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ARTICLE INFO ABSTRACT

Gold nanoclusters (AuNCs) are viewed as effective hyperthermal agents for the treatment of tumors. Whereas
AuNCs formed by the agglomeration of several to tens of gold atoms (< 1-2 nm) possess significant fluorescence,
they have a negligible hyperthermal effect, while AuNCs comprised of spherical gold nanoparticles (AuNPs > a

Keywords:
Gold nanoclusters
Albumin nanoparticles

Hyperthermia few nanometers) have a marked hyperthermic effect but lose their inherent fluorescence and obstruct the in-
]IESRIIDE{{F tensity of neighboring fluorescent dyes due to Forster resonance energy transfer (FRET). To achieve both hy-

perthermia and fluorescence-based optical visualization, we generated hybrid albumin nanoparticles containing
AuNCs (~88 nm) comprising AuNPs (~4.5nm). We generated a series of formulated AuNCs and optimized the
size, morphology, NIR absorbance (600-900 nm), hyperthermal activity, and fluorescence spectral characters of
the resulting hybrid albumin nanoparticles (AuNCs/BSA-NPs) by considering the interparticle distance between
the AuNPs and Cy5.5. Among these, AuNCs/BSA-NPs (formula D) had a strong hyperthermic effect and had well-
preserved fluorescence intensity (from the attached Cy5.5) due to localized surface plasmon resonance (LSPR)
and a reduction in FRET. These AuNCs/BSA-NPs were able to elevate the surface tumor temperature of HCT116-
bearing mice to > 50 °C following 808 nm laser irradiation (1.5 W/cm?, 10 min), which remarkably suppressed
tumor growth (17.8 + 16.9 mm?® vs. PBS and AuNCs/BSA-NPs (formula E): ~1850 and ~1250 mm?, respec-
tively). Also, Cy5.5-modified AuNCs/BSA-NPs (formula D) showed good performance in optical fluorescence
imaging of target tumors in HCT116 tumor-bearing mice. Together, our results indicate that the interparticle
distance between albumin or Cy5.5 and AuNPs/AuNCs can be optimized to achieve both hyperthermia and
fluorescence emission by striking a balance between LSPR and FRET effects. We believe that the AuNC/BSA-NPs
formulation presented here can serve as a potential platform for both optically visualizing and treating colon
cancers.

Antitumor therapy

phenomenon of localized surface plasmon resonance (LSPR) [7,8].
Furthermore, the hyperthermia of gold nanoparticles stimulated with
NIR laser light can be finely controlled by a few factors (irradiation

1. Introduction

Photothermal therapy (PTT) is an attractive way to treat solid tu-

mors because of its noticeable tumor ablation effect with minimum
impact on normal tissues [1,2]. Among several methods to elevate the
local temperature of tumors (e.g, ultrasound, radiofrequency, or mi-
crowaves) [3-5], gold nano-platforms such as spheres, rods, shells, and
clusters have gained interest as promising agents for PTT [6,7]. Gold
nanospheres and nanorods show remarkable performance because they
emit heat responding to near-infrared (NIR) laser light based on the

* Corresponding author.
E-mail address: ysyoun@skku.edu (Y.S. Youn).

https://doi.org/10.1016/j.jconrel.2019.04.036

time, laser intensity, and gold concentration) for specific purposes in
anticancer therapy [9]. Mild and moderate hyperthermia (~43°C)
boosters the antitumor effects of chemotherapy and radiotherapy in a
synergistic manner due to enhanced drug permeation and blood flow
[6,10-12], whereas severe hyperthermia (temperatures > 46 °C) causes
cell death and tumor ablation over the long term [1,6,13].

Spherical gold nanoparticles (hereafter termed AuNPs) respond only
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to visible light in the wavelength range from 500-580 nm, which barely
penetrates deep tissues due to interference by hemoglobins, skin, and
other tissue components [6,7]. The peak absorptions for 10 nm and
100 nm AuNPs are at 520 and 580 nm, respectively, which indicates
that the NIR absorption of smaller AuNPs is seriously hampered [14].
Therefore, AuNPs are practically inadequate for photothermal therapy
in the clinical field [15,16]. AuNPs larger than 6-8 nm barely pass
through the glomerulus (basement membrane pores: ~6 nm), and the
unfiltered fraction of AuNPs may cause long-term toxicity during sys-
temic circulation on account of their non-degradability [17-21].

Unlike single AuNPs, nano-sized agglomerations of AuNPs (gold
nanoclusters; AuNCs) possess strengthened NIR absorption over the
wide wavelength range of 650 to 950 nm due to the so-called red-shift
phenomenon [22,23]. Consequently, AuNCs display very high hy-
perthermal conversion efficiency versus AuNPs, enhancing tumor sup-
pression. Unlike the high fluorescence of AuNCs comprised of several to
tens of gold atoms (< 1-2nm) [24,25], AuNCs comprised of AuNPs
larger than a few nanometers tend to lose their inherent fluorescence
[26]. This prevents use of the AuNCs to detect or diagnose target tu-
mors in vivo. Furthermore, the intensity of fluorescent probes tagged to
the AuNGs is quenched to an extent inversely proportional to the dis-
tance between probes and AuNCs due to Forster resonance energy
transfer (FRET) [27,28]. This prevents fluorescence-based in vivo op-
tical imaging to visualize the target tumor region; X-ray computed to-
mography (CT) and photoacoustic (PA) imaging need to be used instead
[29-31].

