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Abstract Aggregation of glutathione (GSH)-func-

tionalized Au nanoparticles induced by Ni2? ions were

found to be related to pH of the solutions. At pH lower

than 9.0, introduction of Ni2? ions was less effective to

induce aggregation of the Au nanoparticles. At pH

around 9.8, the Au nanoparticles experienced exten-

sive aggregation upon the addition of Ni2? ions. When

pH was higher than 10.5, Ni2? ion-induced aggrega-

tion of the Au nanoparticles was suppressed gradually

with increasing pH. It was identified that such pH-

mediated aggregation behaviors are attributed to the

different coordination fashions of GSH on the Au

nanoparticle surface with Ni2? ions. At pH lower than

9.0, addition of Ni2? ions was less effective to induce

aggregation of the Au nanoparticles when only the

carboxyl group of the glutamyl residue was available

for the metal ions. The Au nanoparticles underwent

extensive aggregation at pH around 9.8 when both

the carboxyl and deprotonated amine groups of the

glutamyl residue in GSH could coordinate with the

metal ions. At pH higher than 10.5, the coordination

was gradually suppressed by the hydroxyl groups in

solutions, addition of Ni2? ions is less effective to

cross-link the Au nanoparticles. Such a work is helpful

for understanding the sensitivity and selectivity of

GSH-functionalized Au nanoparticles to metal ions.
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Introduction

Au nanoparticles have been demonstrated to be a new

kind of probes for colorimetric detection of metal ions

(Cao et al. 2005; Elghanian et al. 1997; Hazarika et al.

2004; Ho and Leclerc 2004; Nam et al. 2003;

Stojanavic and Landry 2002), which provides new

chance to develop assay for quick detection of metal

ions in the environmental and biomedical fields (Bal

and Kasprzak 2002). After being functionalized by

ligands with specificity to metal ions, the coordination

between the ligands and metal ions induce the

aggregation and thus color change of the Au nano-

particles, which provides the basis for qualitative and

quantitative analyses of the metal ions (Darbha et al.

2008; Ghosh and Pal 2007; Hung et al. 2010; Huang

et al. 2007; Huang and Chang 2007; Li et al. 2008,

2009, Slocik et al. 2008; Tan et al. 2009; Xue et al.

2008). During the past decade, a wide variety of

ligands had been employed to functionalize Au

nanoparticles and their performance as probes of

metal ions had been evaluated. For examples, Au
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naoparticles functionalize by DNA-enzyme showed

specific response to Pb2? ions (Liu and Lu 2000, 2003,

2004; Swearingen et al. 2005), Au nanoparticles

functionalized by oligo-DNA were sensitive to Hg2?

ions (Lee et al. 2007), histidine-functionalized Au

nanoparticles had strong affinity to Fe3? ions (Guan

et al. 2008) etc. Glutathione (c-Glu–Cys–Gly, GSH) is

a tri-peptide with strong affinity to a wide variety of

metal ions (Sudeep et al. 2005). However, GSH-

functionalized nanoparticles were reported to show

selectivity to definite metal ions. For examples, Fang

et al. used GSH-functionalized Au nanoparticles to

achieve selective detection of Pb2? ions (Chai et al.

2010). Li et al. (2009) reported that GSH-functional-

ized Ag nanoparticles were responsive to Ni2? ions.

Kalluri et al. (2009) used GSH-functionalized Au

nanoparticles to realize selective detection of As3?

