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We have successfully fabricated a self-assembled layer of concanavalin A (Con A) on a gold surface for recognition
of glycoproteins. The type IV Con A is covalently bound to 11-mercaptoundecanoic acid (MUA) on gold with

a 2-(5-norbornene-2,3-dicarboximido)-1,1,3,3-tetramethyluronium tetrafluoroborate (TNTU) linkage. The binding
interaction between glycoproteins and self-assembled Con A is studied using horseradish peroxidase (HRP) as a
model glycoprotein. Voltammetric, electrochemical impedance studies, and photometric activity measurements
show the presence of both specific and nonspecific bindings of HRP to the Con A interface. The specific binding
is attributed to the Con Asugar interaction where Con A selectively recognizes the glycosylation sites of HRP.
The catalytic current of the HRP-loaded electrode, because of catalytic oxidation of thionine in the presence of
hydrogen peroxide (kD-), is found to be proportional to the HRP concentrations in the incubation solution. A
linear correlation coefficient of 0.993 was obtained over a wide HRP concentration range ofgl25 to 1

mg/mL. The approach described in this study provides a simple yet selective means to immobilize glycoproteins
on a solid support. The specific binding achieved is desirable in biosensor fabrication, glycoprotein separation,
recognition, and purification as well as in drug-releasing systems.

Introduction Con A has also been used to immobilize enzymes by reticulating
Con A with glutaraldehyd®29or by forming enzymelectin—

The sugar chains located on the surface of the cell membraneenzyme-lectin—enzyme multilayers on a Sepharose coluihn.
or a cell wall play an important role in cell adhesion, a common Furthermore, with a careful selection of the enzyme to be
phenomenon present in many important cellular processes suclimmobilized, Con A-based solid electrodes have been demon-
as cell activation, signal transduction, differentiation, and strated in biosensing. For example, taking advantage of high
anticancer functiod-# Cell malignancy, differentiation, and  affinity between glycoprotein enzymes and Con A, Bucura et
development usually cause structural changes in the sugar chainal. have immobilized acetylcholine esterase (AChE) on screen-
on cell surfaces. Therefore, identification of the properties and printed electrodes in a sandwich format. The resulting sensor
structures of these sugar chains is an effective means for diseas@as displayed good operational stability and high sensitivity in
diagnosis® Lectin, among many glycoproteins, shows high detection of acetylthiocholin®:?3* Through biospecific com-
affinity toward specific sugar residues and thus has been widely plexation of Con A and sugar residues in glycoenzymes,
used in various biological assays, including but not limited to multilayers of Con A and glycoproteins, such as glucose oxidase
(1) study recognition between glycoproteins and sugar residues,and horseradish peroxidase (HRP), have been successfully
(2) purify glycoproteins, or (3) characterize properties of constructed on the surfaces of quartz slides and platinum
malignant cellg?13 electrodes. Electrochemical measurements have revealed that

Concanavalin A (Con A) is one of the lectin proteins found the enzymes on the Con A-enzyme multilayer-modified elec-
in Jack bean and exists as a tetramer with a molecular mass ofrodes were catalytically active to phenolic compounds and were
104 000 at a neutral pH. It possesses three unique binding relatively stable against low concentrations of mannose and
sites: one for carbohydratesp-mannose and-b-glucose; one ureads41
for divalent cations (Ca and Mr¥*), which activate the binding In those reported sensing approaches, the ability to immobilize
site of protein for carbohydrate interaction; and the third one Con A on a solid surface in a controllable fashion is found to
for hydrophobic recognitiof2™*® These properties allow Con  pe critical to ensure sensitive and reproducible sensing results.
A to be used as a versatile platform to immobilize a variety of Therefore, numerous research efforts have been reported on the
glycoproteins/enzymes on a solid support, and thus Con A hasgeyelopment and optimization of Con A attachment chemis-
been involved in several important applications, such as thoseyyy 28293334 Among these, covalent interaction between the
in detection or purification of glycoproteins and sugat$>* g ;rface-bound active groups and the lysine side chain amino
groups in the protein has been demonstrated as a promising

