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Abstract: Here, we demonstrate surface functionalization of Au chips with 4-(carboxymethyl)aniline (CMA)

and amine-terminated polyamidoamine (PAMAM) dendrimers for immobilization of antibodies on the Au

surfaces. Use of the functionalization strategy led to high surface density of the immobilized antibodies on

the Au chips. Specifically, we found that the functionalization of Au chips with CMA and amine-terminated

6th generation PAMAM dendrimers allowed immobilization of immunoglobulin (IgG) antibodies with high

surface density, which is 5 times higher than that obtained with Au surfaces functionalized with CMA and

ethylenediamine.
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1. Introduction

Functionalization of electrode surfaces is of

particular interest in the research of electrochemical

immunosensor chips because it is a crucial step to

immobilize fragile sensing elements, usually antibodies,

appropriately on the immunosensor chips.1,2 The

surface functionalization is thus directly related to

the analytical performances of the immunosensor

chips.3 Especially, the surface density of immobilized

sensing elements is one of the critical features affecting

the analytical performances obtained.4,5 Thus, many

promising strategies have been suggested to obtain

precise immobilization of the biological sensing

molecules with high surface density of the immobilized

molecules on chips surfaces.6-8 Of the strategies,

electrografting methods have been demonstrated for

the surface functionalization and subsequent immobi-

lization of biological molecules on a variety of

electrode surfaces such as carbon, metals, indium tin

oxide (ITO), and diamond.9-13 For example, the use

of aryl diazonium cation has been suggested to

perform a direct electrochemical grafting at the

surface of conducting electrodes.3,14,15 Recently, our

group also reported the electrochemical grafting of

amine-terminated dendrimers on electrode surfaces.16-18

In this study, we report surface functionalization of

Au electrodes with 4-(carboxymethyl)aniline (CMA)
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and amine-terminated polyamidoamine (PAMAM)

dendrimers for immobilization of antibodies on the

Au surfaces, allowing high surface density of the

immobilized antibodies (Scheme 1). Specifically, we

functionalized Au surfaces with CMA via the

electrografting process of the aniline derivative to

introduce carboxyl moieties on the Au surfaces. The

electrografting process consists of diazotation reaction

of the aniline derivative, leading to the formation of

an aryl diazonium cation, and the subsequent

electrochemical reduction of the formed aryl diazonium

species generating an aryl radical. The generated aryl

radical attacks the Au surfaces, resulting in the

covalent grafting to the Au surface (i.e., denoted as

CMA-functionalized Au). Amine-terminated nth

generation PAMAM dendrimers (Gn-NH2, n = 4 and

6) were then conjugated to the introduced carboxyl

groups on the CMA-functionalized Au surface via

amine – N-hydroxysuccinimide (NHS) coupling

chemistry, which resulted in the formation of Au

electrode functionalized with CMA and Gn-NH2 (n

= 4 and 6) (i.e., denoted as Gn-NH2/CMA-function-

alized Au, n = 4 and 6). Importantly, we found that

the use of G6-NH2/CMA-functionalized Au allowed

immobilization of immunoglobulin (IgG) antibodies

with high surface density, which is 5 times higher

than that obtained with Au surfaces functionalized

with CMA and ethylenediamine.

2. Experimental

2.1. Reagents and materials

Amine-terminated nth generation PAMAM den-

drimers (Gn-NH2, n = 4 and 6), ethylenediamine, 4-

(carboxymethyl)aniline (CMA), N-hydroxysuccinimide

(NHS), 1-ethyl-3-(3-dimethyl-aminopropyl) carbodii-

mide (EDC), ethanolamine, 4-morpholineethanesulfonic

acid (MES), K3Fe(CN)6, Ru(NH3)6Cl3, NaNO2, LiClO4,

glutaraldehyde, phosphate-buffered saline (PBS),

anti-mouse immunoglobulin (IgG) antibodies were

purchased from Sigma-Aldrich, Inc. (USA). H2SO4

and HCl were obtained from Daejung, Inc. (Korea).

