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The reduced to oxidized (redox) ratio of thiols on proteins freely
circulating in blood or attached to the surfaces of vascular cells is
under strict regulation since small alterations in the redox status of
proteins in the circulatory system can adversely affect diverse
physiological phenomena including blood coagulation, glucose
uptake/release, NOx-mediated vascular contraction/relaxation, gene
expression, and immunological and hormonal responses.1-15 The
redox status of blood is maintained by circulating low molecular
weight (<350 Da) thiols (LMWTs) such as hydrogen sulfide,16,17

cysteine (Cys), homocysteine (HCys), glutathione (GSH), γ-glutamyl-
cysteine (γ-Glu-Cys), and cysteinylglycine (Cys-Gly). There are
many reagents for the spectroscopic determination (by UV/vis or
fluorescence) of the levels of total (high molecular weight thiols
(HMWTs) + LMWTs) in biological fluids.2,18-22 The coupling of
these reagents with specialized instrumental techniques including
HPLC, CE, and LC-MS2 allows for the identification and
quantification of LMWTs as well as HMWTs. However, there are
no stand-alone spectroscopic methods for reagents that specifically
detect LMWTs but not HMWTs.

The aim of the present study was to develop a colorimetric
reagent that specifically reacted with LMWT but not with HMWT.
Our strategy was to place a disulfide bridge in a steric environment
that was accessible to reduction by LMWT but not by HMWT. In
addition, the disulfide cleavage would have to be accompanied by
a spectral change that could signal the presence of LMWTs. Gold
nanoparticles appeared to be ideal candidates from both the steric
and the reporter points of view: theoretically, disulfide-linked AuNP
clusters would act to limit the size of molecules that can access
the disulfide bond provided the length of the spacer linking the
disulfides is short; and monodisperse AuNPs have different LSPR
spectral properties than AuNP clusters23,24 thus providing a signal
for disulfide cleavage.

We synthesized ∼10-12 nm citrate-capped AuNP by a previ-
ously published method where HAuCl4 (1 mM) was boiled under
reflux and mixed with sodium citrate (38.8 mM).25 The resultant
red liquid was filtered though a 0.8 µm Gelman filter and utilized
as the AuNP stock solution throughout the studies.

The synthesis of disulfide-cross-linked AuNP clusters was
accomplished by first coating the gold surface of the AuNP with
dithiobis[succinimidylpropionate] (DSP). This would have two
beneficial effects: (1) saturation of the AuNP surface with thiols
ensures that this complex would be inert to reactions with the
disulfide-linked cross-linker used to form the AuNP clusters; and
(2) the amine-reactive succinimidyl residue would be exposed to
solvent ideal for a reaction with the amine groups of the glutathione

disulfide (GSSG) which was employed as the disulfide-containing
cross-linker (Scheme 1).

In order for this strategy to be successful we had to ensure that
the AuNPs were saturated with DSP. To monitor DSP saturation
we took advantage of the observation that the rate of hydrolysis of
the succinimidyl group (increase in absorbance with a λmax 260nm)26

was greatly reduced in the presence of AuNPs (Figure 1). This is
clearly observed in Figure 1: when increasing amounts of DSP are
added to buffer alone, the initial rates of hydrolysis increase linearly
with increasing [DSP] (Figure 1, green diamonds). However, in
the presence of AuNP (Figure 1, pink diamonds) the slope of the
increase in the initial rates between 0.5 nmol to 1.25 nmol DSP
was ∼9-fold lower than that observed in buffer alone. At [DSP] >
1.25 nM the initial rates increased with a similar slope to that
observed in buffer, an indication of the DSP saturation point for a
given amount of AuNP. This phenomenon is likely related to the
limited solvent accessibility of the propionate carbonyl to attack
by H20 in the case of the AuNP-bound DSP.

The sequence of reagent additions was crucial to obtaining
disulfide-linked AuNPs. A saturating amount of DSP (3 µM;
calculated from a titration as in Figure 1) was added first to the
AuNPs (50 µL in 450 µL phosphate buffer, 10 mM, pH 9.4) and
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Scheme 1. Synthesis of Disulfide-Linked AuNP Clusters
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incubated for ∼1 min followed by the addition of GSSG (7.0 mM)
to the mixture (final volume ) 500 µL). The monodispersed AuNP
plasmon band (λmax ) 520 nm) broadened and red-shifted (λmax )
610 nm) as the AuNP clusters formed (Figure 2). Under the
conditions employed, the cross-linking reaction was complete within
75 s (Figure 2, inset).

AuNP cluster formation was confirmed by transmission electron
microscopy (Figure 3). The AuNP clusters were stable once formed
since the ratio of the absorbance 520 to 610 nm remained constant
for 24 h (at room temperature in a 1.5 mL polypropylene centrifuge
tube).