Herein, we sought to design and fabricate AuNC-loaded hybrid al-
bumin nanoparticles (AuNCs/BSA-NPs) for ablation and optical visua-
lization of target tumors by emitting heat and fluorescence in response
to NIR light, respectively. We have previously shown that albumin
nanoparticles have good targeting ability and can be used to visualize
and suppress solid tumors [32-34]. Here, we took advantage of the
characteristics of albumin nanoparticles by using them as a second
targeting carrier. Albumin quantity was considered to be a critical
factor affecting the distances between respective AuNPs or AuNCs and
Cy5.5 dye. To simultaneously maximize the hyperthermal effect and
preserve fluorescence intensity, the formulae for hybrid gold-albumin
nanoparticles were optimized by adjusting the quantities of AuNPs/
AuNCs and albumin. Analytical/morphological investigations, in vitro
cytotoxicity tests, and in vivo antitumor efficacy experiments were used
to achieve this purpose (Fig. 1).

2. Materials and methods
2.1. Materials

Bovine serum albumin (BSA; 66.4 kDa and ~98%) was purchased
from MP Biomedicals (Solon, OH, USA). Gold(III) chloride (HAuCl,)
and sodium citrate (NazCgHs0,) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Cy 5.5-NHS ester was purchased from GE
Healthcare (Buckinghamshire, UK). Sodium borohydride (NaBH,) was
purchased from TCI (Toshima, Kita-ku, Tokyo, Japan). The HCT 116
(ATCC CCL-247™) human colorectal carcinoma cell line was obtained
from the American Type Culture Collection (Rockville, MD, USA).
DMEM and fetal bovine serum (FBS) were purchased from Capricorn
(Ebsdorfergrund, Hesse, Germany). Trypsin-EDTA and penicillin-strep-
tomycin (P/S) solution were purchased from Corning (Corning, NY,
USA). The LIVE/DEAD® viability/cytotoxicity assay kit was purchased
from Thermo Fisher Scientific (Rockford, IL, USA). All other reagents
were obtained from Sigma-Aldrich unless otherwise indicated.

2.2. Animals
BALB/c nu/nu mice (male, 5weeks old) were purchased from

Raonbio Inc. (Yongin, South Korea). Animals were cared for in ac-
cordance with the guidelines issued by the National Institutes of Health

Journal of Controlled Release 304 (2019) 7-18

(NIH) for the care and use of laboratory animals (NIH publication 80-
23, revised in 1996). Animals were caged in groups of 5 under a 12-h
light/dark cycle with food and water. Animals were acclimatized for
2 weeks. All animal experiments were conducted under guidelines ap-
proved by Sungkyunkwan University.

2.3. Synthesis of gold nanoparticles (AuNPs)

Gold nanoparticles (AuNPs) around 5nm were manufactured by
reduction of HAuCl, using sodium citrate and NaBH, as reducing agents
(Au®™ — Au®) [35]. First, 1 mL of HAuCl, (1 wt% (w/v)) was added to
50 mL of deionized water (DW) and stirred at 600 rpm. Next, 2 mL of a
sodium citrate solution (38.8 mM) was added to the mixture. After
2min, 1 mL of 0.075% (w/v) NaBH, dissolved in 38.8 mM sodium ci-
trate solution was added slowly in a dropwise manner for 5min. The
AuNP solution was further purified and centrifuged with a centrifugal
filter (Amicon® 30K ultra centrifugal filters) three times at 2000 rpm
for 15 min at 4 °C and stored at 4 °C until required.

2.4. Preparation of gold nanoclusters (AuNCs) and AuNC-loaded BSA-
nanoparticles (AuNCs/BSA-NPs)

AuNCs were prepared using previously described methods with
slight modifications with the final goal of fabricating agglomerated
AuNPs [36,37]. AuNP solution (6 mg/mL; 0.1 mL) was dropwise added
to solutions with different concentrations of BSA (3 mL; 0.01, 0.1, 1, 10
and 100 mg/mL; 100 mM PB, pH 8.0) and then stirred at 200 rpm. The
AuNCs so prepared and purified are referred to as formulae A, B, C, D,
and E, respectively. AuNCs/BSA-NPs were fabricated by incorporating
AuNCs into naive or Cy5.5 (cyanine dye 5.5)-labeled-albumin nano-
particles (BSA-NPs) via a desolvation process [32,38]. Ethanol (1.2 mL)
was added dropwise (1 mL/min) to mixed solutions of 0.1 mL AuNCs
(0.6, 1.2, 2.4 and 4.8 mg/mL; 0.1 mM, pH 8.0 phosphate buffer) and
0.1 mL naive BSA (40 mg/mL; DW) or Cy5.5-BSA (80 pug: 4mg feed
ratio; 40 mg/mL; DW). After desolvation, 1 pL of 50% glutaraldehyde
was added to the resulting solutions immediately and albumin mole-
cules were allowed to crosslink for 12h under stirring at 200 rpm.
Respective solutions were centrifuged at 3000 rpm for 10 min using
Amicon® 30K ultra-centrifugal filters to remove the supernatant that
contained unreacted BSA/Cy5.5-BSA and unincorporated AuNCs. The
spin-down fraction of AuNCs/BSA-NPs was resuspended with DW.

2.5. Characterization of AuNPs, AuNCs, and AuNCs/BSA-NPs

The sizes of AuNPs, AuNCs and AuNCs/BSA-NPs were measured by
a particle size analyzer (Zetasizer Nano ZS90, Malvern Instruments,
Worcestershire, UK) at a 90° degree scattering angle using dynamic
light scattering. To analyze zeta potentials, samples were put in cuv-
ettes (DTS1070 folded capillary cells) and analyzed with the same
analyzer using laser Doppler microelectrophoresis. The morphology
and microstructure of the nanoparticle solutions were analyzed by
transmission electron microscopy (JEM-3010, JEOL Ltd., Tokyo,
Japan). UV-Vis absorbance spectra were obtained with a Tecan Infinite
M200 spectrophotometer (Tecan Group, Switzerland) in the wave-
length region from 450 to 900 nm. Fluorescence intensity was measured
with the same spectrophotometer at Ao, = 670nm, Ay = 710 nm.
Fluorescence spectra were measured at a fixed excitation wavelength of
640 nm and emission wavelength ranging from 670 to 850 nm (scan
interval 10 nm) to identify the near-infra red fluorescence-emitting dye
Cy5.5. Fluorescence images were obtained using an optical imaging
system (Lago-X, Spectral Instruments Imaging, Inc., AZ, USA).

