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Abstract

We have investigated the interactions between a variety of thiols and Nile Red-adsorbed gold nanoparticles (NRAuNPs). After adding thiols
to solutions of NRAuNPs, the solutions fluoresce strongly as a result of the displacement of a Nile Red-derived product from the surface of the
AuNPs. We propose a mechanism for the formation of this NR product on the surface of AuNPs by conducting mass spectrometry, fluorescence,
and capillary electrophoresis measurements. By recording the fluorescence changes of the NRAuNP solutions after addition of the thiols, we
investigated the interactions between the thiols and NRAuNPs. Using the Langmuir isotherm model, we found that the displacement rate constants
for thiols having one carboxyl residue, such as 3-mercaptopropionic acid, fall within the range 0.55–1.19 × 10−2 s−1. Thiols containing hydroxyl
groups [e.g., 2-mercaptoethanol (2-ME)] or amino groups [e.g., N -(2-mercaptopropionyl)glycine (MPG)], or that have flat structures on the AuNP
surface, such as mercaptosuccinic acid, exhibit double-exponential kinetics with first rate constants of 0.51–2.83 × 10−2 s−1 and second rate
constants of 6.0–23.4×10−4 s−1. Our results reveal that steric effects and the charge density of the thiols both play important roles in determining
the interactions with NRAuNPs. The interactions (displacement and/or induced aggregation) are also dependent on the size of NRAuNPs.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

A great deal of effort has been directed toward elucidat-
ing the surface coverage, structure, function, and dynamics of
immobilized thiols on electrodes and metallic surfaces, pri-
marily because of their crucial implications for the design of
novel functionalized materials [1–3]. Many thiol-immobilized
gold nanoparticles (AuNPs) that are stable in aqueous solu-
tion are used to prepare protein-, carbohydrate-, and DNA-
functionalized AuNPs for the optical sensing of biomolecules
such as proteins and DNA [1,4–6]. The three most important
factors that affect the magnitude of the optical changes are (1)
the extent of surface modification of the gold probes, (2) the
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ability of the analytes to gain access to the surface-bound mole-
cules, and (3) the ability of the surface-bound molecules to
recognize the analytes. Understanding these factors is essential
for controlling the sensitivity of the gold probes.

A number of techniques, including 1H NMR spectroscopy,
infrared spectroscopy, X-ray photon spectroscopy (XPS), and
surface plasmon resonance (SPR) spectroscopy, have been em-
ployed to characterize functionalized AuNPs [3,7–10]. Fluores-
cence spectroscopy, by comparison, is a relatively versatile and
sensitive technique for exploring the nature of chemical species
on a surface [4,11–14]. Increasingly, fluorescence spectroscopy
based on energy transfer is utilized to study the dynamics and
thermodynamics of AuNPs [4,11,15–18]. When fluorophore-
labeled analytes bind to AuNPs, their fluorescence becomes
quenched as a result of energy transfer and collisions between
the fluorophore and the AuNPs. Once the fluorophore-labeled
analytes become displaced by thiols, such as 2-mercaptoethanol
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(2-ME), they diffuse to the bulk solution and fluoresce strongly.
For example, a fluorescence method has been developed to de-
termine both the number of thiol-derivatized single-stranded
oligonucleotides bound to AuNPs and the extent of their
hybridization with complementary oligonucleotides in solu-
tion [5]. Murray and coworkers investigated the effects that
the concentration and the chain length of the incoming species
have on the kinetics of the place-exchange reaction by con-
ducting fluorescence and 1H NMR spectroscopy measurements
and suggested an “SN2-type” associative mechanism to explain
their experimental results [18,19]. These fluorescence studies
also suggest that the insertion of the incoming thiol in the pre-
formed lattice weakens the strength of interaction of several
adsorbed molecules, which results in the rearrangement of more
than a single unit during the reaction rate-determining step.

