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Protein-directed fluorescent Au nanoclusters have been widely studied owing to their potential
applications in sensing, imaging, and drug and gene delivery. However, the use of nanoclusters
in drug delivery is limited by low cellular uptake. In this study, human serum albumin-directed
Au nanoclusters served as building blocks to obtain protein nanoparticles by desolvation. The
nanoparticles had a decent quantum yield (QY), high colloidal stability and low cytotoxicity,
and they could be readily conjugated with biological molecules. The cellular uptake of the
Au nanoclusters and nanocluster-loaded protein nanoparticles were studied by confocal fluores-
cence microscopy. Agglomeration of the protein-directed Au nanoclusters into 50-150-nm
nanoparticles dramatically increased the cellular uptake.

Keywords: Au nanoclusters; albumin nanoparticles; uptake; fluorescence.

1. Introduction

Au nanoclusters (AuNCs) are a new type of lumi-
nescent nanomaterials, typically composed of a few
to about a hundred Au atoms.! With the cluster
dimensions approaching the Fermi wavelength of
electrons, the continuous density of states breaks up

fCorresponding author.

into discrete energy levels, leading to strong pho-
toluminescence with a large Stokes shift.? Com-
pared with other types of luminescent materials,
AuNCs have many advantages, among which are
good water solubility, low toxicity, biocompatibili-
ty, and surface functionalization.® Water-soluble
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luminescent AuNCs of high quality and uniformity
have been synthesized by various approaches,
including microwave-assisted,”® etching-based,’®
kinetically controlled? and template-directed'?'?
synthesis. Most of these approaches consist in
mildly reducing Au ions in the presence of thiol-
containing stabilizers. The use of serum proteins,
e.g., bovine serum albumin (BSA) and human
serum albumin (HSA), as biocompatible reducing
and stabilizing agents gives rise to AuNCs with
strong red emission and a decent QY,'*!* compa-
rable to that of upconverting'® or dye-doped'®
nanoparticles. Owing to their easy synthesis, bio-
compatibility, and excellent fluorescent properties,
AuNCs have been useful in various applications,
including sensing' 'Y and bioimaging in vitro and
in vivo.’?? Yet, there have been only a few
studies dealing with the application of AuNCs in
fluorescence (FL)-guided drug delivery. For ex-
ample, Chen et al.?’ used folic-acid-conjugated
Au-BSA NCs for the delivery of doxorubicin
(DOX) into tumors. An important limiting factor,
however, is the low cellular uptake of AulNCs
owing to their being only a few nanometers in size.
On the other hand, albumin nanoparticles are well
known as biodegradable carriers for the delivery of
anticancer drugs because of their excellent bio-
compatibility, stability in blood, and high cellular
uptake.?*?> They can be easily fabricated by the
desolvation®® or water-in-oil (w/o) emulsion
method,?” followed by cross-linking with glutaral-
dehyde or heating. HSA nanoparticles have been
utilized in controlled release studies owing to the
enhanced permeability and retention effects, which
lead to accumulation of particles of certain size at
tumor sites.?83?

In this paper, we propose the use of HSA-directed
AuNCs as building blocks for fluorescent HSA
nanoparticles. We show that after desolvation and
crosslinking, the Au-HSA NCs retain their FL
properties. We show further that the NC-loaded
nanoparticles with sizes of 50-150 nm exhibit low
cytotoxicity and higher cellular uptake in compari-
son with the initial NCs.

2. Materials and Methods
2.1. Reagents

All chemicals were obtained from commercial sup-
pliers and were used without further purification.

Hydrogen tetrachloroaurate(IIT) hydrate (HAuCly),
BSA, and HSA were obtained from Sigma-
Aldrich. Hydrogen tetrachloroaurate trihydrate
(HAuCl, - 3H,0) was purchased from Alfa Aesar.
Ultrapure water obtained from a Milli-Q Integral 5
system was used in all experiments.