2.6. Quantitation of AuNPs, AuNCs, and AuNCs/BSA-NPs

The actual concentrations of AuNPs, AuNCs, and AuNCs/BSA-NPs
were measured by inductively coupled plasma optical emission
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Fig. 1. Schematic illustration of the design, preparation, and in vivo application of gold nanocluster-loaded Cy5.5-albumin nanoparticles (AuNCs/Cy5.5-BSA-NPs)
with fluorescence intensity and hyperthermal activity for tumor detection/ablation. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

spectrometry (ICP-OES, Varian 720-ES, Agilent Technologies Inc.,
USA). A 4.0 mL portion of aqua regia, which is a mixture of nitric acid
(HNO3) and hydrochloric acid (HCl) at a 1:3 molar ratio, was added to
the nanoparticle solutions. The samples were put in a graphite block
acid digestion system at 200 °C. After 4 h, samples were cooled down
and analyzed by ICP-OES. These experimental processes were carried
out in a cooperative center for research facilities at Sungkyunkwan
University.

2.7. Invitro and in vivo photothermal conversion

For in vitro studies, AuNCs and AuNCs/BSA-NPs with 200 ug/mL Au
were prepared and irradiated by 808 nm NIR laser (1.5W/cm?) for
10 min. Hyperthermal effects due to the photothermal conversion of
AuNCs and AuNCs/BSA-NPs were assessed by thermographic camera
(FLIR E85 24°, FLIR systems, Inc., Wilsonville, USA). For in vivo studies,
a 200 pL portion of AuNCs/BSA-NPs (10 mg/mL) was injected into HCT
116 tumor-bearing mice through the tail vein. After 6 h, an 808 nm NIR
laser (1.5W/cm?) was used to irradiate the tumor site for 10 min.
Temperature-based thermal images were visualized using a thermo-
graphic camera.

2.8. Visualization of the uptake of AuNCs/BSA-NPs by HCT 116 cells using
CLSM and Bio-TEM

Cellular uptake of AuNCs/BSA-NPs into HCT 116 cells was visua-
lized by confocal laser scanning microscopy (CLSM; LSM510, Carl Zeiss
Meditec AG, Jena, Germany). First, 150 pL of HCT 116 cells (1.5 x 10°
cells/mL) in DMEM (10% FBS, 1% P/S) were seeded into removable 12-
well silicon chambers (Ibidi, Martinsried, Germany) and incubated for
24 h. Prior to the experiment of nanoparticle internalization, cell media
was replaced with DMEM (1% FBS, 1% P/S) to slow down the rate of
cell growth and provide the stable cell state. Cy5.5-AuNCs/BSA-NPs
(formula D; 75 and 300pug/mL as Au) and Cy5.5-AuNCs/BSA-NPs
(formula E; 75 pg/mL as Au) were added to wells to compare fluores-
cence intensity or quenching. At predetermined times (3, 6, 12, and
24 h), the cells were washed twice with DMEM (1% FBS, 1% P/S) and
observed by CLSM to detect Cy5.5 fluorescence. To confirm the cellular
uptake of AuNCs/BSA-NPs, HCT 116 cells were seeded in cell culture
flasks and treated with AuNCs/BSA-NPs (formula D; 20 pg/mL). After
24, cells were detached using trypsin and centrifuged three times at
900 rpm for 5min with PBS and fixed by adding 1 mL of 2.5% glutar-
aldehyde in 0.1 M phosphate buffer (pH 7.4). The remaining steps after
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fixation were performed at the Korea Basic Science Institute (Cheongju,
Korea). Fixed cells were observed by bio-transmission electron micro-
scopy (TEM) (Tecnai G spirit twin, FEI company, Hillsboro, OR, USA).

2.9. Cytotoxicity induced by NIR light irradiation of AuNCs/BSA-NPs in
HCT 116 cells

Cytotoxicity was determined by utilizing the MTT assay and a live/
dead assay kit. For MTT assay, 100 pL of HCT 116 cells (1.5 x 10° cells
per mL) were added to wells of a 96-well cell culture plate (SPL, Korea)
followed by a 1-day incubation. AuNCs/BSA-NPs (formulae D and E; 0,
10, 20, 50, 100 pg/mL as Au) were treated with DMEM media con-
taining 1% FBS and 1% P/S. To compare photothermal effects, cells
were treated with both formulae D and E NPs. After 1 day, cells were
washed and irradiated with an 808nm NIR laser at 1.5W/cm?
(Laserlab, Seoul, Korea) for 10 min. After 24 h, MTT solution (0.5 mg/
mL) was added to each well and 100 pL dimethyl sulfoxide (DMSO) was
then added to each well following removal of the remaining solution.
Finally, absorbance intensity was measured by spectrometry at 562 nm
(VersaMax microplate reader, Molecular Devices, CA, USA).

For the live/dead assay, HCT 116 cells were cultured as 2D mono-
layers and 3D spheroids. To create 2D monolayers, 100 pL aliquots of
HCT 116 cells (2.0 x 10° cells per mL) were added to wells of a 12-well
chamber (Ibidi, Martinsried, Germany), while for spheroids, HCT 116
cells (300 cells/well) were seeded in cell plates designed to induce the
formation of 3D multicellular spheroids (Corning, NY, USA). The
overall processes up to irradiation was the same as those described for
the MTT assay. After 24 h, 100 pL of the live/dead working solution was
added to each well. EthD-1 and calcein-AM were used to stain dead cells
as red and live cells as green, respectively. After 40 min, stained live or
dead cells were detected by CLSM.

