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1. ABSTRACT 
 

Development of sensitive and selective methods to 
detect proteins at trace levels is of great biological 
importance. Via derivatization with a bifunctional cross-
linker 4-maleimidobutyric acid N-hydroxysuccinimide 
ester (GMBS) and an electrochemical marker 11-
ferrocenyl-1-undecanethiol (Fc-SH), voltammetric 
determination of surface-confined proteins electrostatically 
adsorbed onto the polyelectrolyte of poly (sodium 4-
styrenesulfonate) (PSS) or poly(allylamine hydrochloride) 
(PAH)-covered surfaces could be realized. The utilization 
of PSS or PAH was anticipated to reduce the nonspecific 
adsorption of the proteins on the surface. Two kinds of 
proteins with no redox activity or exhibiting complex or ill-
defined voltammetric peak(s), i.e. the positively charged 
lysozyme and negatively charged metallothionein (MT) 
were demonstrated. Due to the incorporation of the 
bifunctional reagent GMBS and the redox active Fc 
groups onto the protein-modified electrodes, well-
defined voltammetric peaks of high signal intensity were 
obtained. The anodic peak heights were found to be 
dependent on the surface density of the proteins 
electrostatically binded to the polyelectrolyte-coated 
surface. The present method can measure lysozyme 
concentration as low as 0.1 nM.  

 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

The development of sensitive and selective methods 
to detect proteins at trace levels is currently more desirable. 
For example, proteomics research requires the facile 
detection of signaling proteins due largely to the influence 
of the cellular stimulus on their contents (1). Similarly, in 
medical diagnostics, it is important to determine the 
contents of the characteristic proteins (2). Of the proteins 
studied so far, lysozyme and metallothionein (MT) are two 
important ones. It is commonly known that lysozyme is a 
single chain-protein with a molecular weight of 14.6 kDa 
found in egg white, tears, and other secretions. It exerts its 
function against infection via breaking down the 
polysaccharide walls of many kinds of bacterias (3). The 
determination of lysozyme can find its potential 
applications in clinical diagnosis, toxicological research 
and is of great significance for investigation of the 
influence of environmental pollution on human health 
(4). MT belongs to a class of metal-binding proteins 
composed of a large number of cysteine residues (5-7). 
Due to its strong metal-binding affinity, MT was 
supposed to play an important role in regulation of 
essential metals and detoxification of heavy metals (8). 
Determination of MT is of great importance in 
environmental toxicology.  
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Thus far, a great number of methods have been 
utilized for the quantitative detection of these proteins. 
These methods include but are not limited to surface 
plasmon resonance (9), fluorescence spectroscopy (10), 
surface-enhanced raman spectroscopy (11), attenuated total 
reflection Fourier transform infrared spectroscopy (12), 
enzyme-linked immunosorbent assay (ELISA) (13), 
radioimmunoassay (RIA) (13), and atomic spectroscopic 
techniques (14). However, these methods either involve 
sophisticated instrumentation, or have certain limitations 
(e.g., photobleaching in fluorescence detection (15, 16) and 
problems associated with the use of radioisotopes and 
enzymes in RIA and ELISA, respectively).  

 
Voltammetric techniques are simple, sensitive, and 

inexpensive to implement (17). Nevertheless, for the two 
proteins mentioned above, lysozyme exhibits no redox 
activity (18) and in the case of MT, very small or no redox 
waves were generally observed at solid electrodes (19, 20). 
Conceivably, the introduction of an electroactive label 
should allow biomolecules that are either electro-inactive 
or do not exhibit reversible voltammetric responses to be 
detected. As demonstrated by Hill and Kraatz et al., 
labeling biomolecules with electroactive labels has become 
an attractive avenue in bioanalysis (21-23). Several papers 
reported the electrochemical determination of peptides or 
proteins bearing an electrochemical tag in solution (21, 22, 
24). However, due to the limitations such as sophisticated 
sample pretreatment and much sample requirement in these 
methods, determination of biomolecules affixed onto 
surfaces is becoming increasingly important in view of the 
development and characterization of heterogeneous 
biosensors and microarrays (25).   

