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A protein chip is an analytical device that measures a 

number of different protein analytes at the same time [1-
3], which may be similar to DNA chip in terms of its 
multi-analytical function. A simultaneous analysis of many 
analytes facilitates the acceleration of the information process-
ing speed on particular targets. For instance, screening of 
donated blood samples against infectious diseases and 
comparing protein profiles in different biological speci-
men are the regimes utilized by the protein chip. Variable 
applications are feasible to a variety of fields, such as 
medical diagnostics, proteomic studies, monitoring of 
food and environmental contaminants, and veterinary 
examinations. 

The protein chip selectively measures protein analytes 
by employing binding substances, and typically, these 
binding substances are antibodies that specifically recog-
nize the respective analyte. Antibodies are complex or- 

 
G`çêêÉëéçåÇáåÖ=~ìíÜçê 
qÉäW=HUOJOJPOVMJPQPU= = c~ñW=HUOJOJVOTJOTVT=

ÉJã~áäW=ëÜé~Éâ]âçêÉ~K~ÅKâê 

ganic molecules having globular folding of polypeptide 
chains and, thus, are sensitive and fragile under various 
conditions [1,2]. Furthermore, the antigen binding sites 
on the molecule are very small entities, each made of 3 to 
5 amino acids, and far localized at Fv fragments of the 
immunoglobulin structure. When antibodies are immobi-
lized on solid surfaces to construct an immunochip, their 
ability to bind to antigens may be significantly affected 
depending on the orientation of the immunoglobulin that 
is bound and the formation of molecular clusters on the 
surfaces [4]. For these reasons, it is important to develop 
appropriate immobilization methods for the immu-
noglobulin, if possible, without inactivation [3]. 

In general, most solid-phase immunoassays utilize an-
tibodies that are immobilized onto solid substrates in 
undefined states [2,4]. This is caused mainly by a random, 
physical adsorption of the protein molecules onto the 
surface and also by mutual interactions among them by 
weak forces. These may result in the obstruction of suit-
able antigen-antibody reactions due to a steric hindrance 
as well as the creation of inactive binding sites directly 
facing the surface [2-4]. Such effects implicate that only 
a small fraction of the antibody molecules expose their 
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binding sites to the outside surface to which the analyte 
present in the bulk solution can react. This problem oc-
curs in most conventional immunoassays and causes de-
creases in analytical sensitivities. 

It has been reported that antibody molecules can be con-
trolled to be suitably immobilized onto a solid surface such 
that the antigen binding sites are oriented away from the 
surface [1]. Typically, chemical activation of the carbohy-
drate chain on the hinge region of the immunoglobulin can 
be performed using periodate oxidation in order for the 
binding protein to be attached to an activated surface. This 
type of immobilization may leave the Fab fragments free to 
interact with the antigen molecules [2]. Additional methods 
that utilize fragmented immunoglobulin are also available 
for controlled immobilization [5-7]. Nevertheless, no anti-
body immobilization method, to our knowledge, has yet 
presented solid experimental data showing a significant en-
hancement in the analytical sensitivity. 

In this study, we mainly focused on the methods of 
controlling the orientation of the immunoglobulin when 
they are immobilized on solid surfaces. To help accom-
plish this purpose, reduction of the antibody molecules 
has been selected. Immunoglobulins can be reduced by a 
mild reducing agent such as mercaptoethylamine (MEA, 
also alternatively named as cysteamine). The resulting cys-
teine thiol groups, which are located at the hinge region of 
the antibody, can be used for the chemical attachment of 
the antibody fragments to an activated solid surface [8-10]. 
This can allow the antigen binding sites to face away from 
the surface, and consequently, this process increases the 
fraction of active antibody molecules. We compared the 
detection sensitivity of an analytical system that employing 
the approach under discussion with the detection sensitiv-
ity of a conventional method. 
 
 
j^qbof^ip=^ka=jbqelap= =
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A monoclonal antibody against human serum albumin 
(HSA) was obtained from BioDigit Laboratories (Seoul, 
Korea) and was purified on a protein G affinity column 
(Bio-Rad, Hercules, CA, USA). Goat anti-HSA polyclonal 
antibody was purchased from Cliniqa (Fallbrook, CA, 
USA) and was purified by immuno-affinity chromatogra-
phy on a gel column with immobilized HSA. Rabbit anti-
goat polyclonal antibody that was conjugated with horse-
radish peroxidase (HRP), Sephadex G-15 gel, CNBr-ac-
tivated agarose gel, tetranitromethane, and mercaptoe-
thylamine (MEA) were purchased from Sigma (St. Louis, 
MO, USA). N-hydroxysuccinimidyl (NHS)-biotin (Cat. 
#21343) and 1-biotinamido-4-(4'-[maleimidoethylcyclo-
hexane]-carboxamido)butane (biotin-BMCC) (Cat. #21900) 
were purchased from Pierce (Rockford, IL, USA). Other 
reagents used in this study were of analytical grade. 
 
