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A B S T R A C T

Metal nanoparticles (NPs), such as gold NPs (AuNPs), are particularly sensitive to X-rays, and thus specific
accumulation of AuNPs in a tumor would allow radiotherapy with low energy X-rays and reduced side effects.
AuNPs can be generated using HAuCl4 and the natural polyphenol epigallocatechin-3-gallate (EGCG) in the
presence of citrate. Here, we generated EGCG-AuNPs in the presence of several additives and examined the
accumulation of these NPs in mouse tumors following intravenous administration. EGCG-AuNPs 15 nm in
diameter in the presence of sodium alginate accumulated more in tumors compared to 40-nm-diameter EGCG-
AuNPs. Furthermore, the results of in vitro cellular uptake and serum protein absorption studies suggest that
adsorption of 15–16 kDa serum proteins to EGCG-AuNPs suppresses accumulation in tumors. Thus, tendency to
adsorb specific proteins on EGCG-AuNPs surface should be tailored for enhancing their accumulation in tumors.
1. Introduction

Nanomaterials are of significant interest in cancer therapy because of
their unique property of accumulating in cancer cells, resulting from the
enhanced permeability and retention (EPR) effect [1]. Also, nano-
materials have a high surface-to-volume ratio and thus can be modified
with various ligands to exhibit active targeting, high solubility, and/or
high stability [1]. Metal nanoparticles (NPs) such as silver and gold NPs
(AuNPs) are particularly sensitive to X-rays, and thus specific accumu-
lation of metal NPs in a tumor allows radiotherapy with low energy
X-rays and reduced side effects [2,3]. Colloidal or clustered particles of
AuNPs with diameters of a few to several hundred nanometers are of
interest because of four unique properties [2]. The first is their good
biocompatibility and low toxicity [4]. The second is the ease of con-
trolling their size and shape: by using different reducing or stabilizing
agents, the particle size can be controlled between several nanometers to
200 nm, and shapes such as nanospheres, nanorods, nano-stars, and
nano-cubes can be generated [2,4]. The third is the ease and versatility of
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surface modifications. Gold surfaces can be modified with thiol and
amino groups, allowing the ready modification of AuNPs with proteins,
peptides, DNA, chemical/biological polymers, and a variety of other
molecules [2,5,6]. Surface modifications are critical for biocompatibility
and stability under biological conditions and can provide NPs that
actively target tumors, so this property is vital for the medical use of
nanomaterials. The fourth is their optoelectronic properties, useful for
surface plasmon resonance (SPR) and high X-ray and near-infrared (NIR)
absorption. In SPR, illumination at resonant wavelengths delocalizes
conduction band electrons on the AuNP surface, which undergo collec-
tive oscillation. The light is then absorbed/scattered by the AuNPs,
inducing a wide variety of optical phenomena [7].

There are several methods for preparing AuNPs, of which the citrate
reduction method is classified as a green nanoscience method [8]. This
very simple method does not use organic solvents or generate undesir-
able side products [8]. Sodium citrate acts as a reducing and stabilizing
agent and generates AuNPs 5–40 nm in diameter [9]. Au(III) is reduced to
Au(I) in two steps, then Au(I) forms a multimolecular complex with
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dicarboxyacetone molecules present in the solution. This is followed by
the generation of Au (0) [10], which functions as seeds for AuCl4� ab-
sorption and subsequent growth of the AuNPs [11].