2.2. Synthesis of Au~HSA NCs and
nanoparticles

Au-HSA NCs were prepared by protein-directed
synthesis at high temperature and pH.'® In a
typical procedure, 5mL of 4.8 mM HAuCl,; was
added to 5mL of HSA solution (20 mg/mL) under
vigorous magnetic stirring for 2 min. Then, 20 mL
of 1M NaOH was introduced to adjust the pH to
10. The mixture was heated in an oil bath at
100°C for 30 min under vigorous magnetic stirring.
During this period, the solution color changed
from light-yellow to brown, indicating the forma-
tion of small AuNCs inside the protein matrix.
After the solution had been cooled to room tem-
perature, the product was collected with an Ami-
con Ultra-15 centrifuge concentrator (MW cutoff,
10,000) and was redispersed in 10mL of water.
The final HSA concentration was 10mg/mL.
For cell experiments, the NCs were redispersed
in 100mL of phosphate-buffered saline (PBS;
100 mM, pH 7.4) to a final protein concentration of
1 mg/mL.

AuNC-loaded HSA nanoparticles were prepared
by simple desolvation. To this end, 2mL of as-
prepared Au—HSA NCs (10 mg/mL, pH 10), put in
a 30°C thermostatic bath, was mixed with 100 uL
of 1M NaCl, after which 7mL of absolute ethanol
was added with a syringe pump at 5 mL/min. The
solution became turbid, and after 5min, 30 uL of
25% glutaraldehyde was added as the crosslinking
agent. The mixture was left under continuous
stirring for 8 h. The sample was purified by three
cycles of centrifugation at 14,000 rpm for 30 min
and was redispersed in a glycine buffer. The
nanoparticles were incubated in an amino-acid-
containing buffer for 4h to totally eliminate
the glutaraldehyde groups on the surface. Finally,
the Au-HSA nanoparticles were collected with
an Amicon Ultra-15 centrifuge concentrator
(MW cutoff, 10,000) and were redispersed in PBS
(100mM, pH 7.4) to a final protein concentration
of 1 mg/mL.
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2.3. Characterization

FL spectra were recorded with an LS-55 FL spec-
trophotometer (Perkin Elmer). Transmission elec-
tron microscopy (TEM) images were taken with a
Libra-120 microscope (Carl Zeiss) at the Simbioz
Center for the Collective Use (CCU) of Research
Equipment in the Field of Physical-Chemical Biol-
ogy and Nanobiotechnology at the Russian Acade-
my of Sciences’ Institute of Biochemistry and
Physiology of Plants and Microorganisms (IBPPM
RAS). The hydrodynamic radius of the nano-
particles was measured with a Malvern ZS dynamic
light scattering device. Images of the samples under
UV irradiation were captured with a Canon digital
camera and a Vilber Lourmart transilluminator
(365 nm, Sigma—Aldrich).

2.4. Cell cultures

The SPEV and A549 lung cancer cell lines were
obtained from the Saratov Science Research Vet-
erinary Station, Saratov, Russia. The cells were
cultured in RPMI-1640 growth medium containing
10% fetal bovine serum and 1% antibiotics (genta-
micin and amphotericin) at 37°C and 5% CO, for 7
days until a concentration of (5 to 8)x 10° cells/cm®
was reached.

Cell metabolic activity was measured by the
MTT (3-[4, 5-dimethylthiazol-2-yl-2, 5 diphenyl
tetrazolium bromide) assay. In brief, after incuba-
tion with AuNCs or with NC-loaded nanoparticles,
the cells were incubated in 0.5mL of an MTT
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solution (Sigma, USA) for 1h. Then, the cells were
redispersed in 0.5mL of dimethyl sulfoxide (ACS
grade, Amresco, USA) to dissolve the formazan
crystals. The samples were centrifuged at 12,000 g
for 5min in 1.5-mL eppendorf tubes, and 0.2 mL of
the supernatant liquid was transferred to 96-well
plates. Absorbance values at 492 nm were collected
on a Multiskan Ascent microplate reader (Thermo
Fisher Scientific).

Cellular uptake was estimated by incubating the
SPEV cells with Au—HSA NCs and nanoparticles
(HSA concentration, 50 ug/mL) in RPMI-1640
medium in 24-well plates. After 2h incubation,
the cells were washed with 100 mM PBS (pH 7.4).
Differential inference contrast and confocal FL
images were obtained with a Leica SP7 microscope
(illumination, 514nm; FL accumulation channel,
600-700 nm; objective, x 10).

