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Gold nanoclusters (AuNCs) were synthesized by a macromolecules template using bovine serum

albumin (BSA) as stabilizer which can emit red photoluminescence under illumination of ultraviolet

light. The fluorescence intensity of AuNCs enhanced through decreasing the surface defects of AuNCs

modified with cysteine, herein we present a novel fluorometry for determination of trace cysteine. This

method with a wider linear range from 2.0 to 800 nmol mL�1, higher sensitivity (detection limit was

1.2 nmol mL�1) and better selectivity has been utilized to determine cysteine content in real samples,

and the results were in a good agreement with those determined by electrochemical biosensor. At the

same time, the structures of AuNCs and AuNCs–cysteine were characterized by Fourier-transform

infrared spectroscopy (FTIR) and high resolution transmission electron microscopy (HRTEM) and the

mechanism of the proposed assay for the detection of cysteine has been discussed.
1. Introduction

As a sulfur-containing amino acid, cysteine plays a crucial bio-

logical role in the human body, such as the synthesis of DNA,

protein folding, detoxification of cytotoxicity, cell–cell signal

transmission and so on.1 Certain diseases could also be diag-

nosed resorting to the concentration of cysteine in serum (the

concentration of cysteine in healthy serum ranged from 152.8 to

266.5 nmol mL�1).2 Deficiency of cysteine would lead to a

hematopoiesis decrease, leucocyte loss and psoriasis generation,3

while excessive cysteine will incur in Alzheimer’s disease, Par-

kinson’s disease and autoimmune deficiency syndrome.2,4 In the

pervious literature, colorimetric method,1,5 fluorescence spec-

trophotometry,3,6,7 electrochemistry8–12 and high performance

liquid chromatography13,14 have been proposed for the determi-

nation of trace cysteine in different samples. Many of these

analytical methods can achieve good sensitivity. However, they

require complicated instrumentation and cumbersome labora-

tory procedures. Moreover, the use of Hg2+ (ref. 1) and alde-

hyde7 can cause serious environmental pollution, which limits the

scope of their practical applications. Therefore, it should be

highly desirable to develop a promising method for simple, low-

cost, and rapid tracking of cysteine to overcome most of such

difficulties. Recently, AuNCs consisting of 25 gold atoms were
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synthesized via a one-step synthesis, which possessed molecular-

like properties such as luminescence and unique charging

properties due to the size regime is comparable to the Fermi

wavelength of the conduction electrons.15 Furthermore, the

applications of AuNCs in the detection of Cu2+,16,17 Hg2+,18,19

CH3Hg+,20 trypsin,21 melamine22 and phosphate-containing

metabolites23 have achieved new progress. In particular, our

strategies to detect cysteine via fluorescent AuNCs have rarely

been reported to the best of our knowledge. Obviously, exploring

a sensitive, selective, accurate, simple and rapid method for the

detection of cysteine content has a great significance and appli-

cation value in diagnosis and prediction of clinical diseases.

A new method for the detection of trace cysteine has been

proposed on the basis of the enhancement of AuNCs fluores-

cence signal resulting from the adsorption of AuNCs to cysteine

when –SH was bonded to the surface of AuNCs. Compared with

the previous methods of ref. 5,7 and 12, this sensitive, accurate,

simple, rapid and pollution-free fluorometry not only could be

used for the detection of trace cysteine in the serum, but also for

the diagnosis of human diseases. This research expands the

practical applications of AuNCs and promotes the research

progress of life sciences.
2. Experimental

2.1 Instrumentation and reagents

A BP-211D electronic analytical balance (Shanghai Mettler-

Toledo Instruments Co., Ltd), a DF-101S aggregating heat

constant temperature blender with magnetic force (Zhengzhou

Great Wall Industry and Trade Co., Ltd), a GL-21M high-speed
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Fluorescence spectra of AuNCs–cysteine system (1–8 are number

of each emission spectra. Two sets of data corresponding 1–8 are emis-

sion wavelength and intensity of fluorescence, respectively. The compo-

nent of each curve presents as follows: 1. 1.00 mL AuNCs + 1.00 mL B–

R; 2. 1.00 mL AuNCs + 1.00 mL B–R + 20.0 nmol cysteine; 3. 1.00 mL

AuNCs; 4. 1.00 mL AuNCs + 8000.0 nmol cysteine; 5. 1.00 mL AuNCs +

1.00 mL B–R + 8000.0 nmol cysteine; 6. 0.075 mL HAuCl4 + 0.075 mL

BSA; 7. 0.075 mL BSA; 8. 0.075 mL BSA + 8000.0 nmol cysteine. The

experiments were carried out at 40 �C for 40 min under pH 6.0.).
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freezing centrifuge (Saite xiangyi centrifuge Instruments Co.,

