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In this work, a novel silver dendrite sensor, which was an enhancement based on the mixed self-

assembled monolayers, was studied and employed to fabricate a surface plasmon resonace (SPR) 

immunosensor for the detection of ischemia modified albumin (IMA). The limit of the IMA detection 

was enhanced to 4.7 ng/L by the proposed silver dendrite, in comparison with the direct binding SPR 

measurement. Besides, no interferent was recognized, which could result in the false positive 

outcomes. These results indicated that a facile method without label could be supplied by the SPR 

biosensor with remarkable properties to improve the sensitivity of the assay for the further diagnose of 

hypertension. 

 

 

Keywords: Biosensor; Surface plasmon resonance; Ischemia modified albumin; Hypertension; Silver 

dendrites 

 

1. INTRODUCTION 

Primarily hypertension or cryptogenic hypertension, which is hazardous factor for inducing 

cardiovascular diseases, generally occupied above 90% of the diagnosed cases of hypertension [1]. 

Besides, it is recognized as an early sign of atherosclerosis and endothelial dysfunction, connecting 

with subclinical vascular impairment [2]. Numerous mechanisms have been proposed for the causation 

hypertension in the past years, including the endothelin system, the vasopressin system, the 
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vasoconstrictive mechanisms and the reactive oxygen species which has been reported recently during 

the development of human or experimental hypertension [3]. Moreover, the increased vascular 

oxidative stress is considered as the primary risk factor for the cardiovascular disease, as it could be 

related to the etiopathogenesis of hypertension [4]. The oxidation of lipoproteins and lipids, which are 

the oxidized low-density lipoprotein (Qx-LDL), is one of most significant processes [5]. In particular, 

Qx-LDL, which plays a significant role in etiopathogenesis of hypertension [6], is a primary factor to 

induce antherosclerosis and vessel wall jnjury [7]. Thus, to increase the Ox-LDL level in the 

antherosclerotic plaques is essential for the development of antherosclerosis. Besides, it is also in 

relation with atherogenesis through causing the cell proliferation and foam cell generation of the 

smooth muscle [8]. Both LDL and other serum lipids are under oxidative stress [10], where High 

density lipoprotein (HDL) becomes one of the most predominant and independent protective factors 

for the arteriosclerosis, which underlies the coronary heart disease [9]. 

However, a novel albumin modified with ischemia (IMA) has been reported recently, which is 

recognized as effective for detecting the severe myocardial ischemia. In 1990, IMA was first 

discovered and further confirmed in 1992 as the increased level of IMA in unstable angina and severe 

myocardial infarction was observed. Especially, in 2003, Food and Drug Administration in the United 

States approved this result [10]. The circulating albumin molecules are modified when ischemia 

presents and are independent on the cell death [11]. Albumin contains the N-terminal residues for 

binding metal, which could be modified through the oxidation with free radicals formed during 

ischemia via the depletion or acetylation of one or more amino acids residues, resulting in the low 

capacity to bind cobalt [12].Thus, cobalt has been considered as an indicator for the assay, where the 

free cobalt atoms are incubated in the serum of patient. The modified albumin becomes incapable to 

bind cobalt when ischemia increases. Hence, the content of the free cobalt is in relation to the degree 

of the modified albumin generation. During the ischemia process, the damage is determined by the free 

radicals. Owing to the simple, rapid and low-cost measurement, IMA assay is promising, where 82% 

of the patients with unstable angina or alleged severe coronary syndrome [13]. Besides, IMA test is 

also potential in cardiac detection as the negative IMA result could classify the patients into the low-

risk category through the original evaluation with the clinical presentation. Consequently, IMA 

research causes a significant cost saving. 

SPR is an optical sensor for detecting the differences in the refractive index of the materials on 

the gold surface [14], which exhibits various advantages such as rapid analysis, real-time detection like 

in-situ or on-site and label-free assays [15], compared to the other approaches [16]. Due to these 

significant properties, massive efforts have been made in the SPR biosensors for developing the 

specific biomolecular binding, including the protein (enzymes, antigens and antibodies) 

interactions[17, 18], the virus recognition  [19]and the hybridization of nucleic acid and protein [20, 

21]. According to the previous research, the SPR technique could detect proteins in the level of 100 

ng/L [22], where the sensitive is insufficient for the measurements of some specimens. The colloidal 

gold nanoparticles, which exhibited distinct advantages including the rapid and facile synthesis [23], 

narrow size distribution, adequate surface modification and the desirable biocompatibility, have been 

extensively employed in the analytical signal amplification as a label [24, 25]. Herein, a novel SPR 
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biosensor to determine IMA was constructed through assembling anti-IMA on the electrodeposited 

film of Ag NPs.  