Fluorescent dyes bound to colloidal particles have been used
to sense a number of analytes of interest, including DNA and
proteins [20,21]. In a previous study, we prepared Nile Red
(NR)-bound AuNPs (NRAuNPs) and used them as sensors for
thiols; the limits of detection (LOD)—defined as a signal-to-
noise ratio (S/N) of 3—were in the nM regime for most of the
thiols we tested, including cysteine and homocysteine [4]. So-
lutions containing the as-prepared NRAuNPs fluoresce weakly
as a result of fluorescence resonance energy transfer, electron
transfer, and collisions between the NR and the AuNPs, but they
fluoresce strongly at pH 4.0 in the presence of thiols because of
the displacement of an NR product into the bulk solution.

In this paper, we propose a mechanism for the formation of
the NR product and investigated the interactions between thiols
and NRAuNPs. By monitoring the fluorescence changes that
occurred during the course of the reaction with various thiols,
we used the Langmuir isotherm model [22–24] to obtain the
rate of displacement of the NR product from the AuNP surface.
In addition, we also sought to investigate the effects that the
charges of the thiols have on their interactions with different
sizes of NRAuNPs.

2. Experimental

2.1. Chemicals

Sodium tetrachloroaurate(III) dehydrate, cresyl violet and
resorufin was obtained from Sigma (St. Louis, MO). Dimethyl-
sulfoxide, meso-2,3-dimercaptosuccinic acid (DMSA), metha-
nol, glutathione (GSH), 2-mercaptoethanol (2-ME), 16-mercap-
tohexadecanoic acid (MHA), N -(2-mercaptopropionyl)glycine
(MPG), 3-mercapto-1,2-propanediol (2-MP), 3-mercaptopro-
pionic acid (MPA), mercaptosuccinic acid (MSA), 11-mercap-
toundecanoic acid (MUA), sodium hydroxide, and trisodium
citrate were purchased from Aldrich (Milwaukee, WI). NR was
obtained from Acros (Geel, Belgium). A citrate buffer prepared
from citric acid was adjusted with NaOH to pH 4.0.

2.2. Synthesis of 14-, 32-, and 56-nm-diameter AuNPs

AuNPs were prepared by reduction of sodium tetrachloroau-
rate with trisodium citrate that also acted as a capping agent
to stabilize the as-prepared AuNPs. By carefully controlling
the amount of citrate in the synthesis process, different sizes
of AuNPs could be synthesized [25,26]. With increasing the
citrate concentration, smaller sizes of AuNPs were prepared.
Trisodium citrate [1% (w/v); 0.8, 0.5, or 0.3 mL] was added
rapidly to three respective aliquots of 0.01% HAuCl4 that were
heated under reflux. The mixtures (final volumes: 50 mL each)
were heated under reflux for an additional 8 min, during which
time the color changed to deep red, wine red, and pale red,
respectively. The solutions were set aside to cool to room tem-
perature; they were stable for at least 6 months. We denote the
concentration of the as-prepared AuNPs to be 1.0×.

2.3. Preparation of NRAuNPs

A stock solution of NR (1.0 mM) was prepared in dimethyl-
sulfoxide and diluted with dimethylsulfoxide when necessary.
Three aliquots of 1.0 mM NR (5.0 µL each) were added sep-
arately to 1.0 × 14-, 32-, and 56-nm-diameter AuNP solu-
tions (5.0 mL each) prepared in citrate solution at pH 4.0.
Please note that the concentrations of these AuNP solutions
are ca. 3.4 × 10−9, 2.9 × 10−10, and 5.4 × 10−11 M, respec-
tively. Although the adsorption of NR onto the AuNPs is very
fast (equilibrium time <10 min), the solutions were set at am-
bient temperature and pressure overnight (at least 10 h) because
the formation of the NR product requires ca. 8 h to reach com-
pletion. The solutions were then subjected to three repeated cy-
cles of centrifugation at 12,000 rpm (relative centrifugal force:
16,000g) for 10 min and washing with citrate solution at pH 4.0
(5.0 mL). Finally, the precipitates were re-suspended in citrate
solution (1.0 mM) at pH 4.0.