Ltd) and a ZD-A21vacuum freeze drier (Nanjing zaizhi auto-

mation Co., Ltd) were used. The acidity of all the systems was

measured by the Delta 320 pH meter (Shanghai Mettler-Toledo

Instruments Co., Ltd) with a glass electrode. The fluorescence

spectra were recorded at a Varian Cary Eclipse fluorescence

spectrophotometer with a 1.0 cm quartz cell (Ex slit 20 nm, Em

slit 10 nm). High resolution transmission electron microscopy

(HRTEM, JEM-2100, Japan electron optics laboratory Co., Ltd)

was performed at 200 kV to determine the sizes of AuNCs and

AuNCs–cysteine and the structures of AuNCs and AuNCs–

cysteine were analyzed by a TENSOR-37 FTIR (Bruker Optics

Instruments Co., Ltd).

HAuCl4$3H2O, bovine serum albumin (BSA), NaOH,

cysteine, H3PO4, CH3COOH, H3BO3, EDTA, perchloric acid

(PCA), Tris buffer, 2-mercaptoethanol, 2-chloro-1-methylpyr-

idinium iodide (CMPI) and all other fundamental reagents

(analytical-reagent grade) used in this study were purchased from

Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). The

purities of all chemicals were greater than 99% and were used

without further purification. Milli-Q ultrapure water (18.2 MU)

was used in each experiment.

2.2 Synthesis and characterization of AuNCs

According to the method of ref. 15, 15.00 mL of 10.0 mM

HAuCl4 solution was added to 15.00 mL of 50.0 mg mL�1 BSA

solution under vigorous stirring at 37 �C. Two minutes later,

1.50 mL of 1.0 M NaOH solution was introduced, and the

mixture was incubated at 37 �C for 12 h. The color of the solution

changed from light yellow to light brown, and then to deep

brown. Finally, AuNCs solution was obtained, diluted to 200 mL

with ultrapure water and stored at 4 �C for use. AuNCs and

AuNCs–cysteine were characterized by FTIR and HRTEM.

2.3 Detection procedure of cysteine

1.00 mLAuNCs and appropriate amount of cysteine were placed

in a 10 mL colorimetric tube and 1.00 mL Britton–Robinson

buffer (B–R buffer, added 0.2 mol L�1 NaOH solution to

100.00 mL mixed solution of 0.04 mol L�1 phosphoric acid

(H3PO4), acetic acid (CH3COOH) and boric acid (H3BO3), and

then adjusted to pH 6.00.) of pH 6.00 was added to adjust the

acidity of the system. After being diluted to 10.00 mL and quickly

mixed, the solution was incubated at 40 �C for 40 min and then

cooled down with running water for 5 min. At the same time, the

regent blank experiment was carried out. Finally, the fluores-

cence intensity of the test solution (F1) and the blank solution

(F0) were recorded, finally, the DF (¼ F1 � F0) was calculated.

2.4 Sample treatment

According to the reported procedure in ref. 2, 2.00 mL fasting

blood was collected by venipuncture from 10 patients to the tube

containing 3.6 g EDTA, cooled on ice and centrifuged at 800 r

min�1 for 20 min. Taken plasma supernatant, 2.00 mL of 1.0 M

Tris buffer (pH 8.2), 1.00 mL of 0.10 M EDTA solution and

0.20 mL of 0.10M 2-mercaptoethanol solution were added. After

a 30 min incubation at room temperature, 0.40 mL of 0.10 M

CMPI was added, vortex-mixed and kept at room temperature
This journal is ª The Royal Society of Chemistry 2012
for another 30 min, followed by adding 2.4 mL of 3.0 M PCA

solution. The precipitated protein was then removed by centri-

fugation (at 10 000 r min�1 for 10 min), and the supernatant was

diluted to 100 mL and stored at 4 �C for use.

