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Abstract We developed a localized surface plasmon

resonance (LSPR)-based label-free optical biosensor for

detection of salbutamol (Sal). Hollow gold nanoparticles

(HGNs) which deposited on transparent indium tin oxide

(ITO) film coated glass was used to sensing platform.

Antibody against Sal was immobilized on HGN surface to

recognize the target Sal molecules. Thus, the change of

LSPR peak was proportional to the concentration of Sal in

the solution. The experimental results demonstrated that

the LSPR immunosensor possessed a good sensitivity and a

high selectivity for Sal. The detection range for Sal was

from 0.05 to 0.8 lg/mL with a correlation coefficient of

0.996. The biosensor was applied for the detection for Sal

in spiked animal feed and pork liver samples, and the

recoveries were in the range of 97–105 %. Therefore, it is

expected that this approach may offer a new method in

designing label-free LSPR immunosensor for detection of

small molecules.
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Introduction

The phenomenon of localized surface plasmon resonance

(LSPR) associated with noble metal nanostructures has

been attracted great attention from the bioanalytical

applications [1–5]. Recently, LSPR-based nanosensors

have been developed to complement the surface plasmon

resonance (SPR) sensors [5]. The LSPR peak wavelength

of noble metal nanoparticles (especially silver and gold) is

very sensitive to their surface-bound molecules and the

surrounding environment. The refractive index (RI) change

in the environment near noble nanoparticles is the basis of

LSPR sensing. Specially, the LSPR peak changes can be

obtained by recording the absorption spectroscopy of metal

nanoparticles immobilized on glass substrate. Therefore, a

LSPR combined with a basic UV–visible spectrophotom-

eter has been developed for the simple and rapid sensing

method.

The selectivity of a LSPR-based sensing is obtained by

the immobilization of molecules on the nanoparticle sur-

face that target specific biological relevant species from

solutions. Many LSPR biosensors based on metal nano-

particles had been developed for detection of large bio-

molecules, such as DNA and proteins [6–9]. For example,

antibody–antigen binding is the fundamental phenomenon

in the field of biochemistry and biology. Thus, an anti-

body–antigen binding pair has often been employed in high

selective bioassays. Therefore, many label-free immuno-

assay based on LSPR biosensors have been reported [10–

12]. Moreover, label-free detection system has a high

probability for developing more convenient bioassay pro-

cess than the conventional ones because of avoiding the

labeling procedure. This is very important for routine field

analyses. However, detection of small organic molecules

based on LSPR immunoassay is challenge because the RI

changes induced by small molecules are lower than that by

large biomolecules.

It is well known that the RI sensitivity of gold

nanoparticles is strongly dependent upon the
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composition, shape, and size of metal nanoparticles.

Miller and Lazarides [13] reported that the RI sensi-

tivity of gold nanoparticles increased with the red-

shifting LSPR peak. In other words, LSPR peak in the

near-infra region (NIR) is beneficial for detection

because of its larger red shift, as compared with the

visible region when changes in the local dielectric

environment on nanoparticle surfaces occur. Hollow

gold nanoshells (HGNs) exhibit an apparent red shift of

their LSPR peak relative to that of solid gold nano-

structures [14, 15]. Thus, the NIR LSPR peak of HGNs

provides much more RI sensitivity than that of solid

gold or silver nanoparticles [16–18].

Salbutamol (Sal), [1-(4-hydroxy-3-hydroxymethylphenyl)-

2-(tbutylamino) ethanol], is a b2-adrenergic receptor agonist.

It is primarily used in the treatment of bronchial asthma and

other forms of allergic airway disease in human being.

Moreover, since Sal can reduce fat deposition in cattle, sheep,

pigs, and poultry, it was abused as a growth promoter and

fattening agent [19]. However, the residues of Sal which

accumulated in animal tissues can cause symptoms of serious

poisoning in human [20]. Thus, in many countries, applica-

tion of Sal has been banned as a repartitioning agent in meat-

producing animals [21]. Although many analytical methods,

such as spectrophotometry [22, 23], high-performance liquid

chromatograph (HPLC) [24, 25], capillary electrophoresis

[26], electrogenerated chemiluminescence [27], electro-

chemical method [28], and immunosensor [29] have been

developed for Sal detection, many of these techniques require

expensive instrumentation or time-consuming.