3. Results and Discussion

3.1. Synthesis and characterization
of NCs and nanoparticles

First, Au-HSA NCs were prepared from a boiling
mixture of HSA and Auj under highly basic
conditions. According to Ulbrich et al.,? Au-HSA
NCs are composed of 20 (Ref. 14) or 25 (Ref. 29)
Au atoms and are stabilized by the thiol group of
cysteine.

Figure 1(a) shows the excitation and emission
spectra, of the Au—HSA NCs. The FL excitation

Fig. 1. (a) Excitation (1) and emission (2) spectra of the Au—HSA NCs. (b) TEM images of the Au—HSA NCs. The inset in panel
(a) shows photos of NC solutions under white light (left) and UV light (right) irradiation. The inset in panel (b) shows a magnified

image of a single NC.
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spectrum (curve 1) exhibits two maxima around
410nm and 504 nm. The emission peaks are located
near 470nm and 660 nm. The first peak could be
due to the FL of albumin alone, whereas the second
peak may have originated from AuNCs inside the
protein matrix. Under optimal conditions, the QY
of the NCs was about 10.4%, as measured with
hematoporphyrin as a benchmark standard. This
value is in harmony with the earlier established
correlation between the NC sizes and their QYs*?
for AuysNCs.

As shown in the inset of Fig. 1(a), the as-pre-
pared Au-HSA NCs were highly dispersed in
aqueous solution and exhibited a brown color under
white light and strong red FL under UV illumina-
tion. In general, the absence of a reddish color under
vis illumination indicates the formation of only
small (<3nm) AuNCs which have no plasmonic
peak around 510-520 nm. The TEM images of the

NCs [Fig. 1(b)] also confirm the absence of large or
aggregated nanoparticles, and the average size of
the Au—HSA NCs was about 2.4nm, close to the
previously reported values for Augy'® and Augys?’
NCs.

Since the protein content of the Au—HSA NCs
was more than 96% (100 mg of HSA and 4 mg of Au
in one batch), we used a well-known desolvation
protocol to prepare NC-loaded nanoparticles.?S To
this end, ethanol was added dropwise to an aqueous
Au-HSA solution under constant stirring at the
desired temperature and concentration. As HSA is
less soluble in alcohol, the albumin molecules ag-
gregated into nanoparticles when the concentration
of ethanol became higher than 70%. During deso-
lvation, the color of the sample changed from light
yellow to milky white [see left inset in Fig. 2(a)]. For
keeping the nanoparticle morphology constant, the
protein was further crosslinked by glutaraldehyde.
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Fig. 2. (a) FL spectra of diluted (1:100) Au—HSA NCs (curve 1) and NC-loaded nanoparticles (curve 2). The insets show images of
nanoparticle suspensions under vis (left) and UV (right) illumination. (b) TEM image of the nanoparticles. The inset shows a
magnified image of a single nanoparticle. The arrows indicate the position of the Au—-HSA NCs in the protein nanoparticles. (c)
Histogram of the nanoparticle size distribution obtained by TEM measurements. (d) Histogram of the nanoparticle size distribution

obtained by dynamic light scattering (DLS) measurements.
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The influence of critical parameters of synthesis
such as pH, temperature, ionic strength, rate of
addition of the desolvating agent, and amount of
agent added on the final albumin nanoparticle size
and polydispersity have been studied previous-
ly.?4%% In this work, we used optimized parameters,
which led to the formation of nanoparticles with a
size of about 100 nm and a yield of 98%.

