
Journal of Colloid and Interface Science 326 (2008) 411–419
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

www.elsevier.com/locate/jcis

Synthesis of 28-membered macrocyclic polyammonium cations functionalized
gold nanoparticles and their potential for sensing nucleotides

Tarun Kumar Misra, Chuen-Ying Liu ∗

Department of Chemistry, National Taiwan University, Taipei 10617, Taiwan

a r t i c l e i n f o a b s t r a c t

Article history:
Received 22 April 2008
Accepted 30 June 2008
Available online 3 July 2008

Keywords:
Gold nanoparticles
Macrocyclic polyammonium chloride
Water dispersion
Nucleotides

A new synthesis of underivatized gold nanoparticles (Au-NPs) in water stabilized by the highly
water soluble 28-membered macrocyclic polyammonium chloride, [28]ane-(NH+

2 )6O2·6Cl− (28-MCPAC)
is reported. In addition to providing stability, 28-MCPAC with its cationic form functionalizes the
Au-NPs for sensing anions in water. The 28-MCPAC-Au-NPs show a surface plasmon band in the
visible region (>520 nm). By tuning the 28-MCPAC:HAuCl4 ratio, Au-NPs with different core diameters
ranging from 4 nm to 6 nm, as determined by TEM analysis, can be obtained. Particles are spherical,
discrete, and appeared to have narrow size distributions. Raman spectroscopy confirms that the
physisorption is responsible for the interaction between Au-NP surface and 28-MCPAC. The potential
of the as-synthesized particles for sensing monophosphorylated nucleosides (nucleotides): 5-adenosine
monophosphate (5-AMP), 5-cytosine monophosphate (5-CMP), 5-guanine monophosphate (5-GMP), and
5-uridine monophosphate (5-UMP) is investigated spectroscopically. Nucleotides-assisted agglomerations
of 28-MCPAC-Au-NPs follow the order: 5-UMP > 5-GMP > 5-CMP > 5-AMP. An attempt is taken to
prepare Au-NPs in water at pH 4.55 without an added stabilizer. Particles without an added stabilizer
are short lived, and the TEM image shows that the particles aggregate following a quasi-two-dimensional
self-assembly array.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Metal nanoparticles exhibit unique electronic, optical, thermal,
and catalytic properties that result from size, shape, and size dis-
tribution effects. They are promising as advanced materials due
to their potential applications in the fields of physics, chemistry,
biology, medicine, materials science, and many interdisciplinary
fields [1,2]. Of the metal nanoparticles, Au-NPs are the most sta-
ble one and are extensively used in material science, catalysis,
and biomedicine. Au-NPs act as versatile agents with a variety of
biomedical applications including use in highly sensitive diagnos-
tic assays [3], thermal ablation, radiotherapy enhancement [4,5],
and for drug and gene delivery [6]. A catalytic function of Au-NPs
for the oxidation of NADH to NAD+ has also been investigated
[7]. In addition, the surface plasmon resonance of Au-NPs makes
them desirable agents as bio-sensors to detect biomolecules such
as DNA, antigen–antibody complexes, and some proteins [8–11],
and as optical sensors to detect anions, cations, and heavy metals
[12–15].

The nanoparticles are in general unstable due to their high sur-
face energy and need to be stabilized against agglomeration by

* Corresponding author. Fax: +886 2 23638543.
E-mail address: cyliu@ntu.edu.tw (C.-Y. Liu).
0021-9797/$ – see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2008.06.056
using suitable stabilizer. Insofar as the synthesis of Au-NPs in a
nonaqueous organic environment is concerned, attempts have been
made to stabilize them by capping mostly with alkanethiols [16],
ω-functionalized alkanethiols [17], and aromatic thiols [18]. The
stability is conferred by the chemisorption of thiol ligands onto
the surface of Au-NPs through the formation of strong Au–S bond-
ing [19]. These materials are so stable that even chemical reactions
of the pendant functional group(s) if the employed thiol has any
reactive functionality, are possible through usual techniques of or-
ganic synthesis [20,21]. Thus, these thiol-derivatized Au-NPs can be
manipulated as simple ‘organic compounds’ or ‘nanocompounds.’
At the same time, another class of Au-NPs in nonaqueous sol-
vents which can be regarded as underivatized Au-NPs (i.e. naked
Au-NPs) was prepared following the two-phase method as de-
scribed by Brust et al. [16], but without the addition of thiol [22,
23]. The stabilization of such nanoparticles is due to the presence
of the quaternary ammonium bromide salt (R4N+Br−) used as the
phase transfer reagent [22,23] which is physically adsorbed onto
the particles through the formation of surface ion-pairs, with the
bromide ion attached to the Au surface. The preparation of such
nanoparticles is extremely important because the stabilization of
the particles in solution does not involve the formation of strong
metal–ligand bonds as in the case of alkanethiols, but rather re-
sults from electrostatic and dispersion interactions involving the
chains of the quaternary ammonium cation in the organic solvent.
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Scheme 1. [28]ane-(NH+
2 )6O2 ·6Cl− .

