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ABSTRACT 

Surface plasmon resonance sensor equipped with a fabricated immunosensor chip is used for 

detecting clenbuterol in this study. Since clenbuterol is a small analyte, indirect competitive 

inhibition immunoassay is employed. For fabricating the immunosurface, the Au-chip was 

functionalized by succinimidyl-terminated alkanethiol, and the terminal N-hydroxysuccinimide 

group of the self-assembled monolayer was either replaced with clenbuterol or blocked with 

ethanolamine. Scanning tunneling microscope experiments and electrochemical measurements 

depicted the domain structures of the succinimide group of succinimidyl-terminated propanethiol 

monolayer. The surface concentration and the orientation of succinimide group was significantly 

dependent on the concentration of dithiobis(succinimidyl) propionate (DSP) used in fabricating 

the monolayer. Furthermore, the structure of monolayer significantly influenced both the surface 

concentration and the orientation of clenbuterol on the sensor surface. Consequently, high 

coverage and standing-up configuration of clenbuterol showed high affinity for clenbuterol 

antibody. However, high affinity constant exhibited by the sensor surface was coupled with a 

low sensitivity. By contrast, lowest concentration of DSP solution (0.1 mM) used in fabricating 

the immunosurface showed a detection sensitivity of 3 ppt–the highest reported sensitivity for 

clenbuterol. For regeneration the immunosurface, 0.1 M NaOH was used and the same sensor 

surface could be reused for performing >100 rapid immunoreaction. 

 

Keywords: Surface plasmon resonance, self-assembled monolayer, clenbuterol detection, 
indirect competitive inhibition immunoassay. 
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Introduction 

In recent decades, surface plasmon resonance (SPR) sensors have been developed for 

numerous applications in fields, such as drug discovery, environmental monitoring, food safety, 

and security [1–6]. SPR is an optical transducer based on surface plasmon phenomena. SPR can 

measure the dielectric constant changes of the interface caused by the binding of target analytes 

with biointerfacial materials. In our SPR system, the sensitivity can be reached up to 30 pg/cm2 

(0.3 RU) in case of protein adsorption. In order to add high selectivity, biochemical recognition 

elements, such as antibodies, enzymes, proteins, DNA and cells are immobilized on the solid 

surface of the SPR sensor [7–10]. Biochemical recognition elements can be immobilized by 

physical adsorption [11], by embedding in polymers or membranes [12,13], by trapping in sol–

gels [14,15], and by using functionalized alkanethiol or functionalized alkylsilane self-assembled 

monolayer (SAM) [16,17]. Each immobilization approach has advantages. For example, the 

fabrication of protein-conjugate physically adsorbed on the sensor chip (protein-conjugate/sensor 

chip) is performed in a single step. With a capacity to store large quantities of the biochemical 

recognition elements, polymer, membrane, and sol-gel/sensor chips show a large signal response 

to mass change. Although SAM has the disadvantage of low signal response of mass transducer 

because immobilization on a flat surface limits the number of accessible biorecognition elements, 

its sensitivity and stability are remarkably high. 

The preparation of SAM is straightforward; the immersion of an appropriate substrate into 

a solution containing a functionalized alkanethiol or a functionalized alkylsilane leads to the 

spontaneous formation of a mololayer [18,19]. The monolayer structure is considered to 

influence the sensitivity and stability; therefore, researchers direct their efforts to form an ideal 

monolayer structure that is close-packed and defect-free. However, analyses by the scanning 
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probe microscope reveal that monolayers consist of ordered and disordered domains [20–24]. 

Moreover, pinholes and defects are often observed at domain boundaries; analytes and impurities 

can be adsorbed onto these vacant sites and the mass change due to nonspecific adsorption can 

significantly affect the sensitivity and selectivity.    

Since SH-group of alkanethiol covalently binds to metal, the domain structure of 

alkanethiol monolayer partially reflected to the surface structure of underlying substrate, such as 

terrace, step, plane indices, and crystalline structure. Several academic researchers use a single 

crystalline metal substrate; however, since polycrystalline metal substrates are used in sensor 

chips with practical applications, the monolayer structure on polycrystalline metal substrate will 

be discussed here. 