3. Results and discussion

3.1 Fluorescence properties of the cysteine detection procedure

As shown in Fig. 1, the fluorescence spectra of AuNCs (curve 3)

deviated from BSA (curve 7), and cysteine had slight influence on

the fluorescence of BSA (curve 8). AuNCs could emit strong and

stable fluorescence at 639.0 nm (F ¼ 224.4, curve 3) and B–R

buffer (curve 1, F ¼ 214.8) showed little influence on AuNCs.

However, the fluorescence signal of the system sharply increased

in the presence of 8000.0 nmol cysteine and the emission wave-

length of the system red shifted for 14.0 nm (lmax
em ¼ 644.1 nm, F¼

317.2, DF ¼ 103.9, curve 5). The phenomena contributed to the

fact that cysteine was adsorbed by AuNCs decreasing the surface

defects of AuNCs.24 Additionally, the DF of the system was 1.5

times (103.9/69.4) as large as the case in the absence of pH 6.0 B–

R buffer indicating that the proper acidity could enhance the

fluorescence signal andmaintain the stability of the system. Upon

the addition of cysteine, the DF of the system increased gradually

and reached the maximum value when the adsorption capacity of

AuNCs reached saturation point. Thus, a fluorometry for

cysteine detection has been established based on the linear rela-

tionship between the DF of the system with cysteine content.

3.2 Optimal conditions for cysteine detection

In order to investigate the sensitivity, precision and selectivity of

the analytical method, we explored the effects of the amount of

reagent, pH, reaction temperature and time on the DF of the

system.

3.2.1 Effect of the dosage of AuNCs. Seen from Fig. 2, theDF

increasedwith the increasing of the dosage of AuNCs and reached
Analyst, 2012, 137, 5346–5351 | 5347
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the maximum when 1.00 mL AuNCs was used, and tended to

remain stable with further increase of AuNCs. The reason was

that the adsorption capacity ofAuNCs reached themaximumand

the surface defects of AuNCs came to the minimum.24 Thus,

1.00 mL AuNCs was chosen for the following study.

3.2.2 Effect of pH value. As shown in Fig. 3, the DF of the

system increased with pH in the range of pH 5.00–6.00, which

was attributed to the decreasing of the surface defects of AuNCs

through the adsorption of AuNCs to cysteine when –SH was

bonded to the surface of AuNCs. The DF reached the maximum

at pH 6.00 due to the adsorption capacity becoming the

maximum of the AuNCs 25 and kept stable at a pH of 6.00. Thus,

B–R buffer solution of pH 6.0 was used in the following work.

3.2.3 Effect of reaction temperature and time. The DF of the

system increased with the increasing of reaction temperature and

reached the maximum at 40 �C, and weakly decreased with the
Fig. 2 Effect of the dosage of AuNCs on the DF of the AuNCs–cysteine

system.

Fig. 3 Effect of pH on the DF of the AuNCs–cysteine system.

Fig. 4 Effect of reaction temperature on DF of the AuNCs–cysteine

system.

5348 | Analyst, 2012, 137, 5346–5351
further increase of the temperature (Fig. 4) for 40min. The reason

might be that low temperature was beneficial to the reaction

between –SH of cysteine and Au of AuNCs, while the BSA on the

surface of AuNCs would denature and aggregate when the reac-

tion temperature exceeded 70 �C. The DF reached the maximum

for 40 min and then finally approached equilibrium at 40 �C. But
the DF decreased sharply when the reaction time was more than

50 min (Fig. 5), which was ascribed to partially dissociative

adsorption over a long time. Thus, the whole experimental

procedure was carried out at 40 �C for 40 min in order to ensure

the maximum adsorption on the surface of AuNCs.