Similarly, polyphenol can be used as a reducing and stabilizing agent.
Sanna et al. reported using the natural polyphenols epigallocatechin-3-
gallate (EGCG), resveratrol (RSV) and fisetin (FS) to prepare AuNPs,
and characterized the properties of polyphenol-coated AuNPs [12]. For
example, EGCG-AuNPs prepared by using EGCG as a reducing and sta-
bilizing agent have multiple potential uses for cancer treatment [13–18].
Sanna et al. reported that EGCG-AuNPs induced a dose-dependent
reduction of SH-SY5Y-CFP-DEVD-YFP cell viability, similar to that of
free EGCG, and showed the utility of EGCG-AuNPs as a cancer treatment
drug [12]. Chavva et al. recently reported that EGCG-AuNPs were taken
up much more readily by cancer cells compared to normal cells, and that
EGCG-AuNPs actively target the 67LR receptor [16]. Similarly,
citrate-AuNPs act as radiosensitizers and improve the efficacy of radio-
therapy in tumor-bearing mice [19]. We previously reported the rela-
tionship between EGCG-AuNP size and cellular uptake, and revealed that
the appropriate particle size for cellular uptake depended on the cell
type. EGCG-AuNPs about 40 nm in diameter showed the best uptake by
MDA-MB-231 cells and the uptake was mediated by the 67LR receptor
[14]. Research to date indicates that EGCG-AuNPs likely exhibit active
targeting, anti-tumor, and radiosensitizer characteristics, and function as
combination therapy agents. However, there are few reports of in vivo
experiments using EGCG-AuNPs. Shukla et al. reported that about 72% of
EGCG-198AuNPs were retained in tumors 24 h after intratumoral
administration to tumor-bearing mice [20]. Hsieh et al. revealed that
EGCG–AuNPs inhibited tumor cell growth by cell apoptosis after oral,
intraperitoneal or intratumoral injection [17]. AuNPs 10, 50, 100, and
250 nm in diameter were prepared by citrate reduction of HAuCl4 and
most tended to accumulate in the liver, spleen and blood at 24 h after
intravenous injection into rats [21]. Sonavane et al. similarly found that
AuNPs regardless of size suspended in a solution of sodium alginate were
mostly found in the liver [22]. However, to our knowledge, there are no
reports regarding the biodistribution and tumor accumulation of
EGCG-AuNPs administered via intravenous injection.

In this study, EGCG-AuNPs of two different sizes (15- and 40-nm)
were prepared and their biodistribution and tumor accumulation
following intravenous injection in mice were evaluated. The size-
dependence of AuNP accumulation was tested by preparing 15-nm and
40-nm citrate-EGCG-AuNPs (Ci-EGCG-AuNP15 or Ci-EGCG-AuNP40) by
changing the ratio of citrate and EGCG. Ci-EGCG-AuNP15 and Ci-EGCG-
AuNP40 were characterized by transmission electron microscope (TEM)
observation, dynamic light scattering (DLS) measurements and quanti-
fication of the amount of EGCG. Sodium alginate and dextran were
investigated as additives to improve the stability of the Ci-EGCG-AuNPs
under physiological conditions. The stabilization, cellular uptake and
tumor accumulation of Ci-EGCG-AuNPs15/40 in 10 wt% dextran solution
and 0.1 wt% sodium alginate solution were compared. It is known that
dextran has been used as a plasma expander at 6–10 wt % [23] and as a
stabilizing agent of metal nanoparticles [24]. In addition, sodium algi-
nate (0.5 wt%) has been also used as a suspending agent for intravenous
injection to mice [22]. We found that Ci-EGCG-AuNP15 dispersed in so-
dium alginate solution showed better accumulation in tumors. However,
the accumulation was not significant level due to serum protein corona
formation. We suggest here that, in order to success intravenous injection
of Ci-EGCG-AuNPs, the protein corona formation must be prevented.