Bare Au chips were obtained from Biosensing

Instrument (USA) for surface plasmon resonance

(SPR) measurements. 18 MΩ·cm deionized (DI) water

was used in the preparation of aqueous solutions

Scheme 1. Schematic illustration of the surface functionalization of Au with CMA and amine-terminated PAMAM dendrimers
for immobilization of antibodies.
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(aquaMAX Ultra370, YL Instrument Co., Ltd., Korea).

2.2 Functionalization of Au surfaces with

CMA and amine-terminated PAMAM dendrimer

The electrografting of CMA on Au electrodes was

performed using the previously reported methods

with some modification.3,15 Briefly, 20 mM CMA

was diazotated in an aqueous solution containing 15

mM HCl and 15 mM NaNO2 for 20 min under

stirring in an ice bath. Cleaned Au electrodes were

immediately immersed in the formed diazonium

solution. The potential of the immersed Au electrodes

was then cycled between 0.0 and -1.2 V (vs. Ag/

AgCl). After the electrografting process, the Au

electrodes were rinsed thoroughly with DI water and

subsequently ultrasonicated in DI water for 3 min to

remove any unbound molecules. The resulting CMA-

functionalized Au electrodes were then immersed in 0.1

M MES buffer solution (pH 6.8) containing 0.1 M

EDC and 0.1 M NHS for 1 h to activate the carboxyl

moieties on the CMA-functionalized Au. After washing

out the activated CMA-functionalized Au electrodes

with DI water, immobilization of amine-terminated

PAMAM dendrimers was achieved with drops of

aqueous 100 μM Gn-NH2 (n = 4 and 6) solutions

directly deposited on the surface of the CMA-

functionalized Au for 4 h. After the immobilization of

PAMAM dendrimers, the electrodes were rinsed

with DI water and then placed in a blocking solution

(0.1 M ethanolamine in 0.1 M MES buffer (pH 6.8))

for 30 min. Finally, the resulting Gn-NH2/CMA-

functionalized Au electrodes (n = 4 and 6) were

washed with DI water, ultrasonicated thoroughly in DI

water for 5 min, and blown until dry. 

2.3. Immobilization of anti-mouse IgG antibodies

on the surface of Gn-NH2/CMA-functionalized Au

(n = 4 and 6)

For immobilization of anti-mouse IgG antibodies,

bare Au chips for SPR measurements were subjected

to the surface functionalization with CMA and

amine-terminated nth generation dendrimers (Gn-

NH2, n = 4 and 6) as described earlier. The Gn-NH2/

CMA-functionalized Au chips were incubated with

drops of 10 mM PBS buffer solution (pH 7) containing

1 % glutaraldehyde and 1 mM NaBH3CN for 1 h,

and then rinsed with DI water thoroughly. The resulting

Au chips were then subjected to SPR measurements

by flowing 30 μg/mL anti-mouse IgG in 10 mM

PBS buffer containing 1 mM NaBH3CN on the

surface of Au chips. 

2.4. Instrumentation and measurements

Electrochemical experiments were performed with

a Model 440 potentiostat (CH Instruments, USA)

using a conventional three-electrode electrochemical

cell containing Au working electrodes. Before the

electrochemical measurements, Au electrodes were

polished with 0.3 μm alumina powders on a

polishing pad (Buehler, USA) and rinsed with DI

water. Any residual alumina powders were removed

by ultrasonicating the Au electrodes successively in

ethanol and DI water. The polished Au electrodes

were then subjected to the electrochemical cleaning by

cycling the electrode potential in 0.5 M H2SO4 between

0.0 and 1.5 V (vs. Ag/AgCl) until steady cyclic

voltammograms (CVs) were obtained. A Pt wire and a

Ag/AgCl (3 M NaCl) electrode were used as a

counter and a reference electrode, respectively. SPR

measurements were carried out using a Bi-4000

instrument (Biosensing Instrument, USA). 