* To whom correspondence should be addressed. Tel: 86-25-52090613.method for Con A immobilization. Since this binding is taking
Fax: 86-25-52090616. E-mail: liusq@seu.edu.cn (S.L.);dudan@mail.ccnu.edu.cnp|ace in the lysine side chain, it does not block the carbohydrate

(D.TDS.)cl)utheast University binding site of Con A and is readily available to recognize
# Central China Normal University. glyc.oprotei.ns and sugars through leetsugar interaction. To .
8 North Carolina State University. achieve this covalent reaction, the surface needs to be first
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modified with function groups such as hydroxyl-, amino-, thiol-, hydrogen peroxide sensing and HRP binding quantification were
aldehyde-, or carboxyl groups. Following well-documented demonstrated as well.
activating steps, these function groups react with the amino
groups on lysines in Con A molecules and subsequently affix
Con A to the substrate surface. For examples, surface-anchored
hydroxyl groups have been activated with cyanogen brorifide, Chemicals.Horseradish peroxidase (HRP, EC 1.11.1.7,:R3.0,
bisepoxirané? organic sulfonyl chloride$! or carbodiimidazole  activity > 250 U/mg, from horseradish) was purchased from Huamei
to interact with the primary amine in lysirf&;amino groups Biological Engineering Co. (China) and was used without further
have been activated with glutaraldehy8é%47while carboxyl purification. Bovine serum albumin (BSA), 11-mercaptoundecanoic acid
groups have been activated witlthydroxysuccinimide® In (MUA), concanavalin A (Con A, type IV, activity< 500 ug/mL),
the present work, we report a simple and robust chemical scheme3,3,5,5-tetramethylbenzidine dihydrochloride, and thionine chloride
to activate the carboxyl group of surface-attached 11-mercap-Were obtained from Sigma and were used as receibethethyl-
toundecanoic acid and then to immobilize Con A on the resulting morpholine (NMM) was from Fluka (Germany). 2-(5-Norbornene-2,3-
surface in a controllable fashion to investigate the binding nature dicarboximido)-1,1,3,3-tetramethyluronium tetrafluoroborate (TNTU)
between glycoproteins and surface-attached Con A. The work Was from Calbiochem (San Diego, CA). Dimethylformamide (DMF)
is also motivated by the promising applications of specific Con as_from Mallinckrodt Baker (Griesheim, Germany). All other
A—sugar interaction in separation, purification, and detection chemlcals were of analyt_lcal grade _an_d were used as supplied. Al
of glycated proteins. In this study, Con A was formed on the solutions were prepared with double-dlstllle_d water. Measu_rements were
performed in 0.1 M phosphate buffer solutions (PBS) of different pHs,
gold surface by covalt.ently.bou.nd Con A to surface-attac_hed as indicated in the text.
11-m§rcapt0undecan0|c acid W'th, a 2-(5-n0rb0rnene-2,'3-dlcar- Preparation of Con A Self-Assembled MonolayerThe preparation
boximido)-1,1,3,3-tetramethyluronium tetrafluoroborate linkage.

| - of the Con A self-assembled layer on gold is illustrated in Scheme 1.
Horseradish peroxidase (HRP) was chosen as the model enzyme T (2.9 mg, 7.9umol) was dissolved in a mixture ofidL of NMM

for its high affinity to Con A and accessible sugar groups for (g 6 ymol) and 100uL of DMF to obtain solutionl. Solution2 was

binding;*® and bovine serum albumin (BSA), a non-glycoprotein, prepared by adding 2 mg Con A to 1 mL PBS buffer solution (0.1 M,
was used as the control molecule in comparison. The study pH 6.8, containing 0.1 M MnG) 0.1 M CaC}, and 0.1 M KCI)3 Prior

demonstrated that glycoprotein peroxidase can be effectively to use, solutior? was diluted 10 times by 0.1 M, pH 6.8, PBS.
bound to a Con A interface through both specific and nonspe-  Gold wire electrodes were purchased from Nanjing Chemical Co.

cific bindings. The applications of the resulting surface in (99.95%, 0.5 mm diameter, geometrical area ca. O.OﬂmnghnessCDV