2. Materials and methods

2.1. Materials

Hydrogen tetrachloroaurate (III) tetrahydrate (HAuCl4⋅4H2O), po-
tassium carbonate, gold standard solution (Au 1000), sodium alginate
300–400, ammonium peroxodisulfate (APS), 2-mercaptoethanol,
N,N,N',N'-tetramethylethylenediamine (TEMED), and a Silver Stain 2
2

kit were purchased from FJIFILM Wako Pure Chemical Corporation
(Osaka, Japan). (�)-Epigallocatechin gallate and fetal bovine serum
(FBS) were purchased from Sigma-Aldrich Co. LLC. (St. Louis, MO, USA).
Dulbecco's Modified Eagle Medium (DMEM), Dulbecco's phosphate-
buffered saline (DPBS), accutase, penicillin-streptomycin mixed solu-
tion (stabilized) and sodium dodecyl sulfate (SDS) were purchased from
Nacalai Tesque, Inc. (Kyoto, Japan). Dextran 40 was purchased from
Tokyo Chemical Industry Co. Inc. (Tokyo Japan). Unstained protein
standards were purchased from Bio-Rad Laboratories, Inc. (Hercules CA,
USA).
2.2. Measurements

A PPS-5510 organic synthesizer (Tokyo Rikakikai Co. Ltd., Tokyo,
Japan) was used to prepare the AuNPs. A micro-ultracentrifuge (CS
150GXII, Eppendorf Himac Technologies Co., Ltd., Hitachinaka, Japan)
was used to separate and purify the AuNPs. UV–vis absorption spectra
were obtained using a V-730 UV–visible/NIR spectrophotometer (JASCO
Corporation, Tokyo, Japan). Zetasizer Nano from Malvern Panalytical
Ltd. (Worcestershire, UK) was used for DLS measurements, and Malvern
Zetasizer software was used for data analysis. A high performance liquid
chromatography (HPLC) system comprising a GILSON 119UV/VIS de-
tector, GILSON 231XL autosampler, GILSON 805 manometric module,
GILSON 811c dynamic mixer and a GILSON DILTOR401 injector (Gilson,
WI, USA). The column was a COSMOSIL 5C18-MS-II (Φ4.6 nm � 150
mm) (Nacalai Tesque, Inc., Kyoto, Japan) and the data were analyzed
using Unipoint Version 3.3 (Gilson, WI, USA). A Hitachi H-7650 (120 kV)
(Hitachi High-Tech Corporation, Tokyo, Japan) was used for TEM
observation. Gold was analyzed using inductively coupled plasma atomic
emission spectroscopy (ICP-AES) (SPS3100, (Hitachi High-Tech Co.,
Tokyo, Japan). A hot dry bath (HDB-2N, ASONE Corporation, Osaka,
Japan) was used for dissolving organs. A PowerPac universal power
supply (Bio-Rad Laboratories, Inc., CA, USA) was used for SDS-PAGE.
2.3. Preparation and characterization of Ci-EGCG-AuNPs

A mixture of 4 mM HAuCl4 (1 ml) and 8.4 ml of DI water, and a
mixture of 1% Na3C6H5O7 (125 μl), 2.5% EGCG (154, or 462 μl), 25 mM
K2CO3 (125 μl) and DI water were separately warmed to 60 �C and then
mixed while stirring. After the mixture turned red, the mixture was
heated to 95 �C under stirring and then cooled on ice. The particles were
washed twice and re-dispersed using DI water. The concentration of gold
was determined using ICP-AES.
2.4. Quantification of EGCG loading in the Ci-EGCG-AuNPs

The concentration of gold in the Ci-EGCG-AuNPs was measured by
ICP-AES (wavelength: 242.795 nm) and the amount of EGCG was
determined by HPLC. Elution was carried out using aqueous phosphoric
acid (20 mmol, pH 2.5) and methanol (80:20 v/v) as the mobile phase at
a flow rate of 1.0 ml/min. The UV detection wavelength was 254 nm. A
calibration curve was constructed using a series of EGCG solutions (10,
20, 50, 80, 100, 200, 300, 400 μg/ml). The supernatant of the prepara-
tion mixture after centrifugation was separated by HPLC, and the EGCG
content in the supernatant was calculated from the calibration curve. The
EGCG content of the Ci-EGCG-AuNPs was calculated using the following
equation:

ωEGCG ¼ΔmEGCG

mAu

where ωEGCG is the EGCG content (mg EGCG/mg AuNPs), ΔmEGCG is the
EGCG content on the Au surface ðmtotal EGCG feed consumption ðmgÞ �
mEGCG in supernatentðmgÞ), and mAu is the amount of gold in the EGCG-
AuNPs.