2.10. In vivo imaging of AuNCs/BSA-NPs

Cy5.5-modified AuNCs/BSA-NPs (formulae D and E; 0.4 mg/kg) and
free Cy5.5 were injected via the tail veins of tumor-bearing mice to
examine their tissue distribution and tumor targeting abilities. Cy5.5-
intensity was adjusted to be equal in all groups, and fluorescence was
visualized at 2, 4, 8, 24, 48, and 72 h using an in vivo imaging system
(IVIS® Spectrum, PerkinElmer, USA) at the Korea Basic Science Institute
(Cheongju, Korea). Separately, the accumulation of AuNCs/BSA-NPs
(formula D and E) at tumor sites was visualized by photoacoustic (PA)
imaging. When the volume of the tumor reached around 200 mm?>,
200 pL of PBS and AuNCs/BSA-NPs (formulae D and E; 10 mg/mL) were
injected via the tail vein. At predetermined times (2, 4, 8, 24, and 72 h)
post-injection, gold from each nanoparticle group was detected by a
Vevo 3100 LAZR-X imaging system (FUJIFILM VisualSonics Inc. New
York, USA) equipped with a 40 MHz, 256-element linear array detector.

2.11. In vivo antitumor efficacy of AuNCs/BSA-NPs

The in vivo antitumor efficacy of AuNCs/BSA-NPs (formulae D and
E) was assessed in HCT 116 tumor-bearing mice. Aliquots (1 X 107) of
HCT 116 cells in 100 uL. of DMEM (10% FBS and 1% P/S) were sub-
cutaneously injected in the right flank region of BALB/c nu/nu mice.
When tumor volumes reached around 150 mm®, HCT 116 tumor-
bearing mice were divided into four groups: PBS without laser, AuNCs/
BSA-NPs (formula D) with/without laser, and AuNCs/BSA-NPs (formula
E) with laser. On day 0, 200 pL of PBS and AuNCs/BSA-NPs (10 mg/mL)
were injected via tail vein. At 6h after the injection, groups of mice
were irradiated with an 808 nm NIR laser (1.5 W/cm?) for 10 min.
Tumor volume and body weight of the mice were measured every day.
Tumor volume was measured with a caliper and calculated as
V = (L x W?)/2, where V is tumor volume, L is tumor length, and W is
tumor width. On day 20, mice were sacrificed, and their tumors were
resected.

10
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2.12. Histopathology of tumors and organs

Histopathology observation was performed for tumor tissue and
major organs (liver, kidney, heart, lung, and spleen). Tumors were
excised on day 1 after irradiation, and other organs were obtained at
day 20. Each organ and tumor were treated with formalin solution.
Hematoxylin and eosin (H&E) staining and in vivo TUNEL analysis were
carried out by Logone Bio (Seoul, Korea).

2.13. Data analysis

Data are presented as means * standard deviations (SD). The sig-
nificance of differences was determined by Student's t-test. P-values <
0.05 were considered statistically significant.

3. Results and discussion
3.1. Fabrication of gold nanoclusters (AuNCs)

The primary goal of this study was to generate AuNCs with high
photothermal activity and an appropriate size for incorporation into
albumin nanoparticles (100-150 nm). AuNPs as the unit material for
making AuNCs were synthesized to be < 5nm because small nano-
particles are more easily filtered through the kidney and less toxic than
large nanoparticles [19,39]. The in vivo biocompatibility of small gold
nanoparticles is superior to that of large ones [40]. However, clusters of
several to tens of gold atoms (< 1 nm) are documented to have negli-
gible photothermal activity due to little NIR absorption [24]. Therefore,
we fabricated AuNCs by agglomerating AuNPs with an average size of
4.4 = 1.3 nm (Supporting Information Fig. S1a) by dropwise mixing of
albumin solution. Agglomeration is attributable to albumin adsorption
onto the AuNP surface followed by AuNP association [36,37,40]. The
term of gold nanoclusters has been used for the nanostructure
(< 1-2nm) formed by agglomerating several to tens of gold atoms
[24,25], rather than the bigger nanostructure (nano-aggregates or
nano-agglomerates) that consisted of small AuNPs (> a few nan-
ometers). However, AuNCs was used herein to refer to the latter as
published previously [17,18]. In general, protein adsorption occurs due
to electrostatic or hydrophobic interactions or a combination of both,
and AuNP-protein agglomeration can be controlled by coating the
molecules and controlling their density [36,37,40]. In our study, the
quantity of albumin used had a large influence on the morphological
and spectral characteristics of the AuNCs that formed. As shown in
Fig. 2A, increasing the quantity of albumin (0.01-100 mg/mL: formulae
A-F) reduced the particle size of AuNCs. Formula A resulted in large
nano-aggregates (~882.1 nm) with an irregular morphology, while
formulae D and E yielded smaller nano-aggregates (~87.9 and
~33.8 nm, respectively) due to the high amount of BSA they contained.
We therefore considered these latter two formulae to be appropriate for
albumin nanoparticle encapsulation (Supporting Information Fig.
S1b-f). The quantity of BSA also affected the density of nanoclusters in
terms of the interparticle distance of respective AuNPs; AuNCs made
with formulae A or B were very dense and overlapped, while formula E
yielded loosely clustered AuNCs (dispersed). In contrast, AuNCs made
with formula D (10 mg/mL BSA) displayed a typical cluster morphology
with moderate interparticle density. AuNCs made with formulae A- C
were unstable and precipitated within 1 day, whereas those made with
formulae D and E were stable for > 1 day without significant pre-
cipitation (Fig. 2B). Subsequently, AuNCs made using formula D or E
were used in further experiments.