The AuNP clusters were exposed to identical concentrations (1
µM) of thiols varying in molecular weight (38 Da to 66 000 Da).
In the presence of the thiols the deep blue color of the solution,
due to AuNP clusters absorbing in the red, changed to red, absorbing
in the blue, characteristic of monodisperse AuNP (Figure 4 A)
LSPR. Spectroscopic analysis of the thiol-induced color change

indicated that this process was essentially the reverse of the
formation of AuNP clusters (Figure 4B, Figure 2). The temporal
analysis of the thiol reduction yielded an inverse proportionality
to the thiol size, and above a molecular weight of ∼310 Da, the
AuNP cluster to monodisperse transition was essentially undetect-
able (Figure 4C). This is revealed in a plot of the pseudo-first-

Figure 1. Initial rates of DSP hydrolysis (monitored at 260 nm) for
increasing amounts of DSP in 10 mM phosphate buffer pH 9.4 (green
diamonds) or in 10 mM phosphate buffer pH 9.4 containing 50 µL of AuNP
pink diamonds). In each case, the total volume was 500 µL.

Figure 2. Spectral changes of the LSPR accompanying disulfide-linked
AuNP cluster formation. AuNP plus DSP after 60 s of incubation, leftmost
scan (red line) with λmax ) 520 nm; scans at 15 s intervals after GSSG
addition. Inset: plot of increase at 610 nm at 15 s intervals, subsequent to
GSSG addition.

Figure 3. Transmission electron micrographs of monodisperse AuNP (A)
and disulfide-linked AuNP clusters (B).

Figure 4. Effect of thiols on disulfide-linked AuNP clusters. Color (A)
and spectral (B) LSPR response accompanied by introduction of thiols (here:
dithiothreitol, 1 µM) to SSAuNPc. The kinetic change at λ ) 610 nm of
SSAuNPc reduction by thiols (1 µM) of varying molecular weight (C). A
log/log plot of the pseudo-first-order rate constants of disulfide-linked to
monodisperse AuNP formation as a function of molecular weight of the
thiols: Sodium hydrosulfide, NaSH; �-mercaptoethanol, �-ME; dithiothreitol,
DTT; L-Cysteine, Cys; cysteinyltyrosine, Cys-Tyr; glutathione, GSH; insulin
R-chain; protein disulfide isomerase, PDI; bovine serum albumin, BSA (D).
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order rate constants (kobs; calculated from a plot of ln (∆A610 nm) vs
t) of disulfide-linked to monodisperse AuNP formation as a function
of molecular weight of the thiols employed (Figure 3 D): NaSH
cleaved the disulfides with rate constants that were ∼120-fold and
5000-fold larger than those for glutathione and insulin R-chain,
respectively. In the case of the protein thiols (BSA and PDI) the
disulfide cleavage rates were 170 000-fold slower than that observed
with NaSH.

We also estimated a pseudoextinction coefficient for the disulfide-
linked AuNP clusters (SSAuNPc) of 12 700 M-1 cm-1 by deter-
mining the amount of NaSH required to totally eliminate the AuNP
cluster-dependent absorbance at 610 nm (Figures 3 and 4B). In
addition, the thiol detection limit of the SSAuNPc was determined
to be ∼0.125 nmol from a plot of the decrease at 610 nm vs [NaSH]
(Figure 5). The estimated extinction coefficients and detection limits
for SSAuNPc are very similar to those of a commonly employed
thiol reagent 5,5′-dithiobis-2-nitrobenzoate which has an extinction
coefficient of 13 600 M-1 cm-1 at 412 nm.27 This means that
SSAuNPc can be used to detect physiologically important LMWT
like H2S whose plasma concentrations range between ∼10 and 40
µM.16,17,28

In this study, we were successful in synthesizing disulfide-linked
AuNP clusters (SSAuNPc) and showed that the particularly chosen
disulfide bond was accessible to reduction by thiols up to a

molecular weight above ∼310 Da. These properties make SSAuNPc
the first reagent that can selectively detect LMWT thiols. We expect
to be able to control the molecular weight at which the AuNP cluser
to monodisperse transition occurs, by systematically varying the
spacer length between the disulfide moiety and the AuNP. Potential
applications of SSAuNPc include the determination of the levels
of LMWT pools in biological fluids; detection of LMWT reducing
agent contamination in industrial scale protein purification; and as
sensors for volatile, toxic LMWT thiols like H2S.
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Figure 5. Increasing amounts of NaSH were added to SSAuNPc (with a
total capacity of reacting with 15.7 µM thiol) in phosphate buffer, 10 mM,
pH 7.4. The initial absorbance of this solution at 610 nm was 0.2. The
reaction volume was 500 µL. The error bars represent standard deviation
(n ) 3). The equation of the best-fit line was y ) 0.0245x + 0.0063 (R2 )
0.983).
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