Nevertheless, the biological applications of these materials are re-
stricted since they are not dispersible in water, because their an-
ionic particle surface is surrounded by long hydrophobic chains of
the quaternary ammonium ions. Development of synthesis proto-
cols for having water dispersible Au-NPs has been paid less atten-
tion and would have immediate applications in catalysis, sensors,
molecular markers, and in particular, biological applications such
as biolabeling and drug delivery. Realizing the importance of wa-
ter soluble Au-NPs, researchers have therefore, used a number of
different stabilizers containing at least two functional groups in-
cluding a thiol group such as tiopronin [24], 4-hydroxythiophenol
[25], mercaptosuccinic acid [26], and quaternaryammonium-thiol
[27] for nanoparticles stabilization in aqueous solution. The stabi-
lization of nanoparticles is attributed to the fact that the thiol end
of these surfactants chemically adsorbed onto the gold surface by
making Au–S bond and other end containing non-thiol group(s)
provides an electrophilic environment that helps them to disperse
in water. These materials can also be regarded as thiol-derivatized
‘organic compounds’ or ‘nanocompounds’ soluble in water and like
thiol-derivatized nanoparticle they show similar chemical function-
alization [28]. In contrast, the synthesis of underivatized nanopar-
ticles in water is rare and mainly based on citrate reduction meth-
ods [29,30] where citrate functions as a reducing agent and an
electrostatic capping ligand. Stabilization arises from electrostatic
repulsion between neighboring Au-NPs due to the negative surface
charge created by the citrate layer.

The present work is reported a new synthesis of underivatized
Au-NPs stabilized by a macrocyclic polyammonium chloride. For
a comparative study, the preparation of Au-NPs in water without
an added stabilizer is also described. Macrocyclic polyammonium
chloride is a cyclic protonated secondary aliphatic polyamine with
chloride anions as counter ions. It is highly water soluble and well
known as anion receptor because of the high cationic charge on its
protonated form. Protonation introduces rigidity into the receptor
because positive charges on adjacent nitrogens tend to adopt anti-
conformations to minimize electrostatic repulsion, resulting in a
more circular shape [31]. However, no attempt has yet been made
to explore their potential for the stabilization of nanoparticles. In
the present investigation, we select a 28-membered macrocyclic
polyammonium chloride, [28]ane-(NH+

2 )6O2·6Cl− (28-MCPAC) for
the stabilization of the Au-NPs. The chemical structure of the
28-MCPAC is depicted in Scheme 1. Synthesis and anion recogni-
tion properties of this ligand are well-documented [32–36]. The
chemical structure of 28-MCPAC, exhibits six protonated secondary
aliphatic amines in a cyclic form with equal number of chloride
anions as counter ions. The structure of the 28-MCPAC reveals
that it can be regarded as an efficient stabilizer for synthesizing
underivatized nanoparticles as it has no free coordination site to
coordinate. A consequence of using 28-MCPAC as stabilizer is that
it would functionalize the Au-NPs with its cationic form, for sens-
ing anions in water. Thus, their potential for sensing nucleotides
is investigated spectroscopically and is also reported herein. Nu-
cleotides are of prime importance for many biological processes
and considerable efforts have therefore been made to build artifi-
cial receptors or sensors for this class of compounds [37]. Potential
use of Au-NPs as sensors are usually based on detecting the shift
in surface plasmon peak, due to either change in the dielectric
constant around the nanoparticles as a result of adsorption of an-
alyte molecules, or due to analyte-induced agglomeration of the
nanoparticles. Both these effects rely on the selectivity provided
by the functionalized capping agents, highlighting the significance
of the chemical methods of synthesis and stabilization of nanopar-
ticles for use as solution based sensors.

2. Materials and methods

2.1. Materials

Hydrogen tetrachloroaurate(III) tetrahydrate (BDH, England),
sodium borohydride (Acros, Belgium), 5-AMP, 5-CMP, 5-GMP, and
5-UMP (Sigma, St. Louis, MO, USA) were purchased from the indi-
cated sources and were used as received without further purifica-
tion. Purified water (18 M� cm) from a Milli-Q water purification
system (Millipore, Bedford, MA, USA) was used to prepare all solu-
tions. 28-MCPAC was prepared following the reported method [32].

