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bstract

A novel method was proposed to prepare a series of functionalized Ag2S nanoparticles capped with various aminopolycarboxylic acids. The as-
repared Ag2S nanoparticles were characterized by UV–vis, FTIR, resonance light scattering spectra (RLS) and transmission electron microscopy

TEM). Based on the RLS intensities enhanced by BSA-induced Ag2S nanoparticles aggregation, a sensitive RLS method for the detection BSA
t nanogram levels was established. The detection limits for BSA are between 8.6 and 112.6 ng mL−1, depending on the different capping agents.
he effects of various capping agents on the detection limits of BSA have been investigated. The detection limit is found to be dependent on the
tability constant (log KMY) of the silver–aminopolycarboxyl complexes.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The surface-modification of the nanoparticles has attracted
pecial attention because it provides a strategy for selective
ailoring the nanoparticles of different surface physical and
hemical properties. It allows the functionalized nanoparticles
xtensive applications in different fields, ranging from biosens-
ng to biolableing. Oligonucleotide-modified nanoparticles and
equence-specific particle assembly events, induced by target
NA, were used to generate materials with unusual optical
roperties [1,2]. By using various ligands, some functionalized
anoparticles can be attached to special biomolecules such as
ugars [3], peptides [4], proteins [5], and DNA [6].

Resonance light scattering technique (RLS), pioneered by
asternack et al., has been used to investigate porphyrin assem-
lies on DNA [7]. As a new spectral technique, the resonance

ight scattering measurements are very simple and sensitive by
sing a common spectrofluorometer. Yguerabide and Yguer-
bide demonstrated the light scattering power of a 60-nm gold

∗ Corresponding authors. Tel.: +86 25 8359 4976; fax: +86 25 8359 4976.
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article is equivalent to about 5 × 105 fluorescein molecules [8].
n the past decade, RLS spectroscopy, including total internal
eflected RLS [9], has been successfully applied to detect DNA
7,10,11], protein [12–15], drugs [16], and inorganic substances
17]. Recently, the research interests have been focused on the
nhancement of the light scattering signal based on biomolecule-
nduced nanoparticle aggregation. The nanoparticle-based RLS
robes have advantages over conventional dye-based probes
ecause they are chemically stable and do not suffer from photol-
sis. Bao et al. reported the application of 80-nm-diameter gold
LS particles coated with anti-biotin antibodies for detection
f DNA hybridization on cDNA microarrays [18]. By measur-
ng the ratio of scattered light intensities at 560 and 680 nm,
slan et al. developed a glucose sensing platform by using
odified gold colloids [19]. Polyhydroxylated fullerene (C60)

erivative, polystyrene–acrylic acid and polyvinyl alcohol keto-
erivative nanoparticles have been employed as RLS probes to
etect protein [20–22]. Wang et al. prepared a series of mer-
aptoacetic acid functionalized metal sulfide nanoparticles such

s PbS and HgS. A novel assay of �-globulin, without sepa-
ation of human serum albumin, is established on the basis of
he measurement of enhanced RLS signals resulting from the
nteraction of protein and functionalized metal sulfide nanopar-

mailto:jjzhu@nju.edu.cn
dx.doi.org/10.1016/j.talanta.2006.03.057
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icles [23,24]. The surface-modification of the nanoparticles is
urrently under intensive research for development of sensitive
LS probes. However, few studies were focused on the influ-
nce of the capping molecules on the sensitivity (e.g. detection
imits) of RLS technique.

In the present study we develop a novel RLS technique to
etect bovine serum albumin (BSA) at nanogram levels, and
nvestigate the effect of the capping agent on the detection
imit. A series of functionalized Ag2S nanoparticles capped with
arious aminopolycarboxylic acids were prepared and charac-
erized by UV–vis, FTIR, RLS and TEM. The scattering signals
f aminopolycarboxyl-modified Ag2S nanoparticles have been
trongly enhanced by the reactions between BSA and Ag2S
anoparticles. BSA was detected based on the proportional rela-
ionship between the enhanced RLS intensities at 468 nm and
he concentration of BSA. The detection limits for BSA are
etween 8.6 and 112.6 ng mL−1, depending on the different cap-
ing agents. It was found that the detection limits (DL) for BSA
trongly depended on the stability constant (log KMY) of the
ilver–aminopolycarboxyl complexes. To the best of our knowl-
dge, this is the first description about the relationship between
apping molecules and the detection limit (DL) for BSA. The
esults could be considered to be useful to design nanoparticle-
ased RLS probes with sufficient sensitivity.