3. Results and Discussion

3.1. Electrochemical grafting of CMA on Au

surfaces

Au electrodes were used as well-characterized

substrates of immunosensor chips to study the surface

density of immobilized antibodies on the Au

surfaces. First, Au electrodes were mechanically and

electrochemically cleaned to ensure the well-

characterized and reproducible condition of the Au

surfaces (see the Experimental section for experimental

details). In brief, the Au electrodes were mechanically

polished using fine-sized alumina powders (0.3 μm)

and electrochemically cleaned by applying consecutive

potential cycles in 0.5 M H2SO4 solution. This

cleaning process resulted in the formation of the
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well-characterized Au surfaces reproducibly. After

the cleaning process, the Au electrodes exhibited

steady CVs showing the characteristic electrochemical

redox peaks of Au, which indicates the well-

characterized and reproducible Au surface.19,20

After ensuring the condition of Au surfaces, the

electrochemical grafting of CMA at the Au surfaces

was investigated by adaptation of the procedures

reported previously for the functionalization of

graphite electrodes with aniline derivatives.3,15

Specifically, the potential of the cleaned Au electrodes

was cycled multiple times between 0.0 and -1.2 V

(vs. Ag/AgCl) in aqueous solutions containing

diazonium cations (see the Experimental section for

experimental details). Fig. 1 shows CVs obtained

during the three consecutive cycles at a scan rate of

10 mV/s. The first cycle shown in Fig. 1 exhibits a

well-defined and irreversible reduction peak at ca.

-0.9 V (vs. Ag/AgCl). This reduction peak corresponds

to the typical electrochemical reduction wave of the

diazonium cations, resulting in the elimination of N2

molecules and the formation of aryl radicals.15 The

aryl radicals were known to attack the Au surface

and to form a covalent bond between the aryl group

and the Au surface.15,21,22 When the potential cycle

was consecutively repeated (i.e., the second and the

third cycles in Fig. 1), the reduction currents gradually

decreased, indicating the irreversible formation of

the aryl group layer and the gradual surface saturation

of the molecular layer on the Au surface. 

The extent of the layer formation on the CMA-

functionalized Au electrodes was further probed by

cyclic voltammetry since cyclic voltammetry is an

effective technique for studying the feature of surface-

modified electrodes.23 Especially, we evaluated the

effects of experimental parameters, including the

number of potential cycles and the scan rates applied

during the electrografting process, on the extent of the

Fig. 1. CVs of 4-(carboxymethyl)benzenediazonium on an
Au electrode in an aqueous solution containing 20
mM CMA, 15 mM HCl, and 15 mM NaNO2. Scan
rate: 10 mV/s. 

Fig. 2. (a) Illustration of negatively charged Fe(CN)6
3− on

a CMA-functionalized Au in 0.1 M LiClO4 (pH 7).
(b) CVs of 5 mM Fe(CN)6

3− in 0.1 M LiClO4

solution (pH 7) on (i) a bare Au electrode and (ii, iii,
and iv) CMA-functionalized Au electrodes obtained
after the application of the different number of
potential cycles ((ii) 3 cycles, (iii) 5 cycles, and (iv)
10 cycles) at a scan rate of 10 mV/s for the
electrografting of CMA. (c) CVs of 5 mM Fe(CN)6

3−

in 0.1 M LiClO4 solution (pH 7) on (i) a bare Au
electrode and (ii, iii, and iv) CMA-functionalized Au
electrodes obtained after the application of the
potential cycles (3 cycles) at different scan rates ((ii)
200, (iii) 10, and (iv) 1 mV/s) for the electrografting
of CMA. Scan rate: 20 mV/s.
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layer formation on the CMA-functionalized Au

electrodes. As illustrated in Fig. 2(a), we expected the

carboxylic group of the electrografted CMA (pKa =

3.8) to be deprotonated in 0.1 M LiClO4 (pH 7), which

prevents the penetration of the negatively charged

redox probe Fe(CN)6
3− to the electrografted CMA

layer depending on the extent of the layer formation.

To evaluate the effect of the number of potential cycles

applied, we cycled the potential of the cleaned Au

electrodes different times (i.e., 3, 5, and 10 cycles) at a

fixed scan rate of 10 mV/s in aqueous solutions

containing diazonium cations. Fig. 2(b) shows the CVs

of Fe(CN)6
3− in the LiClO4 solution on CMA-func-

tionalized Au electrodes obtained after the application

of the different number of potential cycles. For

comparison, a CV of Fe(CN)6
3− on a bare Au electrode

is also presented in Fig. 2(b). The CVs clearly indicate

the effective blocking of the penetration of Fe(CN)6
3− to

the electrografted CMA layer, resulting in the nearly

complete disappearance of the redox currents of

Fe(CN)6
3− compared to that on the bare Au electrode.