3.2.4. Stability of the reaction system.When the system stood

for 5, 10, 15, 20, 25 and 30 min after being cooled for 5 min with

running water, the DF values of the system were 33.5, 33.1, 32.9,

33.3, 32.8, and 33.4, respectively. This results shows that the DF

values of the system were almost constant in 30 min.
3.3 Analytical parameters

As shown in Fig. 6, the corresponding regression equation of the

working curve wasDF¼ 7.120 + 0.1284Ccysteine nmol mL�1. The

linear range, correlation coefficient (r), relative standard devia-

tion (RSD) % (20.0 and 8000.0 nmol cysteine were separately

determined in parallel 7 times), detection limit (LD, calculated by

3Sb/k which referred to the quotient between three of the blank
Fig. 5 Effect of reaction time on the DF of the AuNCs–cysteine system.

Fig. 6 Representative fluorescence emission spectra of AuNCs in the

presence of increasing cysteine concentrations (20.0–8000.0 nmol) in the

B–R buffer at pH 6. Inset: fluorescence change (DF) titrated with cysteine

under the optimum conditions.

This journal is ª The Royal Society of Chemistry 2012
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Table 1 Linear range, r, RSD, LD and LOD

Method Linear range (nmol mL�1) r RSD (%) LD (nmol mL�1) LOQ (nmol mL�1)

The method 2.0–800.0 0.9948 0.62–0.13 1.2 4.0
Colorimetric assay5 4–80 2.5 8.2
Fluorescence method7 20–100 1.7 5.6
Electrochemical
biosensor method12

5–47 4.0 13.2
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reagent’s standard deviation (Sb ¼ 0.050), the slope of the

working curve, n ¼ 11) and the limit of quantification (LOQ,

calculated by 10Sb/k, n¼ 11) of this method were compared with

those of ref. 5, 7 and 12, respectively. Results are listed in Table 1.

Compared with ref. 5,7 and 12, the new method without

acetaldehyde possessed lower LD, higher sensitivity, wider linear

range and operated more easily (Table 1). Thus, the method was

more suitable for the detection of cysteine in human serum.
3.4 Interference effect

This manuscript researches the detection method of cysteine in

human blood serum mainly. The selectivity of the method was

evaluated by testing the response of other amino acids to the

AuNCs–cysteine system under the optimum conditions in the case

of 200 nmol of cysteine. When the relative error exceeded �5%,

the amino acid was considered as an interfering agent (Table 2).

As shown in Table 2, the tolerance ratios (the concentration

ratio of coexistence substance to cysteine) of most amino acids

exceeded 40 without serious interference. Only cysteine,
Table 2 Tolerance ratio of other amino acids for the detection of 200 nmol

Foreign amino acids
Tolerance
ratio

Relative error
(%)

Phenylalanine 100 �1.3
Tryptophane 100 2.2
Threonine 100 �2.8
Isoleucine 100 0.60
Arginine 100 0.97
Asparagine 100 �1.3
Glutathion 100 2.1
Alanine 100 �1.8
Tyrosine 50 �0.090
Proline 50 4.1

Table 3 Content detection of cysteine in the sample solution (the added qua

The method

Sample
Average found
(nmol mL�1)

Cysteine found
(nmol mL�1)

Rec
(%)

A 129.6 9.67 96
B 136.8 10.2 102
C 146.9 9.80 98
D 156.9 10.2 102
E 175.3 9.94 99
F 196.2 10.2 102
G 234.3 9.90 99
H 263.1 10.0 100
I 279.6 9.97 99
J 285.7 10.1 101

This journal is ª The Royal Society of Chemistry 2012
methionine and glutathione contain –SH in human blood serum.

Methionine and glutathione did not interfere with the detection

of cysteine, their tolerance ratios exceed 50 fold. Besides, there

isn’t glutathione in human hair and the ratio of methionine to

cysteine is 0.36,26 indicating that methionine didn’t interfere with

the detection of cysteine. It is obvious that this method is suitable

for the detection of cysteine in human blood serum and hair,

possessing high selectivity.
3.5 Sample analysis

In order to test practicability of the method, the detection of

cysteine in human serum was carried out according to the

experiment procedure after being pre-treated. The standard

recovery experiment was also carried out. The results were

compared with those obtained from the electrochemical

biosensor method12 and listed in Table 3.