. Experimental

.1. Reagents

Diethylenetriaminepentaacetic acid (DTPA, Beijing Chemi-
al Plant, China), triethylenetetraaminehexaacetic acid (TTHA,
hanghai Chemical Reagent Co. Ltd., China), trans-1,2-
iaminocyclohexanetetraacetic acid (DCTA, Fluka), Ethylene-
iamine tetraacetic acid (EDTA, Shanghai Chemical Reagent
o. Ltd., China), Ethylene glycol bis(aminoethylether)

etraacetic acid (EGTA, Huzhou Chemical Plant, China),
ydroxyethylethylenediaminetriacetic acid (HEDTA, Shanghai
hemical Reagent Co. Ltd., China), Nitrilotriacetic acid (NTA,
eijing Chemical Plant, China), AgNO3 (Shanghai Chemical
eagent Co. Ltd., China), and Na2S·12H2O (Shanghai Chemi-
al Reagent Co. Ltd., China) were all used as received. Bovine
erum albumin (BSA, Sigma) was directly dissolved in water to
repare stock solutions of 50 �g mL−1 and stored at 4 ◦C. The
orking solutions were obtained by diluting the stock solutions
ith water just before use. NaAc–HAc buffer solution was used

o adjust the acidity of the aqueous system. All reagents were of
nalytical grade and used without further purification. Doubly
istilled water was used throughout.

.2. Synthesis

Various aminopolycarboxyl-modified Ag2S nanoparticles
ere prepared as follows. In a typical synthesis, 0.2 mmol

f aminopolycarboxylic acid (DTPA, TTHA, DCTA, EDTA,
GTA, HEDTA, or NTA) was dissolved in 30 mL solution and

he solution was adjusted to pH 9 with 1 M NaOH. Subsequently,
mL of 0.04 M (0.02 mmol) AgNO3 was added under stirring,

n
s
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ollowed the pH was adjusted by 1 M NaOH solution to 9. After-
ard, a 10 mL freshly prepared Na2S solution (0.02 mmol) was

njected into the reaction solution while the mixture contin-
ed to stir rapidly. The solution rapidly changed to brown and
as left for 10 h at room temperature under stirring. The col-

oidal solution was purified through centrifugation at 5000 rpm
or 5 min to remove the large particles and dialysis for 30 h to
emove any residual reagents. Then the solution was diluted
o 100 mL with doubly distilled water. The as-prepared Ag2S
olutions can be stored for months at room temperature with-
ut aggregation. These different aminopolycarboxyl-modified
g2S nanoparticles are referred to Ag2S–DTPA, Ag2S–TTHA,
g2S–DCTA, Ag2S–EDTA, Ag2S–EGTA, Ag2S–HEDTA and
g2S–NTA, according to their capping molecules; the size of

he Ag2S nanoparticles are 19, 17, 20, 23, 16, 24 and 18 nm,
espectively.

.3. Apparatus and measurements

UV–vis absorption spectra were measured on a Shi-
adzu UV-240 spectrophotometer. The transmission electron
icroscopy (TEM) sample was prepared by depositing a droplet

f solution onto a carbon film supported by copper grids. The
EM images were taken on a JEOL JEM-200CX transmission
lectron microscope, using an accelerating voltage of 200 kV.
ourier transform infrared (FTIR) spectra were recorded with
n FTS 165 Bio-Rad FTIR spectrophotometer in the range
000–400 cm−1 on KBr pellets.

The RLS spectra were obtained by synchronously scan-
ing the excitation and emission monochromators (namely,
λ = 0.0 nm) of Hitachi 850 Fluorescence spectrophotometer

Kyoto, Japan) in the wavelength region from 300 to 700 nm.
he intensity of light scattering was measured at the wave-

ength where the maximum scattering peak is located. Both
he intensity measurement and the spectrum scanning of the
esonance light scattering were made by keeping the bandpass
f the excitation and the emission of the spectrofluorometer at
.0 nm.