Monolayer formation is very sensitive to the cleanliness of the substrate surface. If the 

surface is partially covered with contaminants, the surface coverage of SAM is low. Thus, the 

metal substrate requires sufficient cleaning prior to the fabrication of the SAM. In this study, the 

surface of the metal substrate is cleaned or ashed by irradiation with an excimer light with 

oxygen, a method that is widely used for cleaning semiconducting wafers. Ozone produced by 

exciting oxygen using excimer light (λ = 172 nm) oxidizes the contaminants on the metal, 

thereby cleaning the surface without damaging it.    

Here, dithiobis(succinimidyl) propionate (DSP) is used for immobilizing an antigen onto a 

Au biosensor chip. DSP–a widely used commercially available reagent–has a short alkyl chain, a 

thiol and a succinimide at its terminal. Thiol terminal of the DSP binds to the Au surface and a 

biochemical recognition element with an NH2-terminal can be instantly immobilized, since 

succinimide group of DSP is replaced by amines in a neutral buffer in a single step. However, 
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since alkanethiols with short alkyl chains are often shown to adopt a lying-down phase [25,26], 

the orientation of biochemical recognition element can significantly affect the sensitivity of the 

biosensor. We will, therefore, discuss the relationship between the sensitivity of the sensor and 

the lying-down configuration of the molecules in domain structure.  

The analyte chosen for this study is clenbuterol, an illegal ingredient in meat from food 

producing animals. Conventional analyses of clenbuterol including chromatography method, 

ELISA, electrophoresis, and electrochemistry involve complex time-consuming steps (such as 

incubation and repeated washings) can take up to 72 h for a single sample, with sensitivity 

detection at ppb levels [27–32]; thus, there is an urgent need for a highly sensitive sensor to 

detect clenbuterol to ensure food safety. However, the detection of small molecule clenbuterol 

(Mw = 277) by a mass transducer using the direct immunoassay is challenging. In this study, we 

employ the indirect competitive inhibition immunoassay for detecting the small analyte [6, 33–

36]. This method ensures that the signal response of the mass transducer is large, because the 

antibody, rather than the antigen, is being measured. Thus, reveals relatively higher sensitivity at 

ppt level. Results from previous reports [10,17] predict that the orientation of immobilized 

antigen on the sensor surface influences the sensitivity of the detection. Therefore, this study will 

also discuss the molecular scale structure in the context of sensing performance. 

Experimental 

Materials 

    Potassium hydroxide and ethanol were obtained from WAKO, Japan, while Sodium 

hydroxide was from Junsei chemical Co., Ltd., Japan. DSP and phosphate buffer saline (PBS) 

were purchased from Sigma Aldrich, USA. Methanol was obtained from Dojindo, Japan. 
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Clenbuterol hydrochloride and monoclonal mouse IgG antibody of clenbuterol (Ab) were 

ordered from LKT laboratories, Inc., USA and Novus Biologicals, USA, respectively. Refractive 

index matching fluid (refractive index = 1.518) was obtained from Cargille Labs., USA. All 

chemicals were of reagent or higher grade, and water (18.2 MΩ cm) from a Millipore system 

was used in all experiments. 

Preparation of Au substrates 

Glass substrates (BK7 type, 20 mm x 13 mm x 0.7 mmt from Matsunami Glass Ind., Ltd., 

Japan) were sonicated in soap water (10% Contrad 70 detergent from Fisher). After rinsing with 

sufficient water, the glass substrates were dried with pure-nitrogen gas. In order to make the 

surface hydrophilic, the glass substrates were cleaned using plasma at 15 W under 2.0–2.5 Pa. 

Subsequently Au (50 nm) was sputtered onto the glass chips under 2.0–2.5 Pa. The prepared Au-

chips were loaded into the SPR sensing system immediately after excimer ashing pretreatment 

(172 nm of incident light) for 2 min. 

Reported surface densities of monolayers were corrected for the surface roughness of Au-

chip (δ = 1.50), which was calculated from the reduction charge density of Au-O in the cyclic 

voltammogram in 0.1 M sulfuric acid. 