The substantial blocking was obtained even with the

application of three potential cycles, suggesting that the

three potential cycles applied was enough to achieve

the surface saturation of the electrografted CMA layer

on the Au electrodes. We also evaluated the effect of

the scan rates applied during the electrografting process.

Fig. 2(c) shows the CVs of Fe(CN)6
3− in the LiClO4

solution on CMA-functionalized Au electrodes obtained

after cycling potentials three times at different scan

rates (i.e., 200, 10, and 1 mV/s). The CVs also exhibited

the nearly complete blocking of the penetration of

Fe(CN)6
3− to the electrografted CMA layer obtained

with sufficiently low scan rates (i.e., 10 and 1 mV/s).

Those results suggest that such fast electrografting

process, for example, three potential cycles at a scan

rate of 10 mV/s, could lead to the sufficient extent of

electrografted CMA layer formation on the CMA-

functionalized Au electrodes.

3.2. Further functionalization of CMA-function-

alized Au surfaces with amine-terminated PAMAM

dendrimer

After characterizing the electrografted CMA layer

on the Au surfaces, we further functionalized the

CMA-functionalized Au electrodes with amine-

terminated PAMAM dendrimers. Since the PAMAM

dendrimers contains a number of terminal amine

groups, the additional functionalization of the CMA-

functionalized Au electrodes with the dendrimers

would provide a high number of immobilized amine

moieties on the Au surfaces. For example, amine-

terminated 6th generation PAMAM dendrimers (G6-

NH2) contain 256 amine groups at the terminals.24-26

Thus, the further functionalization of the CMA-

functionalized Au electrodes with the G6-NH2

dendrimers would provide the high number of

immobilized amine moieties, which can be used as

conjugation sites for immobilization of antibodies on

the Au surfaces. Specifically, we immobilized the

G6-NH2 dendrimers on CMA-functionalized Au

electrodes via covalent coupling of the amine terminals

of G6-NH2 to the carboxylic group of the electrografted

CMA, resulting in the formation of G6-NH2/CMA-

functionalized Au electrodes. To confirm the

Fig. 3. (a) Illustration of positively charged Ru(NH3)6
3+ on

(left) a CMA-functionalized or (right) a G6-NH2/
CMA-functionalized Au electrode in H2SO4. (b) CVs
of 5 mM Ru(NH3)6

3+ in 0.5 M H2SO4 solution on (i)
a bare, (ii) a CMA-functionalized, and (iii) a G6-NH2/
CMA-functionalized Au electrode. Scan rate: 20 mV/s.
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immobilization of the G6-NH2 dendrimers on CMA-

functionalized Au electrodes, we investigated the

functionalized Au surfaces with a positively charged

redox probe Ru(NH3)6
3+ using cyclic voltammetry.

As illustrated in Fig. 3(a), the G6-NH2/CMA-

functionalized Au electrode is expected to be positively

charged in 0.5 M H2SO4 while the charge of CMA-

functionalized Au surface is neutral, because terminal

amine group (pKa = 9.5) of the G6-NH2 and carboxylic

group (pKa = 3.8) of the CMA are mostly protonated

in the acidic solution.9 Thus, the positively charged

Ru(NH3)6
3+ is expected to be repelled electrostatically

from the G6-NH2/CMA-functionalized Au electrode

while the CMA-functionalized Au electrode allows

the approach of Ru(NH3)6
3+, which distinguishes

the electrochemical behaviors of Ru(NH3)6
3+ on the

functionalized Au surfaces. Indeed, we observed

substantial decrease in the redox currents of

Ru(NH3)6
3+ on the G6-NH2/CMA-functionalized Au

electrode ((iii) in Fig. 3(b)) compared to those on bare

Au electrode ((i) in Fig. 3(b)). However, we observed

the redox currents of Ru(NH3)6
3+ on the CMA-

functionalized Au electrode ((ii) in Fig. 3(b)). As

shown in Fig. 3(b), it is also worthy to note that the

observed redox currents of Ru(NH3)6
3+ on the CMA-

functionalized Au electrode are smaller than those on

bare Au electrode. This suggests that the electrografted

CMA layer is sufficiently covered on the Au surface

enough to retard the access, and thus the electrochemical

redox reactions of Ru(NH3)6
3+ even without the

electrostatic repulsion of Ru(NH3)6
3+ from the CMA-

functionalized Au surface. 