Materials and Methods
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ca. 1.5, determined by the cyclic voltammogramliM H,SO, at the 40
potential window from—0.2 to 1.6 V at 100 mV/s). The electrodes
were pretreated by boilingni3 M KOH solution fa 2 h first, followed
by soaking in a “piranha” solution (3:1 concentratesg5B84/30% HO,,

hazard! Careful of handling!) for 30 min. After rinsing thoroughly with

20+

water, the clean Au-wire electrode was immersed in a 0.1 M MUA ;5 04

solution (2.2 mg MUA in 10QuL ethanol) for 12 h at £C to obtain E’

the MUA-functionalized electrode. It was then rinsed with ethanol and 3 %
subsequently with DMF and was incubated in solutldor 30 min to 209 £
activate the carboxylic groups in the MUA monolayer. After rinsing =777 ©
thoroughly with DMF again, the TNTU-activated electrode was 40

03 gy 00

0.0

immersed in solutio® for 2 h. This procedure allowed covalent bonding
of Con A molecules to the Au surface (Con A-MUA-Au). Finally, the 0.2
Con A-MUA-Au electrode was rinsed thoroughly with the PBS buffer E/V (vs. Ag/iAgCl)
solution and was incubated in the 2 mg/mL HRP solution (PBS, 0.1 Figure 1. Cyclic voltammograms of (a) a bare Au electrode, (b) an
M, pH 6.8) for 3 h. The HRP-Con A-MUA-Au electrode was rinsed MUA-Au, (c) a Con A-MUA-Au, and (d) an HRP-Con A-MUA-Au
with PBS three times and was stored in the same buffer. For the control electrode in 0.1 M, pH 7.0, PBS containing 10 mM KzFe(CN)s and
experiments, HRP was covalently bound to TNTU-activated electrodes 10 MM KaFe(CN)s. The scan rate was 100 mVi/s.
directly by incubating the TNTU-MUA electrode in 2 mg/mL HRP
for 3 h to generate HRP-MUA-Au electrode. Alternatively, the Con
A-MUA modified electrode was soaked in the solution containing 2
mg/mL BSA to generate BSA-Con A-MUA-Au electrode.
Electrochemical Measurements.Electrochemical measurements

0.4

0.6 -0.2

displayed a reduction peak at1.11 V in 0.5 M KOH at 100
mV/s (not shown). This peak is attributed to reductive desorption
of thiolated compounds, which further confirms the attachment
of MUA molecules on the gold surfaéé:53 By integrating the

were performed with a CHI 750C electrochemical workstation (Shang-
hai, China). A conventional three-electrode electrochemical cell with
a Pt-wire auxiliary electrode, a Ag/AgCl (saturated KCI) reference

reductive desorption peak area, the surface coveladE,=
Q/nFA), is calculated to be 1.6< 107° mol/cn? or 10
molecules/crh This surface coverage correlates well with the

electrode, and the modified Au electrode as the working electrode was literature result of densely packed self-assembled monolayer
used for all electrochemical measurements. All experiments were (SAM) molecules on a Au surfacé.
performed at room temperature (252 °C) in 0.1 M PBS as the  Scheme 1 illustrates the major steps in Con A immobilization.
background electrolyte. The alternating current (AC) impedance experi- Specifically, the carboxylic groups in the MUA monolayer were
ments were carried out in 10 mM L:1qfke(CNYI/K [Fe(CN} with first activated using TNTU in the presence of NMM. The formed
frequencies ranging from 100 kHz to 0.1 Hz. The amperometric gctivated ester groups then interacted with the primary amines
experiments were performed in a stirred cell with the successive addition in Con A for permanent attachment. The cyclic voltammogram
Of 5L of 10 mM H;0; into 5.0 mL PBS solution (0.1 M, pH 7.0, ot the Con A-MUA-Au electrode displayed an increased redox
containing 20uM thionine) while the electrode potential was set at current of a sigmoid shape, as shown in Figure 1c. This was
—0.2V. i . . probably due to the reduced surface negative charge density
Photometric Activity Assay. Photometric measurements were that allowed Fe(CNJ#~ ions to reach closer to the electrode
performed with a Shimadzu UV-3150 spectrophotométdn the f
measurements of the HRP activity in a competitive binding assay, the sur aceA lecti in displ hiah affini d
rinsed peroxidase-modified electrode (HRP-Con A-MUA-Au) was (?0'? gsa ectin P“?te'“ ISpiays high a |n|ty toward sugar
moieties in glycoproteins, such as acetylcholine-estefade.

