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a b s t r a c t

With the aids of localized plasmon resonance absorption and light-scattering measurements in this con-
tribution, we investigated the aggregation of cetyltrimethylammonium bromide (CTAB) capped gold
nanoparticles (AuNPs) in the presence of adenosine triphosphate (ATP). It was found that gradual aggre-
gation of AuNPs occurs under physiological conditions with increasing ATP concentration from 200.0
to 400.0 �M, but the aggregates get dispersed again with much more increase of ATP concentration
eywords:
old nanoparticles
TP
TP analogs
ggregation

than 800.0 �M, corresponding with the color change from red to blue and to red again. Mechanism
investigations showed that the aggregation of the AuNPs is likely induced by two interaction modes.
One is the electrostatic interaction between the phosphate anions associated with the ATP and AuNPs
owing to the cationic surfactant on the surfaces of AuNPs, and the other is the interaction between gold
atom and nitrogen-containing bases. Further investigations showed that this aggregation mechanism

actio
GTP)
could extend to the inter
guanosine triphosphate (

. Introduction

Gold nanoparticles (AuNPs), owing to their intrinsic characteris-
ics of biocompatibility, catalytic activity, long-term stability, high
xtinction coefficients and strongly distance-dependent optical
roperties, have received much attention and found wide appli-
ations [1–7]. For example, relying on the color changes owing to
he variation of interparticle distances, which can result different
lasmon resonance absorption (PRA), they have been widely used
s colorimetric probes. Depending on the distance of interparticles,
arger or smaller than their average diameter, AuNPs exist either in
ispersed or aggregated states, both of which are visually red and
urple [3,4,8–10]. Thus, following the color shift of dispersed and
ggregated states of AuNPs, colorimetric sensors have been devel-
ped for DNA [11,12], metal ions [13–16], organic small molecules

r drugs [6,15,17–19], and proteins [4,7,20–22]. Meanwhile, AuNPs
ould be used as optical materials owing to the changes of the
RA of AuNPs. Therefore, understanding on the aggregation mech-
nism of AuNPs is important and attractive. However, AuNPs in
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ns between positively charged AuNPs with other analogs of ATP, such as
and cytidine triphosphate (CTP).

© 2010 Elsevier B.V. All rights reserved.

these reports are usually prepared by reducing HAuCl4 with cit-
rate sodium, and it is no doubt that they are capped with citrate
group. The shortcoming of this preparation protocol is that the
as-prepared AuNPs are normally unstable in high salt aqueous
medium and aggregation easily occurs. That property greatly con-
fines the broad use of AuNPs in biological assays since therein high
content of salt in buffers are generally employed [23,24]. Therefore,
efforts have been made in order to adjust the colloidal stability such
as the modification of surface charges, which can keep the electro-
static stabilization through the loss (or screening) of surface charges
[22,24–27]. In such cases, some surfactants, such as the cationic sur-
factant including cetyltrimethylammonium bromide (CTAB), have
been utilized as surface stabilizers in the synthesis of nanoparticles
[28,29]. Since the activity of the surface atoms of the colloidal par-
ticles gets greatly reduced, metal nanoparticles capped with CTAB
usually have good stability and are well dispersed [27], wherein
CTAB molecules are adsorbed on the surface of the metal nanopar-
ticles and form a bilayer structure, in which the inner layer is bound
to the metal surface via the headgroups and the outer layers are
connected through hydrophobic interactions [25–28].

It is known that ATP and ATP analogs are important substrates

in living organisms. For example, as a major energy currency of
the living cell, ATP plays an important role in regulating cellu-
lar metabolism and biochemical pathways in cell physiology [30].
Besides, the ATP level on a surface or in a medium of a living cell
is a useful indicator of biological contamination that origins from
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uman or bacterial [31]. Therefore, ATP detection is very important
or studying cellular events such as proliferation and apoptosis, as
ell as hygiene monitoring in industry [18]. On the other hand,
uNPs have been used as cellular imaging materials based on their

ntrinsic characteristics, and their further application in biological
rocesses is desirable. To the best of our knowledge, little infor-
ation is known about the effects of ATP on the stability and

ggregation potential of nanomaterials. Hence, understanding the
tability and aggregation potential of AuNPs in the presence of ATP
s critical for their further use in optical materials and biological
pplications.