2.2. Methods

2.2.1. Synthesis of 28-MCPAC-capped Au-NPs
Three sets of aqueous dispersion of Au-NPs were synthesized

by the reduction of tetrachloroauric acid (HAuCl4) with sodium
borohydride (NaBH4) in the presence of 28-MCPAC. Typically, to
an aqueous solution of 28-MCPAC (10 mL, 1 mM stock solution)
an aliquot of the aqueous solution of HAuCl4 (0.25–1.00 mL, 5 mM
stock solution) was added with stirring at room temperature. The
color of the solution became yellowish and then vanished within a
few seconds. Freshly prepared NaBH4 stock solution (0.50–2.00 mL,
10 mM) was then completely added within a few seconds and
stirred an additional 20 min. The color of these solutions imme-
diately became red (like wine) and gradually changed to pink-red,
indicating the formation of Au-NPs. The solutions were aged 2 h at
room temperature and stored in the refrigerator for further stud-
ies. The molar ratio of NaBH4 to HAuCl4 was kept at 4:1 while
that of 28-MCPAC to HAuCl4 was varied as 8:1, 4:1 and 2:1. The as-
synthesized Au-NP solutions were assigned with respect to the vol-
ume of added HAuCl4: S1 (HAuCl4: 0.25 mL), S2 (HAuCl4: 0.50 mL)
and S3 (HAuCl4: 1.00 mL).

2.2.2. Preparation of Au-NPs in water (pH 4.55)
For the preparation of aqueous Au-NPs without 28-MCPAC, the

pH of water was adjusted to 4.55 with hydrochloric acid. The
HAuCl4 (0.50 mL, 5 mM) was added into the aqueous solution
(10 mL, pH 4.55) with stirring at room temperature. Freshly pre-
pared NaBH4 (1 mL, 10 mM) was then added within a few seconds
and stirred continuously for 5 min. The generation of a red-wine
colored solution was observed immediately. The solution was di-
vided into two parts. One part was stored in the refrigerator and
the other was used to record the UV–vis spectra at intervals over
3 h at room temperature.

2.2.3. Preparation of 28-MCPAC-capped Au-NPs/nucleotide solutions
Solutions of 5-AMP, 5-CMP, 5-GMP, and 5-UMP (2 mM stock

solution) were prepared in water. The as-synthesized Au-NPs so-
lution (S2) was diluted two times. With 4 mL of diluted Au-NPs
solution, 1 mL of nucleotide was mixed and shaken 30 s and mon-
itored spectroscopically.
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2.2.4. Measurements
UV–vis absorption spectra were recorded on a Hitachi U-2800A

spectrophotometer using quartz cell with a path length of 1 cm.
pH of all the solutions was measured using a PHM210 standard
pH meter (Radiometer, Copenhagen). Solution-phase Raman spec-
tra were recorded using a Nicolet Almega-XR Micro-Raman Spec-
trometer equipped with CCD detector and a 780 nm diode laser.
The Raman spectrum was collected within 2900–3500 cm−1 in-
terval with 4 cm−1 resolution using 100 mW of excitation laser
power. TEM photographs were taken on Hitachi H-7100 transmis-
sion electron microscopes at an acceleration voltage of 75 kV. The
samples for TEM measurements were prepared by placing a drop
of aqueous solutions of gold nanoparticles onto a copper micro
grid and dried at room temperature. The average particle sizes and
size distributions were obtained on the basis of the measurements
of 100–180 particles. The average diameter D and the standard de-
viation σ of the size distribution are calculated from Eqs. (1) and
(2) as follows:

D =
∑

nidi

N
, (1)

σ =
√∑

ni(di − D)2

N − 1
, (2)

where di is the diameter of particles, ni is the number of particles
having diameter di , and N is the total number of particles counted.

3. Results and discussion

3.1. Characterization of the synthetic process

An aqueous solution of 28-MCPAC (1 mM) exhibits pH of 4.55.
The 28-MCPAC-stabilized Au-NPs were prepared by mixing an
aqueous solution of the 28-MCPAC with an aqueous solution of
HAuCl4 followed by NaBH4 reduction. Upon addition of HAuCl4
into the 28-MCPAC solution, the yellow color of HAuCl4 disap-
peared within a few seconds, indicating some sort of interaction
between the macrocyclic polyammonium ion and AuCl−4 and can
be regarded as the formation of super-complex ([28]ane-(NH+