In our previous paper, we reported the fabrication of

gold nanoparticles on transparent indium tin oxide (ITO)

glass surface and its application for construction of label-

free LSPR biosensor [30]. Here, we combine the high RI

sensitivity of HGNs with the advantage of immunological

technique to construct a label-free and reagentless LSPR

biosensor for detecting Sal. Scheme 1 shows the prepara-

tion process of immunosensor. Silver nanoparticles are

deposited directly on ITO substrate by electrochemical

method. Then HGNs are formed by replacement reaction

with HAuCl4. Antibody (Ab) against Sal can be absorbed

on the gold surface because of clean without organic

ligands. The analytical performance of resulting biosensor

was investigated. It is possible to use the label-free LSPR

biosensors for field analysis.

Experimental

Materials

Indium tin oxide glass (1.1 mm of thickness, less than

100 X) was obtained from Suzhou NSG Electronics Co.,

Ltd. (Suzhou, China). Antibody (Ab) against Sal was pre-

pared by our laboratory. All reagents were used as received

without further purification. Tetrachloroauric acid

(HAuCl4) and silver nitrate (AgNO3) were purchased from

Guoyao Chemical Reagent Co, Ltd., China. A phosphate

buffer solution (PBS, pH 7.0) was prepared using 0.05 mol/L

of NaH2PO4 and 0.05 mol/L of Na2HPO4 solution. All

chemicals were of analytical grade. Double-distilled

deionized water was used in all experiments.

Apparatus

All electrochemical depositions were performed using CHI

830 electrochemical workstation (CH Instruments, Shang-

hai, China). A conventional three-electrode system was

used which consists of a saturated calomel electrode (SCE)

as a reference electrode, a bare ITO electrode as a working

electrode, and a platinum wire as a counter electrode. The

absorption spectra were measured on a TU-2810 spectro-

photometer (Beijing Purkinje General Instrument Co.,

Ltd.). The surface morphology of metal nanoparticles was

recorded by a dimension 3100 model atomic force micro-

scope (AFM) (Veeco, Santa Barbara, CA) equipped with a

nanoscope IV controller (digital instruments). Scanning

electron microscopy (SEM) image was obtained using

S-4700 scanning electron microscope (Hitachi, Japan).

Preparation of HGNs on ITO substrate surface

The HGNs were prepared according to our previous report

with some modification [18]. Briefly, The ITO (0.6 9

3.0 cm2) strip was cleaned using NH3–H2O (1:20), ethanol,

and distilled water for 10 min sequentially in an ultrasonic

Scheme 1 Illustration of the

preparation process of label-free

immunosensor
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bath. The electrolyte consisted of 0.2 mmol/L AgNO3 and

0.3 mol/L KNO3 solution was bubbled by high purity N2 for

at least 10 min prior to electrolysis and maintained under N2

atmosphere during experiments. The AgNPs were electro-

deposited onto the ITO electrodes at 30 �C by applying a

cyclic voltammogram (CV) in the potential range -0.2 to

-0.5 V at 0.05 V/s for 100 cycles. After rinsing with water,

the slides were incubated in 0.02 mM HAuCl4 solution for

20 min at 50 �C. We defined this strip as ITO/HGNs.

Fabrication of the biosensor

Because the gold surface of HGNs is already clean with no

organic ligands, proteins can be directly adsorbed on it.

The Sal biosensor was fabricated by immersing ITO/HGNs

strips in 7 lg/mL of Ab and PBS solution (pH 7.0) for 10 h

at 4 �C. Those strips were throughout rinsed with water and

then ready for use.