páíÉJÇáêÉÅíÉÇ=_áçíáåóä~íáçå=çÑ=fããìåçÖäçÄìäáå=
 

The monoclonal antibody to HSA was first dialyzed 

against a 100 mM phosphate buffer, pH 6.0, and was 
treated with variable concentrations of MEA (1 to 100 
mM after dilution) as a reducing agent. After allowing the 
reaction to run for 90 min at room temperature, the ex-
cess MEA was removed by size-exclusion chromatogra-
phy on a Sephadex G-15 gel column. The degree of the 
reduced state of immunoglobulin was verified by PAGE 
using a 12% gel. The samples were treated with a 60 mM 
Tris-HCl buffer of pH 6.8, which consisted of 25% glyc-
erol, 2% sodium dodecyl sulphate, and 0.1% bromophe-
nol blue. After loading the samples, the separation was 
run under 100 V and 40 mA for 90 min. The gel was 
stained with a 0.1% Coomassie Blue R-250 solution con-
taining 45% methanol and 10% acetic acid for 1 h, and 
then, the gel was destained. 

Using an optimal concentration of MEA (50 mM), the 
reduced antibody was immediately reacted with a 20 mo-
lar excess of biotin-BMCC that had been dissolved in 
dimethyl sulfoxide for 2 h at room temperature. Unre-
acted biotin molecules were removed by dialysis and sub-
sequently by size-exclusion chromatography.  
 
mìêáÑáÅ~íáçå=çÑ=_áçíáåóä~íÉÇ=fããìåçÖäçÄìäáå=
 

To prepare a nitro-avidin gel column, avidin was dis-
solved in a 50 mM carbonate buffer of pH 8.0, and 
tetranitromethane (0.4 µL/mg avidin) was then added 
into the solution. The reaction mixture was incubated 
within a dark box for 1 h at room temperature. This ni-
trated avidin product was added to a CNBr-activated 
agarose gel that was prepared according to the manufac-
turer’s protocol. After reacting the mixture at 4 overnight, 
the avidin-immobilized gel was extensively washed with 
the carbonate buffer. Then, the gel was transferred into a 
100 mM Tris buffer of pH 7.6 to inactivate the residual 
reactive groups, and it was filled within a glass column 
(gel volume, 7 mL). After washing the gel by alternating 
acidic and alkaline conditions, 0.6 mM biotin dissolved in 
50 mM sodium acetate buffer (pH 4) was added to block 
unmodified biotin-binding sites of the immobilized avidin. 
Biotin molecules that were bound to the nitro-avidin were 
released using a 50 mM carbonate buffer of pH 10. Fi-
nally, the gel column was washed with a sufficient 
amount of 50 mM sodium acetate buffer (pH 5.0). 

In order to purify the biotinylated antibody prepared 
above, the antibody was loaded into the nitro-avidin gel 
column, and the gel was subsequently washed with the 50 
mM sodium acetate buffer (pH 5.0). The eluate from the 
column was delivered at a rate of 2 mL/h to a fraction 
collector (Model 2110, Bio-Rad, Hercules, CA, USA) 
and was collected in a fraction volume of 1 mL. After 
sufficient washing, the bound antibody was eluted by 
switching the buffer to a 50 mM carbonate buffer of pH 
10. The fractions collected were subjected to analyses as 
described below. 
 
^å~äóëÉë=çÑ=bäìíáçå=cê~Åíáçåë=
 

The elution fractions from the affinity column were 
analyzed for protein, total antibody, and the biotinylated 
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antibody. Protein analyses were carried out using the 
Bradford assay [11]. Total antibody assays were accom-
plished using a goat anti-mouse antibody that was immo-
bilized within the inner surfaces of the microwells. The 
goat antibody (1 µg/mL), which was diluted in a 10 mM 
phosphate buffer containing 140 mM NaCl (pH 7.4) 
(phosphate buffered saline, PBS), was added into the 
wells (100 µL each) and was incubated for 1 hr at 37oC. 
After washing, the residual surfaces were treated with 
100 mM Tris-HCl of pH 7.6 containing 0.5% casein 
(Tris-Casein). The samples, which were diluted to 1:100 
with Tris-Casein containing 0.1% tween-20 (Tris-Casein-
TW), were added into each antibody-immobilized well 
and reacted under the same conditions. A goat anti-
mouse polyclonal antibody coupled to horseradish per-
oxidase (HRP), which was diluted in Tris-Casein-TW, 
was transferred after washing and was incubated under 
identical conditions. The wells were rinsed, a substrate 
solution for HRP [12] was added, and the color that de-
veloped was measured at the absorbance of 450 nm. As-
says for the biotinylated antibody were performed em-
ploying the same analytical protocol employed for the 
total antibody except the use of microwell with immobi-
lized streptavidin instead of the secondary antibody.  
 
