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ABSTRACT

Ultrasmall silver nanoclusters (AgNCs) are a novel type of fluorescent nanoprobes that have aroused a great
deal of interest in recent years. In view of many promising applications in biological research, it is of great
importance to explore their behavior in the complex biological environment. In this study, interactions of
AgNCs with a model protein, human serum albumin (HSA), have been systematically investigated by using a
variety of techniques including absorption spectroscopy, steady-state and time-resolved fluorescence, as well as
circular dichroism spectroscopy. The results show that the physicochemical properties of both proteins and
AgNCs undergo changes upon their interactions; however, it appears that the overall conformation of HSA
remains essentially unaffected in the complex. Binding of HSA to AgNCs was assessed by measuring tryptophan
fluorescence quenching of HSA by AgNCs. Furthermore, biological implications of protein adsorption were
quantitatively explored by evaluating responses of HeLa cells to AgNC exposure through live-cell fluorescence
microscopy and a cytotoxicity test, revealing that protein adsorption has a significant effect on the biological
response to AgNC exposure.
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1. Introduction recent years [4]. These NCs provide the bridge between

atomic and nanoparticle behavior in noble metals and

With the rapid development of nanoscience and
nanotechnology, a wide variety of nanomaterials have
been synthesized and found promising applications
in biology and biomedical research [1-3]. Metal
nanoclusters (NCs), composed of a few to roughly a
hundred atoms, have emerged as a novel type of
nanomaterials that have received much attention in
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have, consequently, attracted a great deal of attention.
With sizes comparable to the Fermi wavelength of
electrons, metal NCs possess properties very distinct
from larger metal nanoparticles. Most importantly,
these NCs can exhibit strong photoluminescence [5].
For instance, a fluorescence quantum yield (QY) as
high as 64% has been reported for silver nanoclusters
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(AgNCs) prepared in organic scaffolds (e.g., DNA) [6].
Besides high brightness, AgNCs possess other attractive
photophysical properties including large Stokes shifts
and two-photon absorption cross sections [7]. The
emission wavelength of AgNCs can be easily tuned
from the blue to near-infrared region by varying the
type of capping ligands or controlling their core sizes
[8, 9]. Moreover, the overall size of fluorescent AgNCs
is extremely small in comparison to other luminescent
nanomaterials such as semiconductor quantum dots
and rare earth up-converting nanoparticles, making
them attractive as fluorescent biomarkers because the
investigated biological processes are likely minimally
perturbed by AgNC-based labeling [10]. Therefore,
fluorescent AgNCs hold great potential as novel optical
probes and may find wide application in biological
research [11-13].

Indeed, recent studies have demonstrated the
usefulness of fluorescent AgNCs in biodetection and
biological imaging. For example, by virtue of the
highly sequence-dependent generation of fluorescent
AgNCs in hybridized DNA duplex scaffolds, Guo et
al. [14] developed a AgNC-based fluorescence assay
capable of identifying the sickle cell anemia mutation
in the hemoglobin beta chain gene. Dickson and
coworkers [15] showed that fluorescent AgNCs
encapsulated by intracellular peptides could be utilized
to stain NIH 3T3 cells; they observed that these
ultrasmall NCs were incorporated and distributed
evenly within cells. Recently, Yin et al. [16] reported that
fluorescent AgNC-aptamer assemblies, synthesized
via a convenient one-step process, enabled specific
recognition and labeling of target tumor cells by
fluorescence imaging. While many investigations focus
primarily on a particular biological application of
fluorescent AgNCs, the general knowledge of their
behavior in the complex biological environment is still
rather limited. As a matter of fact, it is well known
that the surfaces of nanomaterials are immediately
covered by biomolecules (e.g., proteins) upon exposure
to a biological medium, which may affect the
subsequent biological responses [17-21]. Ultrasmall
AgNCs have an extremely high surface-to-volume
ratio, and we expect significant interactions between
proteins and NCs. Moreover, the immediate environ-

ment has a strong effect on the fluorescent properties
of metal NCs, and pronounced optical changes have
been reported upon protein adsorption in biological
medium [22]. Correspondingly, in order to further
advance the development of AgNC-based functional
and safe materials, it is essential to achieve a
comprehensive understanding of the NC-protein
interactions and their possible biological implications
[23, 24].