Fig. 1. Photograph of Ci-EGCG-AuNP dispersions prepared using different
amounts of EGCG. Condition (a) no. 1, (b).
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2.5. Characterization of the Ci-EGCG-AuNPs

Nanoparticle size was characterized by DLS. All measurements were
obtained in triplicate in DI water at 25 �C with an angle of detection of
173�. Images were recorded digitally with Zetasizer software. UV–vis
absorption spectra of 0.05 mg/ml samples dispersed in DI water were
measured between 350 and 700 nm. The morphology of EGCG-AuNPs15/
40 was characterized by TEM observation by dropping the samples (Au
concentration 0.25 mg/ml in DI water) on thick carbon film-coated TEM
grids (Cu, 200 mesh) and drying in a vacuum drier overnight.

2.6. Stability tests

The Ci-EGCG-AuNPs15/40 were adjusted to a concentration of 0.05 mg
(Au)/ml with DPBS, 10 wt% dextran-DPBS, FBS-DPBS, 10 wt% dextran-
FBS-DPBS or 2 wt% sodium alginate-FBS-DPBS (the ratio of FBS:DPBS
was 1:1 for all conditions). Then, the solutions were heated at 60, 70 or
80 �C for 6 h and the UV–vis spectra were acquired before and after
heating.

2.7. In vivo tests using tumor-bearing mice

This study was approved and carried out by the Oriental Bio Service
Animal Experimentation Regulations. Six-week-old female BALBc nu/nu
mice were obtained from Oriental Bio Service Inc. (Kobe, Japan). MDA-
MB-231 cells (5 � 106 cells/mouse) were injected subcutaneously to
establish tumor-bearing mice. Small pieces of harvested subcutaneous
tumor were then transplanted into the mammary gland of the nude mice.
The tumors were allowed to grow to about 1 cm in diameter. Ci-EGCG-
AuNPs15/40 were dispersed in 0.1 wt% sodium alginate-DPBS (Au con-
centration: 5 mg/ml) or 10 wt% dextran-DPBS (Au concentration: 5 mg/
ml) and administrated by intravenous injection (100 μl). The mice were
sacrificed 60 min after injection and tumor left and right, blood, lung,
liver, spleen, kidney, heart and tail were collected. The amount of
accumulated Au in each organ was measured by dissolving the organ in 1
ml of aqua regia and each sample was diluted with DI water to 5 ml. The
gold content in these samples was analyzed by ICP-AES.

2.8. Cellular uptake of Ci-EGCG-AuNP15

MDA-MB-231 cells were seeded in 6-well plates at a density of 2 �
105 cells per well (2 ml RPMI 1640 for each well). After 24 h incubation,
the medium was replaced by a mixture of RPMI 1640 (1.9 ml) and Ci-
EGCG-AuNP15 (final gold concentration was 0.75 μg/ml, NPs were
dispersed in 100 ml of 10 wt% dextran-DPBS, 5 wt% dextran-DPBS, 0.1
wt% sodium alginate-DPBS, or DPBS). The cells were treated for 6 h or
24 h, rinsed twice with warm DPBS, harvested using accutase and
counted. Aqua regia (1 ml) was then added to the cells and the solution
was heated at 80 �C for 3 h. The samples were further diluted with DI
water to a total volume of 5ml and the total gold content was analyzed by
ICP-AES.