2 )6O2

(AuCl−4 )). The UV–vis spectra of 28-MCPAC (a), HAuCl4 (b and ‘in-
sert’), the mixture of 28-MCPAC and HAuCl4 (molar ratio, 4:1; c),
and 28-MCPAC-stabilized Au-NPs solution (d) were recorded and
are shown in Fig. 1. In water, 28-MCPAC (1 mM) shows virtu-
ally no absorption peak in the visible region. An aqueous solution
with a high concentration of HAuCl4 (0.25 mM) shows an absorp-
tion peak at 290 nm (Fig. 1b) and in a more dilute solution, the
HAuCl4 (0.01 mM) shows another strong peak at 217 nm (Fig. 1,
insert). These characteristic resonances correspond to the ligand to
metal charge transfer (LMCT) transition of the AuCl−4 ions [38]. The
peak at 290 nm disappeared in the presence of 28-MCPAC (Fig. 1c)
due to the formation of the super-complex. Moreover, these so-
lutions showed no absorbance over 400 nm. The mixed solution
(28-MCPAC + HAuCl4), after NaBH4 reduction, produced a pink-
red colored solution with an absorption peak at 527 nm and no
observable peak below 400 nm, indicating that AuCl−4 has com-
pletely been reduced to form Au-NPs.

The molar ratios of 28-MCPAC to the HAuCl4, gold salt were
varied to 8:1 (S1), 4:1 (S2) and 2:1 (S3) to optimize the reaction
conditions. Upon addition of gold salt to the solution of 28-MCPAC,
a super-complex was formed accompanied by the release of pro-
tons as shown in reaction 3. Consequently the pH of the solutions
decreased to 2.97 for S1, 2.83 for S2, and 2.74 for S3. However,
with the addition of NaBH4, the final pH
Fig. 1. UV–vis spectra of (a) 28-MCPAC (1 mM); (b) HAuCl4 (0.25 mM); (c) the mix-
ture of 28-MCPAC and HAuCl4 (molar ratio, 4:1); (d) the mixture ‘c’ after treated
with NaBH4; and the insert: HAuCl4 (0.01 mM).

[28]ane-(NH+
2 )6O2 + nHAuCl4

−→ [28]ane-(NH+
2 )6O2·nAuCl−4 + nH+, (3)

nAu0 + [28]ane-(NH+
2 )6O2 + nCl−←−

∣∣∣NaBH4
(4)

NaBH4 + 4H2O −→ H3BO3 + NaOH + H2, (5)

of the reaction mixtures (S1: 3.47, S2: 3.25, and S3: 3.18) increased,
due to the strong hydrolysis of NaBH4 (reaction 5). It is therefore
clear that the final pH is determined by the combination of reac-
tions 3 and 5.

3.2. UV–vis spectroscopy studies

The UV–vis spectra of 28-MCPAC-stabilized Au-NPs are shown
in Fig. 2. The UV–vis spectra of Au-NP samples S1, S2, and S3
show absorption bands of 525 nm (Fig. 2a), 527 nm (Fig. 2b), and
526 nm (Fig. 2c), respectively. The band of each sample results
from the surface plasmon resonance of the Au-NPs. The surface
plasmon resonance band of well dispersed Au-NPs is calculated
theoretically to be at 510–525 nm in an aqueous system [39]. It
is evident that for spherical metal nanoparticles of size 3–20 nm,
the absorption spectrum does not strongly depend on particle size
[39]. This is because for particle sizes below ca. 20 nm in diame-
ter, the quadruple and higher-order terms in the Mie summation
become significant [40]. The source of surface plasmon resonance
in this region is due to the transverse oscillation of the surface
electrons. It has been reported that the red-shifting and broaden-
ing of the transverse band along with the appearance of a long-
wavelength band, termed as the longitudinal band which is orig-
inated from the longitudinal oscillation of electrons, is observed
when individual particles are aligned into a definite array or ag-
glomerate [41,42]. Since as-synthesized Au-NPs in water showed
no red-shifted transverse band and or no longitudinal band, the
samples S1–S3 are therefore appeared to be well dispersed aque-
ous Au-NPs.

The wavelength maxima did not significantly change as the
molar ratio was varied for S1–S3. However, the intensity of the
absorbance significantly increased (S1 < S2 < S3, Fig. 2) with the
decrease of molar ratio. The decrease of molar ratio caused the
increase of the added volume of HAuCl4 in the solutions, S1–S3.
Therefore, it is obvious that the intensity of the absorption band
increased with the increasing HAuCl4 concentration, reflecting the
formation of more particles. We also examined the effect of the
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Fig. 2. UV–vis spectra of 28-MCPAC-Au-NPs solutions after 2 h of preparation; the
28-MCPA:HAuCl4 molar ratios: (a) 8:1 (S1); (b) 4:1 (S2); (c) 2:1 (S3); and (d) Au-
NPs without 28-MCPAC at pH 4.55 (S4) (after 1 h).

Fig. 3. UV–vis spectra of Au-NPs without 28-MCPAC (pH 4.55) (S4) over different
time intervals: (i) 5 min; (ii) 30 min; (iii) 1 h; (iv) 2 h; (v) 3 h; at room temperature
and (vi) the same stored in refrigerator after 2 h.

molar ratio of HAuCl4:NaBH4. Solutions with molar ratios of 1:3
and 1:5 HAuCl4:NaBH4 coagulated within a few hours (data not
shown), while a ratio of 1:4 produced a stable nanoparticles solu-
tion. The later ratio was therefore selected for all studies.