Thus, here we present a detailed study on the
interactions between fluorescent AgNCs and proteins.
While previous studies reported fluorescent metal NCs
coated with serum proteins during synthesis [25, 26],
our current work rather focuses on the interactions of
proteins in their native state with pre-formed, small
ligand-protected AgNCs. Human serum albumin
(HSA) was chosen as a model protein owing to its
abundance in the human blood plasma and well-
characterized properties [19]. A variety of techniques
including absorption spectroscopy, steady-state and
time-resolved fluorescence as well as circular
dichroism spectroscopy were employed to characterize
changes in the properties of AgNCs and proteins
upon their interaction. Furthermore, possible biological
implications of protein adsorption were quantitatively
explored by analyzing cellular responses toward
AgNCs by means of fluorescence microscopy and a
cytotoxicity test.

2. Materials and methods
2.1 Reagents

Lipoic acid, silver nitrate (AgNO;), HSA (lyophilized
powder, essentially fatty acid free, =96%) and thiazolyl
blue tetrazolium bromide (MTT) were purchased from
Sigma-Aldrich (St. Louis, Missouri, USA). Sodium
borohydride (NaBH,) and dimethylsulfoxide (DMSO)
were obtained from Carl Roth (Karlsruhe, Germany).
Sulforhodamine 101 (1 mmol/L in ethanol), Dulbecco’s
modified Eagle’s medium (DMEM) and CellMask™
DeepRed plasma membrane stain solution (5 mg/mL
in DMSQO) were purchased from Invitrogen (Leiden,
The Netherlands). For all aqueous solutions, high-
purity deionized water from a Millipore system was
used.
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2.2 Synthesis of dihydrolipoic acid-capped AgNCs
(DHLA-AgNCs)

DHLA-AgNCs were synthesized by a strategy that
was modified from a previous report [27]. Typically,
60.8 mg of lipoic acid were solubilized in 15 mL of
an aqueous solution containing 0.18 mL of sodium
hydroxide solution (2 mol/L), followed by addition of
0.10 mL of AgNO; aqueous solution (0.2 mol/L). After
stirring for 5 min, 0.80 mL of freshly prepared NaBH,
aqueous solution (0.12 mol/L) was added slowly to
the mixture under rapid stirring. The reaction was
stopped after stirring for 2 h, and the solution was
stored at 4 °C in the dark until used. AgNCs were
purified by centrifugation filtration, using Nanosep
filters (Pall Nanosep, Ann Arbor, MI) with a molecular
weight cut-off of 10 kDa. The reddish AgNCs remaining
on the filter were re-suspended in phosphate-
buffered saline (PBS, containing monobasic potassium
phosphate, sodium chloride and dibasic sodium
phosphate, pH 7.4, Invitrogen) for the experiments.

2.3 Characterization of DHLA-AgNCs

UV-Vis absorption spectra were recorded with a
Cary 100 spectrophotometer (Varian, Palo Alto, USA);
fluorescence spectra were taken on a Fluorolog-3
Spectrofluorometer (HORIBA Jobin Yvon, Edison, USA).
X-ray photoelectron spectroscopy (XPS) measurements
were carried out on a K-Alpha XPS spectrometer
(ThermoFisher, E. Grinstead, UK), using Al Ko X-ray
radiation (1486.6 eV) for excitation. All spectra were
referenced to the Cls peak at 285.0 eV. Dynamic light
scattering (DLS) and zeta potential experiments were
performed by using a Zetasizer Nano-ZS (Malvern
Instruments, Malvern, UK) with a 633 nm laser at 20 °C.
Atomic force microscopy (AFM) images were
measured with a NanoWizard I AFM (JPK
Instruments, Berlin, Germany) mounted on top of an
AxioObserver Al inverted microscope (Carl Zeiss,
Jena, Germany). Samples for AFM measurement
were prepared as follows [28]. A piece of freshly
cleaved mica was incubated for 5 min with 10 pL of
cysteamine solution (10 mmol/L), which had been
filtered over a 0.02 pm membrane filter (Whatman,
Maidstone, England). Afterwards, the mica was washed
with deionized water and dried under a gentle nitrogen

flow. Then 10 puL of an aqueous solution containing
DHLA-AgNCs (50 pg/mL) was dropped on the mica
surface and left to adsorb for 5 min. After washing
with deionized water, the mica was dried under a
gentle nitrogen flow and used for AFM imaging.