Appropriate amounts of HAc–NaAc buffer solution were
ixed with the aminopolycarboxyl-modified Ag2S solution.
ubsequently, an appropriate volume of bovine serum albumin
olution was added. The mixture was diluted with doubly dis-
illed water to 5.0 mL and mixed thoroughly. Then, it is allowed
o stand for 5 min, before RLS spectra and the enhancement
f light scattering intensity at maximum wavelength were mea-
ured. The enhancement of light scattering intensity is repre-
ented as �I = I − I0, where I and I0 are the intensity at maximum
avelength of RLS spectra with and without proteins, respec-

ively.

. Results and discussion

.1. Absorption spectra
Fig. 1 shows the absorption spectra of the modified Ag2S
anoparticles. According to the literature, the band gap of bulk
ilver sulfide is 1 eV (1240 nm), the apparent large blue shift
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ig. 1. Absorption spectra of aminopolycarboxyl-modified Ag2S nanoparticles.

ndicates that the nanoparticles are within the quantum confine-
ent regime [25].

.2. FTIR spectra

To better understand the adsorption mechanism of
minopolycarboxylic acids on the surface of Ag2S nanopar-
icles, Fourier transform infrared (FTIR) measurements were
arried out. Fig. 2(A) represents the typical IR spectrum of
he Ag2S nanoparticles. Fig. 2(B) reveals that the IR spectrum
btained from the Ag2S nanoparticles coated with EDTA and
thers aminopolycarboxyl-modified Ag2S nanoparticles have
he similar IR spectra. It is noted that the C O stretch band of
he carboxyl group located at about 1700 cm−1, is absent in the
pectrum of the Ag2S nanoparticles coated with EDTA. Instead,
wo new bands at 1560 and 1412 cm−1 are characteristic of the

symmetric υas(COO−) and the symmetric υs(COO−) stretch.
ccording to the previous investigations, when carboxylic acids

dsorb from solution to the metal surface, there may exist two
ifferent bonding types of carboxylate groups to the metal, i.e.

ig. 2. Representative FTIR spectra of Ag2S nanoparticles modified with and
ithout EDTA. (A) Ag2S nanoparticles; (B) Ag2S nanoparticles modified with
DTA.
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ither a bidentate bond or a monodentate bond [26,27]. In case of
he monodentate bond, the C O bond, which displays a strong
and at about 1700 cm−1, is still present and the metal atoms sub-
titute the acid hydrogen. In the present study, the absence of IR
and at 1700 cm−1 and two new bands at 1560 and 1412 cm−1

emonstrate that EDTA is chemisorbed as a carboxylate onto the
urface of Ag2S nanoparticles. And the two oxygen atoms in the
arboxylate are coordinated symmetrically to the Ag atoms.

.3. TEM images

The typical TEM images for the aminopolycarboxyl-
odified Ag2S nanoparticles are shown in Figs. 3(A) and (C) and

(A) and (C). It is observed that the particles are well dis-
ersed with a narrow size distribution. TEM images of the
minopolycarboxyl-modified Ag2S nanoparticles after the addi-
ion of appropriate amounts of BSA are shown in Figs. 3(B)
nd (D) and 4(B) and (D). It is observed that Ag2S nanoparti-
les can change from dispersion to aggregation. This indicates
he interaction between BSA and the Ag2S nanoparticles.

.4. RLS spectral characteristics

Under optimal conditions, both the RLS spectra of
minopolycarboxyl-modified Ag2S nanoparticles in the absence
nd presence of BSA have similar features and presented two
eaks at 410 and 468 nm. The scattering signals of Ag2S
anoparticles have been strongly enhanced after adding BSA
nd these RLS signals increased with the increase the con-
entration of BSA. As reported in the literature, BSA has a
ather weak RLS signal even if its concentration is higher than
0 �g mL−1 [28]. Therefore, the enhancement of the RLS sig-
al suggested that there are the interactions between BSA and
he functionalized Ag2S nanoparticles. The enhancement of the
ignal can be attributed to the aggregation induced by reaction
etween carboxyl groups of functionalized Ag2S nanoparticles
nd BSA [Ref.]. When surface capped with carbonyl and car-
oxyl, nanoparticles can bond with the remaining NH2-groups in
roteins. The hydrophobic carbon–carbon skeletal chain of cap-
ing molecules can also bond with the hydrophobic amino acid
esidues. The presence of large aggregation for Ag2S particles
an clearly be observed in the TEM images (Figs. 3 and 4) and
hus the inferences can be confirmed. At room temperature, the
eactions between functionalized Ag2S nanoparticles and BSA
ccur immediately and the time of equilibrium takes only about
min. The scattering intensity is stable for atleast 40 min. The
aximum wavelength at 468 nm was selected as the optimum