Electrochemistry 

Electrochemical measurements were performed in an electrochemical cell holding using 

HZ-5000 Automatic Polarization System (Hokuto Denko, Japan). Experiments were conducted 

with a conventional three-electrode system with the Au-chip substrate, a platinum wire, and 

Ag/AgCl (saturated KCl) as the working electrode, the counter electrode and the reference 
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electrode, respectively. Aqueous potassium hydroxide (0.1 M), deaerated with 5N Ar in a glove 

box, was used as the electrolyte solution. 

Scanning tunneling microscopy (STM)  

STM experiments were conducted using a NanoScope STM III (Digital Instruments, USA) 

operating in the constant current mode (a few hundred picoampere) with the bias voltage 

typically between 0.5 and 1 V. For imaging, Pt/Ir (80/20) mechanically cut tips (diameter = 0.25 

mm, Bruker, USA) were used to scan the surface. 

X-ray photoelectron spectroscopy (XPS) 

XPS experiments were conducted using a Rigakudenki model XPS-7000 X-ray 

photoelectron spectrometer. Monochromatic Mg Kα radiation is operated at 300 W. The angle of 

take-off is 90o. For determining the binding energy of elements, Au4f7/2 emission is used as an 

internal reference. 

Surface plasmon resonance (SPR) sensing 

 SPR experiments were performed on SPR-670 (Nippon Laser Electronics, Japan) equipped 

with a fully automated flow system consisting of a plunger pump and an injector. The Au-chip 

was mounted on the semi-cylindrical prism with a refractive index matching liquid. Red light 

(670 nm) emitted from Ni–Cd laser was reflected at the Au-coated glass plate at attenuated total 

reflection angles, and the reflected light intensity was recorded using CCD camera. The 

reflectance angle, at which the light intensity was minimum (SPR angle), was recorded with time. 

All the experiments were conducted in an air-conditioned room (25 oC). 

 

 

7 



Fabrication of the sensor surface 

 

Fig. 1. SPR sensorgram for fabricating the sensor surface: (a) self-assembly of succinimidyl-
terminated propanethiol monolayer, (b) immobilization of clenbuterol by amide coupling 
reaction, and (c) blocking unreacted N-hydroxysuccinimide with ethanolamine. Flow rate was 5 
µL min-1. 

 Fig. 1 shows the SPR sensorgram of the fabrication process. Initially, methanol was 

allowed to flow (5 µL min-1) over the surface of unmodified Au-chip until the resonance angle 

remained stable. Then, a methanolic solution of DSP was injected over a 40-min period (Fig. 

1(a)). The Au-chip was covered with the succinimidyl-terminated propanethiol monolayer during 

this first operation. Subsequently, the running solution was switched from methanol to PBS 

solution (pH 7.4). Since the refractive indices of methanol and PBS solution are different, there 

was an abrupt shift in the resonance angle. After stabilizing the resonance angle, a solution of 

clenbuterol (200 µg mL-1) in PBS was injected over a 40-min period (Fig. 1(b)). During this 

process, the succinimidyl group was replaced by clenbuterol. Even in the presence of excess 

clenbuterol, unreacted N-hydroxysuccinimide ester groups were retained on the Au-chip. These 
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N-hydroxysuccinimide groups were replaced by ethanolamine (a PBS solution containing 

ethanolamine 1 mg mL-1), i.e., blocking agent, was injected over a 40-min period (Fig. 1(c)). 

Finally, the sensor surface was used for detecting clenbuterol.   

Immunoassays  

An indirect competitive inhibition immunoassay protocol, similar to that reported 

previously [6,37–39], was employed for detecting clenbuterol. In this work, a solution of 

clenbuterol antibody (Ab), i.e., a PBS solution containing monoclonal mouse IgG antibody (100 

µg mL-1) of clenbuterol was premixed with the solution of the analyte sample (PBS solution 

containing clenbuterol) before being injected into the sensing system. As the solution of 

clenbuterol and its antibody flowed over the sensor surface, SPR sensed the dielectric constant 

change at the interface due to the binding of the unreacted Ab to clenbuterol immobilized on the 

sensor surface. The total shift in the resonance angle was determined from the difference in angle 

before and after the injection. 