3.2. Preparation of AuNC-loaded BSA-NPs (AuNCs/BSA-NPs)
The next step was to prepare optimized AuNC-loaded BSA-NPs (ei-

ther naive or Cy5.5-tagged) with high photothermal activity and well-
preserved fluorescence. Despite albumin coating of the AuNC surface,
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Fig. 2. (A) TEM images of gold nanoclusters (AuNCs) with different BSA concentrations (0.01, 0.1, 1, 10, 100 mg/mL; formulae A, B, C, D, and E, respectively)
(magnification x 10,000 (upper) and x 20,000 (lower). Insets — enlarged AuNCs made with formulae D and E. (B) Photographs of AuNC solutions prepared with
different BSA concentrations (0.01, 0.1, 1, 10, 100 mg/mL; formulae A, B, C, D, and E, respectively) to show their physical stability. (C) TEM images (upper) of naive
BSA nanoparticles (left); AuNC-loaded BSA nanoparticles (AuNCs/BSA-NPs; formula D) containing different Au amounts (60-480 pg) (middle); and AuNCs/BSA-NPs
(formula E) containing different Au amounts (120 and 240 pg) (right). Insets show enlarged BSA-NPs and AuNCs/BSA-NPs (formulae D, E). Focused TEM images
(lower) of single BSA-NPs and AuNCs/BSA-NPs (formulae D, E). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

the therapeutic use of AuNCs alone is considered to be clinically in-
adequate in terms of tissue accumulation or toxicity. For this reason, we
introduced a second targeting nano-carrier, albumin nanoparticles,
which are able to completely encapsulate AuNCs. Nanoparticles made
of proteins have attracted great attention because of their many phar-
maceutical and clinical advantages as drug carriers for therapy or di-
agnosis of cancer [41-43]. Among these proteins, albumin is viewed as
the most well-tolerated natural protein material with excellent bio-
compatibility and biodegradability and no critical toxicity to humans
[32,44,45]. Moreover, albumin is able to effectively traverse the rela-
tively leaky blood vessels and reach the tumor interstitium in two dif-
ferent ways: (i) gp60 (60kDa glycoprotein as an albumin receptor
present in endothelial cells)-mediated transcytosis and (ii) passive

11

extravasation [46]. Overexpressed SPARC (Secreted Protein, Acidic and
Rich in Cysteine) in the tumor extracellular matrix causes albumin/
albumin nanoparticles to accumulate in tumor cells [47,48]. Further-
more, albumin has many functional groups, such as amines and car-
boxylates, that enable attachment of ligands or probes [49,50].

The albumin-based nanoparticle formulation of paclitaxel
(Abraxane®; Celgene Corporation) has shown great success, and many
unique methods to prepare albumin nanoparticle formulations, such as
desolvation, emulsification, thermal gelation, nano-spray drying, and
self-assembly have been developed [32,33,46,51-53]. We chose to use
a desolvation process because it is one of the most well-established
methods to form albumin coacervates and makes compact structure by
crosslinking, resulting in tight entrapment of AuNCs [54]. However, a
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negligible amount of AuNCs made with formulae A-C were in-
corporated into albumin nanoparticles (BSA-NPs) due to their large
particle size (882-150nm), and thus the formation of BSA-NPs was
minimal when these formulae were used (Fig. 2C). Compared with
naive BSA-NPs (126.9 = 32.5nm), increased loading (or incorpora-
tion) of AuNCs (formulae D and E) resulted in a decrease in average
particle size of AuNCs/BSA-NPs based on light scattering measurements
(181.8 + 50.5, 152.0 + 52.6, 133.1 = 52.2, 105.7 = 44.0nm for
formula D and 110.2 = 41.4, and 85.9 = 33.2 nm for formula E). The
smaller sizes of AuNCs/BSA-NPs generated using formula E is due to the
smaller size of the AuNCs incorporated versus those incorporated using
formula D (Supporting Information Fig. S2). Despite the change in
particle size with different formulae, the incorporated AuNCs main-
tained their original morphology. The zeta potentials of AuNCs and
AuNCs/BSA-NPs were all highly negative (—40 to —58 mV) and more
negative than naive BSA-NPs due to the incorporation of negatively
charged AuNP components (Supporting Information Fig. S3).

3.3. Spectral characterization of AuNCs and AuNCs/BSA-NPs

The so-called ‘water window’ where aqueous tissue absorbs rela-
tively little light in the wavelength range of 700-1200 nm [7,55], and
especially the NIR region (wavelength from 650 to 950 nm), is the first
therapeutic (biological) window that enables photothermal effects
without harm to other tissues or cells [56,57].

Unlike individual AuNPs, AuNCs have been well documented to
show LSPR in response to long wavelengths (e.g., NIR > 800 nm),
enabling deeper penetration into tissues and subsequent hyperthermia
[6,7]. Plasmon oscillations of closely agglomerated AuNPs are likely to
be coupled and lead to a strong red-shift of the LSPR wavelength be-
cause the near-field of AuNPs effectively interacts with neighboring
particles [58,59]. Furthermore, the decreased interparticle distances in
nanoclusters facilitates strong red-shift of the plasmon resonance, re-
sulting in hyperthermia [60,61]. The UV-VIS-NIR spectra of AuNCs
prepared using different amounts of BSA (formulae A-E) were com-
pletely different from those of AuNPs, which showed peak absorption at
520 nm (Fig. 3A). All AuNC formulations except AuUNC-E exhibited re-
markably greater absorbance over the wavelength range of
600-900 nm. This was due to the short interparticle distance between
AuNPs, which was determined by the amount of BSA used in synthesis.
Although AuNCs-A/B formulations displayed greatest NIR absorption
than the other formulations due to tight agglomeration, they were not
used on account of their large size and negligible incorporation in al-
bumin nanoparticles. AuNCs-D also had high NIR absorption at 808 nm,
but the spectrum of AuNCs-E showed marginally increased absorption
versus AuNPs, with negligible absorption at ~808 nm. Subsequently,
the peak ratios (%; 808 nm/520 nm) of AuNPs and AuNCs (formulae
A~E) were 5.7, 116.3, 109.2, 100.9, 84.5, and 22.0%, respectively.

