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Abstract. A novel method for the determination of

proteins in aqueous solutions has been developed based

on the enhancement of resonance light scattering (RLS)

of Ag nanoparticles in the presence of proteins. Factors

including acidity of the media, concentration of Ag

hydrosol, reaction time, temperature, and interference

of non-protein substances were investigated. Under the

optimal conditions, with the enhanced RLS signals at

452 nm, the linear ranges of calibration curves were

0–0.8mg mL�1 for bovine serum albumin (BSA),

0–1.2mg mL�1 for human serum albumin (HSA), and

0–2.5mg mL�1 for human �-IgG (�-IgG), respectively.

The detection limits were 1.3 ng mL�1 for BSA,

10 ng mL�1 for HAS, and 5.7 ng mL�1 for �-IgG.

This method has been applied to the analysis of

synthetic samples and real human serum samples,

and the results were in good agreement with those

reported by the hospital, indicating that the method

presented here is not only sensitive and simple, but

also reliable and suitable for practical applications.
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Determination of protein is essential in biochemistry

and clinical medicine because it is often used as a

reference for the measurements of other components

in biological systems. The most frequently used meth-

ods are the Lowry [1], Coomassie brilliant blue (CBB)

[2], bromophenol blue [3, 4], and bromocresol green

[5] methods. However, they all have some limitations

in terms of sensitivity, selectivity, stability and simpli-

city. Therefore, a number of assays have been reported

in recent years, such as those based on spectrophoto-

metric [6, 7], flurometric [8, 9], electrochemical [10]

and chemiluminescence methods [11]. At present, the

most sensitive quantitation of protein is based on their

fluorescence enhancement effect on organic dyes. Yet

the organic fluorophores often suffer from photo-

bleaching, low signal intensities, and random on=off

light emission (blinking) [12, 13].

Resonance light scattering (RLS) from both small

and large molecules in the various states of matter has

been extensively studied and applied for many years

[14, 15]. Pasternack et al. developed a technique to

detect the RLS by using a common spectrofluorimeter

[16, 17], which simplifies the detection process (with-

out turbidimeter) and makes this technique not only

highly sensitive and selective but also simple. In this

contribution, Huang has used the RLS method for

analytical purposes to determine the quantities of

nucleic acids and proteins [18, 19]. A method for

the determination of proteins in aqueous solution

has also been developed based on the enhancement

effect of protein on RLS of organic dyes such as Acid� Author for correspondence. E-mail: liyx72@yahoo.com



Green 25 [20], Acid Chrome Blue K [21], �, �, �, �-

tetrakis (4-sulfophenyl) porphyrin (TPPS4) [22],

Arsenazo III [23, 24].

The study of nano-sized materials has attracted tre-

mendous attention because of their potential use in

microelectronics, catalysis, and chemical and biologi-

cal sensors [25–27]. Nie et al. [28] have determined

proteins with the functionalized ZnS-capped CdSe

nanoparticles as a fluorescence probe. However, as

far as we know, application of functionalized Ag

nanoparticles as a new reagent to the RLS determina-

tion of proteins has not been reported yet. In this

work, we synthesized a kind of silver nanoparticle

stabilized by oleate and found that the interaction of

proteins and Ag hydrosol results in strong enhance-

ment of the RLS intensity. Based on this phenomenon,

we developed a new method for the determination of

proteins by the RLS technique. Compared with other

RLS methods, this method is rapid, simple and very

sensitive. In addition, functionalized Ag nanoparticles

were easily synthesized, more stable and highly resis-

tant to photobleaching. The present method was

applied to the determination of total protein in real

human serum samples with satisfactory results.

Experimental

Apparatus

All RLS measurements were performed using a Hitachi F-2500

Fluorescence Spectrophotometer (Tokyo, Japan) equipped with a

plotter unit and a 1 cm quartz cell. The absorption spectra were

recorded with a UV-Vis 3010 Spectrophotometer (Tokyo, Japan).

The transmission electron microscopy (TEM) images of the nano-

particles were obtained by means of a Hitachi-600 transmission

electron microscopy (Tokyo, Japan). The colloidal solution of the

nanoparticles was dropped onto 50 Å thick carbon-coated copper

grids with excess solution immediately wicked away. A pHS-3C pH

meter (Shanghai China) was used for accurate adjustment of pH.