Fluorescence lifetimes were measured with a
Microtime 200 confocal microscopy system (PicoQuant,
Berlin, Germany) equipped with a water immersion
objective (1.2 NA, 60x) (Olympus, Tokyo, Japan) and a
pulsed diode laser (LDH-D-C-405, 404 nm, PicoQuant)
with 666 kHz repetition rate. The picosecond-laser-
excited fluorescence, after passing through a band-
pass filter 617/73 (Semrock, Rochester, NY), was
collected and detected by a photon avalanche diode
(Microphoton Devices, Bolzano, Italy).

2.4 Interaction of DHLA-AgNCs with HSA

The stock solution of HSA was prepared in PBS and
purified using micro Bio-Spin chromatography columns
(Bio-Rad, Hercules, USA). The molar concentration of
HSA was measured spectrophotometrically using an
extinction coefficient of 37 000 L/(mol-cm) at 278 nm.
The particle concentration of the AgNCs was calculated
based on the assumption that all Ag in AgNO; was
reduced to form AgNCs, each consisting of five Ag
atoms [27]. To retain the proteins in their native
states in the solution as well as to prevent possible
disruption to the structure of the AgNC-protein
complex, separation techniques (i.e., centrifugation or
filtration) to remove free proteins from the solution
were entirely avoided. In order to minimize self-
absorption and inner filter effects in the fluorescence
measurements, dilute solutions of both HSA and
AgNCs were used so as to ensure that the absorbance
at the excitation wavelength was always less than
0.05. Circular dichroism (CD) measurements were
performed on a J-815 CD spectrometer (JASCO
Deutschland, Gross-Umstadt, Germany) with a 0.1 cm
path length standard cell at 20 °C. CD spectra were
taken in the wavelength range 195-350 nm; each
spectrum was an average over six scans. Also, both
fluorescence and CD spectra were corrected for buffer
solution background.

2.5 Cytotoxicity assays

HeLa cells were cultured as described previously [29].
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For the MTT cytotoxicity assay of DHLA-AgNCs, cells
were seeded in a 24-well plate (ca. 4 x 10* cells/well) in
cell medium over night and, subsequently, incubated
with different concentrations of AgNCs (0, 25, 75 and
150 pg/mL) in cell medium for 2 h at 37 °C and 5%
CO,. After removing AgNC-containing medium and
washing three times with PBS, cells were further
incubated in cell medium for 24 h at 37 °C and 5%
CO,. Afterwards, cells were washed twice with PBS,
and 200 pL of fresh medium plus 10 pL of MTT stock
solution (12 mmol/L in PBS) were added to each well.
After incubation for 4 h at 37 °C and 5% CO,, 400 uL of
DMSO was added to each well and mixed thoroughly
before finally measuring the absorbance of the solution
at 550 nm.

2.6 Fluorescence imaging of AgNC-stained HeLa
cells

HeLa cells were seeded in 8-well LabTek chambers
(Nalge Nunc International, New York) and allowed to
adhere over night at 37 °C and 5% CO,. After removing
the medium by twice washing with PBS, cells were
incubated with 25 pg/mL AgNCs in serum-free DMEM
with or without 100 pmol/L. HSA at 37 °C and 5% CO,
for 2 h. Subsequently, cells were washed three times
with PBS. Cell membranes were stained with 0.25 ug/mL
of CellMask™ DeepRed in PBS for 5 min and washed
twice with PBS. Fluorescence imaging was performed
using an Andor Revolution® XD spinning disk laser
scanning microscopy system (BFi OPTiLAS, Miinchen,
Germany). This setup is based on an inverted
microscope (Olympus IX81S1F-ZDC, Tokyo, Japan)
equipped with an oil immersion objective (APON
60XOTIRF, numerical aperture 1.49, Olympus, Tokyo,
Japan), CO, and temperature control (5% CO, and
37 °C, Tokai Hit, Shizuoka-ken, Japan), a CSU-X1 scan
head (Yokogawa, Tokyo, Japan) and a DU897 EMCCD
camera (Andor, Belfast, UK). AgNC fluorescence was
excited at 405 nm; the emission was recorded through
a 635nm long-pass filter (BrightLine 635/LP, AHF,
Tiibingen, Germany), referred to as the ‘green’ channel,
whereas the emission of the membrane stain CellMask™
DeepRed was detected through a band-pass filter
685/40 (AHF, Tiibingen, Germany) upon excitation at
640 nm, referred to as the ‘red’ channel. Appropriate

control experiments ensured that crosstalk between
the two channels was negligible.