UV-VIS-NIR spectra of AuNCs/BSA-NPs (formulae D and E) were
similar to those of their parents AuNCs. AuNCs/BSA-NPs(D) showed
strong absorption at 808 nm but AuNCs/BSA-NPs(E) did not due to the
relatively large spacing between AuNPs (Fig. 3A and B). In contrast,
AuNCs/Cy5.5-BSA-NPs(E)  exhibited well-preserved fluorescence
around 700 nm corresponding to the maximum A, of Cy5.5 (Fig. 3C
and D). However, an increase in incorporated AuNCs in BSA-NPs re-
sulted in significantly reduced fluorescence intensity of AuNCs/Cy5.5-
BSA-NPs(D) because surface Cy5.5 was quenched by the denser AuNCs-
D (high amount) and the distance between Cy5.5 and AuNCs was ob-
viously reduced based on observation of FRET. Consequently, AuNCs/
Cy5.5-BSA-NPs(D) with 480 pug Au hardly emitted any fluorescence. In
contrast, AuNCs/Cy5.5-BSA-NPs(D) with 60-120 ug Au were shown to
have significant fluorescence, which enabled in vivo optical imaging
(Fig. 3C and D).
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3.4. Photothermal conversion and fluorescence emission of AuNCs/BSA-
NPs and AuNCs/Cy5.5-BSA-NPs

The next important step was to evaluate the photothermal and
fluorescence activities of the relevant hybrid gold-albumin nano-
particles (naive or Cy5.5-tagged). The photothermal conversion of
AuNCs and AuNCs/BSA-NPs (formulae D and E) was verified by ther-
mographic camera in vitro. Formulae D and E (both AuNCs and AuNCs/
BSA-NPs) were prepared at 200 pg/mL (as Au) and irradiated with an
808 nm NIR laser. Laser irradiation results in electron oscillations and
transfer of energy to the environment by interfacial thermal con-
ductance [62]. The surface temperature of AuNCs(D) and AuNCs/BSA-
NPs(D) increased gradually up to ~70 °C for 10 min, whereas the sur-
face temperature of AuNCs(E), AuNCs/BSA-NPs(E), and AuNPs was at
most 40 °C (Fig. 4A and B). These results are attributable to the degree
of red-shift caused by the LSPR in response to 808 nm irradiation: high
absorption for formula D and low for formula E (Fig. 3B). We attributed
the red-shift phenomenon of the LSPR observed for AuNCs made using
formulae D and E to the distance between component AuNPs or BSA-
NPs, which are responsible for conversion of light energy to heat en-
ergy.

To verify the hyperthermal effects of AuNCs/BSA-NPs (formulae D
and E) in vivo, each formulation was injected into the tail vein of
HCT116 tumor-bearing mice, and after 6 h, tumors were irradiated with
an 808 nm laser. AuNCs/BSA-NPs accumulated in the tumors of each
mouse (Fig. 4D). When visualized with a thermal imaging camera, the
local tumor temperatures of mice injected with AuNCs/BSA-NPs(D)
increased to > 50 °C at 5 min after NIR irradiation at 808 nm, which is
sufficient for hyperthermia-based necrotic or apoptotic tumor cell
death. In contrast, tumor temperature increased minimally when
AuNCs/BSA-NPs(E) were irradiated at 808 nm (< 6°C increase in
temperature) (Fig. 4C). This finding demonstrates the targeting effi-
ciency of albumin and the high photothermal efficiency of AuNCs/BSA-
NPs(D).

Gold metal is a powerful fluorescence quencher that is 10 times
stronger than typical dye-quenchers [63]. Therefore, fluorescent mo-
lecules located close to the AuNP surface have significantly decreased
resonant energy transfer rates and radiative lifetimes [64]. In our study,
Cy 5.5-labeled albumin was used to either coat AuNCs or incorporate
AuNCs/BSA-NPs via modification of a desolvation method [34]. To
preserve the surface fluorescence of AuNCs/Cy5.5-BSA-NPs, our
strategy was to ameliorate the quenching effect of the AuNPs by pro-
viding an appropriate distance between AuNCs and Cy5.5 [32,65]. As
shown in Fig. 4E, hyperthermia induced by Cy5.5-AuNCs (Cy5.5-BSA
coated onto the surface of AuNCs) and AuNCs/Cy5.5-BSA-NPs(D)
(Cy5.5-BSA as one of building materials for BSA-NPs) was similar but
much higher than that of AuNCs/Cy5.5-BSA-NPs(E). Despite the high
quantity of surface Cy5.5, the fluorescence intensity of AuNCs/Cy5.5-
BSA-NPs(D) was weaker than that of AuNCs/Cy5.5-BSA-NPs(E) in terms
of optically visualizing the surroundings. Again, these findings indicate
that the interparticle distance between respective AuNPs comprising
the AuNCs (either alone or with BSA-NPs incorporated) plays a critical
role in heat emission based on red-shift of the LSPR. A close distance
between Cy5.5 and AuNCs, which absorb excitation light, would ser-
iously restricts fluorescence emission (A¢y = 670 nm; A, = 710 nm) on
account of the FRET phenomenon [27,28] and Purcell effect [66,67].
Despite the reduced fluorescence of AuNCs/Cy5.5-BSA-NPs(D), they
exhibited much higher fluorescence than Cy5.5-BSA-AuNCs (almost
nothing), and are therefore suitable for in vivo optical imaging.