2.4. Characterization of AuNPs and NRAuNPs

A double-beam UV–vis spectrophotometer (Cintra 10e) ob-
tained from GBC (Victoria, Australia) was used to measure the
absorbances of the AuNPs and NRAuNPs in citrate solutions.
The UV–vis absorption spectra (not shown) display maximum
wavelengths of the SPR bands for the 14-, 32-, 56-nm-diameter
AuNPs at 518, 526, and 535 nm, respectively; these values sug-
gest that the sizes of the AuNPs are as expected. The SPR
bands for the NRAuNP solutions are close to those for the
corresponding AuNP solutions. The sizes and the distributions
(±5.0%) of the AuNPs and NRAuNPs were further confirmed
by transmission electron microscopy (TEM) analysis using a
Hitachi H7100 TEM (Tokyo, Japan) operating at 75 kV. A flu-
orometer (Aminco Bowman) obtained from ThermoSpectronic
(Pittsford, NY, USA) was used to collect the fluorescence spec-
tra of NR and the NRAuNPs in the presence and absence of
thiols. The emission spectra were recorded while separately ir-
radiating the solutions of NR and the NR product at 580 and
480 nm.

2.5. Measurements of the molecular mass of the NR product

Prior to measuring molecular masses, the solution of the
NRAuNPs was subjected to three repeated cycles of cen-
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trifugation (12,000 rpm for 10 min) and washing with water
(10 mL) to minimize the interference of salt. 2-ME (10 µM,
5 mL) was added to the precipitate, and the solution was sub-
jected to sonication for 1 min. After 10 min, the solution was
centrifuged at 12,000 rpm for 10 min and then the super-
natant was concentrated (ca. 50-fold) using a rotary evaporator.
A BioTOF electrospray-ionization time-of-flight mass spec-
trometer (Bruker Daltonics, Billerica, USA) was used to record
mass spectra of the product, which was dissolved in 50% aque-
ous methanol solution and infused into a sheathless capillary at
a flow rate of 80 µL/h.

2.6. Coverage of NR on AuNPs

Different concentrations of NR (0.1–10 µM) were added
separately to the 14-, 32-, and 56-nm-diameter AuNP solutions.
From the reflection point of the plot of the fluorescence inten-
sity at 653 nm vs the concentration of NR (not shown), the
saturated NR concentration was estimated and, consequently,
the surface coverage of NR was obtained according to the ex-
pression Nads/4πr2, where Nads is the maximum adsorption
number of NR and r is the average radius of the AuNPs [27].

2.7. Kinetic measurements of NR adsorption

The fluorescence intensities at 653 nm of the solutions were
recorded immediately after NR was added to the 1.0× AuNPs
under stirring. Unless otherwise noted, the final NR concentra-
tion was 1.0 µM. The data were recorded every 20 s during the
course of a reaction time of 20 min.

2.8. Kinetic measurements of the displacement rate of the NR
products by thiols

The fluorescence intensities were recorded immediately af-
ter various thiol solutions (2-µL; final concentrations: 0.1 mM)
were added separately to the 1.0× NRAuNPs (final vol-
umes: 2.0 mL). To minimize scattering interference, the emis-
sion wavelengths were set at 600 nm for the 14-nm-diameter
NRAuNPs and at 610 nm for the 32- and 56-nm-diameter
NRAuNPs. The data were recorded every 20 s over a period
of 60 min.

2.9. Analysis of kinetic data

Microcal Origin 6.0 (OriginLab, Norththampton MA, USA)
was used to analyze the kinetic data. The kinetic data for
NR adsorption were fitted to a second-order exponential de-
cay function; the kinetic data for the displacement of the
NR products by thiols were fitted with either a single- or
double-exponential monomolecular growth model. The starting
parameters—A1, A2, τ1, τ2, K ′

1, K ′
2, kobs1, and kobs2—were set

arbitrarily; A1 and A2 are preexponential factors, τ1 and τ2 de-
note the decay times of two different quenching processes, K ′

1
and K ′

2 are parameters related to ka and kd (discussed later),
and kobs1 and kobs2 are the observed rate constants.
2.10. FT-IR measurement