or the detection of BSA with high sensitivity. The RLS inten-
ities of functionalized Ag2S nanoparticles–BSA were found to
e proportional to the concentration of BSA, indicating that the
etection of BSA with the functionalized Ag2S nanoparticles is
ossible.
.5. Optimization of the general procedures

The optimal conditions such as the effects of pH, concen-
ration of NaAc–HAc buffer solution and Ag2S nanoparticles
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ig. 3. TEM images: Ag2S nanoparticles modified with TTHA in the absence (A
C) and presence (D) of BSA.

n RLS intensity were investigated. All the optimal condi-
ions are listed in Table 1. Under optimal conditions, BSA was
etected based on the proportional relationship between the
nhanced RLS intensities at 468 nm and the concentration of
SA. The detection limit is calculated following the equation:
L = KSb/S, where K is a constant related to the confidence level,

ccording to the suggestion of IUPAC, K = 3; Sb is the stan-

ard deviation of 10 blank measurements, and S is the slope of
he calibration curve. As listed in Table 1, the detection limits
or BSA are 8.6 ng mL−1 for Ag2S–DTPA, 11.8 ng mL−1 for
g2S–TTHA, 11.2 ng mL−1 for Ag2S–DCTA, 15.7 ng mL−1

c
i
a

ig. 4. TEM images: Ag2S nanoparticles modified with NTA in the absence (A) and
C) and presence (D) of BSA.
presence (B) of BSA; Ag2S nanoparticles modified with DCTA in the absence

or Ag2S–EDTA, 34.2 ng mL−1 for Ag2S–EGTA, 38.5 ng mL−1

or Ag2S–HEDTA and 112.6 ng mL−1 for Ag2S–NTA, respec-
ively.

.6. Interferences of coexisting substances and sample
eterminations
The experiments on the effect of coexisting substances were
arried out and the results are shown in Table 2. The results
ndicated that the method is free from interference from most of
mino acids, common metal ions, nucleic acids and glucose. The

presence (B) of BSA; Ag2S nanoparticles modified with EDTA in the absence
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Table 1
Optimal conditions of detection BSA using functionalized Ag2S nanoparticles

Linear range
(�g mL−1)

Detection limit
3σ (ng mL−1)

Linear regression equation
(ng mL−1)

pH Concentration
of buffer (M)

CAg2S (M) r

Ag2S–DTPA 0.01–0.12 8.6 �I = 0.1402C + 7.3302 4.6 0.05 2 × 10−4 0.9935
Ag2S–TTHA 0.02–0.26 11.8 �I = 0.031C + 2.5586 4.6 0.04 4 × 10−4 0.9988
Ag2S–DCTA 0.03–0.15 11.2 �I = 0.1791C + 1.3166 4.6 0.04 2 × 10−4 0.9935
Ag2S–EDTA 0.05–0.3 15.7 �I = 0.1134C + 0.9724 4.2 0.03 3.2 × 10−4 0.9834
Ag2S–EGTA 0.04–0.24 34.2 �I = 0.0462C + 4.4324 4.6 0.04 1.2 × 10−4 0.9847
Ag2S–HEDTA 0.05–0.5 38.5 �I = 0.0257C + 4.9394 4.6 0.04 1.2 × 10−4 0.9817
Ag2S–NTA 0.15–0.7 112.6 �I = 0.0308C + 3.1792 4 0.03 2 × 10−4 0.9876

Table 2
Interference of coexisting substancesa

Coexisting
substances

Concentration
(ng mL−1)

Change of
�I468 nm (%)

Coexisting
substances

Concentration
(ng mL−1)

Change of
�I468 nm (%)

Glucose 1000 5.6 Na(I), Cl−1 500 1.7
l-tryptophan 500 4.4 K(I), Cl−1 500 3.2
l-cysteine 300 −3.7 Ca(II), Cl−1 300 −5.3
l-phenylalanine 500 5.8 Zn(II), Cl−1 300 −2.8
l-leucine 500 3.2 Mg(II), Cl−1 300 3.3
l-glycine 200 6.7 −
fsDNA 500 4.3

a BSA 30 ng mL−1; Ag2S–DTPA nanoparticles 2 × 10−4 M; pH 4.6.