incubated with 10Q:L of 10 mM sorbitol solution in 0.1 M pH 7.0 ; .
PBS for 10 min. A mixture of 3L of 10 mM H,0; and 870uL of Thus, the Con A-functionalized self-assembled monolayer

0.2 mg/mL TMB in PBS was added to the above system, and solution Provides a generic scaffold to immobilize glycoproteic enzymes
absorption at 652 nm was measured for 10 min. The same electrode®n & gold electrode in an oriented and reversible fashion. The
was dipped into 1 mL PBS containing 2 of 10 mM H,Os, 870uL presence of Con A also provides a cushion layer that improves
0.2 mg/mL TMB, and 100uL pH 7.0 PBS for 10 min, and the  bioactivity of the attached enzyme molecules. HRP with a
absorbance at 652 nm was measured again to determine the bindingglycosylation degree of approximately 16.81% was used as
activity of the electrode after sorbitol treatment. HRP-free solutions the model enzyme in this stud§.The cyclic voltammogram
were used as reference. of the HRP-modified Au-electrode (HRP-Con A-MUA-Au)
shows a low background current in 0.1 M pH 7.0 PBS (Figure
2a). When the electrode was immersed in a solution containing
Fe(CN)374-, a pronounced increase in its CV current was
Preparation of the Con A-Carrying Monolayer. The MUA- observed in comparison to the signal from the Con A-MUA-
modified electrode was characterized by the reductive desorptionAu electrode (Figure 1d). This increased current was a combined
peak of thiols and the degree of blocking of electrode reactions result of electron exchange between Fe(&Nj~ and the
of redox active species. Figure 1 inset shows a cyclic voltam- electroactive heme groups of HRP and electron tunneling
mogram collected from a bare gold electrode in a solution through HRP® In a separate experiment, thionine, a positively
containing 10 mM potassium ferricyanide #&(CN}). It charged probe, was used as an electron mediator to facilitate
displayed a pair of well-defined redox peaks afH€(CN). No electron transfer between the electrode surface and the proteins.
apparent Fe(CNy /4~ peaks were observed from the MUA- The cyclic voltammogram of HRP-Con A-MUA-Au in the
modified electrode along with a reduced background current. solution containing thionine displayed a pair of well-defined
These observations suggested that the formation of the MUA peaks at-128 and—147 mV because of the electrochemical
monolayer effectively blocked electron transfer between ferri- response of thionine (Figure 2b). Further addition of hydrogen
cyanide and the electrode, either by densely packed MUA peroxide to the buffer solution led to the observation of the
molecule&® or by the negatively charged surface that electro- increased reduction current with the shape of a catalytic wave
statically repelled Fe(CNj 4~ ions (Figure 1b). The cyclic  (Figure 2c). The catalytic current for an HRP-Con A-MUA-Au
voltammogram of an MUA-modified gold electrode also in the presence of hydrogen peroxide and thionine is 21 tigB%

Results and Discussion
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Figure 2. CVs of an HRP-Con A-MUA-modified gold electrode (a) Figure 4. CVs of an HRP-Con A-MUA-modified gold electrode (a)
in 0.1 M pH 7.0 PBS, (b) in 0.1 M pH 7.0 PBS containing 20 uM in0.1 M pH 7.Q I_DBS containing _20 uM thionine and (b) in 0.1 M pH
thionine, (c) in 0.1 M pH 7.0 PBS containing 20 xM thionine and 2 7.0 PBS containing 20 #M thionine and 2 mM H,O, at 20 mV/s. (c)
mM H,0,, and CVs of a Con A-MUA-modified electrode without HRP Electrocatalytic response of an electrode after an incubation for 30
(d) and HRP-MUA modified electrode without Con A (e) in the same min in 0.1 M pH 7.0 PBS containing 10 mM sorbitol and (d) after an
buffer as c at 20 mV/s. additional incubation in 2 mg/mL HRP solution in 0.1 M pH 7.0 PBS

for 3 h. Both electrodes were in 0.1 M pH 7.0 PBS containing 20 uM
thionine and 2 mM H,0, and were scanned at 20 mV/s.