. Experimental

.1. Materials

Adenosine triphosphate (ATP), adenosine diphosphate (ADP),
denosine monophosphate (AMP), guanosine triphosphate (GTP),
ytidine triphosphate (CTP), and uridine triphosphate (UTP) were
btained from Sigma (St. Louis, MO). Sodium borohydride (NaBH4)
as obtained from Huanwei Fine Chemical Co., Ltd. (Tian-

in, China). l-Ascorbic acid (l-AA) and sodium tripolyphosphate
PPPi), sodium pyrophosphate (PPi), and Na3PO4 were obtained
rom Chuandong Chemical Group Co., Ltd. (Chongqing, China).
etyltrimethylammonium bromide (CTAB) and hydrogen tetra-
hloroaurate(III) tetrahydrate (HAuCl4·4H2O) were purchased from
inopharm Group Chemical regent Co., Ltd. (Shanghai, China).

Stock solutions were prepared with 2.0 × 10−3 mol L−1

AuCl4·4H2O, 0.01 mol L−1 NaBH4, 0.10 mol L−1 l-ascorbic acid
l-AA), 0.20 mol L−1 CTAB. Tris–HCl buffer solution (pH 7.4) was
mployed to adjust the acidity of the aqueous solutions. All
hemicals were analytical reagents and were used without further
urification. Milli-Q purified water (18.2 M�) was used for all
ample preparations.

.2. Apparatus

UV–vis spectra were recorded with a Hitachi U-3010 spec-
rophotometer (Hitachi, Tokyo, Japan). The scanning electron

icroscope (SEM) images of AuNPs were performed with a Hitachi
-4800 scanning electron microscope (Tokyo, Japan) operating at
0.0 kV, and dark-field light-scattering images were caught with
n Olympus E-510 camera (Tokyo, Japan) that was mounted on
n Olympus BX 51 System Microscope (Tokyo, Japan). Solution-
ased �-potential and light-scattering analyses were completed on
Zetasizer Nano-ZS90 System (Malvern Inc.). FT-IR spectra were

btained by a Bruker Tensor 27 spectrophotometer (Germany) in
Br wafer. Photographs were taken with Olympus E-510 digital
amera (Tokyo, Japan). A vortex mixer QL-901 (Haimen, China) was
mployed to mix the solutions.

.3. Preparation of CTAB-capped AuNPs

CTAB-capped AuNPs were prepared by seed-mediated method
ith two-step procedures [23,32]. Firstly, a 5.0 mL solution of gold

eeds was prepared by reducing HAuCl4·4H2O (2.5 × 10−4 mol L−1)
ith ice-cold NaBH4 (6.0 × 10−3 mol L−1) in the presence of CTAB

7.5 × 10−2 mol L−1). NaBH4 solution should be freshly prepared
nd added at once to the solution. After being mixed vigorously
or about 30 s, the mixture became light brown rapidly and could
e used as seeds for further synthesis of AuNPs after 2–24 h aging

t 25 ◦C.

10.0 mL 0.2 mol L−1 CTAB was then added to the growth solution,
hich contains 1.03 mL of 2.4 × 10−2 mol L−1 HAuCl4·4H2O and

.22 mL H2O. The color of the mixture quickly changed from light
ellow to orange. Followed by the addition of 7.5 mL 0.10 mol L−1
Fig. 1. UV–vis absorption spectra and color changes of AuNPs (0.2 mM) in the
absence and presence of different concentrations of ATP. ATP concentrations: (a)
0, (b) 200.0, (c) 400.0, and (d) 800.0 �M. The photographs and the spectra were
recorded after 10 min. Tris–HCl solution (10 mM, pH 7.4).

freshly prepared l-AA, the mixture was gently mixed by inversion
for about 2 min, during which the color of the solution immedi-
ately became colorless. Then, 62.5 �L of above 2 h-aged Au seeds
solution was put into the growth solution and blended vigorously
for 20 s, with the appearance of red color gradually. At last, the
mixed solution was left undisturbed for 24 h at 25 ◦C. The prepared
AuNPs are about 25 nm in diameter and positively charged as a
result of the adsorption of the cationic surfactant (CTAB) on the
surface of AuNPs. In this contribution, the concentration of gold
was expressed as the concentration of Au atom in HAuCl4·4H2O.