3.5. Cellular uptake and fluorescence emission of AuNCs/BSA-NPs and
AuNCs/Cy5.5-BSA-NPs in HCT116 cells

Cellular uptake of AuNCs/BSA-NPs and AuNCs/Cy5.5-BSA-NPs was
visualized by using Bio-TEM and CLSM. As shown in Fig. 5A, HCT116
cells treated with AuNCs/Cy5.5-BSA-NPs(D) and (E) exhibited strong
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Fig. 3. (A) UV-Vis-NIR absorbance spectra of AuNPs and AuNCs (formulae A~E). (B) UV-Vis-NIR absorbance spectra of AuNPs, AuNCs (formulae D, E), and AuNCs/
BSA-NPs (formulae D, E). (C) Relative fluorescence intensity (upper) of AuNCs (formulae D, E) for different Au amounts (60-240 ug) vs. intact Cy5.5 dye and optical
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wavelength of 640 nm and emission wavelengths from 670 to 850 nm.

fluorescence, but the higher quantity of AuNCs(D) incorporated into
BSA-NPs (120 vs. 480 pg), which translates to a shorter distance be-
tween Cy5.5 and AuNCs(D), quenched the fluorescence intensity inside
HCT116 cells after internalization. To confirm internalization of
AuNCs/BSA-NPs or AuNCs/BSA-NPs in HCT 116 cells, cells were pho-
tographed by bioTEM (Fig. 5B left). The diameter of HCT cells was
estimated to be 10 um, and AuNCs/BSA-NPs were present in nano-
particle vesicles in addition to being scattered around the cytosol, si-
milar to what was observed for native AuNCs/BSA-NPs (Fig. 2C).
AuNCs/BSA-NPs maintained their inherent shape and size and had
photothermal activity. In contrast, AuNCs not incorporated into BSA-
NPs were found to be less compact and exist individually without any
signs of incorporation in nanoparticle vesicles (Fig. 5B right). These
findings indicate that AuNCs/BSA-NPs can be internalized into HCT116
cells without surface ligands. The presence of vesicles and the nano-
particle size of AuNCs/BSA-NPs suggest endocytosis via clathrin-medi-
ated endocytosis as the mechanism of internalization [68].

3.6. Cytotoxicity of AuNCs/BSA-NPs towards HCT116 cells

The cytotoxicity of AuNCs/BSA-NPs towards HCT 116 cells was
evaluated through MTT and live/dead assays (Fig. 5C). HCT 116 cells
were treated with different concentrations of AuNCs/BSA-NPs (for-
mulae D and E; 0-100 pg/mL as Au) and 808 nm laser irradiation
(10 min). The cytotoxicity of AuNCs/BSA-NPs(D) was 11.4-fold higher
than that of AuNCs/BSA-NPs(E), with ICs, values of 27.3 and 310.2 ug/
mL, respectively, due to the higher photothermal efficiency of the
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former than the latter. AuNCs/BSA-NPs(D) noticeably killed > 90% of
HCT116 cells at the high concentration of 100 pug/mL.

In live/dead assays, both seeded 2D monolayers and 3D spheroids of
HCT 116 cells were treated with PBS and AuNCs/BSA-NPs(D/E) with or
without 808 nm laser irradiation. As shown in Fig. 5D, almost all cells
were killed by AuNCs/BSA-NPs(D) (100 pg/mL) and 808 nm laser
treatment, whereas approximately 50% were killed by the same pro-
cedure when AuNCs/BSA-NPs(E) were used. In contrast, hardly any
cells were killed in the absence of laser irradiation, as visualized by
staining with Calcein-AM, which fluoresces green. The overall results
were similar to those obtained using the MTT assay. Similar to the 2D
cell live/dead assay, HCT116 cell spheroids were treated with PBS and
AuNCs/BSA-NPs(D/E) with or without 808 nm laser irradiation.
Spheroids are in vitro three-dimensional tumor cell systems that mimic
actual tumor tissues in vivo [69]. As shown in Fig. 5E, AuNCs/BSA-NPs
(D) effectively killed cells of spheroids that were 250-300 um in size, as
evidenced by the widespread red fluorescence of the spheroids, and
penetrated deep into the spheroids (10-50 um Z-track images from
slices with a 10-um step size), whereas only 50% of spheroids treated
with AuNCs/BSA-NPs(E) displayed red fluorescence (Fig. 5F). These
findings demonstrate that AuNCs/BSA-NPs(D) had much better hy-
perthermal conversion activity than AuNCs/BSA-NPs(E) in terms of
their enhanced LSPR for the same amount of irradiation.
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3.7. Photoacoustic and fluorescence imaging of AuNCs/BSA-NPs in
HCT116 tumor-bearing mice

Tumor localization ability of AuNCs/BSA-NPs was investigated by
photoacoustic (PA) imaging. PA imaging relies on signals of en-
dogenous or exogenous contrast agents in tumor tissues, and gold is
viewed as one of the most effective exogenous agents due to its strong
SPR effect. The produced acoustic waves are converted into electric
signal images [70,71]. The wavelength used for PA imaging is almost
same as that used for photothermal therapy, which guarantees the
usefulness of AuNCs/BSA-NPs [57,72]. As shown in Fig. 6A, unlike the
tumor of a control mouse treated with PBS, the tumor of an AuNCs/
BSA-NPs(D/E)-treated mouse showed strong resonance signal from the
gold that accumulated in the tumor. Localized amounts of both AuNCs/
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BSA-NPs(D/E) were not significantly different until 72h, with a max-
imum signal observed at 4-8 h.

The tumor targeting and tissue distributions of AuNCs/BSA-NPs(D/
E) were identified by Cy5.5-based fluorescence optical imaging in HCT
116 tumor-bearing mice. Whereas free Cy5.5 dye injected via a tail vein
was rapidly distributed throughout the body until 4 h and then rapidly
eliminated from the blood circulation [73], AuNCs/BSA-NPs(D/E) ac-
cumulated gradually in the tumors until 72h (Fig. 6B). Importantly,
despite the lower fluorescence intensity of AuNCs/BSA-NPs(D) in vitro
on account of partial FRET-based quenching, these nanoparticles al-
lowed comparable or higher fluorescence visualization of relevant tu-
mors than AuNCs/BSA-NPs(E). This finding indicates that AuNCs/BSA-
NPs(D) have potential as an optical imaging agent to visualize or di-
agnose tumors. Aside from tumors, liver, spleen and kidney are
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considered to be the most significant tissue organs for the accumulation
of albumin nanoparticles or AuNPs. As with the size of AuNCs/BSA-
NPs, most nanoparticles of 20-150 nm are predominantly accumulated
in the liver and spleen [19]. Our previous study also showed that al-
bumin-associated gold nanoclusters (60-80 nm) was significantly ac-
cumulated in the liver [74]. In addition, nanoparticles of < 6 nm can be
ultimately excreted to the urine through the glomerular filtration pro-
cess [74,75]. Taken together, our AuNCs/BSA-NPs are predicted to be
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mainly accumulated in these organs as well as tumors, and the in-
dividual AuNPs detached from AuNCs or AuNCs/BSA-NPs would be
cleared through the kidney.