Detection of Sal

All LSPR bands were monitored against a bare ITO glass as

a reference. The immunosensor was first rinsed throughout

by water and dried by nitrogen gas. Then the LSPR band was

recorded. Next, this immunosensor was incubated in Sal

sample and phosphate-buffer solution (pH 7.0) for 30 min at

30 �C. After rinsing and drying, the LSPR band was recorded

again. Therefore, the change of LSPR peak of immunosensor

was obtained for detection of Sal concentration.

Sample preparation

Pig complex feed was purchased from a local feedstuff

market (Suzhou). Pork liver and milk were obtained from a

local supermarket (Suzhou). The samples, 3.0 g ground pig

complex feed, 3.0 g of minced and homogeneous mixed

pork liver, and 5.0 mL of milk were transferred to their

respective glass-stoppered glass tubes. Then, 0.1 mol/L

HCl was added into the tube to 10 mL tick mark. The

samples were treated in ultrasonic vibration system for

0.5 h and kept at room temperature overnight. Next, they

were ultrasonic-mixed for 15 min, and centrifuged at

12,000 rpm. Finally, the clear supernates were collected

and adjusted to near pH 7.0 for detection.

Results and discussion

Characterization of HGNs onto transparent ITO

substrate

HGNs immobilized on transparent ITO substrate surface

were prepared by the reaction of aqueous HAuCl4 solutions

with AgNPs as templates [18]. Figure 1 presents a typical

AFM image and of the resulting HGNs. The prepared

HGNs were quasi-hemispherical onto the substrate surface.

The diameter of the HGNs ranged from 60 to 90 nm. The

results were consistent with that obtained from SEM image

(Fig. 2). From the cyclic voltammograms of the AgNPs

and HGNs deposited ITO electrodes, it indicated that gold

was deposited on the electrode and silver was not dissolved

completely. The wall thickness of HGNs is approximately

one-tenth of the radius of the template AgNPs even if silver

templates are completely converted to gold shell [16, 18].

Thus, the thickness of gold shell was estimated to be

*3 nm.

Curve a in Fig. 3 shows the absorption spectrum of

HGNs. Its plasmon resonance was located at *800 nm,

indicating formation of hollow gold nanostructures. This is

consistent with the previous reports [16, 18]. The RI sen-

sitivity was determined by recording the absorption spectra

of HGNs in media with different solvents. The LSPR

spectra of HGNs deposited on transparent ITO substrate

were measured in ethanol (n = 1.362), cyclohexane

(n = 1.426), chloroform (n = 1.4467), and carbon tetra-

chloride (n = 1.4604). As seen in Fig. 3a, the LSPR peak

red shifted with increasing RI value. The LSPR peak

wavelength was linear with the respective RI (Fig. 3b).

Thus, the sensitivity was evaluated from the slope to be

Fig. 1 A typical AFM image of HGNs grown on ITO substrate

(a) and the section analysis of the HGNs (b)
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276 nm/RIU, which was more sensitive than that of

245 nm/RIU at 705 nm for twin-linked GNPs [30] and

252 nm/RIU at 700 nm for gold nanorods [31].

Determination of Sal

The principle of the LSPR biosensor for detecting Sal is

immunological reaction. Antibody responding to Sal was

first immobilized on HGN surface. It could selectively

react with Sal molecules, which resulted in changes of RI

surrounded the HGNs. As a result, the LSPR peak of HGNs

red-shifted with increasing the concentration of Sal. Based

on this principle, a label-free LSPR biosensor for Sal with

simple method and high selectivity is designed.

Since the surface of HGNs prepared by galvanic

replacement reaction was free of organic stabilizers, pro-

tein molecules could be adsorbed directly on the gold

surface. The adsorption of protein can induce the red-shift

of HGN LSPR band. Thus, we could conveniently follow

the Ab adsorption on the HGN surface using the spectro-

scopic method. Figure 4 shows the LSPR peak wavelength

shift as a function of Ab concentration and time. The red

shift wavelength increased with increasing the concentra-

tion of Ab at first, and then reached a plateau over the

concentration of 5 lg/mL. This suggested that the saturated

adsorption of Sal occurred. The LSPR peak also red-shifted

with increasing the incubation time and reached adsorption

equilibrium over 8 h. Therefore, we selected incubation in

7 g/mL of anti-Sal-IgG solution for *10 h in the next

experiments.