leads to a depressed semicircle in the corresponding Nyquist
impedance plot. CPE is defined as CPE-T and CPE-P. If CPE-P
equals 1, then CPE is considered as a capacifoif@e charge-
transfer resistanceR{;) of each electrode was estimated and

g . )

< ranked in the following order:

=

Au (124Q) < HRP-Con A-MUA-Au (8032Q2) <
Con A-MUA-Au (10 129Q2) < MUA-Au (15 55092)
T These results suggest that (1) the presence of organic materials
? : z s e atop Au electrodes, including MUA, Con A, and HRP, behaved
Z/ka as physical barriers and resulted in significance increases in

Figure 3. Electrochemical impedance spectra of (a) a bare Au, (b) charge-transfer resistance; (2) the binding of Con A reduced
an MUA-Au, (c) a Con A-MUA-Au, and (d) an HRP-Con A-MUA-Au the charge-transfer resistance of the MUA SAMs because of
electrode recorded at the open-circuit potential in 0.1 M pH 7.0 PBS the decrease of the surface charge density of the MUA interface,

containing 10 mM KsFe(CN)s and 10 mM KsFe(CN)s. which allows the Fe(CNJ /4~ ions to reach closer to the

_ electrode surface and transfer the electrons through protein
larger than that of a Con A-MUA-Au-electrode without HRP  tynnels: and (3) the binding of HRP to Con A-MUA resulted

(Figure 2d). On the other hand, when replacing HRP with BSA i further decrease of this charge-transfer resistance as a result
during the preparation of enzyme-modified electrodes, no of HRP-facilitated redoxation of Fe(CB)™#~ ions. All findings
catalytic wave was observed (not shown). These results col-are in agreement with the previous conclusions from the CV
lectively confirm the presence of HRP on the Con A-coated measurements.

electrodes. Investigation of the Binding Nature of HRP on Con
When HRP reacted directly with the TNTU-MUA modified A-Coated Electrodes.The formation of Con AHRP com-

electrode without Con A as the buffer layer, the resulting surface plexes is a reversible process in the presence of competing
also showed a catalytic behavior of,® reduction in the  carbohydrate moieties. To determine the relative binding affinity
presence of thionine (Figure 2e). However, the catalytic current of HRP to the Con A monolayer, sorbitol was used in a
was 5.2 times smaller than that from the HRP-Con A-MUA-  displacement assay to compete for the same sugar binding sites
coated Au electrode. This was either due to ineffective binding on Con A. After immersing the HRP-Con A-MUA-modified
of HRP to the TNTU-MUA interface directly or low electron-  electrode in a buffer solution (pH 7.0) containing 10 mM sorbitol
transfer efficiency in the absence of Con A. Regardless of the in excess, the catalytic current of @, decreased to ap-
cause, our results suggested the critical roles played by Con Aproximately 49.3% of its initial value in 30 min (Figure 4c).
to sustain HRP’s binding conformation and electroactivity. Considering that sorbitol is not large enough to remove
The presence of HRP on the Con A-MUA-coated electrodes nonspecifically bound HRP molecules, this decrease in the
was further verified by the AC impedance measurements. Figurecatalytic response could be quantitatively attributed to the loss
3 shows the AC impedance spectra for (a) a bare Au electrode,of HRP that was specifically bound to Con A through
(b) MUA-Au, (c) Con A-MUA-Au, and (d) HRP-Con A-MUA- carbohydrate binding sites. When the same electrode was
Au recorded at the open-circuit potential in 0.1 M PBS (pH subsequently incubated in a solution containing 2 mg/mL HRP
7.0) containing 10 mM 1:1 {Fe(CN)|/K 4[Fe(CN)]. An equiv- for 3 h, no increase in the catalytic current gf®4 was observed
alent circuitRy(R:{CPE) was used to model the collected impe- (Figure 4d), suggesting minimal displacement of sorbitol by
dance data to extract electrical parameters, such as resistancelRP and thus a significantly higher binding affinity of sorbitol
and so fortl?8 In this circuit, Rs represents the uncompensated to the Con A-coated electrodes. The amount of HRP released
solution resistance, while the parallel combination of the charge- was also verified in a photometric activity assay using tetram-
transfer resistanceR{;) and the constant phase element (CPE) ethyl benzidine (TMB) as the chromatic substr&elThe CDV
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Figure 6. Plot of the reduction current of HRP-Con A-MUA-Au vs
H»O, concentration. The electrocatalytic current was measured at