ions in groundwater. Previous works have demon-

strated that the coordination sites of GSH are tunable

by pH (Bieri and Bürgi 2005). It is deduced that the

selectivity may also be related to pH since the change

in coordination sites of GSH will affect the affinity of

the particles to metal ions. In this study, we investi-

gated the aggregation behaviors of GSH-functional-

ized Au nanoparticles in presence of Ni2? ions. It is

revealed that such pH-mediated aggregation behaviors

are attributed to the different coordination fashions of

GSH on the Au nanoparticle surface with Ni2? ions. At

pH lower than 9.0, the Au nanoparticles showed poor

sensitivity to Ni2? due to its weak affinity to the

carboxyl group of the glutamyl residue in GSH and

better sensitivity to Cu2? due to its strong affinity to

the carboxyl group. At pH around 9.8, both the

carboxyl and deprotonated amine groups of the

glutamyl residue could coordinate with Ni2?, which

is effective to induce the extensive aggregation of Au

nanoparticles. At pH higher than 10.5, the coordina-

tion is gradually suppressed by the hydroxyl groups in

solutions, addition of Ni2? ions is less effective to

cross-link the Au nanoparticles.

Experimental

Materials

GSH ([98 %, C10H17N3O6S, FW 307.33), hydrogen

tetrachloroaute(III) trihydrate (99.9? %, HAuCl4�
3H2O, FW 393.8), sodium citrate tribasic dihydrate

(C99.0 %, Na3C6H5O7�2H2O, FW 294.1), nickel(II)

sulfate heptahydrate (C99 %, NiSO4�7H2O, FW

280.86), and other metal ion containing reagents were

purchased from Sigma-Aldrich and used as received.

All solutions of metal ion containing reagents were

prepared freshly before the experiments. Solution of

reagent-grade NaOH (0.1 M) were used to adjust the

pH value of the colloids. High-purity water (Pall

Purelab Plus) with a resistivity of 18 MX cm was used

in all the experiments.

Preparation of GSH-functionalized Au

nanoparticles

Au colloids were prepared by sodium citrate reduction

of chloroauric acid according to the modified Frens

method (Ji et al. 2007). Typically, 100 mL solution of

HAuCl4�3H2O (0.37 mM) was brought to boil under

vigorous stirring in a round-bottom flask. A trisodium

citrate (1.9 mM) solution was added, resulting in

change in solution color from pale yellow to deep red.

After the color change, the solution was heated for

additional 15 min. After being isolated by centrifuga-

tion (8,000 rpm for 30 min), the Au colloid was re-

dispersed in pure water and the original pH of the

colloid was 6.5. Diameter of the as-prepared Au

nanoparticles was determined to be 18 ± 2 nm by

transmission electron microscopy (TEM) observa-

tions. To prepare glutathione-functionalized Au nano-

particles, 60 lL GSH was added into 1 mL of the

as-prepared colloid whose pH value was previously

adjusted to 9.0 using 0.1 M NaOH. After addition of

glutathione and aging the Au colloid for 2.5 h, the

mixture was washed twice with pure water to remove

any uncoordinated GSH by centrifugation. The con-

centration of the GSH modified Au nanoparticles was

3.2 nM. Final pH value of the colloid was about 6.4

and adjusted to different pH values (7.0–12.0) with

0.1 M NaOH before the addition of 50 lM metal ions.

The solution was incubated for 5 min after the

addition of metal ions before the measurements.

Characterizations

FTIR spectra were recorded with a Perkin-Elmer

Spectrum One FTIR spectrometer, performed by

placing the CaF2 windows with droplets of the

solution in a cabin continuously purged with dry air.
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UV-visible spectra were collected with a Varian Cary-

100 scan UV–Vis spectrophotometer. Dynamic light

scattering (DLS) measurements were performed using

a particle size analyzer (BI-90 Plus, Brookhaven

Instruments) with a scattering angle of 90�. TEM

images were observed using a Hitachi H-8100 IV

electron microscope at 200 kV using carbon-coated

copper grids as substrates. Samples were prepared by

dipping a drop of the colloidal solution (the aliquots

taken during the course of a reaction) onto the grids.

The photographs of the samples were caught by a

Konica Minolta DiMAGE Z2 digital camera. All the

experiments were carried out at room temperature

(25 ± 2 �C).