 
In this paper we describe a novel method using a 

bifunctional cross-linker GMBS and an electrochemical 
marker Fc-SH to detect two kinds of surface-bound 
proteins, the positively charged lysozyme and the 
negatively charged MT. Lysozyme and MT were 
electrostatically adsorbed onto the polyelectrolytes of PSS 
and PAH-coated surfaces, respectively. The utilization of 
PSS and PAH to electrostatically bind the proteins and to 
reduce the background signals was demonstrated (26). 
GMBS can be used for the subsequent cross-linking of the 
functional groups of the proteins (27, 28). This technique 
allows voltammetric determination of surface-confined 
proteins at trace levels.  

 
3. MATERIALS AND METHODS 
 
3.1. Reagents 

Cysteamine hydrochloride, 11-mercaptoundecanoic 
acid (MUA), poly (sodium 4-styrenesulfonate) (PSS), 
poly(allylamine hydrochloride) (PAH) and 4-
maleimidobutyric acid N-hydroxysuccinimide ester 
(GMBS) were acquired from Sigma-Aldrich. 11-
ferrocenyl-1-undecanethiol (Fc-SH) was obtained from 
Dojindo (Japan). Egg white lysozyme was purchased from 
Amresco. MT was obtained from Hunan Weih-Lugu 
Biotech Co., Ltd (China). N-(2-ethyl-ferrocene)maleimide 
(Fc-Mi) was synthesized according to literature procedures 
(22). All other chemicals were of reagent grade. All 

solutions were prepared with deionized water treated with a 
water purification system (Simplicity 185, Millipore 
Corp.). 

 
3.2. Instruments and electrodes  

Electrochemical experiments were conducted with a 
CHI 660B electrochemical workstation (CH Instruments, 
Austin, TX) in a conventional three-electrode cell. The gold 
working electrodes have a diameter of 2 mm. A platinum 
wire and a Ag/AgCl electrode were used as the auxiliary 
and the reference electrodes, respectively. Prior to each 
measurement, the Au electrodes were polished with 
diamond pastes and alumina slurry down to 0.3µm on a 
polishing cloth (Buehler, Lake Bluff, IL), followed by 
sonicating in water. The supporting electrolyte was a 0.1 M 
KClO4 solution. 

 
3.3. Procedures  

Cysteamine hydrochloride SAMs were first formed 
by immersing the Au electrodes into a water solution 
containing 4.0 mM cysteamine hydrochloride overnight. 
The electrodes were then washed thoroughly with 
deionized water. The resulting cysteamine hydrochloride 
SAMs were positively charged. For electrostatic 
adsorption, 10µL water solution containing 4mg/mL 
negatively charged PSS was cast onto the electrodes for 30 
min. These electrodes were then washed with water and 
followed by casting phosphate buffered saline (PBS, 10.0 
mM phosphate/137 mM NaCl, pH = 7.4) comprising a 
given concentration of lysozyme onto the electrodes. 
Lysozyme, being positively charged at pH 7.4 (PI=11.1) 
(29, 30), was adsorbed onto the PSS-covered electrodes via 
the electrostatic interaction and the above reactions were 
allowed to proceed for 30 min in a humidified Styrofoam 
chamber. After the surface was thoroughly rinsed with a 
washing buffer, another 10 µL aliquots of 4.0 mM GMBS 
solution in DMSO were cast onto the electrodes. The cross-
linking reaction between the N-hydroxysuccinimide esters 
of GMBS and the primary amine groups of lysozyme to 
form an amide bond can be realized. GMBS, being a 
bifunctional cross-linking reagent, can be used further for 
Fc-SH attachment. The maleimide groups situated at the 
solution termini of the SAMs were then immersed into a 
4.0 mM Fc-SH solution dissolved in ethanol for about 20 h. 
The double bond of the maleimide groups undergoes an 
alkylation reaction (Michael-type electrophilic addition) by 
forming a stable thioether bond with sulfhydryl groups of 
Fc-SH (31). The reaction has been shown to be several 
orders of magnitude faster than that between the maleimide 
groups with amino or hydroxyl groups (32). This step was 
followed by an extensive wash with ethanol and water to 
rid any possible nonspecifically adsorbed Fc-SH off the 
electrodes.  

 
For electrochemical determination of negatively 

charged proteins, MUA SAMs were first formed by 
immersing the Au electrodes into 4.0 mM MUA solution 
dissolved in ethanol overnight. The electrodes were then 
washed thoroughly with ethanol and deionized water. The 
resulting negatively charged MUA SAMs were used for 
electrostatic adsorption of positively charged PAH. MT, 
being negatively charged (PI=4.2) at PBS solution (pH 7.4)
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Figure 1. Schematic representation of the voltammetric 
detection of positively charged (a) and negatively charged 
(b) proteins with no redox activity or exhibiting complex or 
ill-defined voltammetric peak(s) via oxidation of the 
ferrocene moieties. For clarity, PSS, PAH, protein, and 
alkanethiol molecules are not drawn to scale. 
 