2.4. Aggregation investigations

Mixtures (500 �L) of CTAB-capped AuNPs (0.2 mM) and
Tris–HCl (10 mM, pH 7.4) solutions were placed in a 1.5 mL plastic
vial, with the presence of different concentrations of ATP. After vor-
tex, the mixtures were maintained at room temperature for 10 min
and then their absorption spectra were measured by a Hitachi U-
3010 spectrophotometer (Hitachi, Tokyo, Japan).

The samples for SEM were first centrifuged at 12,000 r/min for
10 min at 25 ◦C to remove the excess CTAB, and then the precipi-
tate was redispersed in distilled water and 3 �L of the solution was
dropped onto the silica slice, followed by drying at room tempera-
ture.

The samples for dark-field imaging were also first centrifuged
at 12,000 r/min for 10 min at 25 ◦C to remove the excess CTAB, and
then the precipitate was redispersed in distilled water and 2 �L of
the solution was dropped onto the glass slide.

3. Results and discussion

3.1. ATP-induced aggregation of AuNPs

To determine the effect of ATP on the aggregation of CTAB-
capped AuNPs, we measured the optical properties of AuNPs at
first. Fig. 1 shows the UV–vis absorption spectra of AuNPs (0.2 mM)
and the color changes of the solutions in the absence and pres-
ence of different amounts of ATP, respectively. The PRA wavelength
and band width are determined in part, which could indicate the
particle size distribution of the aggregated AuNPs. The dispersed

AuNPs are red (Fig. 1a) and their surface PRA is characterized at
524 nm (Fig. 1, curve a) (for interpretation of the references to color
in this sentence, the reader is referred to the web version of the
article). With increasing ATP concentrations, the solution then gets
purple and the wavelength shifts to 600 nm, indicating that the
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ig. 2. The SEM images of AuNPs (0.2 mM) in the presence of different concentra
olution (10 mM, pH 7.4).

ggregation of AuNPs has occurred. Considering the ratios of the
bsorbance at 600 and 524 nm (A600/A524) are related to the quan-
ities of dispersed and aggregated AuNPs, respectively, we define
he A600/A524 ratio to express the aggregation degree of AuNPs
4,13,33].

It is obvious that the aggregation degree of AuNPs is greatly
ffected by ATP concentrations. Initially, the surface PRA wave-
ength at 524 nm experiences a red shift to approximately 568 nm

hen ATP concentration is below 200.0 �M, with a significant
alf-width broadened from 63 to 114 nm and a decrease of the
bsorbance at 524 nm (Fig. 1, curve b), indicating that the aggrega-
ion of AuNPs has begun. As the particles aggregate, the size range
f aggregated structures grows broader because of the kinetics
f the aggregation. With continuously increasing ATP concentra-
ion to 400.0 �M, the color changed from purple to blue distinctly
Fig. 1c), and concomitantly the PRA band gets much more broad
ith a half-width of 191 nm (Fig. 1, curve c), indicating that signif-

cant aggregation of the AuNPs occurred. Since the observed band
s simply the sum of the absorbances of the individual particles, as
he particles grow, the observed wavelength shifts to the red. And
ecause the particle size distribution widens, so does the band-
idth. With further increasing ATP concentration to 800.0 �M, the

RA band shifts back to 560 nm (Fig. 1, curve d) with a half-width of
03 nm, indicating that some aggregates species might have been
issolved.

With increasing ATP concentrations, the surface PRA wave-
ength of AuNPs undergoes a red shift and then a blue shift,

eflecting that the size of AuNPs aggregates changes with a con-
omitant change in PRA wavelength. Probably, the electron density
f AuNPs and the refractive index of the surrounding medium
re also changed concomitantly. This result provides a promis-
ng approach for modulating the state of dispersed/aggregated
f ATP. ATP concentrations: (a) 0, (b) 200.0, (c) 400.0, and (d) 800.0 �M. Tris–HCl

nanoparticles with tunable PRA features over a visible region of
450–750 nm.

