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I
n the field of noble metal nanomaterials,
thiols have strong affinity with these
material surfaces, forming the ultrasta-

ble Au-S bonding interactions with gold
nanoparticles.1 A lot of thiol-containing
biomolecules, including some aminothiols,
peptides, and proteins, have gained much
more attention in recent years due to their
vital biological functions and important bio-
marker for diagnosing diseases.1-4 Thiols
could effectively control the growth and
self-assembly process of noble metal nano-
materials,5-9 such as controlling transverse
overgrowth of gold nanorods,5 forming
beautiful necklaces by self-assembly of gold
nanomaterials,6 and inducing curvature-di-
rected assembly of gold nanocubes, nano-
branches, and nanospheres.7 In this self-
assembly process, due to the unique surface
plasmon resonance property of noblemetal
nanomaterials, with the decreased absorp-
tion of the shorter wavelength, aswell as the
emergency and increased absorption of the
longerwavelength.8,10 Recently, on the basis
of this change, some colorimetric,1,2,11-16

high-performance liquid chromatography
(HPLC),10 and surface-assisted laser desorp-
tion/ionization mass spectrometry (SALDI-
MS)17 detection methods have been devel-
oped for sensitive and selective detection of
low molecular weight thiols, such ami-
nothiols and peptides. Furthermore, Rotello
et al.18 have reported that the thiol groups of
glutathione could effectively release biomo-
lecules and drug from the surface of gold
nanoparticles through the place-exchange
reaction both in vitro and in cell cultures.
Carbonaceous nanomaterials, as a new

and promising biomaterial, have attracted
more and more attention because of their
high biocompatibility, surface reactivity,

chemical stability, and the convenient
“green” preparation method.19-22 A large
number of surface functional groups of car-
bonaceous materials make it easy to link
biomolecules or drugs23,24 and load with
noble metal nanoparticles.17,25,26

Here, we report a new chromogenic de-
tection method for the selective and sensi-
tive detection of thiol-containing biomol-
ecules, based on the strong effect of surface
thiol groups and silver nanoparticles (Ag
NPs) as well as the effective carrier of carbo-
naceous nanospheres C(NPs) loaded with
Ag NPs. Our strategy was to load the repor-
ter dyes (fluorescein isothiocyanate (FITC))
on the surface of hybrid spheres that were
accessible to exchange by thiol groups of
thiol-containing biomolecules. First, FIT-
C@Ag NPs@C NPs hybrid spheres were
used as reporter materials, which were syn-
thesized by first decoration of Ag NPs on
the CNPs and the followingmodification of
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ABSTRACT Thiol-containing biomolecules show strong affinity with noble metal nanostructures

and could not only stably protect them but also control the self-assembly process of these special

nanostructures. A highly selective and sensitive chromogenic detection method has been designed

for the low and high molecular weight thiol-containing biomolecules, including cysteine,

glutathione, dithiothreitol, and bovine serum albumin, using a new type of carbonaceous

nanospheres loaded with silver nanoparticles (Ag NPs) as carrier. This strategy relies upon the

place-exchange process between the reporter dyes on the surface of Ag NPs and the thiol groups of

thiol-containing biomolecules. The concentration of biomolecules can be determined by monitoring

with the fluorescence intensity of reporter dyes dispersed in solution. This new chromogenic assay

method could selectively detect these biomolecules in the presence of various other amino acids and

monosaccharides and even sensitively detect the thiol-containing biomolecules with different

molecular weight, even including proteins.
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FITC molecules on the surface of Ag NPs (Scheme 1).
Second, the fluorescence signal for exchange was
governed by the photoemission property of FITC in
the solution, which depended on the exchange pro-
cess between FITC and thiol groups (Scheme 1). We
chose FITC as reporter dye because, while FITC mod-
ified Ag NPs with the SdCdN- groups, it could be just
effectively exchanged by thiol groups, but not other
groups, including hydroxyl, aldehyde, carboxyl, and
amino groups. C NPs, with high surface functional
groups, such as hydroxyl, aldehyde, and carboxyl
groups,19,20 could greatly increase the capacity of the
reduced Ag NPs and the dispersion ability in the buffer
solution.