(33), was adsorbed onto the PAH covered-electrode via 
electrostatic interaction. In a similar step, the primary 
amine groups in MT were derivatized with GMBS for the 
attachment of Fc groups. For comparison, Fc-Mi was 
attached to the cysteine residues on the MT molecules 
through a Michael-type electrophilic addition reaction 
(31).  

 
3.4. Electrochemical detection 

Once the electrochemical marker Fc-SH had been 
attached onto the electrode surface, the electrode was 
transferred to a 0.1 M KClO4 solution and characterized 
voltammetrically with the potential range between 0 and 
0.7 V. All electrochemical experiments were conducted at 
the ambient temperature.  

4. RESULTS AND DISCUSSION 
 

Figure 1 illustrates the principle behind the 
voltammetric detection of positively charged (a) and 
negatively charged (b) proteins with no redox activity or 
exhibiting complex or ill-defined voltammetric peak(s) via 
oxidation of the ferrocene moieties. In Figure 1a, positively 
charged cysteamine hydrochloride SAMs were first formed 
on the gold surface. Next, negatively charged PSS and 
positively charged lysozyme molecules were adsorbed onto 
the cysteamine hydrochloride SAMs alternately via the 
electrostatic interaction. While in Figure 1b, PAH and 
negatively charged MT were adsorbed onto the MUA 
SAMs alternately. In both cases, the primary amine groups 
of lysozyme or MT were derivatized with the bifunctional 
reagent GMBS. The cross-linking reaction between the N-
hydroxysuccinimide esters of GMBS and the primary 
amine groups of lysozyme or MT to form an amide bond 
can be accomplished. The maleimide groups situated at the 
solution termini of the SAMs were further derivatized with 
Fc-SH. The number of Fc-SH groups attached might be 
dependent on the structure and surface coverage of the 
immobilized biomolecules. Consequently, only the Fc-SH 
groups that are positioned in close vicinity of the electrode 
are accessible for facile electron transfer reactions.  

 
4.1. Voltammetric behavior of Fc-SH linked to surface-
confined lysozyme  

Curve a in Figure 2 is a cyclic voltammogram (CV) 
acquired at electrodes covered with cysteamine 
hydrochloride and then PSS after electrostatic adsorption of 
lysozyme, followed by derivatization with GMBS, and the 
subsequent Fc-SH attachment. A pair of well-defined redox 
peaks, with the anodic peak at 0.403 V and the peak 
potential separation (∆Ep) of 0.024 V at a scan rate of 0.05 
V s-1 was observed. CVs obtained at scan rates between 
0.05 and 1 V s-1 were shown in Figure 3, and the plot of 
anodic peak currents (Ipa) against the scan rates ranging 
from 0.05 to 1 V s-1 was linear with a correlation 
coefficient of 0.9989 (the inset of Figure 3), suggesting that 
Fc-SH was surface-confined (17). For comparison, the 
same procedure was implemented in which PSS was 
replaced by PAH (curve b), no distinct voltammetric peaks 
were observed. We should note that the surface-confined 
cysteamine hydrochloride SAMs and PAH take the same 
charge and they will repulse each other. As a result, the 
positively charged lysozyme molecules can not be adsorbed 
onto the electrode surface. We also conducted an 
experiment in which the electrode was modified with 
cysteamine hydrochloride and then PSS, but without having 
exposed the electrode to the lysozyme solution (curve c). 
The absence of any discernable CV waves in curve c 
indicates that the Fc moieties do not nonspecifically adsorb 
onto the electrode surface. A third control experiment in 
which the attachment of Fc-SH onto the GMBS cover-
electrode was replaced by Fc was carried out, no 
electrochemical response could be obtained (data not 
shown). This is conceivable that the maleimide groups 
situated at the solution termini of the SAMs undergo an 
alkylation reaction with sulfhydryl groups of Fc-SH. The 
control CV was also acquired at an electrode modified 
with cysteamine hydrochloride after adsorption of
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Figure 2. CVs acquired at electrodes covered with 
cysteamine hydrochloride and polyelectrolyte in the case of 
PSS (a) or PAH (b) after electrostatic adsorption of 
lysozyme from PBS solution comprising 50 µM lysozyme, 
followed by derivatization with GMBS, and the subsequent 
Fc-SH attachment. The electrochemical response acquired 
at electrodes covered with PSS in the absence of lysozyme, 
followed by other subsequent surface modifications is 
shown as curve c, and curve d was obtained in the absence 
of PSS. The scan rate was 0.05 V s-1, and 0.1 M KClO4 was 
used as the electrolyte solution. The arrow indicates the 
scan direction. 
 