açëÉ=êÉëéçåëÉë=áå=qïçJëáíÉ=fããìåç~ëë~óë=
 

To compare the performances of two different antibody 
preparations, i.e., site-directly biotinylated antibody and 
randomly biotinylated antibody, immunoassays on strep-
tavidin-coated surfaces were performed. The randomly 
biotinylated antibody as the control was synthesized by 
coupling 20 molar excess of NHS-biotin to the intact 
antibody. The excess biotin was then removed by dialysis 
and gel filtration. For immobilization of the antibodies, 
streptavidin (10 µg/mL) dissolved in PBS was coated on 
the inner surfaces of the microwells that were already 
treated with 0.5% glutaraldehyde solution. The wells were 
incubated within a closed box, and 100% humidity was 
maintained for 1 h at 37oC. These same conditions were 
also used for incubations in the following steps that are 
mentioned. After washing, the residual surfaces were 
blocked with Tris-Casein, and each antibody preparation 
(2 µg/mL), which was dissolved in Tris-Casein-TW, were 
immobilized on separate streptavidin-coated surfaces of 
the microwells. Variable concentrations of HSA (0 to    
1 µg/mL) were bound within different wells for each set 
of the capture antibody. Goat anti-HSA polyclonal anti-
body (1 µg/mL), which was used as the detection anti-
body diluted in Tris-Casein-TW, was allowed to react in 
each well, and rabbit anti-goat polyclonal antibody cou-
pled to HRP was subsequently bound. After rinsing, a 
substrate solution for HRP [12] was added, and a color 
signal that developed was measured as described above.  
 
 
obpriqp=^ka=afp`rppflk=

 
To attain an efficient immobilization of immunoglobu-

lin, we have investigated a defined activation of the anti- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. SDS-PAGE analysis of the antibody molecules reduced 

using variable concentrations of MEA. The reductions were 
carried out at 37oC for 90 min in the presence of MEA that had 
a concentration between 1 and 100 mM. 

 
 

body molecule in combination with an immobilization 
method that employs streptavidin-biotin linkage. This 
would provide two advantages. First, the utilization of a 
streptavidin-coated solid support enables the blockage of 
the residual surfaces with an inert protein (e.g., casein, 
bovine serum albumin) after immobilizing the binding 
molecules. Such blocking can prohibit a direct contact of 
the immunoglobulin to the solid surface, which causes a 
non-specific adsorption of the protein [2]. Secondly, the 
sites of biotinylation on the antibody molecule can be 
selective such that a site-directed immobilization of im-
munoglobulin can be accomplished using streptavidin-
biotin binding. The sites for the attachment of biotin are 
possibly the sulfhydryl groups that were produced by 
chemical reduction at the hinge region of the antibody 
molecule. 
 
mêÉé~ê~íáçå=çÑ=fããìåçÖäçÄìäáå=_áçíáåóä~íÉÇ=~í=~= =
aÉÑáåÉÇ=páíÉ=
 

Strong reducing agents, such as dithiothreitol and mer-
captoethanol, appeared to cleave disulfide bonds that 
were present between the heavy and light chains as well 
as the target between the heavy chains of the antibody 
molecule. This resulted in a production of sulfhydryl 
groups at unwanted sites, which may interfere with the 
formation of a reproducible, uniform antibody layer on a 
solid surface and also caused a denaturation of the pro-
tein. Thus, we introduced MEA for a mild reduction of 
the antibody molecule, which lead to the selective cleav-
age of the disulfide bonds at the site between the heavy 
chains.  
 
léíáãáò~íáçå=çÑ=oÉÇìÅíáçå=`çåÇáíáçå=
 

Fig. 1 shows the results of the SDS-PAGE analysis of 
the antibody molecules reduced by MEA. Although some 
protein bands were observed at a range of low molecular 
weight (near MW 24,000), which indicate the cleavage of 
light chains, the major protein was the half form (near 
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Fig. 2. Affinity purification of the biotinylated antibody on a nitro-avidin gel column. Bradford assay was performed for each eluted 
fraction (left), and immunoassays for total and biotinylated antibodies containing in each fraction (right) were performed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Immunoassays for total and biotinylated antibodies to identify the constituents in the peaks shown in Fig. 2. 
 