3.2. Characterization of AuNPs aggregation in the presence of ATP

In order to further estimate the aggregation process of AuNPs,
we used a set of analytical characterization methods to confirm the
aggregation of the AuNPs, including scanning electron microscopy
(SEM), dark-field light scattering (DFLS) images, �-potential and
dynamic light scattering (DLS) analyses. DFLS image is a useful tool
to observe the changes in the particle stability and aggregation by
their different scattering images [6,34]. Figs. 2 and 3 displayed SEM
and DFLS images of the AuNPs in the absence and presence of dif-
ferent concentrations of ATP, respectively. Owing to the weak light
scattering and faster diffusion of the single AuNPs [6], it was hard to
observe the scattering light from dispersed AuNPs by our DFLS sys-
tem (Fig. 3a). In the presence of 200.0 �M ATP, however, the images
in Fig. 2(b) showed mild aggregation of AuNPs and correspondingly
a spot of scattering light was observed in Fig. 3(b). Comparatively,
when the ATP concentrations get increased to 400.0 �M, intense
aggregation of the AuNPs occurred as shown in Fig. 2(c), and strong
scattering observed as Fig. 3(c) shown. The orange and red spots
correspond to scattering images of AuNPs aggregate. With further
increasing the ATP concentration, the degree of AuNPs aggregation
decreased (Fig. 2(d) and Fig. 3(d)). They all provide strong evidence
for the different aggregation state of the AuNPs under different
concentrations of ATP in the Tris buffer (10 mM, pH 7.4).
From the SEM images, it is evident that AuNPs spontaneously
assemble into chainlike assemblies. It is presented that no any
separate nanoparticle could be found on the microgrid, which
reveals that AuNPs prefer linear aggregate formation [35]. So it is
desirable that we found a very simple approach to get nanoscale
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ig. 3. The dark-field light-scattering images of AuNPs (0.2 mM) in the presence o
00.0 �M. Tris–HCl solution (10 mM, pH 7.4).

hainlike gold aggregates by linking individual CTAB-capped AuNPs
ith ATP molecules. That is, ATP molecule may be used to assem-

le nanoparticles advantageously by “soft–soft” interaction of
itrogen-containing bases functional groups adsorbed on the sur-

aces of nanoparticles [35].
Comparatively, DLS analyses and �-potential were extremely

owerful tools to confirm the aggregation state of the AuNPs in
he reaction solution. The result is presented in Fig. 4. When the
uNPs synthesized was dissolved in water, an average hydrody-

amic diameter of 33.6 nm was obtained. When the AuNPs were
issolved in a low concentration of ATP (e.g., 100.0 �M), little aggre-
ation was evident from the obtained particle size of 37.6 nm. When
he ATP concentration increased to 200.0 �M, a slight aggregate size

ig. 4. DLS aggregate size (camine columns) and �-potential (blue columns) com-
arisons for AuNPs (0.2 mM) in the presence of different concentrations of ATP.
ris–HCl solution (10 mM, pH 7.4). (For interpretation of the references to color in
his figure legend, the reader is referred to the web version of the article.)
rent concentrations of ATP. ATP concentrations: (a) 0, (b) 200.0, (c) 400.0, and (d)

of 176.4 nm was obtained. Then a larger aggregate size of 769.8 nm
was observed when increase the ATP concentration to 400.0 �M.
The increased aggregate sizes suggest the great degree of destabi-
lization of AuNPs. Smaller aggregate with the size of 168.2 nm is
further observed at ATP concentrations of 800.0 �M.

In addition, the �-potential analysis of the aggregates presented
in Fig. 4 was consistent with the average diameter result. It is shown
that a trend of decreasing surface potentials of AuNPs is deter-
mined with increasing ATP concentration. Initially, the as-prepared
AuNPs possessed a �-potential of 35.9 mV. Then it decreased to
22.6 mV when AuNPs were dissolved in 200.0 �M ATP. This num-
ber gradually decreased to 14.4 mV as ATP concentration increased
to 400.0 �M. If it is higher than 800.0 �M, a smaller �-potential
was available, only 10.1 mV. It is obvious that the particles grad-
ually destabilize when dissolving with large concentrated ATP
molecules. The trend in �-potential demonstrates a minimization
of the surface charge states, from highly positive to nearly neu-
tral, indicating that the AuNPs surface that capped with positively
charged CTAB molecule is likely to electrostatically bind the triva-
lent anions in ATP molecule in solution.