 
 
Figure 3. CVs acquired at electrodes covered with 
cysteamine hydrochloride and PSS after electrostatic 
adsorption of lysozyme, followed by derivatization with 
GMBS, and the subsequent Fc-SH attachment at scan rates 
of a) 0.05, b) 0.1, c) 0.3, d) 0.5, e) 0.8, f) 1 V s-1. The 
concentration of lysozyme used is 50 µM. The inset shows 
the plot of anodic peak currents (Ipa) against the scan rates. 
Other experimental conditions are the same as those in 
Figure 2. 
 
lysozyme, followed by other subsequent surface 
modifications (curve d). In comparison with curve a, a 
pair of much smaller voltammetric peaks originating 

from nonspecific adsorption of Fc tags was obtained. The 
utilization of polyelectrolytes could eliminate the 
nonspecific adsorption of the proteins and reduce the 
background signals. This is in accordance with the 
literature reported (26). It can be seen from curve a, the 
voltammogram exhibits a characteristic diffusional 
“tailing” of the peaks. We have attributed the diffusional 
tailing to the repulsion among the positively charged 
ferrocenium moieties confined at the electrode surface 
(34). It is commonly known that most of the proteins are 
negatively charged at physiological conditions, the 
present protocol for the determination of positively 
charged proteins is becoming increasingly important in 
view of the development of heterogeneous biosensors. 

 
We then estimated the sensitivity and dynamic 

range of the method. The dependence of the Fc oxidation 
peak current on the concentration of lysozyme used for 
its immobilization is shown in Figure 4. The peak was 
still discernable even when as little as 0.1 nM of 
lysozyme was analyzed. The percent relative standard 
deviation (RSD) ranged from 12.2% to 2.9% for 
lysozyme concentrations between 0.1 nM and 50µM. 
These RSD values are reasonable given that there are 
several steps involved in the procedures. The plot 
exhibits two regions with different slopes. The lower 
curve (from 0.1 nM to 5 µM) has a slope (1.41 µA/µM) 
that is much steeper than that (0.023 µA/µM) of the 
upper section (from 5 µM to 50µM). And there is a linear 
relationship between 0.1 nM and 5 µM with a correlation 
coefficient of 0.9962. The variations in the slopes 
(sensitivities) between the lower and upper regions may 
be interpreted on the basis of the surface coverage of the 
lysozyme molecules confined at the electrode surface. 
The lysozyme surface density in the lower region is 
scarce. As a result, the GMBS molecules can readily 
approach the binding sites of the lysozyme molecules at 
the surface. The smaller steric hindrance also allows the 
Fc-SH molecules to position in closer proximity of the 
underlying Au electrode and the Fc moieties to undergo 
faster electron transfer reactions. Once the lysozyme 
concentration exceeds 5 µM, the curve begins to level 
off, suggesting that most of the PSS adsorbed on the 
surface had been reacted with lysozyme molecules. Note 
that a detection level of 0.1 nM of lysozyme can be 
achieved. Such a low detection level is remarkable 
considering that no signal amplification scheme is 
involved in the current method and much lower that 
those reported by other methods, such as ELISA (35), 
temperature-independent near-infrared analysis (36), and 
deep UV laser-induced fluorescence detection (37), etc. 

 
4.2. Voltammetric behavior of Fc-SH linked to surface-
confined MT  

We also explored the possibility of determination of 
negatively charged surface-confined proteins based on the 
above method. Curve a in Figure 5 shows the CV acquired 
at electrodes covered with MUA and then PAH after 
electrostatic adsorption of MT, followed by other 
subsequent surface modifications. The successful 
immobilization and tagging of MT are evidenced by the
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Figure 4. The dependence of anodic peak currents (Ipa) 
on the concentrations of lysozyme. Concentrations of 
lysozyme determined are 0.1 nM, 1.0 nM, 10 nM, 1.0 
µM, 5.0 µM, 25 µM and 50 µM. Other experimental 
conditions are the same as those in Figure 2. Each point 
was averaged from at least three replicates and the 
relative standard deviations are shown as the error bars. 
 