Results and discussion

In the range of pH 6.4–12.0, the GSH modified Au

nanoparticles were red in color, corresponding to a

plasmon band at 520 nm. After the addition of 50 lM

Ni2?, the nanoparticles presented different absorption

spectra under different pH (Fig. 1). For the nanoparti-

cles with pH 6.4, almost no difference in absorption

spectra was observable before and after the addition of

Ni2?. For the particles with pH 9.8, intensity of the

plasmon band at 520 nm decreased evidently accom-

panied by the appearance of a new band at 610 nm after

the addition of 50 lM Ni2?, indicating the aggregation

of the particles. At pH 12.0, the plasmon band under-

went a slight red-shift and became a little broaden after

the addition of 50 lM Ni2?, suggesting the suppressed

aggregation of the particles at this high pH. Such a

conclusion can also be supported by the TEM observa-

tions (Fig. 2). At pH 6.4, the colloid kept the red color

and the particles were well dispersed after the addition

of Ni2? ions. The average size of the particles was

estimated to be about 28 nm as derived from DLS

analyses (Fig. S1A in Supplementary material). At pH

9.8, color of the colloid was changed from red to purple

and the particles aggregated extensively after the

addition of Ni2? ions. The average size of the aggregates

was estimated to be about 168 nm as derived from the

DLS analyses (Fig. S1B in Supplementary material). At

pH 12.0, color of the colloid was changed from red to

pink and the TEM image was dominated by small

clusters of the particles. The average size of the particles

was estimated to be about 38 nm as derived from the

DLS analyses (Fig. S1C in Supplementary material).

Ratios of the absorbance intensity at 610 and 520 nm

(E610/520), which represented the aggregated and free

Au nanoparticles, respectively (Aslan et al. 2004) were

calculated from the absorption spectra to further illus-

trate the effect of pH on aggregation of the Au

nanoparticles induced by Ni2? ions (Fig. 3). In the

absence of Ni2? ions, the ratios were lower than 0.2 in

the range of pH 6.4–12.0, indicating the good stability of

the particles in this range of pH (Fig. S2 in Supplemen-

tary material). In the presence of 50 lM Ni2? ions, the

ratios increased rapidly when pH of the colloid was

higher than 9.0. It was likely that the effective aggre-

gation of the particles was related to the deprotonation

of the glutamyl amine group (pK = 8.7). At pH 12.0,

the aggregation was suppressed greatly, which may

be related to the increased concentration of hydroxyl

groups (Jiang et al. 2009).

It is known that GSH is a multi-dentate ligand for

metal ions. FTIR spectra of pure GSH and GSH loaded

on the particle surface are given in Fig. 4. The strong

band of –SH group at 2,525 cm-1 and the band of the

–COOH group of the glycine residue at 1,713 cm-1

were not observable after loading of GSH onto the

particle surface, indicating that GSH is anchored on the

Au nanoparticles via its thiol group of the cysteine

residue and the carboxylic acid group of the glycine

residue (Bieri and Bürgi 2005). After being loaded onto

the particle surface, the carboxyl and amine groups of

the glutamyl residue are available sites for the metal

ions. Protonation/deprotonization of the carboxyl and

Fig. 1 UV–Visible spectra of the GSH-modified Au nanopar-

ticles under pH 6.4, 9.8, and 12.0 in the presence of 50 lM Ni2?.

The dashed line represents the spectrum of the as-prepared GSH

modified Au nanoparticles

J Nanopart Res (2012) 14:929 Page 3 of 8

123



amine groups may result in different coordination

fashions between Ni2? and GSH (Zhang et al. 2010),

thus promoting or suppressing aggregation of the

particles. At pH 6.4, after the addition of Ni2? ions,

the symmetric and asymmetric C=O stretches of the

glutamyl residue at 1,398 and 1,540 cm-1 shifted to

1,412 and 1,550 cm-1, respectively (Fig. S3A in

Supplementary material), indicating the coordination

of Ni2? with the carboxyl group (Bieri and Bürgi 2005;

Krezel et al. 2003; Lim et al. 2008). The amine group

(pK = 8.7) should not contribute to the coordination

since it should exist in the protonated forms at this pH

value (Dean 1999). At pH 9.8, GSH loaded on Au

nanoparticle surface presented in-plane and out-of-

plane deformations of N–H at 1,630 and 1,084 cm-1

from the deprotonated amine group of the glutamic

residue. After the addition of Ni2? ions, the vibrations

shifted to 1,652 and 1,128 cm-1, respectively (Fig.