MHA, MPA, MSA and DMSA were added to 1× NRAuNP
solution respectively and the final concentration of thiols was
0.1 mM. Let the solution stand for an hour and excess thiols
were removed by centrifugation twice at 12,000 rpm for 10 min,
followed by decantation of supernatants. Then the pellets were
air-dry to obtain the powder samples for FT-IR measurements.
The powder was then mixed with KBr powder and the mixtures
were ground into fine powders. The powders were pressed into
thin films at 5000 psi. The FT-IR spectra were collected for
16 scans at a resolution of 4 cm−1 from 400 to 4000 cm−1 using
a JASCO FT/IR-410 spectrometer.

3. Results and discussion

3.1. Formation of the NR product

The fluorescence intensity of the NRAuNP solution is very
weak, but it is much stronger in the presence of thiols such
as 2-ME. In addition, the maximum excitation and emission
wavelengths of the NRAuNP solutions in the presence of thi-
ols are 480 and 610 nm, respectively; these values are different
from those (580 and 652 nm, respectively) of the NR solu-
tion. The product’s molecular ion occurs at m/z 282, which
is different from that of NR (m/z 318), and it formed a frag-
ment at m/z 247.0 after collision-induced dissociation. The
ratio of the intensities of the peaks at m/z 282.1 and 284 is 3:1,
which suggests the existence of a chlorine atom in the prod-
uct. On the basis of the MS data, we suggest that the chemical
formula for the NR product is C16H8ClNO2; i.e., the product
was formed by substitution of the N(C2H5)2 residue in NR
with a chloride ion from HAuCl4. Scheme 1 presents a pos-
sible mechanism for the formation of the product derived from
NR on the surface of the AuNPs. It is interesting to note that
this product did not form when we added Cl− and 2-ME to
a NR solution (pH 4.0) in the absence of the AuNPs, nor did
we observe when we performed the reaction using silver or
silica nanoparticles in place of the AuNPs. It is our belief,
therefore, that the AuNPs play a catalytic role in the reaction
[11,28,29].

It is known that the large shifts that occur in the observed po-
sitions of the absorption and emission bands of NR as a function
of solvent polarity are due to large changes in its excited state
dipole moment. In polar solvents, this phenomenon results from
the near-complete charge separation between the diethylamino
and quinoid moieties of the molecule, which may be explained
by formation of a twisted intramolecular charge transfer state
(TICT) that is due to rotation of the flexible diethylamino group
attached to the rigid structure of the molecule [30,31]. Our find-
ing of blue shifts in the absorption and emission bands of the
NR product (C16H8ClNO2) supports this hypothesis. Because
of the lack of formation of a TICT in the new product, its quan-
tum yield is greater than that of NR.

Cresyl violet and resorufin exhibit stronger fluorescence than
does NR in aqueous solution, as Table 1 indicates. In a man-
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Scheme 1. Mechanism for the formation of the NR product on the AuNPs.

Table 1
Optical properties of three dyes in solutions and of dye-AuNPs in the absence and presence of 2-ME at pH 4.0a

Nile Red Cresyl violet Resorufin

Structure

λex 580 580 560
λem/FIb 652/0.63 621/8.11 581/18.78
λex(dye-AuNP)c 480 580 560
λem(dye-AuNP)c/FI 610/0.13 622/0.11 581/0.76
λem(dye-AuNP)d/FI 610/3.25 621/4.92 581/1.14