Reagents

Stock solutions of proteins (100mg mL�1) were prepared dissolving

commercial bovine serum albumin (BSA), human serum albumin

(HSA), human �-IgG (�-IgG) (Sino-American Bio-Technology,

Shanghai, China) in water, and storing at 0� 4 �C. More dilute

solutions were prepared as required. Sliver nitrate (AgNO3), sodium

borohydride (NaBH4), sodium oleate and other reagents were of

analytical reagent grade without further purification. Freshly

twice-quartz-distilled water was used in all experiments.

Preparation of Oleate-Stabilized Silver Nanoparticles

The oleate-stabilized silver nanoparticles were synthesized by

NaBH4 reduction [29]. The solution of AgNO3 (5�10�4 mol L�1)

was added dropwise into freshly prepared NaBH4

(2�10�2 mol L�1) containing stabilizer, while vigorously stirring

and keeping ice cold. Brown-yellowish colloidal solutions stabilized

by oleate were obtained. Then they were taken out and exposed to

room temperature.

General Procedure

Into a 10.0 mL volumetric flask were added 1.0 mL buffer, 1.0 mL

Ag hydrosol, and a certain volume of standard solutions of proteins

(or sample). The mixture was diluted to 10.0 mL with water and

mixed thoroughly before the RLS intensity was measured by

scanning synchronously with the same excitation and emission

wavelengths (��¼ 0.0 nm) through the wavelength range of

220� 750 nm. Based on these spectra, the intensity of RLS was

measured with excitation and emission at 452 nm with a slit width of

2.5 nm for excitation and emission.

Results and Discussion

Characteristic of Ag Nanoparticles

Figure 1 shows the characteristic UV-vis absorption of

the hydrosol of oleate-capped silver nanoparticles. The

band has a peak at 414 nm and a full width at the

half-maximum of 79 nm, characteristic of rather mono-

dispersed small silver particles [30], while uncapped

silver colloid exhibits absorption with a maximum at

390 nm [29]. The shift of the absorption band provided

clear evidence of the adsorption of oleate on the silver

particles [31]. The good symmetric absorption peaks

with a nearly unchanged width imply that the size

of the nanoparticles is very uniform. To detect the

stability of the oleate-protected hydrosol of silver nano-

particles, we measured the absorption spectra of the

Fig. 1. UV-vis spectrum of the silver nanoparticles capped by

oleate
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same hydrosol at different times. There is no obvious

difference in the shape, position, and symmetry of the

absorption peak during 30 days.

The nanoparticles were also examined by transmis-

sion electron microscopy, as shown in Fig. 2. Calcula-

tion showed that the mean diameter (D) of the small

silver particles is 21.6 nm and that the relative stan-

dard deviation (�) is 2.64% (both figures deriving

from an average of 200 particles). The polydispersity

defined as the ratio �=D is 0.122.

Reaction and Spectral Characteristics

The spectra of the Ag hydrosol and the complex under

optimum conditions are shown in Fig. 3. It can be

seen from Fig. 3 that the light scattering of Ag hydro-

sol is comparatively small in the scanning region.

However, when micro protein is present, the

obviously enhanced light scattering can be observed

at 289, 413, 452, and 495 nm, and the enhancement at

452 nm reaches the maximum. So for subsequent

work, the measurement wavelength was set to

452 nm. In addition, due to the high scattering signal

of colloidal silver, all the data in the spectra was

obtained keeping the scale of the spectrofluorometer

at the lowest level. Thus, the scattering light reading

was stable, and the background signal was generally

negligible.

Optimization of the General Procedures

The effect of pH on RLS enhancement of the system

was studied in the range of 1�10 (Fig. 4). Although

each protein featured different degrees of enhance-

ment, the maximum and constant RLS intensities

occurred when pH was 5.0. When the pH was lower

than 5.0, the intensity of RLS decreased rapidly,

because under the strong acid conditions the Ag nano-

particles can not exist stably. When the pH was higher

than 5.0, the intensity of RLS was also decreased.

This is because under alkaline conditions the oleate

adsorbed on the Ag nanoparticles can transform into

–COO�, which can decrease the binding of the Ag

nanoparticles and proteins. So an HAC-NaAC buffer

of pH 5.0 was recommended for use.