Table 3
Analytical results for the diluted cow milk samplea

Samples Content of protein (mg mL−1) Recovery
n = 6 (%)

R.S.D.
(%)This

method
The CBB
G-250 method

Cow milk 1 25.3 23.9 96.5 3.1
Cow milk 2 28.7 29.6 103.1 2.5
C
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ow milk 3 27.2 28.8 104.6 4.7

a Ag2S–DTPA nanoparticles 2 × 10−4 M; pH 4.6.

eal sample determinations were also performed. Table 3 lists the
esults for the detection of three diluted cow milk samples with
he present method. It can be seen that the recovery and relative
tandard deviation (R.S.D.) are satisfactory and the results are
dentical to the reference method of CBB G-250 [29].

.7. Discussion of mechanism

We attribute the enhanced RLS intensities to the aggregation
f nanoparticles which was induced by reactions between BSA
nd aminopolycarboxyl-modified Ag2S nanoparticles. It was in
ccordance with the TEM results. In our experiments, BSA (PEI
.7–4.9) carries a positive charge in the aqueous medium with
H range from 4.0 to 4.6, while the surface of Ag2S nanopar-
icles carries negative charges, due to chemisorbed carboxyl
roups. The negative charged Ag2S nanoparticles surface and
ounterions form an electrostatic double layer that provides a

epulsive force enable Ag2S nanoparticles stable in solution.

hen aminopolycarboxyl-modified Ag2S nanoparticles mixed
ith BSA, positive charged BSA would compress the diffuse
ouble layer around the negative charged Ag2S nanoparticles,

o
d
s
A

Pb(II), NO3 100 6.4
Co(II), SO4

2− 100 −3.9

llowing the particles to densely aggregate, thus increasing RLS
ntensities. No corresponding relationship was found between
he size of the as-prepared Ag2S nanoparticles and the detec-
ion limits for BSA. However, we observed the dependence
f capping molecules of Ag2S nanoparticles on the detection
imits of BSA. According to the data given by literature, the
og KMY of the silver–aminopolycarboxyl complexes are 5.16
or Ag2S–NTA, 6.71 for Ag2S–HEDTA, 7.06 for Ag2S–EGTA,
.32 for Ag2S–EDTA, 8.7 for Ag2S–TTHA, 8.67 for DTPA,
espectively [30]. Compared with the corresponding data for DL,
decline trend of DL with the increase of log KMY was observed.
ith a high log KMY value, the bonding of the aminopolycar-

oxylic acid and the surface of Ag2S nanoparticles becomes
ore stable. As a result the Ag2S nanoparticles can carry more

egative charges. The functionalized Ag2S nanoparticles with
ense negative charges are easily to react with BSA molecules,
esulting in the increase of sensitivity in the detection of BSA.

. Conclusions

In the present study, a novel method to prepare a series
f functionalized Ag2S nanoparticles capped with various
minopolycarboxylic acids was proposed. The as-prepared
g2S nanoparticles could be used as RLS probes in response to
SA. Based on the RLS intensities enhanced by BSA-induced
g2S nanoparticles aggregation, a sensitive RLS method to
etect BSA at nanogram levels was established. The detection
imits for BSA are between 8.6 and 112.6 ng mL−1, depending

n the different capping agents. It was found that the depen-
ence of the detection limits for BSA on the stability con-
tant (log KMY) of the silver–aminopolycarboxyl complexes.
lthough the relationship between capping molecules and detec-
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ion limits for BSA is still under study, it is undoubted that
he stability of silver–aminopolycarboxyl complexes strongly
ffects on the detection limits of Ag2S nanoparticles-based RLS
robes.
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