Figure 2(b) shows a TEM image of as-prepared
nanoparticles made of Au—-HSA NCs as building
blocks. Statistical TEM analysis indicated that the
nanoparticles had a spherical shape and a size dis-
tribution of 50 nm to 150 nm [Fig. 2(c)]. The aver-
age size obtained by TEM was 90 nm, whereas DLS
measurements of the hydrodynamic size gave a
value of 120 nm [Fig. 2(d)]. This difference between
TEM and DLS results is commonly observed and
has already been discussed previously.?® The pres-
ence of small AuNCs inside the polymer nano-
particles cannot be resolved at moderate TEM
magnifications [Fig. 2(b)], but they can be identified
in the enlarged and contrasted TEM image shown
in the inset. The successful inclusion of the AuNCs
became clear once the sample was observed under
vis and UV illumination. The nanoparticle suspen-
sion looked milky white under vis illumination, and
strong red FL appeared under UV illumination [see
insets in Fig. 2(a)]. It is well known that aggregation
of organic dyes and semiconductor quantum dots
results in quenching of FL. To estimate the influ-
ence of NC aggregation into nanoparticles on
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FL QY, we compared the spectra of the Au—HSA
NCs and nanoparticles with the same concentration
[Fig. 2(a)]. Note that the spectra were measured for
diluted samples with a protein concentration of
0.01 mg/mL and an absorbance at 400 nm of about
0.01. The samples were diluted 100-fold to exclude
the inner filter effect for the turbid nanoparticle
sample.’” The FL spectra of the AuNC-loaded
nanoparticles had the same maximum wavelength
and full width at half maximum as the Au-HSA
NCs. On the other hand, we observed a 25% de-
crease in FL intensity during self-assembly into
nanoparticles. We believe that a key role in the loss
of FL intensity could be played by the scattering of
incident and emitted light by the protein, since this
effect disappears in the case of single particle illu-
mination, e.g., during confocal FL microscopy. In
general, we can conclude that AuNCs retain their
fluorescent properties during self-assembly into
nanoparticles.

3.2. Clytotozicity and cellular uptake

For proving the potential utility of AuNC-loaded
nanoparticles as a new agent for cellular imaging
and drug delivery, we examined the viability of
A549 and SPEV cells (MTT assay, see Sec. 2) at
various concentrations of Au—HSA NCs and nano-
particles (Fig. 3). In good agreement with the
published data for different types of AuNC,** " the
viability of the SPEV cells was not affected by
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Fig. 3. Viability of the SPEV (a,b) and A549 (c,d) cells after exposure to different concentrations of NC-loaded protein nano-
particles (a,c) and Au-HSA NCs (b,d). Viability was determined by the MTT assay. The error bar represents the standard error of

eight trials.
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co-incubation with 100-500 ug/mL Au-HSA for
24h [Fig. 3(b)], whereas the A459 lung cancer cells
exhibited a decreased metabolic activity only when
incubated with relatively high concentrations of the
nanomaterial.

The same result was obtained for the NC-loaded
protein nanoparticles. These two types of bioma-
terials were further employed as optical probes for
passive targeting imaging of cancer cells in vitro.

DIC Fluorescence Merged

Control

AuHSA NCs

AUHSA nanoparticles

Fig. 4. Delivery of Au—-HSA NCs and NC-loaded HSA nano-
particles into live SPEV cells. Differential interference contrast
(DIC), FL, and an overlay of these modes are given. Scale bars
are 30 pm.
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(Continued)

The SPEV cells showed strong red FL after in-
cubation with NC-loaded HSA nanoparticles for 2 h
and very weak FL after incubation with pure Au—
HSA NCs (Fig. 4). The weak penetration of the NCs
into the live cells confirmed the limitation on the
uptake of very small (< 5nm) Au nanoparticles and
protein molecules via endocytosis (i.e., passive tar-
geting). To be sure that the NC-loaded nano-
particles penetrated the cells rather than simply
being adsorbed on the surface, we performed z-stack
scanning of the cells. The successive images made in
the different z-stacks from substrate plate to cell top
(https://www.youtube.com/watch?v=GAGrtA-
WiFM&feature=youtu.be) clearly ~demonstrate
that most of the nanoparticles were present inside
the cells.

4. Conclusions

HSA-directed AuNCs have been used as building
blocks to obtain protein nanoparticles. The nano-
particles have a spherical shape and a size of about
100 nm, and they retain the fluorescent properties
of the initial AuNCs. The cellular uptake of the
Au-HSA NCs and NC-loaded HSA nanoparticles
has been studied by confocal FL microscopy to
prove that NC-loaded HSA nanoparticles have
potential as a new agent for cellular imaging and
drug delivery. We have found that the aggregation
of albumin molecules into nanoparticles improves
their uptake into cancer cells. This finding can have
an important role to play in the use of protein-based
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fluorescent nanomaterials as drug delivery
platforms.
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