3. Results and discussion
3.1 Characterization of AgNCs

The formation of AgNCs was evidenced by a gradual
color change of the reaction solution from turbid
yellow to clear reddish, and bright red emission from
the solution could be observed under a UV lamp. The
UV-Vis absorption spectrum of DHLA-AgNCs in
aqueous solution exhibits three absorption bands
centered on 330 nm, 425 nm and 500 nm (Fig. 1(a)),
similar as those reported previously [27]. Upon
excitation at 425 nm, AgNCs display an intense
emission band with a maximum at 630 nm. The QY of
these fluorescent AgNCs in PBS was measured to be
2.4% using sulforhodamine 101 (QY = 1.0 in ethanol)
as a reference. Unlike larger metal nanoparticles, these
few-atom AgNCs cannot support plasmons. Rather,
they have molecule-like behavior, exhibiting discrete
energy levels, characteristic electronic absorption bands
and substantial photoluminescence [30, 31].

A typical AFM image of AgNCs (Fig. 1(b)) shows
that the AgNCs are well dispersed on the mica surface.
By measuring the maximum height of each particle,
an average diameter of AgNCs can be estimated as
1.3 nm + 0.3 nm. Attempts to measure the core size of
AgNCs with high-resolution transmission electron
microscopy (HRTEM) led to the observation of larger
particles or aggregates, which likely result from the
high energy electron-beam irradiation during the TEM
measurement [32]. The hydrodynamic diameter of
DHLA-AgNCs in PBS was 2.1 nm * 0.4 nm, determined
by DLS (Fig. 1(c)). The extremely small particle size
offers a unique advantage of fluorescent AgNCs over
other luminescent nanomaterials as optical labels in
biological research [33].

XPS measurements were carried out to analyze the
valence states of silver and sulfur in DHLA-AgNCs
(Fig. 1(d)). The Ag 3d XPS spectrum shows the binding
energy (BE) of Ag 3ds, and Ag 3d;, at 368.6 eV and
374.5 eV, respectively, which are close to that of Ag(0)
[34], confirming the formation of metallic AgNCs.
Moreover, the S 2p signal displays a doublet with the
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Figure 1 Characterization of DHLA—AgNC properties by different methods. (a) Absorption (black) and fluorescence emission (blue,
excitation at 425 nm) spectra of AgNCs in aqueous solution. The inset shows photographs of DHLA-AgNCs (left) in room light and (right)
under a UV source emitting 365-nm light. (b) Typical AFM image of AgNCs on a mica surface. The inset shows the size distribution
histogram. (c) Size distribution of DHLA—AgNCs in aqueous solution as determined by DLS. (d) Ag 3d and S 2p XPS spectra of AgNCs

S 2p;, peak at a BE of 162.2 eV, which can be assigned
to sulfur atoms bound to silver surfaces as thiolate
species [35]. Note that the typical band representing
oxidized sulfur (at about 168.0 eV) was absent from
the S 2p region, in contrast to many previous studies
of metal NCs [36-38], indicating a good stability of
DHLA-capped AgNCs.