Results and discussion 

Characterization of self-assembled monolayer 

Dependence of the monolayer structure of succinimidyl-terminated propanethiol on the 

concentration of DSP is examined. Fig. 2(a) shows the SPR sensorgram for the self-assembly of 

the succinimidyl-terminated propanethiol monolayer on Au-chip. Once a stable baseline is 

obtained at a flow rate of 5 µL min-1, the methanolic solution of DSP is injected over a 40-min 

period, following which the running solution is switched back to DSP-free methanol. The initial 

shift in the resonance angle can be attributed to the difference in the dielectric constant 

(refractive index) between the interface and the running solution on the inclusion of DSP [40]. 
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As the running solution returns to methanol after 40-min, the shift in the resonance angle 

decreases (except for DSP concentration of 0.1 mM). Thus, the overall shift in the resonance 

angle (∆θ) is determined as the difference in resonance angles at t = 0 s and t = 2700 s (at both 

instances DSP-free methanol is flowing over the chip) to eliminate the influence of the refractive 

index of solution. The results indicate that the value of ∆θ shows a DSP concentration dependent 

increase. Since there is no contribution from the refractive index of the solution on the value of 

∆θ, this value directly indicates the dielectric constant of the monolayer. In other words, while 

the surface concentration of monolayer cannot be estimated directly from ∆θ, the shift in the 

resonance angle can show the dielectric constant difference of the monolayer. 

 

  

Fig. 2. (a) SPR sensorgrams for the self-assembly of succinimidyl-terminated propanethiol on 
Au surface prepared in methanolic solution flowing (5 µL min-1) on the top of Au surface; (b) 
voltammograms of reductive desorption of succinimidyl-terminated propanethiol monolayer, 
electrolyte solution was 0.1 M KOH. Sweep rate was 0.1 V s–1. Inset: immersion time 
dependence on the surface concentrations of succinimidyl-terminated propanethiol monolayer 
were calculated by reductive desorption. Labeled values are the solution concentration of DSP. 
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Electrochemical reductive desorption is performed to investigate the structure of 

monolayer (Fig. 2(b)). Since S–Au bond can be electrochemically cleaved by one-electron 

reaction [41], the surface concentration of the monolayer can be estimated from the charge 

density, which is calculated from the integration of reduction current. The reduction current 

shows three peaks at approximately –0.8 V (from –0.8 V to –0.85 V), –1.04 V and –1.19 V, 

characteristic of reductive desorption on a polycrystalline Au electrode [42]. By comparing the 

peak positions in the voltammograms of similar systems reported previously, it is considered that 

the major peak (at approximately –0.80 V) resulted from desorption of alkanethiols from the 

terraces [40], and the peaks at –1.04 V and –1.19 V were due to the desorption of alkanethiols 

adsorbed on the steps [42–45] of polycrystalline Au. The intensities of these reduction peaks 

increase with an increase in either the immersion time or the concentration of DSP (the width of 

the major peak shrinks). These results indicate that the surface concentration of monolayer 

increases with increase in the concentration of DSP. The surface concentration of DSP is in the 

range from 5.1 x 10–10 mol cm–2 to 7.7 x 10–10 mol cm–2 (Fig. 2(b)-Inset). With a 30-min 

immersion time, the surface concentration reaches saturation, a result consistent with the results 

from SPR studies. From XPS analysis (Table S1, Supporting Information), Au4f signal 

decreased with increasing DSP solution concentration; implies that the photoelectron of Au4f 

was interrupted by the thiol monolayer. Thus, it said that the thickness and the surface 

concentration of monolayer covered on Au increased with increasing DSP solution concentration. 

In addition, tendency of S2p/Au4f was almost corresponding to the surface concentration 

estimated by reductive desorption charge density. However, this ratio is dependent on both 

thickness and surface concentration. Thus, it could not be translated to the thickness of 

monolayer, directly. 
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According to the Langmuir adsorption isotherm (data taken from Fig. 2(b)-Inset), the 

Langmuir equilibrium constant (K) and the maximum surface concentration (x∞) of 

succinimidyl-terminated propanethiol onto Au-surface are estimated to be 1.14 x 104 M–1 cm2 

and 7.7 10–10 mol cm–2. The equilibrium constant K for binding succinimidyl-terminated 

propanethiol to Au is comparable to that of octadecanethiol (1.08 x 104 M–1 cm2 to 1.53 x 104 M–