S3B in Supplementary material), suggesting that the

amine group also participated in the coordination after

its deprotonation (Krezel and Bal 2004; Krezel et al.

2003; Lim et al. 2008). It was noted that the symmetric

and asymmetric C=O stretches of the glutamyl residue

of GSH loaded on the particle surface also shifted from

1,410 and 1,530 cm-1 to 1,420 and 1,540 cm-1 after

the addition of Ni2? ions, indicating the carboxyl group

of the glutamic residue still contributed to the coordi-

nation at this pH (Krezel and Bal 2004; Lim et al.

2008).

Variation in ratios of the absorbance intensity at

610 and 520 nm with concentration of Ni2? ions

was recorded to further understand the Ni2? induced

Fig. 2 TEM images of the GSH-modified nanoparticles with pH 6.4, 9.8, and 12.0 after the addition of 50 lM Ni2?. Inserts give the

corresponding photos of the Au colloids

Fig. 3 Variation in the ratios of the absorbance intensity at 610

and 520 nm (E610/520) of the Au colloids with pH in the

absence and presence of 50 lM Ni2?

Fig. 4 FTIR spectra of pure GSH and GSH-modified Au

nanoparticles
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aggregation processes of the Au nanoparticles (Fig. 5).

At pH 6.4, there was almost no change of the ratio when

the concentration of Ni2? was lower than 80 lM,

indicating that the added Ni2? ions were primarily

absorbed on surface of the Au nanoparticles. When the

concentration of Ni2? ions was higher than 80 lM, the

ratio increased gradually with the increased concen-

tration attributed to the cross-linking of the Au

nanoparticles by Ni2? ions. At pH 9.8, the cross-

linking of the Au nanoparticles became dominant when

the concentration of Ni2? was higher than 10 lM. The

ratio was proportional to the concentration of Ni2? in

the range of 10–80 lM, indicating that the GSH-

modified Au nanoparticles were qualified for ratio-

metric detection of Ni2? ions at this pH. When the

concentration was higher than 80 lM, the ratio kept

almost unchanged with the increased concentration of

Ni2?, possibly due to the competition effect of the

hydroxyl groups. At pH 12.0, the ratio increased

gradually with the increased concentration when the

concentration of Ni2? was lower than 50 lM. How-

ever, the slope of the curve at pH 12.0 was much

smaller than that at pH 9.8, suggesting the suppressed

cross-linking process of the Au nanoparticles by the

increased concentration of hydroxyl groups at this high

pH. When the concentration of Ni2? was higher than

50 lM, there was no change of the ratio with the

increased concentration of Ni2? due to the competition

effect of hydroxyl groups.

Based on above experimental results and discus-

sion, the coordination fashions between GSH on the

particle surface and Ni2? under different pH were

proposed as shown in Scheme 1. After being loaded

onto the particle surface, the thiol and the carboxyl

group of the glycyl residue are attached to the surface.