The colloidal stability of DHLA-AgNCs was
characterized by measuring their zeta potential in the
buffer solution (PBS, pH 7.4), which yielded a value
of -51 mV + 1mV. Typically, a zeta potential below
-30 mV is considered as an indication of a colloidally
stable system. Indeed, these clusters were stable for
over 2 months without any precipitation. Regarding
potential applications of fluorescent AgNCs in cell
biology, it is also essential to investigate their stability
in cell culture media, e.g,, DMEM supplemented with

10% fetal bovine serum [39]. Therefore, absorption

spectra of DHLA-AgNCs in the cell medium were
monitored for 72 h. As shown in Fig. 2, the absor-
bance of AgNCs increased slightly during the first
12 h and remained essentially unchanged afterwards.
The observed increase of AgNC absorbance in the
beginning is likely caused by the adsorption of
biomolecules from the cell medium (such as serum
proteins) on the particle surface, considering that the
optical properties of metal NCs are very sensitive to
their surface environment [22]. Taken together, these
results demonstrate that DHLA-AgNCs possess a
very good stability in the biological medium, which
is important for biological applications.

3.2 Interactions of AgNCs with HSA

We investigated the interaction of AgNCs with HSA
by using steady-state fluorescence spectroscopy. The
fluorescence intensity of AgNCs was observed increases

@ Springer
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Figure 2 Stability of DHLA-AgNCs in cell medium. (a) Evolution of the absorption spectra in the cell culture medium, DMEM
supplemented with 10% fetal bovine serum, within 72 h. (b) Absorbance of DHLA-AgNCs at different wavelengths versus the

incubation time

by two-fold when HSA is present in the solution
(Fig. 3(a)). Since HSA is non-fluorescent in this spectral
range, the luminescence change apparently results from
NC-protein interactions. For AuNCs, a luminescence
enhancement was also observed as a result of protein
adsorption [22]. In addition to the increased fluores-
cence emission, the fluorescence decay kinetics of
AgNCs were also modified (Fig. 3(b)). In the presence
of HSA, the fluorescence decay became slower, with
the average lifetime increasing from 5.6 ns + 0.3 ns
to 6.8 ns + 0.4 ns. These results indicate clear changes
of the photophysical properties of the AgNCs upon
the protein adsorption.
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The interactions between proteins and AgNCs also
lead to a remarkable change of the intrinsic protein
fluorescence. The emission of HSA derives mainly
from tryptophan residue 214 (Trp 214), and the
fluorescence emission of Trp 214 can be utilized to
probe interactions of HSA with nanomaterials [40, 41].
With increasing AgNC concentration, the fluorescence
intensity of HSA gradually decreased (Fig.4(a)). Once
the protein associates with AgNCs, efficient energy
transfer from Trp 214 to AgNCs can take place due to
the large overlap between the emission spectrum of
HSA and absorption spectrum of AgNCs [42]. As a
result, the tryptophan fluorescence is quenched.
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Figure 3 (a) Fluorescence emission spectra of HSA (red) and DHLA-AgNCs (2.8 pmol/L) in the absence (black) and presence of
1.0 umol/L HSA (green), taken with excitation at 425 nm. (b) Fluorescence decay traces of DHLA—-AgNCs (2.8 umol/L) in the absence
(black) and presence of 1.0 pumol/L HSA (green), and the fit curves (red). The emission was collected through a band-pass filter 617/73,

upon excitation at 405 nm
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Figure 4 (a) Fluorescence emission spectra of HSA (0.5 umol/L) upon varying concentration of DHLA-AgNCs (0-3.2pmol/L), taken
with excitation at 280 nm. (b) Plots of (Fy/F) as a function of the AgNC concentration. The blue line represents a fit to the data using
Eq. 1. (c) Plots of quenching efficiency versus the concentration of AgNCs. The red line represents a fit using Eq. 2. (d) CD spectra of

AgNCs and HSA in the presence of different concentrations of AgNCs

The observed fluorescence quenching can be analyzed
quantitatively with the Stern—Volmer equation [43],

F
=1+ K, [AgNCs] 1)

where Fy and F are the fluorescence intensities in the
absence and presence of AgNCs, respectively; Kgy is
the Stern-Volmer fluorescence quenching constant,
which is a measure of the quenching efficiency. Fig. 4(b)
shows the Stern—Volmer plots, Fy/F versus [AgNCs]
in the concentration range of 0-3.2 umol/L. By fitting
a line to the data according to Eq. 1, we obtained the
value of Ksy, (4.1 £0.1) x 10° mol/L, which is ca. three
orders of magnitude lower than that of 60 nm-sized
silver nanoparticles [44]. The low quenching efficiency
of these ultrasmall AgNCs can be rationalized by the
strong size dependence [45, 46]; smaller metal particles

quench the emission of adjacent fluorophores less

efficiently. The good linearity of plots in the studied
concentration range (correlation coefficient R*=0.999
from the least squares fit) implies that there is a single
dominant mechanism responsible for static quenching
due to AgNC-HSA complex formation.