3.3. Role of the 28-MCPAC, bare Au-NPs and stability

To investigate the role of the 28-MCPAC, or rather 28-macro-
cyclic polyammonium cations (28-MCPA6+) for the stabilization of
Au-NPs in water, the Au-NPs (S4) in an aqueous solution of pH 4.55
(the pH was chosen because 1 mM aqueous solution of 28-MCPAC
has the pH 4.55) without 28-MCPAC was prepared and the corre-
sponding UV–vis spectrum recorded after 2 h of aging is shown in
Fig. 2d. Unlike 28-MCPAC-stabilized Au-NPs, the UV–vis spectrum
of S4 shows a broad peak centered at 533 nm along with a very
broad band at a long-wavelength (>690 nm) (Fig. 2d). Thus, the
UV–vis spectrum of S4 suggests that the Au-NPs in water without
28-MCPAC are self-assembled or are in aggregated forms. The pro-
cess of agglomeration or self-assembly was observed by recording
the UV–vis spectra over different time intervals as shown in Fig. 3.
The UV–vis spectrum recorded after 5 min of reaction showed a
red-shifted transverse band at 533 nm (Fig. 3i). The broadening
Fig. 4. Plot of absorbance vs time. The 28-MCPAC:HAuCl4 molar ratios: (a) 8:1 (S1);
(b) 4:1 (S2); (c) 2:1 (S3).

Scheme 2. Au-NPs stabilized by 28-MCPAC.

of the transverse band along with an appearance and broaden-
ing of the longitudinal band (>690 nm) was observed over time
(Figs. 3ii–3v). The intensity of the longitudinal band also increased
with time. The initial red-wine color of the solution turned blue
and then became colorless after 4–5 h. Thus, the result indicates
that the as-prepared Au-NPs without 28-MCPAC were subsequently
self-assembled and agglomerated. Fig. 3vi was recorded after 2 h
of storage of S4 in the refrigerator. A comparison of a spectrum
of Fig. 3iv with Fig. 3vi, reveals that the process of agglomera-
tion and self-assembly could be slowed by storing the NPs solu-
tion in the refrigerator. In contrast, the Au-NPs prepared in the
presence of 28-MCPAC do not show an absorption band corre-
sponding to the longitudinal oscillation, indicating the presence
of well dispersed, individual particles. Therefore, the role of the
28-MCPAC is clear as it can prevent the Au-NPs from agglomer-
ation. From the experimental point of view it is noteworthy that
the chloride ions present in S4 sourced from HCl (used to adjust
pH) and the precursor salt, HAuCl4 (reaction 4), could not stabi-
lize the Au-NPs (S4) entirely from agglomeration. It is therefore
indicated that 28-macrocyclic polyammonium cations play impor-
tant role along with chloride ions (counter anions) in stabiliz-
ing Au-NPs (S1–S3) from agglomeration. A possible explanation
is that the macrocycle molecules adsorbed on the Au-NPs might
form ion-pairs with Cl− ions attached to the Au surfaces, and the
cationic macrocycle surrounded the Cl− ions layer by electrostatic
interactions as shown in Scheme 2. In fact, anion-induced cation
adsorption on metal nanoparticles surface through the formation
of surface ion-pairs has been described in some reports [22,23,
43,44]. For instances, Schiffrin et al. [22] and Wang et al. [23]
demonstrated the stabilization of Au-NPs through the formation
of TOA+-Br− and CTA+-Br− surface ion-pairs in organic solutions,
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Fig. 5. Raman spectra of (a) pure 28-MCPAC and (b) 28-MCPAC-Au-NPs.
respectively; Kuo et al. [43] and Wang et al. [44] demonstrated
the stabilization of Au-NPs through the formation of protonated
polyethylenimie+-Cl− surface ion-pairs in aqueous solutions, sep-
arately. In this study, 28-MCPA6+-6Cl− may play a role similar to
that of reported results. As a result, particles get surrounded by
highly positive charge macrocyclic polyammonium ions and sta-
bilization arises from electrostatic repulsion between neighboring
Au-NPs due to the positive charge created by macrocyclic polyam-
monium layer. It also makes particles quite discrete. Moreover, the
observed strong surface plasmon band (Fig. 2c) reveals that unlike
chemically bound thiol-derivatized functional groups [24–27], the
surface-bound 28-MCPAC molecules on the gold particle surface
are physically associated and do not dampen strongly the surface
electron resonance. The Au-NPs stabilized by the 28-MCPAC are
extremely stable over time, as indicated by monitoring the peak
absorbance. Changes of absorbance at surface plasmon band of
all solutions (S1–S3) over a month were monitored and plotted
against time as shown in Fig. 4. Fig. 4 reveals that there is no
discernable decrease or minimal decrease of absorbance observed
over a month. The result clarifies that the 28-MCPAC not only pre-
vents the particles from agglomeration but also stabilizes them for
a longer time.