3.3. Mechanism investigations on ATP-induced aggregation of
AuNPs

Based upon the observed trends of PRA band shifting, SEM
images demonstrating aggregation, changes in the �-potential, and

the DLS-based size/assembly analysis, we conclude that the aggre-
gation of AuNPs can be induced by different concentrations of
ATP under physiological conditions. Fig. 5 displays the plasmon
maximum �max and the A600/A524 ratio as a function of ATP con-
centration, respectively. From Fig. 5 (left), it is evident that the shift
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ig. 5. The plasmon maximum �max (left) and the A600/A524 ratio (right) as a func-
ion of ATP concentration. Tris–HCl solution (10 mM, pH 7.4).

f the absorption spectra peak for AuNPs depends strongly upon the
oncentration of ATP. The peak position appears a red shift as the
TP concentration gradually increases to 400.0 �M, then it turns

o a blue shift with the increased ATP concentration. The aggre-
ation reached maximum values at 400.0 �M of ATP. Fig. 5(right)
howed that there was a linear relationship between the A600/A524
atios and the ATP concentration (<400.0 �M). So we point out that
he quantitative determination of ATP concentration (<400.0 �M)
ased on the aggregation of the AuNPs can be achieved. It is impor-
ant to note that the Tris buffer (10 mM, pH 7.4) has little effect on
he AuNPs stability (date not shown) [29].

We have also monitored the shift in the surface PRA of AuNPs
s a function of time to investigate the kinetics of the aggrega-
ion process (Supporting Information, Fig. S1). It showed that the
ggregation of AuNPs induced by ATP required only about 10 min
o completion. This is likely the result of electrostatic aggrega-
ion of the AuNPs through the templating of ATP anions along the
ationic AuNPs surface, thus minimizing electrostatic repulsion and
eading to aggregation. This phenomenon is consistent with the
on-crosslinking aggregation mechanism.

The stability of AuNPs in solution is dictated by two key fac-

ors: electrostatic repulsion between the charged AuNPs and steric
onstraints, both of which are attributable to the CTAB surfac-
ant. The surfactant is positively charged under any condition
ue to the quaternary ammonium head group of the molecule.
he anions including the negative charges in phosphate backbone

cheme 1. Schematic representation of the control of CTAB-capped AuNPs (a) and the agg
d) high concentrations.
Fig. 6. The IR spectra of AuNPs, ATP and the adduct of AuNPs and ATP after 10 min.

of ATP molecules, as well as the hydroxide ions present at Tris
buffer pH 7.4, can electrostatically bind to the cationic surface.
Upon electrostatic binding of the anions to the AuNPs surface, the
overall positive charge of the AuNPs decreases as determined by
�-potential analysis, thus the electrostatic repulsion among the
AuNPs is decreased. At this time, the AuNPs reach an interparticle
distance and the London-van der Waals attractive forces dominate
to result in rapid aggregation (see Scheme 1).

When ATP concentration is higher than 800.0 �M, the formation
of aggregation gets decreased as a result of repulsion and steric
effects because the surface of the AuNPs quickly became saturated
with ATP molecules. Therefore, the ATP-saturated AuNPs are stable
mainly as a result of Coulombic repulsion, similar as the reference
mentioned [4].

Further experiment has been made using an FT-IR technique
to verify the structure changes after the interaction between ATP
and AuNPs. As shown in Fig. 6, the remarkable differences of
ATP–AuNPs adduct were observed at IR bands 2361, 1704, 1257,
1105 and 914 cm−1. Band at 1704 cm−1 assigned to the stretching
vibrations of C N was shifted to 1688 cm−1, representing the sur-
roundings of C N changes (due to the interaction between gold

and nitrogen atoms). Bands at 1257 and 1105 cm−1 assigned to
the anti-symmetric and symmetric stretching modes of the P O
group in ATP molecule were shifted to 1236 and 1058 cm−1, respec-
tively. At the same time, the band at 914 cm−1 assigned to the