RESULTS AND DISCUSSION

The synthesis of FITC@Ag NPs@C NPs hybrid
materials has somebeneficial effects: (1) CNPs produced

by a hydrothermal carbonization process exhibited ex-
cellent surface reactivity and can in situ reduce silver ions
without the addition of any reducing agent.21 The
produced Ag NPs@C NPs were very stable. FITC mol-
ecules could be prone to modify their surface without
the influence of other surfactants. (2) The high surface
reactivity could greatly increase the amount of Ag NPs
on the surface of C NPs.17 FITC molecules were prone to
noncovalently adsorb on the surface of Ag NPs but not
the surface of C NPs because C NPs have the same
negative surface potential with FITC molecules. So the
more Ag NPs, the more FITC adsorbed. (3) The synthe-
sized FITC@Ag NPs@C NPs hybrid spheres have shown
great dispersion ability in the sodium acetate buffer
solution (pH 4.8-5.8) and could effectively react with
the thiol groups of biomolecules in the solution. (4) The
whole synthesis process wasmore convenient,mild, and
repeatable, as well as low cost.

Scheme 1. Schematic illustration of thiol-containing biomolecule detection based on the FITC@Ag NPs@C NPs hybrid
spheres. First, hybrid materials were synthesized by first decoration of Ag NPs on the carbonaceous nanospheres and
followingmodification of FITC on the surface of hybrids. Then, thiol groups of biomolecules place-exchanged FITCmolecules,
and the fluorescence signal for exchange was governed by the photoemission property of FITC in the solution.

Figure 1. (A) TEM image of carbonaceous nanospheres (C NPs). Inset shows themagnified TEM image. (B) TEM image of silver
nanoparticle (Ag NPs)-modified C NPs hybrid spheres (Ag NPs@CNPs). Inset shows themagnified TEM image. (C) XRD pattern
of the Ag NPs@C NPs hybrid spheres. (D) UV-vis absorption spectrum of the Ag NPs@C NPs hybrid materials.
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A representative transmission electronmicroscope
(TEM) image of C NPs is shown in Figure 1A, indicating
that the produced nanoparticles are spherical and
have an average diameter around 100 nm. Figure 1B
shows the typical TEM image of the Ag NPs@C NPs
hybrid spheres. Some individual Ag NPs, with an
average diameter of around 15 nm, were decorated
on the surface of C NPs. The X-ray diffraction (XRD)
pattern of the hybrid spheres (Figure 1C) shows a
face-centered cubic silver crystal structure (JCPDS
card No. 04-0783). The UV-vis absorption spectra
of the Ag NPs@C NPs hybrid materials showed the
surface plasmon response band centered at 460 nm
(Figure 1D). Compared with the surface plasmon
response of individual Ag NPs,27 this red shift was
attributed to interparticle plasmon coupling be-
tween the amounts of the surface-modified Ag
NPs.9,23,26,28

To determine the selectivity of this assay, we stu-
died its chromogenic response to the other amino
acids or monosaccharide, at a concentration of 10 μM
and the pH value of a sodium acetate buffer solution
of 5.0 (Figure 2). The fluorescence intensity of the
solution in the presence of these amino acids and
monosaccharides remained unchanged. The main
reason is that the amino and carboxyl groups in amino
acids as well as the hydroxyl and aldehyde groups in
the monosaccharides could not effectively place-
exchange FITC molecules on the surface of Ag NPs. It
is clear that cysteine has shown a significantly higher
fluorescence ratio (F/F0), indicating that the thiol
functionality in cysteine is essential for spectral
changes.
The sensitivity and quantification of this chromo-