The next step was the actual bioassay and involved the

binding of Sal onto the Ab surface. This affinity interaction

yielded a further red shift of the LSPR peak, which was the

basis of the LSPR biosensor. Figure 5 displays the LSPR

peak changes with the incubation time in Sal solution at

Fig. 2 SEM image of AgNPs (a) and HGNs (b) deposited on ITO

substrate
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different temperature. During the course of binding, there

was a red shift in the LSPR peak. The red shift reached

plateau when the incubation time was over 25 min at

30 �C. In the control experiments, no marked changes

(*1 nm) were observed in the absorption spectra before or

after incubation of biosensor in the buffer solution. For

comparison, the red shift vs incubation time at 4 �C is

shown in inset of Fig. 5. The peak shift reached maximum

after the incubation time was over 2.5 h. Thus, incubation

time of 30 min at 30 �C was used in the next experiments.

Figure 6 shows the red shift wavelength of the sensor to

various concentration of Sal solution. These data indicate

that the biosensor was in good linear relationship with Sal

concentration. The calibration range of Sal concentration

was from 0.05 to 0.8 lg/mL (R = 0.996), and the limit of

determination for Sal was estimated as 0.02 lg/mL. This

value exhibited rather high sensitivity when compared with

those reported for the detection Sal in the range of

0.5–5.0 lg/mL for spectrophotometry [23], 0.1–2 lg/mL

for voltammetry [28], 10–50 lg/mL for capillary electro-

phoresis [26], 2.4–23.8 lg/mL for electrogenerated
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chemiluminescence [27], and 0.025–0.3 lg/mL for HPLC

[24]. Moreover, no significant changes in the response were

observed for more than 30 days after the sensor were stored

at 4 �C. Therefore, the biosensor has good stability for

practical application.

The selectivity of the LSPR biosensor was evaluated

using standard solution. Based on the optimized methods

described above, the changes of LSPR peak were measured

before and after being spiked with interfering substances.

The changes were less than 1 nm for 10 lg/mL of chlo-

romycetin, 10 lg/mL of ractopamine, and 2 lg/mL of

bovine serum albumin (BSA). If necessary, the LSPR

biosensor can be blocked by BSA after the antibody step

for further reducing a significant amount of nonspecific

binding. Because the surface of metal nanostructures was

covered almost completely by proteins (Ab and/or BSA),

the interference come from the nonspecific absorption

could be avoided. The high selectively of the biosensor

comes from the particular interaction between the anti-

body–antigen pair reaction. However, 0.5 lg/mL of clen-

buterol yielded red shift of 6 nm, indicating that

clenbuterol would induce similar changes with Sal. Note

that clenbuterol is another b2-adrenergic receptor agonist

which is also banned as a repartitioning agent in meat-

producing animals. Therefore, the selectivity of the LSPR

biosensor was acceptable for detecting Sal.

To further investigate the reliability of the detection

method, the developed LSPR biosensor was applied to Sal

determination in spiked animal feed, pork liver, and milk

samples. The content of Sal was not found in the samples

by directly detecting. Table 1 shows the measurement

results obtained from the detection of three replicates of the

samples. Satisfactory recoveries for Sal were obtained,

suggesting the potential of the developed LSPR biosensor

for the detection of Sal in biological samples.

Conclusion

A simple strategy for the fabrication of an LSPR sensing

system for sensitive Sal detection is described. This method

combines the advantages of hollow gold nanostructures as

sensing platform with immunological technique. The LSPR

immunosensor is label-free, reagentless, with high sensi-

tivity and good selectivity, without requiring expensive

equipment. More significantly, it is fairly easy to generalize

this strategy to immobilize different antibodies against

drug. Therefore, it is expected that this approach may offer

a method in constructing label-free LSPR immunosensor

for sensitive and selective detection of small molecules.
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