a The concentrations of NR, cresyl violet, resorufin are all 1 µM, while those for the 32-nm-diameter AuNPs and 2-ME are 0.3 nM and 0.1 mM, respectively.
b Fluorescence intensity (a.u.).
c Equilibration of these dyes with the 32-nm-diameter AuNPs requires at least 8 h.
d Reacted with 2-ME.
ner similar to the quenching effect on NR, the AuNPs also
caused significant decreases to occur in the fluorescence inten-
sities of cresyl violet and resorufin. Table 1 indicates, however,
that the AuNPs did not exert any catalytic activity for form-
ing new products from cresyl violet and resorufin, even though
their structures are similar to that of NR; presumably this situa-
tion occurs because the quaternization and leaving group ability
both decrease in the order N(Et)2 > NH2 > OH. The fluores-
cence intensities of the cresyl and resorufin solutions containing
AuNPs in the presence of 2-ME were weaker than those in
the absence of AuNPs, indicating that the displacements did
not reach completion within 10 min. At pH 4.0, resorufin pos-
sesses the greatest hydrophobicity of the three dyes and, there-
fore, it has the strongest interaction with the AuNPs, which
leads to a lower degree of displacement in the presence of
2-ME.
3.2. Kinetic measurements of NR adsorption and rates of thiol
displacement

Fig. 1 presents the time evolution of fluorescence quenching
by the 32-nm-diameter AuNPs; it reaches its minimum value
after 10 min. Although the adsorption of NR onto the AuNPs is
fast, the rate of product formation is much slower—it requires
at least 8 h to reach equilibrium [4]. The fluorescence follows a
multiexponential decay curve, and, thus, we used biexponential
decay kinetics (Eq. (1)) to analyze the data:

(1)F(t) = A1 exp(−t/τ1) + A2 exp(−t/τ2),

where τ1 and τ2 denote the decay times of two different quench-
ing processes and A1 and A2 are preexponential factors. By
taken the assumption that k1 = (τ1)

−1 and k2 = (τ2)
−1, fit-

ting the fluorescence decay curves with Eq. (1) provides NR
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Fig. 1. Fluorescence decay of NR in the presence of 32-nm-diameter AuNPs.
Fitting curve (—); experimental data (2). The fluorescence intensities at
653 nm were recorded every 20 s. The concentrations of NR and AuNPs were
1 µM and 0.3 nM, respectively.

Table 2
FT-IR spectroscopic peak assignments for thiols and thiol-adsorbed AuNPs

νa
a(CH2)

(cm−1)
νs

b(CH2)
(cm−1)

ν(SH)
(cm−1)

ν(COOH)
(cm−1)

νs(CO−
2 )

(cm−1)

MHA 2922c 2855c 2559 1700 1411d

MHA-Au 2920d 2851d N.D. 1636 1410c

MPA N.D.e N.D. 2563 1709 1421d

MPA-Au N.D. N.D. N.D. 1644 1396c

MSA N.D. N.D. 2548, 2565 1695 1426d

MSA-Au N.D. N.D. N.D. 1643 1398c

DMSA N.D. N.D. 2537, 2562 1697 1422d

DMSA-Au N.D. N.D. N.D. 1645 1397c

a Asymmetric vibrational peak.
b Symmetric vibrational peak.
c Broad peak.
d Sharp peak.
e Not detected.

adsorption rate constants k1 and k2 of 5.44 × 10−3 s−1 and
8.35 × 10−4 s−1, respectively; we attribute the different rate
constants to arise most likely from various adsorption processes
[18,32]. The faster kinetic step is probably the displacement of
the previously adsorbed ions like citrate on the AuNPs [32].
When the surface coverage of NR increases to ca. 80%, the ad-
sorption rate should decrease as a result of steric effects among
the NR molecules on the AuNP surface [32–34]. This slower
reaction is characterized by the rate constant k2.

The fluorescence of the NRAuNP solution increases as a re-
sult of desorption of the NR product from the AuNP surface
upon the addition of thiols that are involved in strong Au–S
bonding with the AuNPs. Table 2 lists some of the FTIR spec-
troscopy data, which indicate the disappearance of the absorp-
tion of the SH groups (ca. 2550 cm−1) and the shifts of the
symmetric and asymmetric stretching bands for the carboxylic
acid groups to lower energies in the presence of the NRAuNPs
[35,36]. These observations support the notion that the thiols
bound to the NRAuNPs.