At pH 6.4, only the carboxyl group of the glutamyl

residue is available for Ni2? ions, which is less

effective to induce the cross-linking of the Au

nanoparticles due to the relative weak affinity of the

carboxyl group to Ni2? (Log KCOO� = 1.81). At pH

9.8, the coordination interactions between the Ni2?

and GSH ligand are effective to induce the aggregation

of the Au nanoparticles when GSH acts as a bidentate

ligand (Log KCOO� = 1.81, Log KNH2
= 5.04). At pH

Fig. 5 Variation in ratios of the absorbance intensity at 610 and

520 nm (E610/520) of the Au colloids with concentrations of

Ni2? ions under pH of 6.4, 9.8, and 12.0.The error bars
represent standard deviations based on five independent

measurements

Scheme 1 Schematic representation of the coordination fashions between Ni2? and GSH on the Au nanoparticle surface at pH 6.4, 9.8

and 12.0
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12.0, the coordination between Ni2? and GSH ligand

is less effective to induce the cross-linking of the Au

nanoparticles due to increased concentration of the

hydroxyl groups, which may compete with the GSH

and suppress the cross-linking.

Control experiments were carried out using other

metal ions to further understand the aggregation behav-

iors of the Au nanoparticles. Figure 6 gives the ratio of

E610/E520 recorded at different pH upon the addition of

50 lM metal ions. At pH 6.4, the Au nanoparticles were

sensitive to the metal ions with strong affinity to

carboxyl group, such as Cu2? ions (Log KCOO� = 3.2)

and Fe3? ions (Log KCOO� = 3.2) (Dean 1999). The

average sizes of the aggregates induced by Cu2? and

Fe3? were estimated to be about 102 and 38 nm,

respectively as derived from the DLS analyses (see

Fig. S4A in Supplementary material). Other metal ions

such as Ca2? (Log KCOO� = 0.6), Ni2? (Log KCOO� =

1.81) and Zn2? (Log KCOO� = 1.50) were less effec-

tive to induce the aggregation of the Au nanoparticles

due to their weak affinity to the carboxyl groups.

At pH 9.8, the metal ions with strong affinity to the

deprotonated amine group, such as Ni2? (Log

KNH2
= 5.04), Cu2? (Log KNH2

= 7.98), and Zn2?

(Log KNH2
= 4.81), were more effective to induce the

aggregation of the Au nanoparticles than those with

weak affinity to the amine group for example Fe3?

(Log KNH2
= 2.20) (Dean 1999). Average sizes of the

aggregates induced by Ni2? and Fe3? were estimated

to be about 180 and 45 nm, respectively (see Fig. S4B

in Supplementary material). At pH 12.0, all the metal

ions became less effective to induce the cross-linking

of the Au nanoparticles due to the competition effect

of the hydroxyl groups. Average sizes of the aggre-

gates induced by Ni2?, Fe3?, and Cu2? were smaller

than 40 nm (see Fig. S4C in Supplementary material).

Conclusions

In this study, aggregation of the GSH-modified Au

nanoparticles induced by Ni2? ions was investigated.

The difference in aggregation behaviors of the Au

nanoparticles under different pH was related to the

different coordination fashions between the GSH

ligand and Ni2?. At pH lower than 9.0, only the

carboxyl group of the glutamyl residue in GSH could

act as coordination site for metal ions, the Ni2? ions

are less effective to induce the aggregation of the Au

nanoparticles due to their weak affinity to the carboxyl

groups. At pH around 9.8, both the carboxyl and

deprotonated amine groups of the glutamyl residue

Fig. 6 Ratios of E620/E520 of the glutathione-functionalized

Au nanoparticles at A pH 6.4 B pH 9.8 and C pH 12.0 in the

presence of different metal ions (Ca2?, Cu2?, Fe3?, Na?, Ni2?,

Zn2?). The concentration of each metal ion was 50 lM
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could act as coordination sites, thus the Au nanopar-

ticles undergo extensive aggregation upon the addition

of Ni2? ions due to their strong affinity to the amine

groups. At pH higher than 10.5, the addition of Ni2?

ions is less effective to induce the aggregation of the

Au nanoparticles due to the competition effect of the

hydroxyl groups. Such a work should be helpful for

understanding the sensitivity and selectivity of GSH-

functionalized Au nanoparticles to various metal ions

and designing the Au nanoparticles based probes for

metal ions with better performance.
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