Unlike the clearly visible xenografted tumors of mice, clinical tu-
mors need to be visualized for further therapy. Targeted gold nano-
particles can be used to visualize tumors or other tissues using X-ray CT
or PA imaging [29,30]. However, CT requires a large amount of gold
nanoparticles, and PA imaging is suitable for local detection rather than
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treated with PBS or AuNCs/BSA-NPs(D/E). (D) Photographs of HCT 116 tumor-bearing mice 20 days after photothermal therapy. (E) Size of excised tumors in each
treatment group at day 20. (F) Histopathology of H&E-stained tumors and major tissue organs (liver, kidney, heart, lung, and spleen) after 20 days in each treatment
group. (G) In vivo TUNEL assay to detect apoptosis in tumor tissues obtained from each group 24 h after laser irradiation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

whole-body detection. Magnetic resonance imaging (MRI) and positron
emission tomography (PET) require additional magnetic probes or
radioisotopes. In contrast, fluorescence-based optical imaging has the
clear advantages of high sensitivity (107'%) and good resolution
(0.3 um) [76]. However, as mentioned previously, hyperthermal AuNCs
(> a few nanometers) lose fluorescence, unlike fluorescent AuNCs
(< 1-2nm), which undermines their use as fluorescence optical ima-
ging agents' [24-26]. To address this problem, we used albumin

nanoparticles as second carriers to incorporate AuNCs and to allow for
Cy5.5 attachment at a sufficient distance to prevent quenching by the
AuNPs. Based on our assay results, the AuNCs/Cy5.5-BSA-NPs(D) de-
scribed here appear to be suitable for optical imaging.

3.8. In vivo antitumor effect and histopathology induced by hyperthermia

Our final aim was to confirm the antitumor efficacy of AuNCs/BSA-



S. Park, et al.

NPs(D). For this, tumor ablation induced by AuNCs/BSA-NPs(D/E) was
investigated by monitoring tumor volumes in HCT116 tumor-bearing
BALB/c nude mice. Photothermal treatment using AuNCs/BSA-NPs and
808 nm laser irradiation (1.5 W/cm?, 10 min) was initiated when tu-
mors reached a size of 150 mm? (on day 0). As shown in Fig. 6C, tumor
growth in mice treated with AuNCs/BSA-NPs(D) plus 808 nm laser ir-
radiation was remarkably suppressed, and tumor volume had decreased
to 17.8 mm?® on day 20 without tumor size rebound. In contrast, tumors
of mice treated with either PBS without 808 nm laser or AuNCs/BSA-
NPs(E) plus 808 nm laser were ~1850 and ~1250 mm?, respectively
(Fig. 6C-E). Additionally, the skin surface of tumors treated with
AuNCs/BSA-NPs(D) plus the 808 nm laser was charred due to the strong
hyperthermal effect of the AuNCs. Tumor nodules were no longer
visible due to irreversible injury induced by high temperatures
(> 50°C) [57]. The body weights of mice in all groups remained stable
without significant changes for over 20 days, indicating that all mice
were well cared-for with no serious deleterious effects for the entire
therapy period (data not shown).

The degree of tumor ablation induced by AuNCs/BSA-NPs was as-
sessed from cell density and colour intensity measured in photos of H&
E-stained tumor sections. As shown in Fig. 6F, tumor sections from mice
treated with PBS without laser irradiation or with AuNCs/BSA-NPs(E)
plus laser irradiation displayed typical overgrowth patterns with little
damage, whereas tumor sections from mice treated with AuNCs/BSA-
NPs(D) plus laser irradiation had a much lower density of cells and
colors. H&E-stained sections of organs (liver, kidney, heart, lung, and
spleen) did not reveal significant histological damage in any of the
mouse groups, indicating that no significant toxicity had occurred.
There was no histopathologic difference in major organs between the
PBS-treated group and the AuNCs/BSA-NP-treated groups. The in vivo
TUNEL assay was carried out 1 day after PPT. The nucleus of cells was
stained blue with DAPI staining and fragmented DNA was stained green
using FITC. Apoptotic cells have fragmented DNA and therefore fluor-
esce green [77]. TUNEL results showed that cells of tumors treated with
AuNCs/BSA-NPs(D) and laser irradiation were killed, in part, by
apoptosis as was well as necrosis due to burning (Fig. 6G).

4. Conclusions

In summary, we designed and fabricated heat- and fluorescence-
emitting AuNC-loaded albumin nanoparticles (AuNCs/Cy5.5-BSA-NPs)
by optimizing quantities of AuNPs/AuNCs and albumin based on con-
sideration of interparticle distances. These hybrid AuNCs/BSA nano-
particles of ~150 nm displayed a good hyperthermal effect in response
to NIR light (808 nm) and had well-preserved fluorescence intensity
contributed by surface-modified Cy5.5. AuNCs/BSA-NPs remarkably
suppressed the tumors of HCT116-bearing mice based on LSPR and
allowed visualization of tumor sites due to a decrease in FRET.
Together, these findings suggest that optimizing the interparticle dis-
tances between gold and carriers/probes is critical for producing gold
nanoparticles that have a photothermal effect and can be used for op-
tical imaging. Our gold nanocluster-incorporated albumin nano-
particles are a potential platform for treatment and diagnosis of colon
cancers.
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