The effect of the concentration of Ag hydrosol

was also studied in the range of 2.5�10�6�

Fig. 2. Transmission electron microscopy of the silver nanoparti-

cles capped by oleate

Fig. 3. Resonance light scattering spectra for Ag hydrosol with

BSA. (a) In the absence of BSA, (b, c, d) in the presence of

BSA 0.25, 0.5, 0.75mg mL�1. (Under the optimized conditions)

Fig. 4. Effect of pH on the enhancement of resonance light

scattering in the presence of various proteins. All the proteins

were 1.0mg mL�1, the concentration of Ag hydrosol was

2.5�10�5 mol L�1
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1�10�4 mol L�1 (Fig. 5). The experimental results

indicated that the complex and constant RLS in-

tensities were obtained when the concentration of Ag

hydrosol was 2.5�10�5 mol L�1. With the increase in

concentration of Ag hydrosol, the relative intensity of

RLS (�IRLS) also increases until it reaches the maxi-

mum and stable value when the concentration of Ag

hydrosol exceeds 2.0�10�5 mol L�1. We found that

the sensitivity was relatively low, and the stability of

the complex decreased when the concentration of Ag

hydrosol was too high. Thus, we used an Ag hydrosol

concentration of 2.5�10�5 mol L�1 in this study.

In order to study the interaction of Ag hydrosol and

the proteins, we studied the influence of ionic strength

on RLS intensity. It was found that the intensity of

RLS remained constant with increasing (NaCl)

concentration. This phenomenon suggests that the

interaction between Ag hydrosol and the proteins is

non-electrostatic binding [32].

It was found that the reaction between Ag hydrosol

and proteins occurs rapidly (within 5 min) at room

temperature, and the signal is stable for 1 hour. Then

the intensity of RLS decreases with increasing time.

Thus, the experiment was completed in 1 h. The influ-

ence of temperature on RLS intensity was also inves-

tigated. The results showed that the temperature had

little influence on the intensity of RLS. In this study

the temperature was 25 �C.

Interference of Coexisting Foreign Substances

The possible interference of various ions and amino

acids was checked at 1.0 mg mL�1 of BSA under the

conditions of the general procedure. The results of the

interference study are summarized in Table 1. Of the

metal ions tested, Ca2þ, Co2þ, Mg2þ, Mn2þ and Zn2þ

can be allowed at relatively higher concentrations,

whereas Agþ, Pb2þ, Hg2þ and Fe3þ ions are tolerated

at relatively lower concentrations. The allowed con-

centration of these interference ions is still larger than

those in biological fluids. So, no special preparations

were made before sample determination.

Calibration Curve and Sensitivity

Under the optimized experimental conditions

described above, the relation between �IRLS and the

concentration of protein was obtained. The results are

shown in Table 2. They indicate that the limit of

detection is lower than that of coomassie brilliant blue

protein assay. So it is very clear that this method is

sensitive.

The limit of detection is calculated using the fol-

lowing formula

CL ¼ kSb1=S

Fig. 5. Effect of concentration of Ag hydrosol on �IRLS=IRLS.

Concentration of BSA was 0.5 mg mL�1, pH¼ 5.0

Table 1. Effects of non-protein substances on the determination of

BSA

No. Substances Concentration

(mg mL�1)

Change in

IRLS(%)

1 Cr3þ 10 0.7

2 Fe3þ 10 �3.0

3 Ca2þ 20 0.05

4 Ba2þ 20 5.2

5 Cd2þ 10 1.5

6 Zn2þ 5 1.3

7 Mg2þ 10 �1.8

8 Co2þ 10 0.8

9 Mn2þ 10 �0.9

10 Hg2þ 2 �0.8

11 Pb2þ 2 1.9

12 Agþ 10 8.6

13 Br� 20 2.7

14 F� 20 1.0

15 L-Ser 40 �0.2

16 DL-Ala 40 2.8

17 L-Leu 40 0.3

18 Gly 40 1.5

19 L-Lys 40 3.4

20 L-Cys 40 0.3

21 L-Arg 40 �2.8

22 L-Pro 40 �2.8

23 L-Val 40 �0.8

24 L-Phe 40 3.2

25 DL-Asp 40 1.2

Concentration of BSA was 1.0mg mL�1, concentration of Ag

hydrosol was 2.5�10�5 mol L�1, HAc-NaAc buffer pH¼ 5.0. Each

result was the average of five measurements.
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where CL is the limit of detection; k is a constant

related to the confidence level, using the suggestion

of the IUPAC, k¼ 3; Sb1 is the standard deviation of 8

blank measurements, and S is the slope of the calibra-

tion graph.