 

 

 

2. EXPERIMENTS 

Immobilization of Anti-IMA: First, the ITO side was immersed in the solution of 11-

mercaptoundecanoic acid (MUA) with a concentration of 0.01 M for 24 h at room temperature to 

generated the self-assembled monolayer (SAM). For the mixed SAM (mSAM), the gold side was 

modified with the mixture of 16-mercaptohexadecanoic acid (MHA) and 11-mercaptoundecanol 

(MUOH) in a ratio of 1:9 (v/v). Then, the obtained chip was rinsed with ethanol and ultrapure water 

and subsequently dried with nitrogen, where the stable and completely covered SAMs on the surface 

were obtained. Thereafter, the gold side was further dipped into the solution for 30 min, which was 

prepared by mixing N-hydroxysuccinimide (NHS, 0.1 M) and EDC (0.1 M) in a ratio of 1:1 (v/v). 

Then, anti-IMA was immobilized onto the surface in PBS (pH 7.4) with various concentrations for 1 h. 

Finally, the chip was immersed into the solution of ethanolamine (pH 8.5) with a concentration of 1 M 

for 20 min to deactivate the unreacted esters. 

Electrodeposition of Ag NPs: The electrolyte solution was composed of sodium citrate 

(C6H5O7Na3, 0.2 mM), KNO3 (0.1 M) and AgNO3 (0.05 mM). The hierarchical Ag nanomaterials 

were immobilized on the surface of ITO glass modified with anti-IMA at -0.2 V for 3700 s, where the 

temperature was 27 
o
C. An electrochemical workstation was employed to perform the 

electrodeposition with a three electrode system. The ITO glass modified with anti-IMA was used as 

the working electrode, where the Pt plate and Ag/AgCl (3M) acted as the counter electrode and 

reference electrode, respectively. In this work, the potentials were related to SCE. The saturated 

solution of potassium nitrate, which was used to inhibit the pollution of chloride ion from the 

Ag/AgCL, was connected through a salt bridge filled with potassium nitrate and agar.  

 SPR Assays for IMA: First, various IMA solutions with a concentration of 0 to 100 μg/L in 

PBS buffer were used to rinse the ITO modified with anti-IMA/Ag NPs for 20 min with a rate of 10 

mL/min, where the unbound was removed with PBS. Subsequently, the substrate was reformed 

through the injection of the mixture of NaOH (0.1 M) and SDS (0.05%) for 8 min every time in the 

presence of IMA with other concentration. The signal enhancement was also carried out with IMA/Ag 

NPs through a sequential injection process which was similar with the procedure described above.   

The scanning electron microscopy (SEM, ZEISS X-MAX) was used to study the morphology 

and microstructure of the surface coatings. The XRD spectra of the coated pipe was obtained in the 

range of 20
o
 to 80

o
 in 2θ by XRD (PW3040/60 X’pert PRO). UV-vis spectrophotometer (Perkin Elmer 

Lambda 950) was employed for optical analysis. 

 

3. RESULTS AND DISCUSSION 

The sample, which was composed of the hierarchical Ag nanomaterials in high yield, was 

shown in Figure 1A. The as-deposited Ag with a hierarchical nanostructure, which seems to grow from 
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one point, was clearly illustrated in Figure 1B. Besides, it was also obvious that the diameter of the 

bottom structure was thinner compared to the upside. Here, the hierarchical nanostructure was 

considered approximately as a sphere in order to simplify the statistics of the size of the nanostructure. 

The relative standard deviation of the product size for 100 nanostructures was calculated to be 17.51%. 

A significant contrast was observed in our results compared with the Ag nanomaterials exhibiting large 

size distribution, which was synthesized through the electrodeposition with high precursor 

concentration as well as the reduction of Ag ions with Zn or Al plates [26-29]. Owing to the mild 

reduction of Ag ions with low precursor concentration, the uniformity of the nanostructure was 

improved. The large size distribution of the Ag nanostructures which was synthesized through 

electrodeposition was primarily caused by the gradual nucleation as well as the different growth rate at 

various growth phases at the constant potential. XPS patterns and EDS spectra illustrated in Figure 1C 

and 1D respectively confirmed the deposition of Ag.   