genic assay toward typical thiol-containing biomole-
cules have been carefully studied. We chose four
typical thiol-containing biomolecules for this method,
including the amino acids of cysteine, the peptide of
glutathione, the protein of bovine serum albumin
(BSA) and the small biomolecule of dithiothreitol.
These biomolecules were analyzed at different pH
values of the sodium acetate buffer solution, which
is equal or very close to their isoelectric points. Figure 3
shows the fluorescence ratio (F/F0) profiles of this
method against different concentrations of biomole-
cules. It can be seen that the fluorescence ratio
increases with increasing biomolecule concentration.
We could find the satisfied detection scopes from each
of these biomolecules. Four representative plots are
presented in Figure 3, and each of them exhibits good
linearity (R2 > 0.98). The linear detection range for BSA,
cysteine, glutathione, and dithiothreitol are 20-500
μg/mL, 0.2-10 μM, 0.02-1 μM, and 0.02-1 μM,
respectively. The limits of detection for BSA, cysteine,
glutathione, and dithiothreitol are 20 μg/mL, 0.2 μM,
20 nM, and 20 nM, respectively. To the best of our
knowledge, the detection limit achieved with this

chromogenic method represented the same magni-
tude with the lowest detection limit of the common
colorimetric method,14 especially for glutathione and
dithiothreitol.
Interestingly, as shown in Figure 3, this chromo-

genic detection method could sensitively deter-
mine the low molecular weight thiols (cysteine,
glutathione, and dithiothreitol) and also the high
molecular weight thiol (BSA). However, in the color-
imetric detection method,2,6,10,11,13,14 only the low
molecular weight thiols could effectively place-ex-
change and self-assemble noble metal nanostruc-
tures, forming the obvious change of the color and
absorption spectra. Proteins, due to their large size,
complex structure, and great coulombic repul-
sion,29 could ineffectively aggregate these nanos-
tructures and give obvious changes.1 In our new
chromogenic competition assay, there are two ben-
eficial effects for the effective determination of
protein. First, it has been known that several protein
molecules could absorb on the noble metal nano-
structures.30-32 Consequently, BSA could place-ex-
change FITC molecules on the surface of Ag NPs,
especially, using the bare thiol group. Our experi-
mental results have effectively demonstrated this
place-exchange process of BSA. Second, our chro-
mogenic method has no use for the self-assembly of
noble metal nanostructures, providing obvious
changes of the color and absorption spectra. We
just need to measure the solution fluorescence
intensity of FITC molecules that were place-ex-
changed by the BSA from the FITC@Ag NPs @C
NPs hybrid spheres. Furthermore, it is interesting
to find that this assay could selectively detect thiol-
containing proteins (Figure 4). Collagen, without

Figure 2. Differences of the fluorescence intensity of the
chromogenic detection system in thepresenceof cysteineand
other amino acids and monosaccharides under the concen-
trationof 10μMand thepHvalue of the sodiumacetate buffer
solutionof 5.0, includingblankexperiment (Bla), glucose (Glu),
lactose (Lac), glutamic acid (Glu), aspartic acid (Asp), lysine
(Lys), histidine (His), glycine (Gly), alanine (Ala), cysteine (Cys).
The inset image is the 3D plot showing the selectivity of
cysteine, other amino acids, and monosaccharides.
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including the amino acids part of cysteine, could
not effectively place-exchange FITC molecules on
the surface of Ag NPs. However, because of the high

molecular weight and complex structures, different
thiol-containing proteins have also shown different
place-exchange ability for the FITC molecules.

Figure 3. Fluorescence spectra of this chromogenic assay upon addition of different concentrations of BSA (A), cysteine (C),
glutathione (E), and dithiothreitol (G). Linear plots of F/F0 as a function of biomolecular concentrations of BSA (B), cysteine (D),
glutathione (F), and dithiothreitol (H).
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CONCLUSION