regation of CTAB-capped AuNPs in the presence of ATP at (b) low, (c) medium, and
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ig. 7. Colors of AuNPs (0.4 mM) in the presence of different concentrations of ATP
ddition of ATP, GTP, UTP, CTP, ADP, AMP, PPPi, PPi, AuNPs in 10 mM Tris–HCl solut

tretching mode of P–O–P was shifted to 906 cm−1 in the adduct.
hese results indicated the formation of an adduct resulted in lower
ave-number shift of P–O group due to the hydrogen bonding.
eanwhile the bands at 3412 cm−1 assigned to the anti-symmetric

nd symmetric stretching vibrations of N–H of the exocyclic amino
roup of ATP were shifted to 3419 cm−1 in the adduct. 2984 and
912 cm−1 assigned to the anti-symmetric and symmetric stretch-

ng vibrations of CH2 in straight-chain hydrocarbons of the CTAB
apped on the AuNPs, which correspondingly shifted to 2918
nd 2849 cm−1 in the adduct spectrum (details see Table S1 in
upporting Information).

So it can be believed that the nitrogen heterocyclic group of
TP has taken part in the interaction between ATP and AuNPs, and

he conformations of AuNPs and ATP have been changed during
he formation of the adduct. The results of IR spectra indicate that
he recognition or interaction sites are the nitrogen heterocyclic
roup of ATP and �-phosphate of ATP. As for the binding mode,
t was presumed that �-phosphate of ATP approached the quater-
ary ammonium head group of CTAB by electrostatic force, and the
itrogen heterocyclic group of ATP approached the Au atom (Au–N)
36–38]. When the distance is close enough to form a hydrogen
ond, the two molecules can form a stable structure adduct by such
hydrogen bonding.

.4. Aggregation of gold nanoparticles induced by ATP analogs

Since all of the nucleosides have functional groups (amines, car-
onyls, etc.) that could act as ligands for the AuNPs surface as well
s phosphate groups along the backbone that could electrostat-
cally bind [39], we further experimented the effects of the ATP
nalogs (GTP, CTP, UTP, ADP, AMP, PPPi, and PPi) on CTAB-capped
uNPs aggregation and the result was shown in Fig. 7. We found

hese compounds have the similar phenomena in inducing AuNPs
ggregation. There were distinctly different assembly behaviors of
uNPs in the presence of different concentrations of ATP analogs,
espectively. So a simple method to distinguish these nucleotides
sing AuNPs as a colorimetric probe is set up. Since the minimal
oncentrations of these nucleotides to induce AuNPs aggregation
re different, we concluded that the relative adsorption affini-
ies of nucleotides to AuNPs are different, following the sequence
TP > GTP > PPPi > UTP > CTP > ADP > PPi > AMP. We further believe

hat the different affinities to AuNPs are mostly due to two fac-

ors: the different functional groups (amines and carbonyls) and
he different negatively charged phosphate groups exist in the
ucleotides, namely the more functional groups and negatively
harged phosphate groups exist, the greater affinities to AuNPs
re. In addition, as most of the nucleotides chemisorbed on gold
UTP, CTP, ADP, AMP, PPPi, PPi. The photographs were taken immediately after the
H 7.4).

atom through multiple binding sites, the different types of possible
surface binding moieties (e.g., carbonyls and amides; mono-versus
polydentate) may also affect the observed affinities, as mentioned
in the references [36,37].

4. Conclusions

In this contribution, we have provided a promising approach
to modulate the AuNPs with desirable stable/aggregated prop-
erty using different concentrations of ATP from 200.0 to 800.0 �M.
Correspondingly, the PRA band of AuNPs over a visible region
of 450–750 nm was tunable by ATP. Based upon these excellent
properties, AuNPs have been potentially broadened their applica-
bility for constructing nanocomposite films with modulated optical
property on various solid substrates or applying as ideal signal
transducers for colorimetric assays.

On the other hand, we have reported a novel colorimetric assay
to distinguish ATP analogs based on their discriminated effects on
the aggregation of nanoparticles. This result provides the poten-
tial feasibility of high throughput assays in microwell-based plates
or paper-based bioassays using AuNPs as colorimetric probes. Our
future efforts could be focused on studying the structural charac-
teristics of the oligonucleotide layers adsorb on the AuNPs and the
secondary interaction between the nucleosides that comprise the
oligonucleotide and the gold surface.
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