1 cm2) and larger than that of octanethiol (1.9 x 103 M–1 cm2) [46,47], suggesting that the strength 

of the molecular cohesion of succinimidyl-terminated propanethiol is equal to the strength of van 

der Waals force interactions between long alkyl chains. However, the value of x∞ for 

succinimidyl-terminated propanethiol is lesser than that of alkanethiol monolayer (1.1 x 10–9 mol 

cm–2) [48] because the area occupied by succinimide group is larger than that of methyl group. In 

addition, the precise surface concentration of DSP could not be determined in this experiment 

because the local minimal value (potential of zero charge) is not observed in the differential 

capacitance curve in potassium hydroxide (0.1 M; data not shown). Therefore, the surface 

concentration is measured with approximately 30% error [48].  

The peak potential of the reductive desorption also provides insights into the monolayer 

structure. The potential of the major peak is shifted to more negative potential with increase in 

the concentration of DSP in the range from 1.0 mM to 10 mM. However, there is a discernible 

shift in the peak potential of the major peak towards more negative values when the 

concentration of DSP is reduced from 1.0 mM to 0.1 mM. The peak potential is indicative of the 

permeability of the solvent into the monolayer [49]. When the monolayer is prepared in solution, 

where the concentration of DSP > 1.0 mM, it is considered that the density of each domain 

becomes condensed, and the domain size increases with the increase in the concentration of DSP. 

However, when the monolayer is prepared in 0.1 mM DSP solution, the solvent hardly penetrates 
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inside the monolayer; this indicates that the molecules in the monolayer adopt a lying-down 

configuration and cover the propanethiol surface. 

 

Fig. 3. STM images of the Au-chip (a) before and after modification by immersion in a solution 
of dithiobis(succinimidyl) propionate (DSP) with various concentrations, (b) 0.1 mM, (c) 1.0 
mM, (d) 5.0 mM, and (e) 10 mM. The bottom panel shows a high-resolution image of the surface 
shown in the top panel. 

 

Fig. 3 and Fig. 4 show the STM images of the succinimidyl-terminated propanethiol 

monolayer and the fabricated sensor surface containing clenbuterol and ethanolamine-terminated 

propanethiol monolayer. In Fig. 3, the top panel shows the images of the different surface at 

lower resolution, while the same surface is magnified in bottom panel.  In the STM image of 

unmodified Au (Fig. 3(a)), coarse grainy structures (approximately 15 nm) are observed at higher 

resolution [50–52]. Since the distance between the grains is about 0.14 nm, it is likely that these 

grains represent the Au atoms. Low-resolution images of succinimidyl-terminated propanethiol 

monolayer (Fig. 3(b-e)) do not show any significant differences from that of the unmodified Au. 
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A spread of high-density regions on the terraces of Au islands is barely discernible in these 

images. High-resolution images resolved the white regions in the low-resolution images into 

separate grains. The monolayer prepared with DSP at 0.1 mM shows small-interconnected grains. 

The size of interconnected structure was coinciding to succinimide group (ca. 0.40 nm in 

diameter). The interconnected structures in the high-resolution image (Figure 3b, bottom panel) 

can be formed because of lying-down configuration of the succinimidyl-terminated propanethiol 

monolayer. With increase in the concentration of DSP, the regions of lying-down configuration 

became smaller, while domains with a grainy and coarse structure continue to grow till the 

surface is almost full covered with the grains (at 10 mM DSP). These observations are consistent 

with the position of the potential of major reductive desorption peak (Fig. 2(b)). When the 

succinimide groups formed lying-down configuration in the monolayer prepared in 0.1 mM DSP 

solution, desorption is weak since the solvent does not efficiently penetrate the monolayer. When 

the monolayer is prepared in 1.0 mM DSP solution, a fraction of the succinimide groups are in 

standing-up phase: the domain boundaries become clear (Fig. 3(c), lower panel) and the solvent 

can penetrate such domain boundaries efficiently. At higher concentrations of DSP, domains with 

succinimide groups in the standing-up phase expand (consequently, domain boundaries between 

the standing-up and lying-down phase decrease), resulting in reduced penetration of the 

desorption-facilitating solvent inside the monolayers. 
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Fig. 4. STM images (20 nm x 20 nm) of the sensor surface after the immobilization of 
clenbuterol and ethanolamine. Concentration of dithiobis(succinimidyl) propionate (DSP) used 
for generating precursor self-assembled monolayer: (a) 0.1 mM, (b) 1.0 mM, (c) 5.0 mM, and (d) 
10 mM. 