Fig. 2 indicates that the fluorescence at 610 nm of the solu-
tion increases with time after adding 3-mercaptopropionic acid
(MPA), and reaches a plateau after 6 min. In this study, we used
Fig. 2. Fluorescence growth upon replacing the adsorbed NR product molecules
on the NRAuNPs with MPA. Fitting curve (—); experimental data (2). The
fluorescence intensities at 610 nm were recorded every 20 s. The concentrations
of the NRAuNPs and MPA were 0.3 nM and 0.1 mM, respectively.

thiols at concentrations higher than that of NR so that their
diffusion rates from the bulk solution to the interface can be
assumed to remain constant from the viewpoint of diffusion-
controlled kinetics. Under such a situation, the kinetics of the
process is determined predominantly by the rate of adsorption
of the thiols. Therefore, the adsorption rate is first-order in the
adsorbing species and first-order in the free sites at the surface.
Provided that the thiols adsorbed on the AuNPs are limited to
one monolayer, we can use the Langmuir adsorption isotherm
(Eq. (2)) to calculate the adsorption rate [22,24,37]:

(2)dθ/dt = ka(1 − θ)C − kdθ,

where θ is the fraction of surface covered, (1 − θ ) is the frac-
tion of surface exposed, C is the thiol concentration, and ka and
kd are the association and dissociation constants, respectively.
Integration of Eq. (2) yields the time course for monolayer for-
mation:

(3)θ(t) = K ′[1 − exp(−kobst)
]
,

where K ′ = C/[C + (kd/ka)] and kobs = kaC + kd. If we con-
sider that the thiol molecules immediately replace the NR prod-
uct from the AuNP surface once they are adsorbed, the magni-
tude of the fluorescence is proportional to the surface coverage
of the NR product. Thus Eq. (3) can be further modified into

(4)F(t) = K ′[1 − exp(−kobst)
]
.

Fitting the experimental data of Fig. 2 according to Eq. (4) gives
kobs. Because the desorption rates of the thiols are much smaller
than their adsorption rates, because of their strong Au–S inter-
actions (i.e., kd � ka), we can ignore the term kd. Consequently,
kobs ≈ kaC and, thus, at a constant thiol concentration, kobs
can reflect the magnitude of ka directly. In addition to single-
exponential kinetics, we found that some of the thiols exhibit
double-exponential kinetics. In this case, we further modified
Eq. (4) to

(5)F(t) = K ′
1

[
1 − exp(−kobs1t)

] + K ′
2

[
1 − exp(−kobs2t)

]
.

Table 3 lists the structures of the different thiols and summa-
rizes their values of k1 and k2. Please note that, in this paper,
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Table 3
Structures of thiols and their values of k1 and k2 for the displacement of NRAuNPs at pH 4.0a

Thiol Structure k1 (10−2 s−1) k2 (10−4 s−1)

3-Mercaptopropionic acid (MPA)

O

HSCH2CH2 C CH 1.19

11-Mercaptoundecanoic acid (MUA)

O

HSCH2(CH2)8CH2 C CH 0.90

16-Mercaptohexadecanoic acid (MHA)

O

HSCH2(CH2)13CH2 C CH 0.55

Mercaptosuccinic acid (MSA)

O

HO C CH2

SH

CH

O

C HO 0.86 8.2

meso-2,3-dimercaptosuccinic acid (DMSA)

O

HO C

SH

CH

SH

CH

O

C HO 1.46 17.7

2-Mercaptoethanol (2-ME) HSCH2CH2OH 2.72 19.1

3-Mercapto-1,2-propanediol (2-MP)

OH

HSCH2CHCH2OH 2.83 6.5

N -(2-Mercaptopropionyl)glycine (MPG) HS

CH3

C

O O

C HN H2C C OH 1.46 23.4

Glutathione (GSH)