measurements revealed that 0.1196 nU of bound HRP was lost=0-2 V of the CV of the enzyme-loaded electrode in 0.1 M pH 7.0

during sorbitol incubation (55.2%) and that 0.0972 nU of HRP

was left behind on the electrode (44.8%). It is in good agreement

with the results from the amperommetric measurements.

PBS containing 20 M thionine and 2 mM H»O.. Inset: Linear fitting
of the calibration curve at concentrations ranging from 1 to 70 uM.

M pH 7.0 PBS for 3 h. The catalytic current was then measured

The same phenomena were observed when other monosacin 0.1 M PBS of different pH values but containing the same
charides, such as glucose, fructose, galactose, and rhamnosemounts of 2 mM peroxide and 2eM thionine in solutions.

were used in place of sorbitol. The catalytic current of HRP-
Con A-MUA-Au decreased to approximately 75.6, 74.8, 68.0,
and 36.7% of its initial value after contact with 10 mM

The results were normalized on the basis of the reduction
currents from the Con A-MUA-Au electrode under different
pH’s. Accordingly to eq 4, an acidic environment, that is, a

monosaccharides solution in PBS for 30 min, respectively (see higher concentration of [H] would result in the right shift of
Supporting Information). These results show that (1) most the reaction equilibrium and a higher redox current readout. As
monosaccharides have higher binding affinities to Con A than expected, higher electrocatalytic responses were observed when
HRP does, (2) HRP bound both specifically and nonspecifically the solution pH decreased initially. However, continuous
on the electrode SUrface, and (3) the Strength of the interaCtiOﬂdecrease in the solution pH denatured HRP and Subsequenﬂy

of sugars with the Con A layer is found having the follow
sequence:b-glucose> b-fructose > galactose> sorbitol >

rhamnose, which is in agreement with the literature observation

reported by Al-Arbabi et al. using CZE. Extending the

resulted in a decreased redox current. The maximal catalytic
current was reached at pH 6.0.

Figure 6 shows that the HRP-modified electrode exhibited
an increasing amperometric response t®kfrom 1 uM to

electrode immersion time did not further decrease the catalytic 0.22 mM, a basis for quantification of hydrogen peroxide in
reduction current, suggesting that the ligand exchange equilib- sojution. At the low concentration range, a linear response was

rium was reached.
Together, our results show that binding of HRP to the Con

observed from 1 to 7@M, as seen in the inset of Figure 6.
Linear regression fitting yielded an equation of IbgnA) =

A interface includes both specific and nonspecific bindings. The 1.4+ 0.71 logC (uM), with a correlation coefficient of 0.997.

specific binding is from affinity interaction between HRP and
Con A where Con A specifically recognizes the glycosylation
sites on HRP. This binding interaction is reversible in a

The limit of detection was estimated to be 04Nl at a signal-
to-noise ratio of 3. A detection plateau was observed when
the concentration of D, was increased beyond 70M,

competitive assay using various monosaccharides. As will be characteristic of MichaelisMenten kinetics. The apparent
shown later, this is the basis of a method for the determination Michaelis-Menten constant{y2 for HRP-Con A-MUA-Au

of the glycated protein and its substrates.