 

STM images of the sensor surfaces modified with clenbuterol- and ethanolamine-

terminated propanethiol monolayers show that the order of atoms (spots) in each domain is 

manifested differently (Fig. 4). Considering that the distance between amide O and alcohol O in 

ethanolamine, amide O and benzyl O in clenbuterol, and amide N to secondary alkyl N in 

clenbuterol are estimated to 0.40 nm, 0.69 nm, and 0.72 nm, respectively (ChemBio3D Ultra Bio 

12.0), each molecule (ethanolamine and clenbuterol) can be identified. The increase in coverage 

by clenbuterol correlates with the increase in the concentration of the DSP used to modify the 

Au-chips. Although the estimated surface concentrations of both clenbuterol and ethanolamine 

increase with increase in the concentration of DSP, the percentage of coverage by ethanolamine 
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is decreased (Table S2, Supporting Information). In summary, the concentration of DSP 

determines the surface composition of clenbuterol and ethanolamine. 

Detection of clenbuterol 

Indirect competitive inhibition immunoassay is employed for detecting clenbuterol. SPR 

senses the change in dielectric constant due to the binding of antibody by the immobilized 

antigen (clenbuterol) at the interface. A large signal change is typically expected in this assay; 

however, unraveling the kinetic aspects of this assay [34,53–56] can be challenging because the 

Ab competitively binds either to immobilized antigen or antigen in the sample solution. 

Moreover, several kinetics studies do not consider the two immunoreactions, i.e., during 

premixing and sensing. Here, we have made an attempt to discuss the kinetics in more detail. 

 

Fig. 5. SPR sensorgram for the immunoreaction of immobilized clenbuterol with Ab standard 
solution. PBS (10% ethanol) solution is used as the running solution (100 µL min–1), and 0.1 M 
NaOH aqueous solution is used for regenerating the sensor surface. 
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Fig. 5 shows the representative sensorgram of immunoreaction with Ab. While Ab 

standard solution flows over the sensor surface for 200 s (from t = 100 s to t = 300 s), the 

resonance angle shifts gradually to higher values with the binding of Ab by the immobilized 

antigen onto the sensor surface. Difference in the resonance angle before (t = 100 s) and after (t = 

400 s) the binding of Ab to the immobilized antigen is the total resonance angle shift (∆θ) of the 

immunoreaction: this value is used for the concentration dependence curves. 

After the immunoreaction, the sensor surface is regenerated by a solution of sodium 

hydroxide (0.1 M) till the value of the resonance angle returns to the initial value, indicating that 

the Ab is detached from the sensor surface. Through such a regeneration process, the sensor 

surface can be reused for over 100 immunoreactions. One immunoreaction–regeneration cycle 

takes only 1000 s. Therefore, the same sensor chip is used for evaluating the immunoreaction in 

various solutions to determine the kinetic parameters. Moreover, <5% error is observed between 

the results obtained using different sensor chips (N > 3). 

 

Fig. 6. (a) Langmuir adsorption isotherm plot for binding clenbuterol antibody (Ab) to 
clenbuterol immobilized on the sensor surface, and (b) clenbuterol solution concentration 
dependence by using indirect competitive inhibition immunoassay. Inhibition rate was calculated 
from the angle shift in presence (I)/absence (I0) of clenbuterol. In the premixing process, 1 ppm 
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Ab was mixed with series of clenbuterol concentrations. The incubation time was 2 min. Labeled 
values are the concentration of dithiobis(succinimidyl) propionate (DSP) used in fabricating the 
sensor surface. 