2.9. Protein absorption on Ci-EGCG-AuNP15

Ci-EGCG-AuNP15 was incubated in 50% FBS-Tris-HCl, 70% FBS-Tris-
HCl, 50% FBS-Tris-HCl-10 wt% dextran, 70% FBS-Tris-HCl-10 wt%
dextran, 50% FBS-Tris-HCl-0.1 wt% sodium alginate, or 70% FBS-Tris-
HCl-0.1 wt% sodium alginate (Au concentration: 75 μg/ml, Tris-HCl
contained 0.15 M NaCl and 1 mM EDTA) for 1 h and centrifuged for
20 min (22,000 rpm, 20,454�g). The obtained NPs were washed with 10
mM Tri-HCl (pH 7.5) and 0.15 M NaCl. Bound proteins were removed
from the NPs by mixing with 1% mercaptoethanol-SDS-loading buffer,
then separating the buffer and NPs by centrifugation. Finally, the solu-
tions containing bound proteins were analyzed by SDS-PAGE (15% gel),
then the gels were stained using a silver stain 2 kit (Wako) by following
the manufacturer’s instructions.
3

3. Results and discussion

Small NPs were prepared using EGCG and sodium citrate as reducing
and stabilizing agents. Varying the initial amount of EGCG provided two
types of Ci-EGCG-AuNPs. Each sample was wine-red to blue-red in color
(Fig. 1), typical of Au colloids, and the NPs were characterized by DLS,
HPLC, and ICP-AES.

no. 2 (see: Table 1).
The Z-average diameter increased in proportion to the feed amount of

EGCG (Table 1), indicating that the balance between a weak reducing
agent and a strong reducing agent affects particles size. Because EGCG is
unstable and easily oxidizes under high pH conditions, EGCG is a weak
reducing agent compared to sodium citrate. HPLCmeasurements showed
that the EGCG concentration in the preparation mixture supernatants
after centrifugation decreased compared to the initial EGCG concentra-
tion, indicating that EGCG acted as a reducing agent and was absorbed on
the surface of the AuNPs. The EGCG content of the AuNPs was calculated
(Table 1). Both samples contained over 0.81 mg/mg EGCG, indicating
that the AuNPs were saturated with loaded EGCG. The particle size was
affected by the balance of the stronger reducing agent (citrate) and
weaker reducing agent (EGCG), with a tendency to bigger particles when
the ratio of the weaker reducing agent was higher.

To investigate the effect of particle size on accumulation in tumors,
AuNPs prepared using conditions no. 1 and no. 2 were studied further
and named Ci-EGCG-AuNPs15/40. The morphology of Ci-EGCG-AuNPs15/
40 was further investigated by TEM observation and by UV–vis. TEM
images (Fig. 2(a and b)) showed that both Ci-EGCG-AuNP15 and Ci-
EGCG-AuNP40 were spherical, with an average diameter of 5.6 nm and
7.6 nm, respectively, and were smaller than the Z-average diameter.
Since the Z-average size is calculated using Cumulants analysis, which
assumes a single particle size, most particles are actually smaller than the
Z-average size. Also, aggregation can result in bigger Z-average di-
ameters. The UV–vis spectra of Ci-EGCG-AuNPs15/40 are shown in
Fig. 2(c). Unique Au absorbance bands were observed by SPR, and the
red shift of the maximum absorption wavelength corresponded with the
increasing size of the AuNPs.

NPs easily aggregate in, for example, the presence of salts, extreme pH
and at high temperature. Dextran 40 and sodium alginate were thus used



Table 1
Z-average diameter, Zeta potential, PdI and EGCG content of each condition.

Condition no.
(Citrate/EGCG)

Z-average
diameter [nm]

Zeta potential
[mv]

PdIa) EGCG
contentb)

(mg EGCG/mg
AuNPs)

1 (1:2) 14.9 �7.22 0.619 0.848 � 0.005
2 (1:6) 42.4 �24.4 0.597 0.853 � 0.007

a) PdI: Polydispersity Index.
b) Determined by HPLC (mean � SEM, n ¼ 3).
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as additives in the dispersion solutions to investigate the excluded vol-
ume effect [25]. Both compounds are biocompatible materials and so
should not cause adverse effects when used in vitro and in vivo. The
dispersion solutions were heated to promote the aggregation of AuNPs
and to compare the stability of the NPs under each condition.

