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Localized surface plasmon resonance (LSPR) biosensors 

typically suffer from diffusion limited mass transport and 

nonspecific adsorption upon detection of biomolecules in 

real biofluids. We employ here a peptide-modified 

plasmonic gold nanohole (AuNH) array for real-time 

detection of human troponin I (cTnI). Applying a negative 

electric bias on the AuNH sensor chip enables us to attract 

and concentrate cTnI at the sensor surface, while repelling 

other proteins thus decreasing interferences due to 

nonspecific adsorption. 

Surface plasmon resonance (SPR) originates from collective 
oscillations of the free electron cloud in metals.1 Due to the high 
field enhancement and high sensitivity of SPR to the refractive index 
changes, it has been extensively applied on photo-catalysis,2-4 opto-
electronic devices5 and biosensors6-8 based on label-free,4, 9-11 
fluorescence enhancement12-16 and surface enhanced Raman 
scattering17-20. Label-free SPR biosensors typically provide a limit of 
detection (LOD) in the 0.1-10 ng/cm2 regime.6 There are several key 
factors limiting the sensitivity of SPR sensors, including 1) the bulk 
refractive index sensitivity of SPR, 2) the diffusion limited mass 
transport of the target molecules to the sensor surface which slows 
down the molecular binding and limits the sensor response, and 3) 
the high nonspecific adsorption of undesirable molecules on the 
sensor surface such as albumin in serum samples which might lead 
to erroneous responses e.g. due to blocking of specific binding sites. 
Several methods have been employed to boost the sensitivity 
including well-designed nanostructures with improved refractive-
index sensitivity,11 amplification of the SPR signal with 
nanoparticles21-24 and enzyme labeling,25, 26 tuning the pH of samples 
to minimize the nonspecific adsorption,27 and applying magnetic 
field28, 29 and electric field30-33 to promote the molecular diffusion. 
For instance, magnetic fields enabled rapid capture of magnetic 
nanoparticle-targeted hCG and E.coli bacteria to a grating-coupled 

SPR sensor surface.28, 29 In addition, the electric field applied to a 
LSPR sensor chip offered a route to control the adsorption of 
molecules to the sensor surface.32, 33 Furthermore, the influences of 
the applied electric field on the LSPR resonance have been 
discussed,34-39 and several groups integrated electric biasing or 
electrochemistry with LSPR for biosensing.32, 40, 41. However, limited 
research has been devoted to studies aiming at reducing the 
nonspecific adsorption of abundant molecules such as serum 
albumin, an important plasma protein, while enhancing the binding 
of target molecules to the sensor surface. 
Here, we present a combined LSPR electrofocusing platform for the 
detection of human troponin I (cTnI), a biomarker of myocardial 
infarction. A gold nanohole (AuNH) array is employed both as the 
LSPR sensor chip and as the working electrode. The LSPR sensor 
responses upon binding of cTnI and the nonspecific adsorption of 
bovine serum albumin (BSA) were investigated on the AuNH 
substrate under different biases. As the isoelectric point of cTnI (pI = 
9.87) is higher than for BSA (pI = 4.7), a negative bias applied on 
the sensor surface is expected to favour the specific capture of cTnI 
while repelling BSA molecules from the sensor surface (Fig. 1a). In 
addition, the bias applied on the substrate creates a high electric field 
gradient at the edge of the nanohole, thereby offering an efficient 
mean of capturing molecules at the edge of the nanoholes where the 
plasmon field provides the highest sensitivity to refractive index 
changes.42 Therefore, the sensitivity for selective detection of cTnI is 
expected to improve significantly under negative biases applied on 
the sensor chip. 
The AuNH array was prepared through a serial of steps involving 
nickel mold fabrication by electron beam lithography (EBL) and 
AuNH array production by nano-imprinting (see experimental 
details in the Supporting Information).43, 44 An area of 2×2 mm2 
consisting of a layer of 50 nm Au coated on glass with periodic 
(pitch of 400 nm) holes 140 nm in diameter is located at the center of 
a chip. The AuNH array was characterized by scanning electron 
microscopy (SEM), atomic force microscopy (AFM) and UV-vis 
spectroscopy (UV-vis) (Fig. 1), all indicating a periodic and uniform 
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hole array. The plasmon resonance peak typically shifts to higher 
wavelength upon molecular binding to the surface of the nanohole, 
leading to a decrease of the extinction difference Extd (Fig. 1d). The 
Extd was obtained from the extinction intensity difference at two 
wavelength, e.g. λ1 and λ2 (Fig. 1d). The AuNH array was modified 
in an 1:1 mixture of a short peptide CALNN and CALNN-(PEG)4-
FYSHSFHENWPS,45 a peptide specific for cTnI (see the details in 
the Supporting Information). Extinction spectra were measured by 
Xnano instrument (Xnano) and the Extd between two pre-selected 
wavelengths at about λ1 = 700nm and λ2 = 730 nm, was monitored in 
real-time (i.e. Extd(t) = Ext730(t)-Ext700(t)). 
 