According to reported protocols [34,53–56], the affinity constant (K1) of Ab to the 

clenbuterol (antigen) immobilized on the sensor surface can be determined using a Langmuir-

type adsorption model (Fig. 6(a)). The Langmuir adsorption isotherm equation for 

immunoreaction between Ab and the immobilized clenbuterol on the sensor surface (Ss) is given 

by: 

Ab + Ss ⇌ Ab-Ss     (1) 

  

 

K1 =
Ab − Ss[ ]
Ab[ ] Ss[ ]      (2) 

Fundamental equation of Langmuir-type adsorption model is expressed as follows: 

 

Ab[ ]
∆θ0

=
Ab[ ]

∆θ0,max

+
1

K1 ∆θ0,max
   (3)  

where [Ab] is concentration of the clenbuterol antibody. ∆θ0 and ∆θ0,max are the total angle 

shift for a given concentration of Ab standard solution and the maximum angle shift with 

saturated Ab on the sensor surface, respectively. ∆θ0,max and K1 are determined from the slope 

and the intercept of the Ab standard solution concentration dependence as shown in Fig. 6(a). 

These parameters are summarized in Table 1.  

K1 is observed to increase with increase in the concentration of DSP used in fabricating the 

sensor surface. This result can be rationalized considering ∆θ0,max and the surface composition 

estimated from STM images (Fig. 4). Coverage by clenbuterol is approximately 40% when the 
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Au chip is modified with a 0.1 mM DSP solution, where it is >70% for 10 mM DSP. As 

expected, the reactivity of the sensor surface is proportional to the surface coverage of reactive 

site (antigen). 

Fig. 6(b) illustrates the clenbuterol concentration dependence by using indirect competitive 

inhibition immunoassay. During premixing, the following reaction occurs: 

Ab + Clb ⇌ Ab-Clb     (4) 

    where Clb is clenbuterol in solution. The affinity constant (K2) of this immunoreaction is 

given by: 

                                       (5) 

 

When the sample solution is dispensed onto the sensor surface after the premixing, free-Ab 

competitively binds to clenbuterol-immobilized sensor surface or clenbuterol (free) in solution, 

or does not bind at all. Thus, the total concentration of Ab can be defined as follows:  

 

Abtotal[ ]= Ab − Ss[ ]+ Ab − Clb[ ]+ Ab[ ]               (6) 

By inserting Eq. 2 and Eq. 5 to Eq. 6, the equation can be rewritten as follows: 

 

1
[Ab − Ss]

=
1

[Abtotal ]
+

1
[Abtotal ] K1 [Ss]

+
K2

[Abtotal ] K1 [Ss]
[Clb]

 
(7) 

Because SPR senses the dielectric constant change of [Ab-Ss], so [Ab-Ss] can be represented as 

∆θ. Considering the premixing, the solution concentration of clenbuterol after the incubation is 

 

19 



 

[Clb] = [Clb]0e−kt  and 

 

α = e−kt , where k is the reaction rate and t is the period of incubation 

for the premixing. The Eq. 7, when combined with Eq. 3 and considering the premixing, can be 

rewritten as follows: 

 

1
∆θ

=
1

∆θ0

+
K2 α [Clb]0

[Abtotal ] K1 ∆θ0,max
  with 0 < α < 1  (8) 

Here, K1 and ∆θ0,max have already been determined (Eq. 3, Fig. 6(a)). α can be estimated from 

the incubation time dependence, and K2 with constant α is calculated from the slope of Eq. 8 

(Table 1). Note that K1 is higher than K2, irrespective of the concentration of DSP used in 

fabricating the sensor surface. In other words, Ab prefers to bind to the clenbuterol immobilized 

on the sensor surface rather than the free clenbuterol in the sample solution.  

Table 1. Kinetic parameters for detecting clenbuterol by indirect competitive inhibition 

       immunoassay. 