When Ci-EGCG-AuNP15 was dispersed in DPBS, the absorption peaks
became smaller and disappeared, depending on the temperature, due to
aggregation of the NPs (Fig. 3(a)), as observed in the photos. Before
heating, Ci-EGCG-AuNP15 was uniformly dispersed in DPBS and gave a
red color, but when the NPs aggregated and precipitated, the color was
blue-black. In contrast, when Ci-EGCG-AuNP15 was dispersed in 10 wt%
dextran-DPBS solution, some NP aggregation was observed after heating
at 80 �C but the maximum absorption wavelength and red color were
maintained (Fig. 3(b)). These results indicate that the stability of the NPs
was improved by adding dextran 40 to the dispersion solution. A similar
tendency was observed when Ci-EGCG-AuNP40 were used (data not
shown).

To investigate the stability of Ci-EGCG-AuNPs15/40 in a more bio-
mimetic environment, the NPs were dispersed in FBS-DPBS (1:1) solution
Fig. 2. TEM image of (a) Ci-EGCG-AuNPs15 and (b) Ci-EGCG-AuNPs40, and (c) UV

4

and the stability upon heating was measured by UV–vis. All NPs in FBS-
DPBS showed higher stability compared to in DPBS, indicating that
protein absorption to NPs improves the stability of NPs. Fig. 4(a) shows
that the maximum absorption wavelength of Ci-EGCG-AuNP15 in FBS-
DPBS was red-shifted by heating, whereas the maximum absorption
wavelength of NPs dispersed in a solution containing dextran 40 and
sodium alginate remained unchanged after heating (Fig. 4(b and c)),
indicating that Ci-EGCG-AuNP15 was stabilized by the addition of
dextran or sodium alginate in this biomimetic environment. The photos
in Fig. 4(b and c) show that the NPs in the presence of polysaccharides,
especially sodium alginate, tended to promote protein denaturation,
making it impossible to measure the UV–vis spectra. Zhao et al. reported
that heat-denatured albumin and alginate forms aggregates, the main
driving force of which is the electrostatic interactions between the
oppositely charged amino acids and the anionic polysaccharide, keeping
its secondary structure [26]. Based on this report, the heat-induced ag-
gregation as seen in Fig. 4(b and c) is considered to be the same reason.
The stabilization effect of dextran and sodium alginate must therefore be
studied in vivo. Similar observations were obtained using Ci-EGC-
G-AuNP40 (data not shown), showing that both dextran and sodium
alginate stabilized Ci-EGCG-AuNPs15/40 in the biomimetic environment.

The effect of NP size and additives on in vivo accumulation in tumors
was evaluated by animal experiments. The accumulation of Ci-EGCG-
AuNPs15/40 in each organ and tumor is shown in Fig. 5. Although the
obtained each organ’s data was just twice average, we tried to discuss the
tendency of accumulation of Ci-EGCG-AuNPs15/40. There was high
accumulation in lung, liver, and spleen, and little accumulation in tu-
mors. Comparison of the amount of Au accumulated in the tumors
showed that more Ci-EGCG-AuNP15 accumulated than Ci-EGCG-AuNP40,
and that Ci-EGCG-AuNP15 dispersed in 0.1 wt% sodium alginate-DPBS
–vis spectra of Ci-EGCG-AuNPs15/40 in water (Au concentration: 0.05 mg/ml).



Fig. 3. UV–vis spectra and photos of Ci-EGCG-AuNPs15 in (a) DPBS, (b) 10 wt% dextran-DPBS (Au concentration: 0.05 mg/ml).