We gained further insight into the binding of AgNCs
to HSA by analyzing the fluorescence data by using
the Hill equation [22, 47],

Q 1
Q... 1+(K,/[AgNCs])"
with Q:F"_F 2)

where Q. is the saturation value of the quenching
efficiency Q; Kp is the midpoint concentration (apparent
dissociation coefficient) that quantifies the strength of
protein—-NC interactions, and n is the Hill coefficient,
which controls the steepness of the transition. As
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shown in Fig. 4(c), an excellent agreement was
achieved by fitting Q/Q..x as a function of the AgNC
concentration ([AgNCs]) with Eq. 2, yielding Kp=
(3.7 £0.2) x107 mol/L. This value is in the range of Kp
values reported for HSA adsorption onto larger metal
nanoparticles [47].

The emission spectrum of tryptophan is very
sensitive to its local environment in a protein, and its
position may shift if the protein changes its con-
formation. Upon adsorption of HSA onto AgNCs, the
emission maximum stayed essentially constant; only a
slight blue-shift is visible at high AgNC concentration.
This behavior suggests that major perturbations of
the protein conformation upon adsorption onto the
NC surfaces are absent. Moreover, our CD results
confirmed that the characteristic bands of HSA at
208 nm and 222 nm remained essentially unchanged
when AgNCs are present in the solution (Fig. 4(d)),
suggesting that the secondary structure of HSA is
negligibly modified in the NC-protein complex. In
contrast, many other studies reported substantial
conformational changes of proteins upon surface
adsorption onto nanoscale materials [40, 48, 49]. Since

AgNCs

20 um

(d)

Membrane

(e)

the conformation of proteins is intimately related to
their biological function, it is of great importance that
they retain their native structure within nano-bio
conjugates. In this regard, labeling of proteins with
nanoprobes that minimally affect their structure,
such as the AgNCs shown in the present work, offers
distinct advantages in biological research.

3.3 Effect of protein adsorption on the cellular
responses of AgNCs

The adsorption of proteins onto AgNCs naturally raises
the question as to whether NC—protein interactions
affect biological responses of these ultrasmall particles
and, in particular, modify the uptake by living cells.
Toward this goal, we employed live-cell fluorescence
microscopy for facile monitoring the cellular uptake of
luminescent nanoparticles with high spatial resolution
[50, 51]. Upon incubation of HeLa cells with AgNCs
in serum-free DMEM for 2 h, intense fluorescence
emission from AgNCs was observed from inside
the cells, suggesting an efficient internalization of
these luminescent particles by the cells (Fig. 5(c)).
Apparently, these ultrasmall AgNCs are taken up

Overlay

) .)'..;:.
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~ ‘ -
20 um _.-.f-, 20 wh
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Figure 5 Confocal fluorescence images of HeLa cells upon incubation with DHLA-AgNCs (25 pg/mL) for 2 h in DMEM medium
without ((a)—(c)) and with 100 pmol/L HSA ((d)—~(f)). Cell membranes were stained with CellMask™ DeepRed ((b) and (e))
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by the cell without the aid of additional agents,
suggesting their potential utilization as intracellular
probes. Nanoparticles internalization can occur via
several different endocytosis pathways [52-54]; the
detailed mechanisms require further investigation,
however.

For studying the effect of protein adsorption on
cellular uptake, we performed AgNC uptake experi-
ments in the same medium but with added proteins
(100 pmol/L HSA). In contrast to the pronounced
uptake of bare AgNCs, the amount of AgNCs
internalized by the cells is substantially reduced in
the presence of HSA, as seen from the much lower
fluorescence intensity (Fig. 5(d)). We analyzed the
fluorescence images quantitatively to distinguish
particles located in the cell membrane region from
those inside the cells (Fig. 6). These results show
that the total cellular fluorescence is reduced by
approximately eight-fold due to the presence of HSA.
While the fluorescence from intracellular AgNCs is
stronger than that from membrane-associated particles
in both cases, the fluorescence decrease in the
membrane region (ca. 13-fold) is much larger than for
inside the cells (ca. seven-fold). It is evident that the
protein adsorption affects the nanoparticle uptake