 
Fig. 1 a) Schematic illustration of the setup and the modified 
AuNH array chip applied with a negative bias for minimizing 
the nonspecific adsorption of BSA and simultaneously 
attracting the target cTnI to the sensor surface. b) SEM and a 
photo of the chip (inset). c) AFM image of AuNH array. d) The 
extinction spectra of AuNH array typically shift to longer 
wavelength upon molecular binding, leading to decrease of the 
extinction difference Extd derived from two preselected 
wavelengths λ1 and λ2. The change of Extd is defined as 
∆Extd=Extd2-Extd1. 

In order to investigate the effect of applied electric bias on LSPR 
response, three cycles of voltage scans (from 0V, 0.6V, -0.6V and 
back to 0V at a scanning rate of 100 mV/s vs Ag/AgCl electrode) 
were applied on the peptide-modified AuNH array before and after 
incubation with cTnI in the PBS buffer (Fig. 2). The Extd value 
shifted synchronously with the applied bias. Positive bias resulted in 
an increasing Extd value (less negative), indicating red-shift of the 
LSPR peak, while negative bias induced a blue-shift (Fig. S1).  The 

relative magnitude of the observed shifts is attributed to the higher 
polarizability of the Cl- ion (4.17 Å3) with respect to water molecules 
(1.43 Å3) and Na+ ions (0.148 Å3).46 According to the DLVO theory, 
the applied electric field on the surface influences the electric double 
layer in solution. Different strength of the applied potential results in 
a redistribution of ions within the double layer, thus varying the 
refractive index near the surface.47 Interestingly, the chip after 
binding with cTnI showed higher Extd changes (∆Extd) under 
voltage sweeping from 0.6 V to -0.6 V (Fig. 2). This is most likely 
due to an increase in the effective surface area of the AuNH after the 
binding of positively charged cTnI molecules (see the AFM imaging 
in Fig. S2), resulting indirectly to an increasing concentration of 
highly polarizable Cl- ions near the surface. 
 

 

Fig. 2. LSPR responses of modified AuNH array under voltage 
sweeping measured in PBS buffer before (solid line) and after 
incubation of 3µg/ml cTnI for 30 min (dashed line). The 
voltage was swept (three cycles) from 0V, 0.6V,-0.6V and back 
to 0V at scanning rate of 100 mV/s. 

Real-time measurements of the LSPR response upon injection of 
cTnI (PBS) into the reaction chamber were carried out under 
different biases applied to the sensor chip (vs Ag/AgCl electrode), as 
shown in Fig. 3a. The ∆Extd (with the background Extd offset to 
zero) slowly increased after the injection of 100 ng/mL cTnI under 0 
V bias and the response increased with the concentration of cTnI 
beyond 100 ng/mL. Control experiment carried out on the sensor 
chip without the specific peptide modification (only CALNN) 
revealed negligible nonspecific adsorption (Fig. S3). The ∆Extd 
value of each concentration was calculated by subtracting the 
background value (∆Extd(t<60min)) from that after 30min 
incubation. The calibration curve under 0 V (triangles in Fig. 3b) 
was fitted by a sigmoidal model (Equation S1), and the LOD was 
estimated to ~110 ng/mL for our platform under 0 V. The noise level 
was calculated as 3 times the standard deviation of the Extd before 
injection of cTnI in the solution.  
Assuming the binding events are limited by the mass transport 
diffusion, the surface coverage of molecules on the sensor surface 
during the incubation time of t can be simplified as 	Г �
�����	
��/�  ),33, 48, 49 where Cbulk is the bulk concentration of 
analyte in the solution, D is the diffusion constant of the molecules 
(see details in the Supporting Information). Based on an LOD of 110 
ng/ml achieved for 30-min incubation (0 V), we are able to estimate 
the smallest detectable surface mass of ГLOD = 2.9 ng/cm2. Thus our 
results indicate that it is necessary to allow for 63 days of incubation 
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to achieve LOD of 2 ng/ml, which is approximately the clinical level 
of cTnI found in healthy people.   

 

 
Fig. 3. a) Real-time ∆Extd measured on the AuNH array with a 
series of injections of cTnI in PBS. Sensor response for 0 V 
(black curve), -0.2 V (blue curve) and 0.2 V (red curve). b) 
Extd changes (∆Extd) as function of the cTnI concentration 
measured under no bias (triangles), -0.2V bias (squares) and 
0.2V bias (circles). Dotted line is 3 times of standard deviation. 