HRP-Con A-MUA-Au Electrodes in Biosensing. The
catalytic reduction current of the HRP modified electrode may
be described by the following schertfe:

HRP(Fe(lll))+ H,O,— compound H H,O (2)

compound H- thionine(red)— compound I+
thionine(Ox)* (2)

compound I+ thionine(Ox)*— HRP(Fe(lll)) +
thionine(Ox) (3)

thionine(Ox)+ 2e~ + 2H" — thionine(red) 4)

was found to be 38.4M, obtained from the electrochemical
version of the LinweaverBurk equatior?® This value is much
lower than those reported in the literature: 2.28 mM for cyt
c/Au-CPE®° 3.69 mM for HRP-Au-CPE! 5.5 mM for mem-
brane-entrapped HR®,and 2.3 mM for HRP/Au colloid self-
assembled monolayer electrdife.

Given the fact that the net redox reaction in solution follows
the equation of HRP(Fe(lll))}> H,O, + 2HT — HRP(Fe(ll))
+ 2H,0, the catalytic current measured is expected to be a
function of the amount of HRP bound on the surface as well.
Therefore, by keeping the redox solution constant, the same
sensing concept could also be used in reverse to quantitate HRP.
Specifically, a stock HRP solution (2 mg/mL solution in 0.1 M
pH 7.0 PBS) was diluted to a series of different concentrations
using 0.1 M pH 7.0 PBS. The Con A-MUA modified electrodes

Equation 4 suggests that the pH of the buffer solution greatly were incubated separately in the synthesized HRP solutions at
affects the reaction equilibrium and subsequently the activity room temperature for 3 h. Figure 7 shows a plot of the catalytic
of HRP. Figure 5 shows the catalytic currents as a function of current at—0.2 V as a function of the HRP solution. The

solution pH values. In this experiment, the Con A-MUA-Au
electrode was first incubated in 2 mg/mL HRP solution in 0.1

measured current was found to be proportional to the HRP

concentration in the range from 12&/mL to 1 mg/mL, aSCDV
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300+ rhamnose, glucose, galactose, or fructose. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 7. Plot of the electrocatalytic current at —0.2 V vs HRP con-
centration of the incubation solution. Inset: linear fitting of the cali-
bration curve at concentrations ranging from 12.5 ug/mL to 1 mg/mL.

shown in the inset of Figure 7. The linear regression equation
was fitted as lod (nA) = 2.4+ 0.292 logc (mg/mL), with a
correlation coefficient of 0.993. Above the solution concentra-
tion of 1 mg/mL, the surface-immobilized HRP approached a
full surface coverage, which gave a steady oxidative current
value of~295 nA.

Last but not least, the measurement-to-measurement and

electrode-to-electrode reproducibility was also studied. A relative
standard deviation of 6.4% was found for six successive
measurements at 8, concentration of 5@M using the same
electrode. A relative standard deviation of 10.2% was found
for six electrodes prepared independently. After being used for
about six reversible binding (immersing of Con A-modified
electrode in 2 mg/mL HRP for 2 h, followed by incubation in
sorbitol for 30 min, is counted as one cycle; the cycle was
repeated six times), the standard deviation of the decrease in
the reduction current is smaller than 12.8%. The stability of
HRP-Con A-MUA-Au electrodes was examined by storing the
electrodes in PBS at 24C for an extended period. It is found
that the electrode retained 86% and 59% of its initial current
response aftea 3 day and 2 week storage, respectively.

Conclusions

In summary, we have successfully fabricated and studied
HPR/Con A-modified gold wire electrodes. Con A molecules
were covalently bound to the MUA monolayer on gold with a
TNTU linkage, forming a self-assembled layer. The resulting
interfaces display specific recognition to the glycosylation sites
of HRP. Our electrochemical measurements and photometric
results show that approximately 50% of the bound HRP was
through specific binding. The catalytic current of®3 reduction
in the presence of thionine on the HRP/Con A-modified Au
electrode was proportional to the concentration @Opland
the initial HRP concentration during electrode preparation. This
work offers a new way to build novel sensors of glycated
proteins by specific binding of glycoproteins to a Con A self-
assembled layer. The approach described in this study also
provides a promising platform for further study of the separation
and purification of glycoproteins in clinical applications.
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