Sample Determination

Synthetic samples for BSA, HSA or �-IgG containing

metal ions and amino acids were analyzed. As can be

seen from Table 3, the contents of BSA, HSA or �-

IgG synthetic samples can be determined with good

reproducibility.

The present method was also applied to quantify

protein in real human serum samples. Human serum

samples, obtained from the Second Remin Hospital of

Wuhu, were stored at 0� 4 �C and diluted 1000-fold

with distilled water without pretreatment prior to

determination. Under the optimized experimental

conditions, a new linear equation was obtained:

�IRLS¼ 7.9þ 8756c. The results are displayed in

Table 4. It is clear that the results are in good agree-

ment with the data obtained from the hospital. There-

fore, determination of proteins using this method is

reliable, sensitive and practical.

Mechanism of the Reaction

The enhancement of RLS is closely connected with

the diameter of the nanoparticles, so the TEM image

of the complex of the Ag nanoparticles and the pro-

teins was obtained (Fig. 6). From these figures it can

be seen that the aggregate size of Ag hydrosol in the

presence of protein is much larger than that in

the absence of protein. This research shows that

the enhanced resonance light scattering stems from

particles of much larger size than that of the Ag nano-

particles and proteins. It suggests that the proteins

bind to the Ag nanoparticles. Under weak acid condi-

tions (pH¼ 5.0), the oleate adsorbed on the Ag nano-

particles can transform into –COOH, which can bond

with the remainder –NH2 in proteins.

Table 2. Analytical parameters for the determination of different proteins

Protein Linear range Linear regression Determination limit Correlation coefficient

(mg mL�1) equation (mg mL�1) (ng mL�1)

BSA 0–0.8 �IRLS ¼�14þ 8029c 1.3 0.9908

HSA 0–1.2 �IRLS ¼ 8.6þ 1023c 10.2 0.9957

�-IgG 0–2.5 �IRLS ¼ 9.3þ 1840c 5.7 0.9975

Concentration of Ag hydrosol was 2.5�10�5 mol L�1 HAc-NaAc buffer pH¼ 5.0.

Table 3. Determination results for synthetic samples containing non-protein substances

Protein samples Non-proteina Found

(n¼ 5,%)

Relative standard

deviation (n¼ 5,%)

Recovery

10.0mg mL�1 BSA Ca2þ, Pb2þ Pro, Leu, Cys 10.24þ 0.04 0.02 98

10.0mg mL�1 HSA Ca2þ, Pb2þ Pro, Leu, Cys 10.37þ 0.11 0.08 97.5

10.0mg mL�1 �-IgG Ca2þ, Pb2þ Pro, Leu, Cys 9.97þ 0.17 0.14 100.3

a Non-protein substances, 10mg mL�1 Ca2þ; 10 mg mL�1 Pb2þ; 40mg mL�1 Pro, Leu, Cys. Concentration of Ag hydrosol was

2.5�10�5 mol L�1. HAc-NaAc buffer pH¼ 5.0. Each result was the average of five measurements.

Table 4. Total content of proteins in human serum samples

Sample Content of protein (mg mL�1) Recovery (%)

(n¼ 5)

R.S.D (%)

The clinical dataa This method

1 75.3 75.8þ 0.2 100.6 �0.12

2 75.5 76.4þ 0.4 101.2 �0.32

3 79.1 79.7þ 0.8 100.7 �0.83

Concentration of Ag hydrosol was 2.5�10�5 mol L�1. HAc-NaAc buffer pH¼ 5.0. Each result was the average of five measurements.
a Data acquired from the hospital.
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Conclusion

Based on the enhancement of RLS intensity by bind-

ing of the proteins and Ag hydrosol, a new method is

proposed for determination. The present method has

been applied to the determination of protein in human

serum samples, and the results are in good agreement

with those obtained by hospital physicians. Compared

with other methods, the method has the advantages of

high sensitivity and simplicity.
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