 

 
 

Figure 1. SEM images of the electrodeposited Ag nanomaterials with low magnification (A) and high 

magnification (B). XPS (C) patterns and EDS spectra (D) of the electrodeposited Ag 

nanomaterials. 
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The XRD patterns of the hierarchical Ag nanomaterials was clarified in Figure 2A. The peak at 

36.50° indexed as the (111) plane is present with a high intensity, indicating that Ag deposits 

preferably as the (111) plane under these conditions. With an increasing proportion of AgNO3, peak 

growths are noticed at 42.67°, 62.92°, 75.90° and 79.83°, which are attributable to (200), (220), (311) 

and (222) silver face-centered-cube (fcc) crystal diffractions, respectively. An ultra-broad peak was 

observed in the UV-Vis spectrum of the hierarchical Ag nanostructure shown in Figure 3B, which was 

induced by the interparticle surface plasmon coupling effect [30-32]. Besides, the peak was also 

broadened by the size variation of the sample. The peaks present at 380 and 490 nm were attributed to 

the quadrupole and dipole plasmon resonance of Ag nanostructures, respectively [31, 33, 34]. In fact, 

the anisotropic nanoparticles exhibited the transverse and longitudinal characteristic adsorption bands.  

 

 
 

Figure 2. (A) XRD pattern of the hierarchical Ag nanostructures and (B) UV–vis absorption spectrum 

of the as-prepared sample. 

 

SPR was an optoelectrical phenomenon, which was based on the electronic field on the surface 

of the sensor induced by plasmon. It was demonstrated that the distance between the silver sensing 

surface influenced the SPR response. A close relationship was observed between any SPR response 

and the tiny distance between the surface and the analyte. In this work, both MUA and the mixture of 

MHA and MUOH were investigated on the surface of ITO as a SAM. In Figure 3A, it was obvious that 

the monolayer of MUA exhibited a relatively low adsorption compared to the mixture, indicating that 

the mSAM displayed a higher signal enhancement. Hence, the mixture was selected to replace the 

carboxymethylated dextran, whereas the optimum ratio of MHA to MUOH was still under discussion. 

Thereafter, diverse mSAMs were prepared through the immersion of sensor into the solution of MHA 

and MUOH with various ratios. As shown in Figure 3B, the binding exhibited the highest SPR 

response when the ratio was set to be 3:7. The hydroxyl-terminated SAMs of MUOH reduced the non-

specific binding and were employed to generated the chip surface as spacer, whereas the carboxyl-

terminated SAMs of MHA were utilized to anchor IMA for immunoassays as the functional linkers. 

The phase segregation changed from order to disorder when increasing the length of the carbon 
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chain.  There is evidence of plasmon resonance frequency shift only in the presence of both targets, 

indicating the very good selectivity of the artificial receptors here considered [35, 36]. The surface 

reactivity was enhanced by the formation of the rough surface by the Van der Waals attraction between 

the chains. 

 
 

Figure 3. Effects of (A) the chips modified with the mixed self-assembled monolayer of MUA on 

IMA and IMA-Ag NPs (B) the varied ratio of MHA to MUOH from 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 

7:3, 8:2 to 9:1.  

 

In Figure 4A, it was obvious that the signal was enhanced remarkably by employing Ag NPs 

compared to the signal obtained in the absence of Ag NPs. Ag dendrites exhibited a soupier binding 

effect towards the antibody [37, 38]. The influence of IMA and Ag NPs with various ratios on the 

signal improvement was further studied. The results indicated that the signal enhancement was 

significantly determined by the size of the dendrites, which consisted of Ag NPs and the surrounding 

IMA molecules. The chances of the particles being bound to the surface could be increased by the 

proper ratios. In Figure 4B, the optimized ratio was selected to be 4:6 (v/v). 

 

 
 

Figure 4. (A) The bioconjugation yield in sensograms for various approaches. (B) The influence of 

IMA and Ag NPs at various ratios obtained with SPR. 
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In the SPR sensing system, IMA was immobilized to the surface of the sensor modified with 

anti-IMA in prior to insert the mixture of IMA and Ag NPs. The analytical capacity of the proposed 

biosensor was analyzed through IMA with various concentrations. The distinct signals were observed 

through the insertion of two formats. Besides, the values of the signals were significantly in 

accordance with the enhancement theory with low and high concentrations. In Figure 5, it was obvious 

that the response signal increased when the concentration of IMA increased. In addition, the binding 

only cost 5 min without label through this method. Hence, the detection of the target was in real-time. 