 
 
Figure 5. CVs acquired at electrodes covered with 
MUA and polyelectrolyte in the case of PAH (a) or 
PSS (b) after electrostatic adsorption of MT from PBS 
solution containing 100 µM MT, followed by 
derivatization with GMBS, and the subsequent Fc-SH 
attachment. The electrochemical response acquired at 
electrodes covered with PAH in the absence of MT, 
followed by other subsequent surface modifications is 
shown as curve c, and curve d was obtained in the 
absence of PAH. Other experimental conditions are 
the same as those in Figure 2. 

 
well-resolved voltammetric peaks. The anodic peak appears 
at 0.395 V with the peak potential separation (∆Ep) of 
0.021 V. For comparison, we performed a control 
experiment in which PAH was replaced by PSS (curve 
b). The current in curve b dropped to the background 
level, indicating that nonspecific adsorption of MT 

was negligible. Similar to the case of lysozyme 
detection, no voltammetric peak was acquired at an 
electrode modified with MUA and then PAH but 
without having exposed the electrode to the MT 
solution (curve c). In the absence of PAH, nonspecific 
adsorption of Fc tags was observed at an electrode 
modified with MUA after adsorption of MT, followed 
by other subsequent surface modifications (curve d), 
further demonstrating the importance of 
polyelectrolytes in reducing the background signals 
(26). The above results demonstrated the feasibility of 
the method to the determination of negatively charged 
proteins pre-immobilized onto electrode surfaces.  

 
Previously, we have used N-(2-ethyl-

ferrocene)maleimide (Fc-Mi) to tag cysteine residues 
on oligopeptides (e.g., glutathione) and obtained 
relatively reversible voltammograms (38). However, 
for the case of MT detection, tagging MT pre-
immobilized onto electrode surfaces with Fc-Mi 
results in smaller voltammetric response (Figure 6) in 
comparison with that in Figure 5a. Such a drastic 
difference can be ascribed to the number of Fc tags 
per MT molecule. The thiol-specific electroactive 
cross-linker Fc-Mi has been used to tag the small 
number of free cysteine thiols on the MT surface, 
while in the case of Figure 5a, large quantities of 
primary amine groups in MT have been derivatized 
with GMBS and then Fc-SH. It is also worthy to note 
that facile electron transfer reactions of the Fc tags 
with the underlying Au electrode occur in Figure 5a. 
Based on the above results, it appears that a higher 
labeling efficiency of proteins was achieved using this 
method.  

 
5. CONCLUSIONS AND PERSPECTIVES  
 

In this work, sensitive and selective method for 
the determination of egg white lysozyme molecules at 
ultratrace levels was developed. Lysozyme was first 
adsorbed onto the PSS-covered electrode via 
electrostatic interaction. Via the use of the 
bifunctional reagent GMBS and the redox marker Fc-
SH, voltammetric determination of surface-confined 
redox-inactive lysozyme molecules could be realized. 
Well-defined ferrocene voltammetric peaks, whose 
currents increase with the lysozyme concentration, 
were observed. Analytical figures of merit (e.g. 
dynamic range, sensitivity, and detection level) were 
evaluated through the analysis of lysozyme molecules 
bound to the electrode surface. Concentration levels 
as low as 0.1 nM can be determined. In addition to the 
positively charged protein, negatively charged MT can 
also be detected based on the similar method. The 
incorporation of polyelectrolytes to electrostatically 
bind the proteins could eliminate the nonspecific 
adsorption of the proteins, thus significantly reducing 
the background signals. Tagging MT pre-immobilized 
onto electrode surfaces with Fc-Mi results in smaller 
voltammetric response and slower electron transfer 
reaction with the underlying electrode. The method is 
simple, robust, and  
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Figure 6. CV acquired at an electrode covered with MUA 
and then PAH after electrostatic adsorption of MT from 
PBS solution comprising 100 µM MT, followed by 
immersing the electrode in a DMSO solution containing 4.0 
mM Fc-Mi. The scan rate was 0.05 V s-1 and the arrow 
indicates the scan direction. 
 
selective and holds promise for assaying other proteins at 
sensitive levels. 
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