3.4. Raman spectroscopy

Raman measurements were taken in an attempt to probe pos-
sible mode of adsorption (physisorption or chemisorption) of 28-
MCPAC onto the gold particle surface. Fig. 5 shows the Raman
spectra of pure 28-MCPAC (a) and 28-MCPAC-Au-NPs (b) recorded
over the frequency range 3500–2900 cm−1. The absorbance in
this region can be attributed to the stretching frequency of N–H
and C–H bonds. A broad N–H stretch band superimposed upon
C–H stretch band makes an overall broad band. Both the spec-
tra (Figs. 5a and 5b) are identical; no noticeable dampening was
observed in the spectrum of 28-MCPAC-Au-NPs compared to that
of 28-MCPAC. The result indicates that the 28-MCPAC adsorbed
physically onto the surface of Au-NP and provided them ade-
quate stability. This is consistent with the proposed mechanism
that the 28-MCPAC adsorbed on the Au-NPs might form ion-pairs
with Cl− ions attached to the Au surfaces, and the cationic macro-
cycle surrounded the Cl− ions layer by electrostatic interactions
(Scheme 2).
3.5. TEM measurements

Fig. 6 displays the TEM images of the as-synthesized 28-
MCPAC-stabilized Au-NPs (S1 (a), S2 (b), and S3 (c)) deposited on
the copper grid from the aqueous solutions. The corresponding his-
tograms depicting the size distributions of the particles (S1 (a),
S2 (b), and S3 (c)) were obtained directly from the enlarged TEM
images of S1, S2, and S3 by counting 100, 178, and 134 particles,
respectively. The average diameters D (and standard deviations σ )
of the samples S1, S2, and S3, are 4.4 nm (1.3), 5.7 nm (1.5), and
5.3 nm (1.5), respectively. Thus, by tuning the 28-MCPAC:HAuCl4
ratio, particles with core diameter of different sizes were obtained.
In each sample, a narrow size distribution of particles was ob-
served, as indicated by the calculated standard deviation of �1.5.
All particles were spherical and well-dispersed. The number of
particles as well as some short range aggregation increased from
S1 < S2 < S3 as the added amount of HAuCl4 and NaBH4 increased
accordingly. The increase of particles is also responsible for in-
creasing the UV–vis intensity (Fig. 2). The particles in S1 were
hardly aggregated and well-dispersed. The short range aggregation
in S3 was comparatively higher than S2. Notably, further decreases
molar ratio of 28-MCPAC to HAuCl4 lead to the severe aggregation
of Au-NPs as the solution became turbid within a few minutes of
the addition of NaBH4. These observations in conjunction with the
UV–vis spectroscopy data permitted us to conclude that the sam-
ple S2 (28-MCPAC:HAuCl4, 4:1) is the optimum choice to obtain
highly concentrated, well-dispersed particles with relatively low
aggregation of particles.

Fig. 7 shows the TEM image of Au-NPs prepared from the
aqueous solution at a pH 4.55 without 28-MCPAC. After 2 h of
preparation, the TEM image was taken. Particle sizes were greater
than 15 nm and self-assembled into a quasi-two-dimensional ar-
ray. It is probable that the particles were not uniformly coated
with chloride ions sourced from HCl (used to adjust pH) and the
precursor salt, HAuCl4 (reaction 4). The result supports the UV–vis
outcome. Metal nanoparticles ordered into one-, two-, and three-
dimensional assembled structures are of great interest because
their collective properties are expected to differ from those of the
isolated individual nanoparticles. The arrangement of Au-NPs into
two-dimensional array in the solution phase is a fascinating target
because of their unique optical and electronic properties that may
result from the specific alignment of the Au-NPs. It could be used
as nanowires or nanosensors [45].
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Fig. 6. TEM images along with the corresponding particle size distribution histograms of 28-MCPAC-Au-NPs. The 28-MCPAC to HAuCl4 molar ratios: (a) 8:1 (S1); (b) 4:1 (S2);
(c) 2:1 (S3). The percentages in the histograms were calculated based on the absolute particles numbers of 100, 178, and 134 for panels a, b, and c, respectively.
3.6. Binding of Au-NPs by nucleotides