The linear detection range of proposed method is from 0.1 to 50 μg/L. The limit of detection can be 

calculated to be 0.06 μg/L. Table 1 shows the comparison of our proposed IMA SPR sensor with some 

previously IMA determination reports. 

 

Table 1. Comparison of proposed IMA SPR sensor with other IMA determination reports. 

 

 

 

 

 

 

 

 

In the case of direct assay, the limit of the detection with the sensor was found to be 100 ng/L. 

However, the binding performance obtained on the surface modified with anti-IMA suggested that the 

assay was enhanced significantly with Ag NPs. The concentration of anti-IMA was reduced to 4.7 

ng/L from 100 ng/L through the signal enhancement compared to the traditional assay, which 

demonstrated that the limit of the detection was improved remarkably.  

 

 
 

Figure 5. (A) The sensorgrams obtained with IMA in various concentrations in the absence of Ag 

NPs. (B) The sensorgrams obtained with IMA in diverse concentrations in the presence of Ag 

NPs. (concentration of the IMA: 0.1 μg/L, 0.5 μg/L, 1 μg/L, 10 μg/L, 50 μg/L) 

Method LDR  LOD (μM) Reference 

Cobalt-albumin binding array ― ― [39] 

Quantum dot coupled X-ray 

fluorescence spectroscopy 

0.08 to 8 μg/L 0.05 μg/L [40] 

Spectrophotometric determination ― ― [41] 

Polymerized crystalline colloidal array 0.2 to 1 μg/L 0.06 μg/L [42] 

Proposed SPR sensor 0.1 to 50 μg/L 0.06 μg/L This work 
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Table 2. Selectivity of developed IMA biosensor. 

 

Interfering Substance Concentration (ng/L) ΔRU 

av
2
 SD 

Hep 200 6.9 7.01 

Hb 200 6.7 8.51 

Bil 200 9.3 3.66 

TG 200 8.6 8.94 

IMA(hypertension) 200 198.7 9.66 

IMA(non- hypertension) 200 202.3 10.21 

 

Furthermore, IMA exhibited a higher sensitivity and negative predictive value for the 

hypertension screening compared with traditional biochemical labels. However, a lower specificity 

was observed with IMA, in particular for the interferents such as bilirubin (Bil), hemoglobin (Hb), 

heparin (Hep) and triglyceride (TG). In this work, the pure IMA with definite concentration was 

employed to investigate whether IMA exhibited remarkably different between the hypertension and 

non-hypertension groups. As shown in Table 2, the sensor exhibited approximately same response 

signal towards those control groups. The surface modified with anti-IMA was immersed in the solution 

of Hep with a concentration of 200 ng/L in PBS buffer for 20 min, where Bil, Hb and TG were 

performed with the same process as Hep. The results indicated that no signal enhancement was 

observed, which meant this method exhibited outstanding selectivity.  

In order to evaluate the capability of the developed sensor in the detection of IMA, the response 

behaviors of IMA with different real simples were examined. Five clinical serum samples containing 

IMA were examined using the proposed SPR sensor and the results were listed in Table 3. The relative 

errors of each method was calculated to be less than 7.71%. This reveals that the proposed SPR sensor 

is available for clinical analysis, and it serves an important alternative for hypertension diagnosis. 

However, there are also disadvantages of SPR, as it cannot easily discriminate between specific 

and non-specific interactions with the sensor surface. Elaborate washing does not completely remove 

the non-specifically bound material; thus, reference material or control samples are needed to correct 

for the non-specific binding.  

 

Table 3. Determination of IMA in clinical serum samples. 

 

Sample  Added IMA (μg/L) Result (μg/L) RSD (%) 

1 1 1.04 4.21 

2 5 4.97 7.71 

3 10 9.89 6.32 

4 20 20.55 5.54 

5 40 41.03 3.50 

 

 

4. CONCLUSIONS 

In summary, the potential of the SPR assay with high sensitivity for the determination of IMA 

was investigated through electrodepositing Ag NPs on the surface of ITO sensor. The proposed SPR 
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biosensor exhibited an outstanding performance towards the detection of IMA with low 

concentrations, where no interferent was observed which could cause false positive. Especially, the 

limit of detecting IMA with Ag NPs was improved to 4.7 ng/L. Thus, it was significantly component 

for the assay with patients, the blood albumin level of which was below 32 ng/L. An efficient method 

for the detection of IMA during the assay as well as further determination of hypertension could be 

supplied by the modified biosensor, which exhibited high sensitivity, outstanding signal response and 

remarkably low limit of detection.  
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