Fig. 4. UV–vis spectra and photos of Ci-EGCG-AuNP15 in (a) FBS-DPBS, (b) 10 wt% dextran-FBS-DPBS, (c) 2 wt% sodium alginate-FBS-DPBS (Au concentration: 0.05
mg/ml).
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showed the highest accumulation (Fig. 6). Thus, Ci-EGCG-AuNP15 is
more likely to accumulate in tumors, and a dispersion solution containing
sodium alginate likely promotes the accumulation of Ci-EGCG-AuNP15.
This accumulation behavior in vivo is in conflict with our previous report,
5

which showed that EGCG-AuNPs were taken up by MDA-MB-231 cells
[14], indicating the importance of environmental differences between in
vitro and in vivo conditions. Many types of biological molecules such as
proteins are one big difference between in vitro and in vivo conditions,



Fig. 5. Accumulated amount of Au in organs and tumors using (a) Ci-EGCG-AuNP40, (b) Ci-EGCG-AuNP15. MDA-MB-231 cells (5 � 106 cells/mouse) were injected
subcutaneously to establish tumor-bearing mice (n ¼ 2, Mean).

Fig. 6. Accumulated amount of Au in tumors (Sample no. 1–2: Ci-EGCG-AuNP40
in 0.1 wt% sodium alginate-DPBS, no. 3–4: Ci-EGCG-AuNP40 in 10 wt% dextran-
DPBS, no. 5–6: Ci-EGCG-AuNP15 in 0.1 wt% sodium alginate-DPBS, no. 7–8: Ci-
EGCG-AuNP15 in 10 wt% dextran-DPBS) (n ¼ 2, Mean).

Fig. 7. Cellular uptake of Ci-EGCG-AuNPs15 toward MDA-MB-231 cells in
RPMI1640 containing 10% FBS at 37 �C for 6 h (closed bar) and 24 h (stripped
bar): final gold concentration was all 75 μg/ml, Ci-EGCG-AuNP15 was dispersed
in 10 wt% dextran-DPBS, 5 wt% dextran-DPBS, 0.1 wt% sodium alginate-DPBS,
or DPBS) (n ¼ 3, Mean � S.E.M.).
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because protein absorption to NPs changes the size and surface condi-
tions of the particles. We thus selected only Ci-EGCG-AuNP15 to further
analyze the relationship between cellular uptake and serum protein ab-
sorption using MDA-MB-231 cells.

The cellular uptake of Ci-EGCG-AuNP15 was investigated using ICP-
AES, and the condition of the cells after uptake was observed. Quanti-
fied Au amounts of all the samples were below 1.7 pg/cell, which was
calculated below 0.2% of cellular uptake rate (Fig. 7). This result suggests
that cellular uptake was reduced in the FBS-containing medium. Lin et al.
reported that FBS-coated AuNPs form protein corona, which reduces
aggregation of AuNPs and decreases cellular uptake amount [27].
Considering this report, the obtained results (Fig. 7) are likely to be
correlated with protein corona formation in RPMI1640 containing 10%
FBS. Although the cellular uptake amount was low, Ci-EGCG-AuNP15
dispersed in sodium alginate-DPBS were taken up a little bit better than
Ci-EGCG-AuNP15 dispersed in dextran-DPBS or DPBS (Fig. 7), showing
that 10 wt% dextran and sodium alginate likely facilitates cellular up-
take, which is also should be considered with protein corona formation.

SDS-PAGE analysis (15% gel) was used clarify serum protein
6

absorption to Ci-EGCG-AuNP15 using 50 or 70% FBS-Tris buffer to
simulate the blood environment. Protein absorption to Ci-EGCG-AuNPs15
depended on the FBS concentration and the additives present. Fig. 8
shows that many different molecular weight proteins were absorbed to
the Ci-EGCG-AuNP15 samples and the absorption behavior was not
related to the FBS concentration: Middle-molecular-weight proteins
(100-35 kDa) in FBS including BSA and fibrinogen, the most represented
proteins in FBS, were strongly adsorbed after 1 h incubation. This phe-
nomenon was not consistent with previous report: BSA and fibrinogen
was partially interacted with NP surface, and highly affine proteins
competitively adsorbed on the surface [28]. This result suggests that
EGCG-modification of AuNP surface enhanced adsorption of
middle-molecular-weight proteins, and those protein coronas decreased
cellular uptake amount. It is noted that approximately 20–25 kDa bands
were reduced in the presence of dextran and sodium alginate (Fig. 8).
These results suggest that these polysaccharide additives are worthful for
preventing some proteins around 20–25 kDa corona formation.
Furthermore, a strong approximately 15–16 kDa band appeared only