O

HO C

H2N

CH (CH2)2

O

C NH

HS

H

CH2

C

O O

C NHCH2C OH 0.51 6.0

a The concentrations of the thiols and the NRAuNPs are 0.1 mM and 0.3 nM, respectively.
all of these values represent kobs. MPA, MUA, and MHA all
have only one value of k (Group 1), while all of the others have
two (Group 2). We note that the values of k2 are smaller than
those for k1. There are a number of important factors that affect
the rate constants. First, the diffusion rate of the thiols from
the double layer to the surface: smaller thiols reach the surface
faster. Second, steric effects: it is more difficult for large mole-
cules to gain access to the surface. Third, Coulombic forces
between the AuNPs and the thiols: thiols that possess greater
negative charge densities experience stronger repulsion from
the AuNPs, which are capped with citrate ions, and, thus, we
would expect smaller rate constants. The steric effect is evident
when considering that the smallest value of k1 in Group 1 oc-
curred for MHA, which has the longest chain length [38]. The
fluorescence of the NRAuNP solutions in the presence of the
following three thiols (at equilibrium) decreased in the order
MPA > MUA > MHA. This finding clearly indicates that fewer
NR product molecules were displaced from the AuNP surface
by the larger-sized thiol molecules. Both 2-ME and 2-MP are
neutral molecules and they display rate constants greater than
that of MPA, which supports the notion that Coulombic repul-
sion is an important factor contributing to magnitudes of the
rate constants. The fluorescence increases that occurred upon
adding 2-ME and 2-MP were much greater than those when
adding MUA and MPA; this observation supports the role that
steric interactions play in determining the kinetics and thermo-
dynamics of the interactions between thiols and AuNPs. The
very small value of k1 that we observed for glutathione fur-
ther supports the roles of both the steric and Coulombic repul-
sion effects. The fact that the rate constants for DMSA (two
thiol groups) are greater than that of MSA (one thiol group)
infers that the number of sulfhydryl groups has an affect on
the displacement rate. We attribute the slower kinetic process—
denoted by the small values of k2—as being likely the result of
a consolidation of the thiol film formed on the NRAuNP surface
[33,38,39]. An imperfect, partial molecular assembly forms at
the earlier stage and then it becomes reorganized in a second
stage into a more perfectly ordered monolayer [39]. Because of
the intermediate consolidation process, the adsorption rate of
thiols decreases and thus k2 is smaller than k1.

Schemes 2a and 2b present cartoons depicting the proposed
mechanisms through which the thiols displace the pre-adsorbed
NR products. In the cases of MPA, MUA, and MHA, strong re-
pulsion forces exist among the thiol molecules and, therefore,
they represented only by values of k1, as depicted in Scheme 2a.
Unexpectedly, thiols that contain hydroxyl groups (e.g., 2-ME)
or amino groups [e.g., GSH (pKa1 = 2.12 and pKa2 = 3.59)
and MPG], or that have flat structures on the AuNP surface in
the secondary positions of their main chains (e.g., MSA and
DMSA), are characterized by two rate constants (k1 and k2)
at pH 4.0. The proposed mechanism is depicted in Scheme 2b.
With their weaker repulsion and possible formation of hydrogen
bonding [40,41] or hydrophobic interactions between thiols,
these thiols gain ready access to the surface and, thus, they have
an easier time displacing the difficult-to-exchange NR prod-
uct.

The TEM images in Fig. 3 clearly exhibit that the AuNPs ag-
gregate to different extents once they are bound to the various
thiols, which is in good agreement with the red-shift and band
broadening of the SPR bands for the NRAuNPs in the presence
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(a)

(b)

Scheme 2. A cartoon representation of the displacement by thiols of the NR products adsorbed on AuNPs. Thiols possess (a) k1 value; (b) k1 and k2 values.