As-synthesized Au-NPs are stabilized by 28-MCPAC which is a
reputed anion receptor. To prove that as-synthesized Au-NPs are
indeed functionalized with macrocyclic polyammonium cations for
sensing anions, their potential for sensing nucleotides: 5-AMP, 5-
GMP, 5-CMP, and 5-UMP were investigated by UV–vis spectroscopy.
The molecular structures of all of these nucleotides are depicted
in Scheme 3. In a typical experiment, the solution S2 of Au-NPs
was diluted two times and 4 mL of diluted Au-NPs was mixed
with 1 mL of each nucleotide (2 mM stock solution) separately
and the UV–vis spectra were recorded. The molar ratio of 28-
MCPAC to nucleotide was maintained at 1:1. The interactions of
each nucleotide with Au-NPs were studied by monitoring changes
at the surface plasmon band (527 nm) associated with nanopar-
ticles aggregation. Fig. 8 shows the UV–vis spectra of 28-MCPAC-
AuNPs/nucleotide solutions after standing for 5 min (A), 1 h (B),
2 h (C), and 4 h (D) at room temperature. The spectra b, c, d,
and e in Fig. 8 are represented to the 28-MCPAC-Au-NPs in the
presence of nucleotide 5-UMP, 5-AMP, 5-CMP, and 5-GMP, respec-
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Scheme 3. Chemical structure of the nucleotides.
Fig. 7. TEM image of Au-NPs without 28-MCPAC (S4).

tively. For comparison, the spectrum of 28-MCPAC-Au-NPs (a) was
also recorded. In contrast to the surface plasmon band (527 nm) of
28-MCPAC-Au-NPs solution (a), noticeable red-shifting, broadening,
and increase of intensity were observed for 28-MCPAC-Au-NPs in
the presence of 5-AMP (c, 549 nm), 5-CMP (d, 551 nm), and 5-
GMP (e, 553 nm) after standing for 5 min (Fig. 8A). In contrast,
intensity decreased and minimal red-shifting and broadening was
observed in the presence of 5-UMP (b, 529 nm) after standing for
5 min (Fig. 8A). The red-shifting and broadening of the surface
plasmon band occurred significantly in case of 5-GMP (e, 596 nm),
5-CMP (d, 576 nm), and 5-UMP (b, 570 nm) whereas the least ef-
fect was observed for 5-AMP (c, 556 nm) after standing for 4 h
(Fig. 8D). The red-shifting and broadening of the surface plasmon
band of Au-NPs can be attributed to the agglomeration of Au-NPs.
Thus, the results indicate that the nucleotides led to agglomera-
tion of Au-NPs and the Au-NPs agglomerate in the following or-
der: 5-UMP > 5-GMP > 5-CMP > 5-AMP. The chemical structures
of the nucleotides (Scheme 3) indicate that each moiety has an an-
ionic phosphate group and several neutral N- and O-coordinating
sites. The effective charge of these nucleotides is in the order
5-UMP (−1.002) > 5-GMP (−0.835) � 5-AMP (−0.130) > 5-CMP
(−0.038) [34]. The Au-NPs are surrounded by the highly posi-
tively charged 28-MCPAC. Thus, there are two possible interactions
that could lead to the agglomeration of nanoparticles: (i) interac-
tions of macrocyclic polyammonium cations with the negative end
of the nucleotides could leave the bare nanoparticles susceptible
to the agglomeration; (ii) binding of nanoparticles by nucleotides
could lead to the agglomeration. Previous reports demonstrate
that the binding of nucleosides through their purine and pyrim-
idines bases to Au-NPs leads to particle agglomeration accompa-
nied by a plasmon frequency red-shift [46,47]. In another report
[48], the prepared Au-NPs in the presence of triphosphorylated
adenosine (ATP) are stable whereas in the presence of monophos-
phorylated adenosine (AMP), particles aggregate. Furthermore, the
binding affinity of DNA bases is ranked in the order of adenosine >