In conclusion, we have demonstrated a selective,
sensitive, and quantified chromogenic detection
method for thiol-containing biomolecules based on
the strong effect of surface thiol groups and Ag NPs
which are loaded on highly active carbonaceous nano-
spheres. The high degree of discrimination in this assay
may be mainly attributed to two features: (1) FITC
molecules were stably adsorbed on the surface of Ag
NPs located on carbonaceous nanospheres, which
results in the selective detection of the thiol-containing

biomolecules in the presence of various other amino
acids and monosaccharides; (2) as in the fluorescence
analysis, the chromogenic signal depends on the
place-exchanged FITC molecules in the solution, but
not the aggregation of the noblemetal nanostructures,
which leads to the sensitive detection of high molec-
ular weight thiols, even thiol-containing proteins. The
present study opens up a new possibility for the rapid,
facile, selective, and reliable diagnosis of thiol-contain-
ing biomolecules and biologically important molecular
systems containing thiol groups.

MATERIALS AND METHODS
All reagents are of analytical grade and used without further

purification.
Synthesis of Carbonaceous Nanospheres. Carbonaceous nano-

spheres were prepared according to the literature with some
slight modifications.21 Briefly, 8 g of glucose was dissolved in 80
mL of deionized water with stirring. After forming the clear
solution, the solution was transferred into a Teflon-lined auto-
clave of 100 mL and heated to 180 �C and kept at that
temperature for 8 h. After cooling to room temperature, a
solution with brown color was obtained. The product was
centrifuged and washed several times by deionized water and
pure ethanol to remove other impurities and finally freeze-dried
in a vacuum.

Synthesis of Ag NPs@C NPs Hybrid Spheres. Ten milligrams of the
produced carbonaceous nanospheres and 100 mL of deionized
water were added to a 250 mL flask. The solution was ultra-
sonically pretreated for 5 min, then 100 mg of AgNO3 was
added. The mixed solutions were refluxed at 100 �C in an oil
bath for 2 h. The products were centrifuged andwashed several
times by deionized water to remove excess AgNO3 and finally
freeze-dried in a vacuum.

Synthesis of FITC@Ag NPs@C NPs Hybrid Spheres. A 50 mL FITC
ethanol solution (1mM)wasmixedwith 50mL of AgNPs@CNPs
hybrid material aqueous solution (1 mg/mL), and the mixture
was kept at 37 �C for 1 h. The product was centrifuged and

washed several times with deionized water to remove excess
FITC and finally freeze-dried in a vacuum.

Characterization. X-ray powder diffraction patterns (XRD) of
the product were obtained on a Japan Rigaku DMax-γA rotation
anode X-ray diffractometer equipped with graphite monochro-
matized Cu KR radiation (λ = 1.54178 Å). Transmission electron
microscope (TEM) photographs were taken on a Hitachi model
H-800 transmission electron microscope at an accelerating
voltage of 200 kV. UV-vis spectra were recorded with a
ShimadzuUV-240 spectrophotometer at room temperature.
Photoluminescence emission was obtained at room tempera-
ture with a Hitachi F-7000 fluorescence spectrometer.

Determination of Thiols. In a typical process, 1 mL of FITC@Ag
NPs@C NPs hybrid material aqueous solution (1 mg/mL) was
added to the sodium acetate buffer solution, then 500 μL of
different concentrations of thiol solutions was added. The
mixtures were constant to 25 mL using the sodium acetate
buffer solution. Then, themixtures were gently shook and left at
room temperature for 30 min. After that, the mixtures were
centrifuged and the above clear solution was measured for PL
spectra. In this process, different pH values of the sodium
acetate buffer solutions were, for cysteine (Cys), glutathione
(Glu), bovine serum albumin (BSA), and dithiothreitol (DTT), 5.0,
5.8, 4.8, and 5.2, respectively.

Acknowledgment. S.H.Y. acknowledges the funding sup-
port from the National Basic Research Program of China

Figure 4. Fluorescence spectra of this chromogenic assay upon addition of different proteins under the concentration of 300
μg/mL and the pH values of the sodium acetate buffer solution of collagen (5.0), hemoglobin (7.0), ovalbumin (4.8), and BSA
(4.8). The inset image is the 3D plot showing the different activity of proteins, including BSA, ovalbumin, hemoglobin, and
collagen.
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