Fig. 3. TEM images of NRAuNPs recorded in the absence and presence of thiols: (a) NRAuNPs, (b) MPG-AuNPs, (c) GSH-AuNPs, (d) MHA-AuNPs,
(e) MPA-AuNPs, (f) MSA-AuNPs, (g) DMSA-AuNPs.
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Table 4
Comparison of the kinetic and thermodynamic properties of thiol adsorption using different sizes of AuNPs

AuNPs (nm)

14 32 56

Concentration of AuNPs (nM) 3.44 0.288 0.054
NR saturated adsorption concentration (µM) 1.26 0.950 0.421
NR adsorption number (NR molecules/particle) 366 3300 7836
Surface coverage 5.95 10.3 7.96
(×1017 NR molecules/m2)
Dynamic rangea (M) 10−7 to 7 × 10−6 3 × 10−7 to 3 × 10−6 10−7 to 10−6

Regression coefficient (R2)a 0.9963 0.9960 0.9968
LOD (nM)a 20.9 8.1 19.6

Kinetics (k1, ×10−2 s−1)

MPG 2.01 1.46 1.21
DMSA 1.78 1.46 0.561
MPA 1.57 1.19 0.373
MUA 1.31 0.90 0.553
a Analysis of MPG.
of the thiols. The NRAuNPs are not as stable as the MPG-
AuNPs, MPA-AuNPs, and GSH-AuNPs at pH 4.0, mainly be-
cause of Coulombic repulsion. That is to say, once the small
anionic thiols such as MPA and MPG adsorb onto—and the NR
product molecules displace from—the surface of the AuNPs,
these surfaces become more hydrophilic and possess a greater
density of anionic charge, which leads to their greater stabil-
ity. Although the MHA-AuNPs are stable, their TEM image
reveals that they aggregated to a greater extent than the three
mentioned above because anionic MHA is relatively hydropho-
bic when compared with anionic MPA. We also found that the
aggregation of the DMSA-AuNPs occurred to a greater extent
than that of the MPA and MSA derivatives, possibly because of
the stronger interactions that DMSA has with AuNPs (i.e., two
Au–S bonds per molecule). As a result, the two COOH groups
in DMSA are located relatively close to the gold surface, which
leads to relatively weak repulsion forces among the modified
AuNPs.

3.3. Effect of AuNP size

The size of AuNPs is another important factor in determin-
ing the total amounts of adsorbed NR and thiol molecules on
each AuNP and the kinetics of thiol displacement. The total
number of NR molecules adsorbed on each AuNP should be
lower for small-sized AuNPs. In addition, smaller AuNPs have
greater curvatures to their structures, which should provide the
thiols with more ready access to the surfaces. Thus, we ex-
pected the displacement rates for certain thiols to be higher
when using small-sized AuNPs. Table 4 lists the saturated NR
concentration, the number of adsorbed NR molecules, their sur-
face coverage on each AuNP, and the rate constants; these val-
ues are in good agreement with our hypothesis. Table 4 also
indicates that the LOD for MPG is 8.1 nM when using the 32-
nm-diameter NRAuNPs; this value is lower than those obtained
when using the 14- and 56-nm-diameter NRAuNPs. The obser-
vation of such higher LODs when using smaller NRAuNPs is
most likely to be due to fluorescence quenching of the smaller
AuNPs that occurs as a result of more collisions—their con-
centrations and diffusion coefficients are greater—than those of
larger particles. Our reasoning is supported by an increase in
the fluorescence intensity (ca. 2.2 fold) observed after centrifu-
gation.

4. Conclusions

We have demonstrated the catalytic characteristics of AuNPs
through the formation of an NR product (C16H8ClNO2) from
NR (C20H18N2O2) upon the AuNP surface. Because of the
greater quantum yield of the NR product, the NRAuNP-based
probe is sensitive to the presence of a variety of thiols on the
basis of aggregation and fluorescence resonance energy trans-
fer phenomena. We have demonstrated that the degree of ag-
gregation of the AuNPs (i.e., MHA > MPA and DMSA >

MSA) depends on the hydrophilicity and structure of the ad-
sorbed thiols. The aggregation of thiol-AuNPs is dependent on
several driving forces, including hydrogen bonding, Coulom-
bic, and hydrophobic interactions between the adsorbed thi-
ols. Our study of the kinetics of the displacement of the NR
product by thiols suggests that displacement by thiols contain-
ing carboxyl residues follows single-exponential kinetics, while
those for thiols containing hydroxyl groups or amino groups, or
those have flat structures on the AuNP surface, exhibit double-
exponential kinetics.
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