only nanoparticles
with a size <5 nm could enter the cell nucleus [43].

Overall the fluorescence images and localization topographic
profiles indicate that all four sizes of FITC-confeito-AuNPs were
mainly localized in lysosomes and mitochondria instead of the
endoplasmic reticulum after 2 h of incubation (Fig. 4A). The green
fluorescence from all sizes of FITC-confeito-AuNPs overlapped with
the blue fluorescence from LysoTracker and red fluorescence from
Mitotracker as indicated in the topographic profiles. Other studies
have shown that mitochondria provide the appropriate microenvi-
ronment for cysteine oxidation reactions [44], which may account
for the localization of cystine/citric acid-coated confeito-AuNPs
in this organelle. The localization of FITC-confeito-AuNPs in lyso-
somes is likely a result of their endocytic internalization into
MDA-MB-231 cells, where lysosome is the last compartment of
the endocytic pathway. Moreover, this finding is consistent with
those in previous studies, indicating that clathrin-mediated endo-
cytosis can direct gold nanomaterials to the endosomal/lysosomal
compartment [45,46].

It was also noted that the smallest size of FITC-confeito-AuNPs
(30 nm) produced higher localization in the endoplasmic reticulum
than the other three sizes of confeito-AuNPs after 5 h of treatment
(Fig. 4B). This result concurs with the caveolae-mediated endo-
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Fig. 5. MDA-MB-231 cell viability after incubation with confeito-AuNPs for 24 h without laser treatment. The data are represented as means + SD, (n=3).
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Fig. 6. In vitro photothermal treatment. (A) MDA-MB-231 cell viability post laser treatment (2 W/cm?, 1 min of irradiation) by confeito-AuNPs. *p <0.05 (ANOVA).

cytosis of confeito-AuNPs of 30 nm that can efficiently transport
confeito-AuNPs to the perinuclear region such as the endoplasmic
reticulum [46].

The intracellular localization of confeito-AuNPs was determined
by stacking and analyzing 1-pm-thick slice images of MDA-MB-
231 cell monolayer with cross-sectional slices perpendicular to the
plane of the cell monolayer midpoint (z-axis) [23]. The presence of
both fluorescence from DAPI (blue fluorescence) and FITC-confeito-
AuNPs (green fluorescence) in the same slices (slice 4, 5, 6 and
7 p.m) indicates that both cell nucleus and FITC-confeito-AuNPs are
at the same depth (Fig. 3). These cross-sectional slices confirmed
that FITC-confeito-AuNPs are located inside the cells.

3.3. Invitro photothermal cancer therapy efficacy

After 24 h of confeito-AuNP treatment, the MDA-MB-231 cancer
cell viability was determined using the MTT assay (Fig. 5). Without
laser irradiation, all four different sizes of confeito-AuNPs (30, 60,
80 and 100 nm) at 0.1-100 wM exhibited low toxicity with a cell
viability of greater than 80% at 24 h of incubation.

After MDA-MB-231 cells were incubated with confeito-AuNPs
for 2 h and were irradiated with a laser for only 1 min, a decrease in

the cell viability for all four sizes of confeito-AuNPs was observed
(Fig. 6). The smallest size (confeito-AuNPs 30 nm) displayed the
highest photothermal cytotoxicity effect with a sharp decrease
of ~75% of cell viability, while the largest size of confeito-AuNPs
(100 nm) displayed the lowest photothermal cytotoxicity effect
with~ 15% cell death. The PTT effects of confeito-AuNPs demon-
strate a trend that the cell killings decrease with increasing
confeito-AuNPs size.

Based on Mie’s theory that accounts for the interactions between
particles and light scattering, Jain et al. [35] have reported that the
photon absorption and scattering abilities are dependent on the
size of the AuNP. A 20-nm AuNP can absorb almost the entire pho-
ton energy and convert it into heat energy. When the size increases
to 40 nm, light scattering appears; when the size reaches 80 nm, the
extinction is contributed equally by both absorption and scattering.
Thus, the ratio of the scattering to absorption increases exponen-
tially for larger sized particles. This might explain the smallest
confeito-AuNPs (30 nm) producing the best performance in PTT
treatment. Additionally, smaller NPs possess a high surface area
relative to their total mass compared with larger NPs, enhancing
NP-light interaction and triggering the photothermal anticancer
effect.
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The use of 532 nm laser with intensity set at 2 W/cm? has limited
tissue penetration. Thus, we suggest using optical fibers as a light
delivery medium to direct the light source and to ensure sufficient
energy to activate gold nanoparticles for photothermal treatment
of tumors located at a greater depth.

4. Conclusion

The present study provides a comprehensive understanding of
the effect of NP characteristics on the cell-NP interaction. The size
of confeito-AuNPs is the crucial factor affecting cellular uptake effi-
ciency and photothermal anticancer treatment efficacy. We have
shown that the smallest confeito-AuNPs (30 nm) have the highest
MDA-MB-231 cellular internalization via two endocytic mecha-
nisms: clathrin- and caveolae-mediated pathways. Other sizes of
confeito-AuNPs enter the cells through only the clathrin-mediated
pathway. The intracellular localization of confeito-AuNPs is related
to the cellular uptake pathway, and it is evidenced that all the
sizes of confeito-AuNPs are highly localized in the lysosome due to
the clathrin-mediated pathway. Confeito-AuNPs (30 nm) have the
highest localization in the endoplasmic reticulum compared with
other sizes of confeito-AuNPs likely due to partial uptake via the
caveolae-mediated pathway. In terms of photothermal treatment,
confeito-AuNPs (30 nm) can increase the highest bulk temperature
and display the highest photothermal cytotoxicity effect compared
with other sizes of confeito-AuNPs. The present investigation indi-
cates the potential of confeito-AuNPs as a PTT agent.
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