cytosine > guanine > thymidine (methyluridine) [46–48]. Adeno-
sine binds strongly to the gold surface and provides comparatively
better stability and a lower rate of agglomeration compared to ei-
ther cytosine or guanine. On the other hand, the interaction of
thymidine with the gold surface is considerably lower and con-
sequently much less or no agglomeration occurs. Jang [47] demon-
strated the binding mode of nucleosides with nanoparticles. Ac-
cording to this report [47], adenosine binds the gold surface via
imidazole-N and –NH2 group (in a bidentate fashion), cytosine
binds via pyrimidine-N,O (in a bidentate fashion), guanine binds
via purine-N,O (in a bidentate fashion), and thymidine binds via
the oxygen of the pyrimidine ring in a monodentate fashion. Our
results demonstrate that the nucleotides show different trends to-
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Fig. 8. UV–vis spectra of (a) 28-MCPAC-Au-NPs (S2, 4 mL, 0.5 mM vs 28-MCPAC + 1 mL water) and (b–e) 28-MCPAC-Au-NPs (S2, 4 mL, 0.5 mM vs 28-MCPAC) in presence of
nucleotides where (b) 5-UMP (1 mL, 2 mM); (c) 5-AMP (1 mL, 2 mM); (d) 5-CMP (1 mL, 2 mM); and (e) 5-GMP (1 mL, 2 mM) after standing: (A) 5 min; (B) 1 h; (C) 2 h;
and (D) 4 h.
ward binding of the highly positively charged 28-MCPAC-capped
Au-NPs, but do not contradict previously reported results. In our
study, binding affinity of nucleotides and their effective charge
are to be considered. 5-AMP and 5-CMP carry negligible nega-
tive charge; they would interact with 28-MCPAC-capped Au-NPs
through coordination, replacing the surface species in the order
of 5-AMP > 5-CMP. 5-GMP carries a comparatively high negative
charge, and its coordinating ability is comparable with that of
5-CMP. Therefore, from the UV–vis spectrum we suggest that 5-
GMP first binds the Au-NPs like 5-AMP and 5-CMP, but due to the
high negative charge, 5-GMP then interacts with the macrocyclic
polyammonium cations too, leading to the agglomeration of Au-
NPs at a faster rate than those of 5-AMP and 5-CMP. However,
5-UMP has the least coordinating ability and in general cannot
appreciably agglomerate Au-NPs [46–48]. Nevertheless, with 28-
MCPAC-Au-NPs it interacts strongly with the surface macrocyclic
polyammonium cations and makes the particles bare and unmod-
ified, leading to the agglomeration most effectively compared to
that of other nucleotides do. This is due to the fact that 5-UMP
carries greatest negative charge among the nucleotides. As a mat-
ter of fact, in the presence of 5-UMP, immediate precipitation of
Au-NPs occurs and consequently, the decrease of intensity of the
surface plasmon band is observed rather than spectral red-shifting
(Fig. 8A(a)). The photographs of all solutions are shown in Fig. 9.
The color change (Fig. 9) is also indicative, as the pink-red color
of 28-MCPAC-capped Au-NPs becomes paler in the presence of 5-
UMP (b), whereas it changes to bluish-pink in 5-AMP (c), 5-CMP
(d), and 5-GMP (e) within 5 min (Fig. 9A). After standing for 4 h
(Fig. 9D), the red-pink color of Au-NPs changes to almost colorless
for 5-UMP (b), blue for 5-CMP (d) and GMP (e), and bluish-pink
for 5-AMP (c).

4. Summary

We have prepared stable, highly water dispersion underiva-
tized Au-NPs. For the stabilization of nanoparticles, we employed
a water-soluble macrocyclic polyammonium chloride (28-MCPAC),
which is well-recognized anion receptor. Macrocyclic polyammo-
nium chloride capping of particles serves a two-fold purpose, that
of stabilization of particles and surface fictionalization (with its
cations) of particles for sensing anions. Particles were spherical
and well-separated. It has been demonstrated that the macro-
cycle molecules adsorbed on the Au-NPs might form ion-pairs
with Cl− ions attached to the Au surfaces, and the cationic
macrocycle surrounded the Cl− layer by electrostatic interactions.
28-MCPAC-AuNPs with different core diameters are obtained by
tuning the 28-MCPAC:HAuCl4 ratio. The potentiality of the as-
synthesized particles for sensing nucleotides, 5-AMP, 5-CMP, 5-
GMP, and 5-UMP were investigated spectroscopically. Nucleotide-
assisted agglomerations of 28-MCPAC-Au-NPs follow the order:
5-UMP > 5-GMP > 5-CMP > 5-AMP. The macrocyclic polyammo-
nium chloride-stabilized water dispersible Au-NPs can have the
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Fig. 9. Photographs of (a) 28-MCPAC-Au-NPs (S2, 4 mL, 0.5 mM vs 28-MCPAC +
1 mL water) and (b–e) 28-MCPAC-Au-NPs (S2, 4 mL, 0.5 mM vs 28-MCPAC) in pres-
ence of nucleotides where (b) 5-UMP (1 mL, 2 mM); (c) 5-AMP (1 mL, 2 mM);
(d) 5-CMP (1 mL, 2 mM); and (e) 5-GMP (1 mL, 2 mM) after standing: (A) 5 min;
(B) 1 h; (C) 2 h; and (D) 4 h.

potential use in biosensing and biolabeling applications. Au-NPs in
water at pH 4.55 were prepared without any stabilizer. Particles
without stabilizer were short lived and TEM image showed that
they aggregate following a quasi-two-dimensional self-assembly
array. It could be important materials in nanodevices.
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