Fig. 8. SDS-PAGE (15% gel) of proteins absorbed to Ci-EGCG-AuNP15 for 1 h incubation (incubated solution conditions: ① 50% FBS-Tris buffer, ② 70% FBS-Tris
buffer, ③ 10 wt% dextran-50% FBS-Tris buffer, ④ 10 wt% dextran-70% FBS-Tris buffer, ⑤ 0.1 wt% sodium alginate-50% FBS-Tris buffer, ⑥ 0.1 wt% sodium
alginate-70% FBS-Tris buffer).
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when Ci-EGCG-AuNP15 were incubated in a solution containing sodium
alginate (Fig. 8). Given the observed accumulation behavior of Ci-EGC-
G-AuNP15 in tumors (Fig. 6), sodium alginate might also promote the
absorption of an approximately 15–16 kDa protein and this protein might
affect NP accumulation in tumors. According to the proteomic informa-
tion of fetal bovine serum (FBS) reported by Zheng et al. [29] and
Sakulkhu et al. [30], predicted protein candidates of 15–16 kDa include
hemoglobin subunit alpha (15.1 kDa), hemoglobin subunit beta (16.0
kDa), hemoglobin fetal subunit beta (15.9 kDa), and profilin-1 (15.0
kDa). If some of them are related to the enhanced cellular uptake in the
presence of sodium alginate (Figs. 8), 15–16 kDa proteins might facilitate
the uptake via sodium alginate-mediated protein adsorption. While so-
dium alginate can work as a biosorption agent, reductant, and stabilizer,
sodium alginate was considered to stabilize Ci-EGCG-AuNP15 by inter-
acting with NPs as stabilizer [31]. Therefore, sodium alginate is consid-
ered to be located around the Ci-EGCG-AuNP15 surface, presumably due
to multivalent interaction between carboxy anions and Au atom. Of those
candidates of 15–16 kDa proteins, hemoglobin subunit alpha (15.1 kDa),
hemoglobin subunit beta (16.0 kDa), and hemoglobin fetal subunit beta
(15.9 kDa) are considered the most likely, because hemoglobin and
AuNPs are spontaneously interact with each other via hydrophobic in-
teractions [32]. It is considered the hemoglobin subunits adsorbed
EGCG-unmodified AuNP spaces bearing sodium alginate, and the resul-
ted Ci-EGCG-AuNP15 was likely to be taken up by endocytosis to tumor
sites. It is known that tumor microenvironment exhibits acidic condition
(pH 5.8–7.6) [33] and high ionic concentration [34], both of which tend
to induce aggregation of nanoparticles [35]. Yan et al. reported that
protein corona-coated AuNP with 20 nm diameter prevented an increase
in aggregation and size in the tumor-mimicking microenvironment [36].
We consider that, in our case, the formed protein corona on Ci-EGC-
G-AuNP15 is stable under tumor microenvironment.

4. Conclusion

EGCG-AuNP 15 nm in diameter in the presence of sodium alginate
accumulated more in tumors after intravenous injection into mice
compared to 40-nm-diameter EGCG-AuNP. The AuNP surface was
modified with EGCG but no 67LR-mediated tumor accumulation was
observed. The results of in vitro cellular uptake and serum protein ab-
sorption suggest that 15–16 kDa serum proteins including hemoglobin
7

subunit alpha and beta facilitates NP accumulation in tumors in the
presence of sodium alginate. The protein absorption to the particles
should be carefully considered to enhance NP accumulation when the
NPs are administered via intravenous injection into tumors.
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