3.3. Enhanced surface density of antibodies

on Gn-NH2/CMA-functionalized Au (n = 4 and 6)

Thus far, we have demonstrated the functionalization

of Au surfaces with CMA and amine-terminated

PAMAM dendrimers. As we discussed earlier, the

resulting Au surfaces would be useful to immobilize

sufficient amounts of antibodies, which is important

to develop immunosensor Au chips with high surface

density of antibodies. To confirm the usefulness of the

functionalized Au to immobilize antibodies, we

immobilized two different generation PAMAM

dendrimers (Gn-NH2, n = 4 and 6) onto CMA-

functionalized Au chips. The resulting Au chips, i.e.,

Gn-NH2/CMA-functionalized Au chips (n = 4 and 6),

were then used to immobilize anti-mouse IgG antibodies

via covalent cross-linkages using glutaraldehyde (see

the Experimental section for experimental details,

Scheme 1). We observed the amounts of anti-mouse

IgG antibodies immobilized on the Gn-NH2/CMA-

functionalized Au chips (n = 4 and 6) using SPR

measurements. Fig. 4 shows SPR sensorgrams obtained

on the Gn-NH2/CMA-functionalized Au chips (n = 4

and 6), indicating the immobilization of the antibodies

on the functionalized Au surfaces. For comparison, a

SPR sensorgram obtained on an ethylenediamine/

CMA-functionalized Au chip is also presented in Fig. 4.

Compared to the SPR sensorgram on the ethylene-

diamine/CMA-functionalized Au ((iii) in Fig. 4), the

sensorgrams on the Gn-NH2/CMA-functionalized

Au chips (n = 4 and 6) indicate the immobilization

of the large amounts of anti-IgG antibodies due to

the high number of terminal amine groups of the

dendrimers on the functionalized Au surfaces.

Quantitatively, the uses of the G4-NH2/CMA-func-

tionalized and the G6-NH2/CMA-functionalized Au

chips allowed the enhanced surface density of the

Fig. 4. SPR sensorgrams obtained on (i) a G6-NH2/CMA-
functionalized, (ii) a G4-NH2/CMA-functionalized,
and (iii) an ethylenediamine/CMA-functionalized Au
chip when flowing 30 µg/mL anti-mouse IgG antibodies
in 10 mM PBS buffer containing 1 mM NaBH3CN
and subsequently washing with 10 mM PBS. Flow
rate: 5 µL/min. 1 R.U. = 1 pg/mm2. M.W. of anti-
IgG = 150 kDa.
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immobilized anti-mouse IgG antibodies, i.e., ca. 6 × 107

and ca. 16 × 107 anti-IgG/mm2, respectively, compared

to that (i.e., ca. 3 × 107 anti-IgG/mm2) obtained with

the ethylenediamine/CMA-functionalized Au. Based

on all of the results, we concluded that the functiona-

lization of Au surfaces with CMA and amine-

terminated PAMAM dendrimers could allow high

surface density of immobilized antibodies, which is an

important feature for sensitive immunosensor chips.

4. Conclusions

In summary, we have described a strategy for

surface functionalization of Au chips with CMA and

amine-terminated nth generation PAMAM dendrimers

(Gn-NH2, n = 4 and 6). The surface functionalization

strategy allowed high-density immobilization of

antibodies on Au surfaces, which is a desirable

feature for sensitive immunosensor Au chips. Especially,

the functionalization of Au surfaces with CMA and

G6-NH2 allowed immobilization of IgG antibodies

with high surface density, which is 5 times higher

than that obtained with Au surfaces with CMA and

ethylenediamine. Since the high surface density of

immobilized antibodies is a critical analytical feature,

we believe that the suggested strategy holds great

promise as a valuable way to develop sensitive

immunosensor Au chips.
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