Seen from Table 3 and Table 4, in the case of serumA, B, C, D,

E, F, G, H, I and J, the F was 1.74, 1.19, 1.62, 1.87, 1.33, 1.14,

1.15, 1.74, 1.47 and 1.47, respectively, indicating that there was
cysteine under the optimal conditions

Foreign amino
acids

Tolerance
ratio

Relative error
(%)

Methionine 50 1.4
Valine 50 �2.9
Serine 40 �3.8
Histidine 40 �1.0
Glycine 40 2.3
Glutamine 30 �0.18
Leucine 30 4.5
Aspartic acid 20 �1.6
Lysine 10 1.6
Glutamic acid 10 2.9

ntity of cysteine was 10.0 nmol mL�1, n ¼ 6)

Electrochemical biosensor12

overy
RSD (%)

Average found
(nmol mL�1) Er (%)

.7 1.0 130.5 �0.69
0.39 136.8 0

.0 0.51 147.3 �0.27
0.31 156.4 0.32

.4 0.37 175.5 �0.11
0.46 195.5 0.36

.0 0.29 234.1 0.09

.0 0.27 263.2 �0.04

.7 0.38 279.7 �0.04

.0 0.16 285.4 0.11

Analyst, 2012, 137, 5346–5351 | 5349
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Table 4 Analysis of the significant differences for determination results (P ¼ 90%, f ¼ n1 + n2 � 2 ¼ 10, F0.95,10 ¼ 5.05, t0.90,10 ¼ 1.81)

Sample

The method (n ¼ 6)
Electrochemical
biosensor12 (n ¼ 6)

Statistical
analysis

Xi
�X 1 S1 RSD (%) Xi

�X 2 S2 F �S t

A 129.7, 128.9, 130.7, 128.9, 127.9, 131.5 129.6 1.32 1.0 130.5, 131.1, 132.0, 129.8, 130.6, 129.1 130.5 1.00 1.74 1.16 1.34
B 136.5, 137.4, 135.9, 137.2, 136.9, 136.7 136.8 0.54 0.39 136.9, 136.3, 135.9, 137.2, 137.5, 136.7 136.8 0.59 1.19 0.87 0
C 146.8, 145.9, 147.2, 148.0, 146.2, 147.1 146.9 0.75 0.51 147.1, 146.9, 146.5, 147.9, 148.0, 147.1 147.3 0.59 1.62 0.67 1.03
D 157.2, 156.9, 156.1, 157.4, 157.3, 156.7 156.9 0.49 0.31 156.4, 156.2, 156.9, 155.7, 157.3, 155.6 156.4 0.67 1.87 0.58 1.49
E 175.8, 174.9, 175.8, 176.1, 174.5, 174.9 175.3 0.65 0.37 175.1, 174.9, 175.8, 174.5, 176.4, 176.1 175.5 0.75 1.33 0.70 0.49
F 196.7, 195.5, 196.9, 194.8, 196.3, 197.1 196.2 0.90 0.46 195.7, 195.6, 194.8, 196.2, 196.5, 193.9 195.5 0.96 1.14 0.93 1.30
G 234.9, 234.8, 235.2, 235.5, 234.8, 234.6 234.3 0.67 0.29 234.1, 234.6, 233.8, 235.0, 232.9, 234.0 234.1 0.72 1.15 0.70 0.49
H 263.3, 262.9, 262.8, 264.3, 263.1, 262.2 263.1 0.70 0.27 263.2, 263.5, 263.1, 262.8, 264.1, 262.6 263.2 0.53 1.74 0.62 0.28
I 279.8, 279.6, 278.5, 280.5, 281.0, 278.3 279.6 1.07 0.38 278.9, 279.6, 279.8, 278.8, 280.3, 280.6 279.7 0.73 1.47 0.9 0.19
J 285.7, 285.4, 285.9, 286.0, 284.9, 286.2 285.7 0.47 0.16 285.3, 286.1, 284.9, 286.0, 284.7, 285.6 285.4 0.57 1.47 0.52 1.00
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no significant differences between S1 and S2, and t was 1.34, 0,

1.03, 1.49, 0.49, 1.30, 0.49, 0.28, 0.19 and 1.00, respectively,

indicating that there was also no significant differences between
�X1 and �X 2. Besides, compared with the electrochemical

biosensor method, the relative error was less than �5% and the

recovery was 99.4–101.1% revealing the higher accuracy. The

amount of cysteine in D–H human blood serum was within

152.8–266.5 nmol mL�1 indicating that patients had recovered

their health, while that in A–C human blood serum were less than

152.8 nmol mL�1 and in I and J human blood serum was more

than 266.5 nmol mL�1 indicating that patients were unhealthy

and needed the further treatment.