100

I Without HSA
1 With HSA

Integrated intensity/Cell area

Total Intracellular Membrane

Figure 6 Quantitative analysis of AgNC uptake by HeLa cells
upon incubation for 2 h. Total integrated intensity of AgNCs per
cell area and separation into intracellular and membrane-associated
AgNCs after incubation with 25 pg/mL AgNCs in the absence (dark
grey) and presence (light grey) of 100 pmol/L HSA. Results are
averages over at least fifty cells

behavior, and the studied protein in the present work,
HSA, can suppress the cellular uptake of AgNCs [20].
HSA is known as a kind of “bystander” protein, that
is, a protein for which no specific cellular recognition
machinery exists [55]. Thus, the adsorbed serum
proteins actually act as a protective layer, shielding
the NC surface from interactions with the cells.
Correspondingly, much fewer AgNCs can be
internalized into the cells in comparison to naked
particles.

We have carried out further experiments to explore
whether the surface coating of proteins influences
the cytotoxicity of AgNCs. The viability of HeLa cells,
examined by MTT assays, at different AgNC con-
centrations in the culture medium with and without
proteins, can be seen in Fig.7(a). With increasing
AgNC concentration, the cell viability gradually
decreased. Over the concentration range examined,
one can clearly observe that cell viability in medium
with HSA is higher than that in medium without HSA,
suggesting a significant role of HSA to the toxicity
of AgNCs. To further clarify the effect of protein
adsorption on the cytotoxicity of AgNCs, cell viability
was measured in the medium with different con-
centrations of protein (Fig. 7(b)). Evidently, the more
proteins are present in the medium, the weaker is the
cytotoxic effect of the AgNCs. Previous studies, which
revealed that the cytotoxicity of carbon nanoparticles
[56], metal oxide nanoparticles [57] and carbon
nanotubes [58] could be reduced by the adsorption of
serum proteins, agree well with our present findings.
Although a comprehensive understanding of the toxic
mechanism of AgNCs has remained elusive as yet, a
possible and most sensible reason for the reduced
cytotoxicity of AgNCs is that the presence of HSA in
the medium significantly reduces the amount of
AgNCs internalized by the cells, as shown by our
fluorescence microscopy results. Moreover, proteins on
the particle surfaces may possibly shield the inherent
toxicity of AgNCs. While the detailed mechanisms of
intrinsic toxicity of AgNCs and its protein dependence
call for further studies, we can conclude that protein
adsorption has a significant influence on cellular
responses of AgNCs.
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Figure 7 Effect of protein adsorption on the cytotoxicity of AgNCs. (a) Viability of HeLa cells after 24 h of incubation with different
concentrations of AgNCs in the cell medium without (dark grey) and with 100 umol/L HSA (light grey), as determined by MTT assays.
(b) Viability of HeLa cells after 24 h of incubation with 150 pg/mL AgNCs in the cell medium with different concentrations of HSA. The

error bars represent variations among four independent measurements

4. Conclusions

We have studied the interaction of ultrasmall
fluorescent AgNCs with proteins and explored the
resulting biological consequences. Taking HSA as
a model protein, we demonstrated that protein
adsorption can have a substantial effect on the
physicochemical properties of both AgNCs and
proteins; particularly, the photophysical properties of
AgNCs are significantly modified. Moreover, the effects
of protein adsorption on the biological responses of
AgNCs were quantitatively evaluated by fluorescence
microscopy and cytotoxicity experiments, which gave
clear evidence that protein adsorption markedly
changes the uptake behavior as well the cytotoxicity
of AgNCs. These results and future work on exploring
the behavior of AgNCs in more complex biological
environment will be valuable for designing optimal
AgNC-based materials and advancing their application
in the areas such as biosensing, drug delivery and
cell diagnosis. Furthermore, considering the great
concerns voiced about nanoparticle toxicity in
recent years, the present findings provide a further
understanding of nanomaterials, especially metal
NCs, which will be helpful in designing and utilizing
them for safe biomedical applications.
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