[DSP]/mM 
∆θ0,max 
(mdeg.) K1 (x 108 M–1) 

r (correlation 
coefficient) α.K2 (x 108 M–1) 

0.1 10.5 2.19 0.9933  
0.65 ± 0.35 

 
1.0 11.9 2.72 0.9999 
5.0 23.1 2.91 0.9985 
10 27.9 4.42 0.9962 

 

Furthermore, a high sensitivity of the detection is obtained from a low K1. With the sensor 

fabricated in the solution of DSP at 0.1 mM, the limit of detection (LOD, the value was extracted 

from 85 % of residual activity in the sigmoid curve of indirect competitive inhibition method, 

equal to 15 % of inhibition [57–58]) is approximately 3 ppt (3 pg mL–1). These results illustrate 

that Ab easily binds to the antigen (clenbuterol immobilized on the sensor surface) even at a low 

surface coverage. 
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Considering that the size of Ab (14 nm) is comparable to the domain size of clenbuterol (10–

20 nm diameter; Fig. 4) on the surface of the sensor, the possibility that Ab is attracted to the 

clenbuterol domain on the sensor surface can be envisioned. Thus, we presume that the 

orientation of clenbuterol also plays a significant role in determining the affinity constant K1. 

This result implies that the clenbuterol antibody recognizes the 2-tert-butyl aminoethanol moiety 

of clenbuterol. The mechanism of recognition of the antigen by the antibody is intriguing, and 

studies investigating this are underway. 

 

Conclusion 

This study investigated the relationship between the antigen immobilized monolayer 

structure and the sensing performance of SPR. Since our target was clenbuterol, a small analyte 

(Mw = 277), the indirect competitive inhibition immunoassay was employed for its detection. To 

immobilize clenbuterol onto the sensor surface, succinimidyl-terminated propanethiol monolayer 

was fabricated on a Au-chip by self-assembly. It was found that the orientation of succinimide 

group was highly dependent on the concentration of DSP used in self-assembly. The N-

hydroxysuccinimide group of the succinimidyl-terminated propanethiol was replaced with 

covalently linked clenbuterol at neutral pH. The structure of the succinimidyl-terminated 

propanethiol monolayer affected the surface concentration and the orientation of clenbuterol on 

the fabricated sensor surface. The sensor surface prepared modified in a high concentration of 

DSP solution showed a high affinity for clenbuterol antibody. However, the high affinity 

constant K1, exhibited by the sensor surface was coupled to a low sensitivity. In contrast, the 

immunosensor fabricated in the lowest concentration of DSP (0.1 mM) showed a remarkably 
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high sensitivity (LOD = 3 ppt). This is the highest sensitivity reported for detecting clenbuterol. 

Furthermore, this immunosurface can be regenerated by 0.1 M sodium hydroxide. One 

immunoreaction–regeneration cycle took only 1000 s, and the same sensor surface could be used 

for >100 immunoreactions. 
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Supporting Information 

Table S1. XPS analysis for DSP on gold surface, in comparison with reductive desorption     
results. 

 

 

Table S2. Clenbuterol and ethanolamine coverage on the sensor surface. 

Method Clenbuterol Ethanolamine Clenbuterol 
(%) 

Ethanolamine 
(%) Assumption 

SPR 0.1 mM 

1.0 mM 

5.0 mM 

10 mM 

9.0 ± 3.0 mdeg. 

13.4 ± 2.3 mdeg. 

17.6 ± 1.7 mdeg. 

26.2 ± 5.1 mdeg. 

7.1 ± 2.4 mdeg. 

8.9 ± 2.8 mdeg. 

11.3 ± 2.9 mdeg. 

13.5 ± 2.8 mdeg. 

55.9 

60.1 

60.9 

66.0 

44.1 

39.9 

39.1 

34.0 

Dielectric 

constants/ε are 

the same as each 

solution 

STM 0.1 mM 

1.0 mM 

5.0 mM 

10 mM 

158.0 ± 3.4 nm2 

181.2 ± 10.7 nm2 

245.2 ± 9.8 nm2 

309.6 ± 8.4 nm2 

242.0 ± 3.4 nm2 

219.8 ± 10.7 nm2 

154.8 ± 9.8 nm2 

90.4 ± 8.4 nm2 

39.5 

45.3 

61.3 

77.4 

61.5 

54.7 

38.7 

22.6 

 

 

no 

XPS 0.1 mM 

1.0 mM 

5.0 mM 

10 mM 

 

 

- 

 

 

- 

 

30.5 

30.5 

32.2 

34.0 

69.5 

69.5 

67.8 

66.0 

Depth of thickness 

coverage are the 

same 
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