3.6 Mechanisms of synthesis of AuNCs and the detection of

cysteine

Upon adding Au(III) ions to the aqueous BSA solution, the

protein molecules sequestered Au(III) ions and entrapped
Fig. 7 (a) HRTEM image of AuNCs (b)

Scheme 1 Mechanisms of synthesis of

5350 | Analyst, 2012, 137, 5346–5351
them,27,28 and then the product formed (Scheme 1). The new

products were proved to be AuNCs from the HRTEM (Fig. 7a)

of products. Cysteine was adsorbed on the surface of AuNCs

through the bonding between –SH in cysteine molecule and Au

of AuNCs to form AuNCs–cysteine (Scheme 1). Seen from

Fig. 7b, the change of sizes implied the formation of AuNCs–

cysteine compound also. Consequently, the surface defects of

AuNCs decreased24 and the fluorescence signal of the system

enhanced. Based on the linear relationship between the DF of the

system and the cysteine content, trace cysteine could be detected

by florescence enhancement method. Scheme 1 displays the

mechanisms of synthesis of AuNCs and the detection of cysteine.

3.7 Morphological characterization of AuNCs and AuNCs–

cysteine

Representative HRTEM images of AuNCs (Fig. 7a) and

AuNCs–cysteine (Fig. 7b) revealed the presence of clearly
HRTEM image of AuNCs–cysteine.

AuNCs and detection of cysteine.

This journal is ª The Royal Society of Chemistry 2012
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Table 5 Infrared spectra data (cm�1)

Compounds –NH2 –OH –SH C]O –NH –CH2 –CH– –CH3

AuNCs n: 3421.36 n: 3421.36 n: 1650.49 d: 1537.89
r: 617.48

r: 2963.11 r: 1401.94

Cysteine n: 3416.28 n: 3425.57 n: 2550.47 n: 1720.62 d: 1302.34 d: 1298.16
d: 1268.73

d: 1340.52

AuNCs–cysteine n: 3420.82 n: 3428.45 n: 1730.56 d: 1545.23
r: 619.35

r: 2967.41 d: 1307.23
d: 1301.16
d: 1272.52

d: 1342.19 r: 1406.32
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defined features of an average size of �2 nm and 3 nm, respec-

tively, indicating the successful synthesis of AuNCs and the

reaction between AuNCs and cysteine.

In order to prove the probability of reaction occurring between

cysteine and AuNCs, the infrared spectra of AuNCs, cysteine

and AuNCs–cysteine were scanned by TENSOR-37 infrared

spectrometer (KBr pellet) ranging from 200 cm�1 to 4000 cm�1.

Table 5 shows the characteristic absorption peaks of the

synthesized products that are consistent with that of in ref.

15–25, 27, 29–31, indicating that the products were AuNCs.

Therefore, the characteristic absorption peak of n–SH in AuNCs–

cysteine disappeared and the characteristic absorption peaks of

nC]O and nNH2 red shifted while the characteristic absorption

peak of other groups had little change, which proved the possi-

bility of the occurrence for the reaction between the S of –SH in

cysteine and the Au in AuNCs.

4. Conclusion

AuNCs were synthesized and their structures were characterized

by FTIR and HRTEM in this work. A sensitive, accurate, simple

and rapid detection strategy for cysteine has been developed

based on the fact that cysteine could decrease the surface defects

of AuNCs and enhance the fluorescence signal. This study not

only provided a new technology for the detection of trace

cysteine in human blood serum and the disease diagnosis, but

also promoted the mutual permeation and development between

AuNCs and fluorescence spectrometry.
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