The binding rate and the sensor response was significantly improved 
under -0.2 V bias applied to the sensor chip. For instance, the initial 
binding rate for 10 ng/ml cTnI is comparable to 1 µg/ml cTnI under 
0 V bias. The LOD is improved by two orders of magnitude to 1.8 
ng/ml under -0.2 V bias (Fig. 3b, table 1), for a reaction time of 30 
min, which is theoretically more than 3000 times faster than the 
diffusion limited assay t ~77.5 days at 0 V. Positive bias applied on 
the sensor surface hinders the binding of cTnI to the sensor surface, 
thereby worsening the LOD to 170 ng/ml (Fig. 3, table 1). 
 

Table 1. Result of AuNH array as sensor under different bias. 

Medium Bias (V) LOD (ng/mL) 

PBS 
0 110  

0.2 170 
-0.2 1.8 

BSA 
-0.2 

8*  
Serum 25**  

* (with 3 mg/ml BSA in PBS) 
** (in 10× diluted rabbit serum in PBS) 

While, the negatively charged molecules such as BSA (pI=4.7) are 
repelled from the sensor surface the nonspecific adsorption is 
expected to decrease. For instance, after injection of 3 mg/ml BSA in 
PBS, the LSPR sensor response due to BSA adsorption decreased by 
a factor of 2 at -0.2V bias (Fig. S4). To investigate the possibility of 
detecting cTnI in complex samples at -0.2 V bias, we started by 
adding various concentrations of cTnI (1 ng/ml to 3 µg/mL) in PBS 
containing 3 mg/ml BSA. The extinction changes were monitored in 
real time before and after the injection of the cTnI in the BSA 
containing buffer solutions (Fig. 4a). A slow increase of the ∆Extd 
was seen upon the injection of 3 mg/ml BSA. Sequential injections 
of cTnI revealed a significant response at 100 ng/ml cTnI, and a 
LOD of about 8 ng/ml was estimated for the detection of cTnI in 3 
mg/ml BSA, see insert Fig. 4a and Table 1. This result indicated the 
feasibility for the detection of cTnI in solution of high BSA 
concentration, and potentially also for more complex biofluids like 
serum or plasma.  

 

 

Fig. 4. a) Real-time LSPR signals of AuNH array under -0.2V 
bias. Inset is the calibration curve for the detection of cTnI 
spiked in PBS with 3 mg/ml BSA under -0.2V bias. b) The real-
time Extd changes measured on AuNH array under -0.2 V bias 
for the detection of cTnI in 10× diluted rabbit serum. 

 
The nonspecific adsorption of a 10-time diluted rabbit serum was 
subsequently investigated (Fig. 4b). The nonspecific adsorption was 
reduced by a factor of 2 by monitoring the ∆Extd after applying -0.2 
V bias (Fig. S5). However, the response induced by the nonspecific 
adsorption (∆Extd = 0.001) was still higher than the specific sensor 
response to 3 µg/ml cTnI (Fig. 4b), suggesting that other 
molecules/proteins than serum albumin (e.g. globulins and 
antibodies) may adsorb to the sensor surface. In serum, the major 
protein is serum albumin with concentration of 35-52 mg/ml. Other 
proteins include globulins (22-40 mg/ml, isoelectric point, pI~7.5), 
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antibodies (total 5.8-27 mg/ml) and many more at lower 
concentration.50 Due to their high concentration and weakly positive 
charge, nonspecific adsorption induced by globulins, and to some 
extent also by antibodies, were unavoidable under -0.2 V bias. 
Nevertheless, the sensor response to cTnI at 100 ng/ml was 
comparable to that measured in PBS buffer. A LOD of 25 ng/ml was 
achieved in serum samples (Fig. S6). Control experiments carried 
out under bias of 0.4 V and -0.4 V indicated a poor long-term 
stability of the sensor response, which might be ascribed to the 
dissociation of the thiol molecules from the sensor surface and/or 
oxidation/chlorination of the gold film. Taken together, electro-
focusing at -0.2 V offers a route to reduce non-specific adsorption of 
negatively charge proteins to the peptide modified AuNH array 
thereby allowing for detection of cTnI in biofluids of increasing 
complexity. 

Conclusions 

We have successfully demonstrated an electrofocusing-enhanced 
plasmonic sensor based on a gold nanohole array for the detection of 
cTnI in buffer, BSA solution and rabbit serum. The limit of detection 
(LOD) in buffer can be improved by ~2 orders of magnitude upon 
changing from 0 to -0.2 V bias applied to the sensor surface. The 
nonspecific adsorption of serum albumin (i.e. BSA) and rabbit serum 
is also reduced at -0.2 V. This method provides an avenue for highly 
sensitive detection of biomolecules in complex fluids like serum 
without tedious sample purification and pretreatment.  
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