 

MW 84,000) of immunoglobulin if MEA was sufficiently 
used for the reaction (equal to or more than 10 mM). 
This demonstrated that MEA reduced the disulfide 
bridges present between the heavy chains rather than 
those existent between the light and heavy chains. Such 
activated thiol groups on the protein molecules can be 
preserved by adding ethylenediaminetetraacetic acid as 
an anti-oxidative agent until they are utilized for the cou-
pling with biotin [13]. Under this condition, more than 
90% of the thiol groups have been reported to be reactive 
over a 40 h incubation period.  
 
mêÉé~ê~íáçå=çÑ=_áçíáåóä~íÉÇ=^åíáÄçÇó=
 

The fragmented antibodies with active thiol groups on 
the hinge region were chemically linked to the biotin 
molecules that were activated to produce maleimide 
groups. The resulting biotinylated antibody allows for an 
oriented attachment of the antibody on a streptavidin-
coated solid surface via streptavidin-biotin binding. To 
prepare a defined analytical component, the biotinylated 
antibody was purified by affinity chromatography on a 

nitro-avidin gel column (Fig. 2). After loading the reac-
tion mixture onto the column, the unbound fraction was 
sufficiently washed with an excess amount of a neutral 
pH buffer and the bound fraction was subsequently 
eluted under a basic condition (e.g., pH 10) that signifi-
cantly reduced the binding affinity of nitrated avidin to-
ward biotin [14]. The Bradford assays of the eluents for 
the total protein identified two peaks (Fig. 2, left) that 
possibly contained different proteins toward the state of 
conjugation: free antibody in the first peak and the bioti-
nylated in the second. To support these estimates, im-
muno-analyses of each fraction for total antibody and the 
biotinylated antibody were performed (see Fig. 3 for each 
scheme). The results showed that the antibody was pre-
sent in both peaks while the biotinylated antibody was 
detected only in the second peak (Fig. 2, right). The 
small first peak found in the biotinylated antibody assay 
could have resulted from the non-specific binding of the 
protein.  

Because the avidin-biotin reaction occurred with an ex-
tremely high affinity constant [14], one of the major 
drawbacks in utilizing the reaction as a tool for purifica- 
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Fig. 4. Schematic presentation of conceivable configurations of 
sandwich immune complexes formed in the respective immuno-

assay system with different capture antibodies. One was the 
antibody biotinylated at random positions (left) while the other 
at the defined hinge region (right). 

 
 

tion of the biotinylated antibody was a nearly irreversible 
nature of the complex formation [15]. In order to disrupt 
the complexes from being formed, a condition of denatu-
ration may be required [16]. Such drastic conditions 
would invariably inactivate the biological activity of the 
biotinylated antibody, and thus, an alternative approach 
of purification was necessary in order to prepare the anti-
body suitable for subsequent uses. The binding sites on 
the avidin molecule contained tyrosine residue that could 
be modified at its ortho position by nitration to synthesize 
a new component, nitro-avidin. Unlike the native form, 
such a derivatized avidin exhibited characteristics of a 
reversible dissociation from the complex with biotin at an 
elevated pH condition [14]. Utilizing such an effect, we 
were able to highly purify the biotinylated antibody with-
out the occurrence of denaturation by using the gel col-
umn containing immobilized nitro-avidin as shown above. 
 
^ëëÉëëãÉåí=çÑ=^å~äóíáÅ~ä=mÉêÑçêã~åÅÉ=çÑ=íÜÉ= = = = =
_áçíáåóä~íÉÇ=^åíáÄçÇó= =
 

Since the biotinylated antibody prepared will be even-
tually adopted as an immuno-analytical component, we 
tested its performance, particularly, in a two-site immu-
noassay. To this end, the biotinylated antibody was im-
mobilized on a streptavidin-coated surface and prepara-
tions were made to obtain the dose-response curve of 
HSA as an analyte. The effect of biotinylation at the de-
fined sites of the immunoglobulin could enable us to im-
mobilize them in a controlled fashion on a streptavidin-
coated layer, which was tested by comparing its perform-
ance with one that was conventionally prepared (see Fig. 
4 for configurations of each analytical system). The con-
ventional system used as a control in this study employed 
the intact antibody conjugated with an amine-reactive 
biotin, NHS-LC-LC-Biotin. Such a prepared antibody  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Comparison of the performances of two different cap-
ture antibody preparations in a two-site immunoassay, i.e., site-
directly immobilized antibody and randomly immobilized anti-

body on streptavidin-coated surfaces. Variations of duplicate 
measurements are shown. 

 
 

would have multiple biotin molecules randomly bound on 
an immunoglobulin, which may result in variable orienta-
tions of the immobilized antibody on the streptavidin-
coated surface. This may reduce the active binding sites 
accessible to an antigen due to steric hindrance.  

The performance of the site-directly biotinylated anti-
body was compared as the capture agent in the dose-
response curve with that of the randomly biotinylated 
antibody (Fig. 5). The results revealed that at least an 
increase of sensitivity by 10 fold (i.e., detection limit of 
analyte concentration corresponding to the signal value 
calculated by multiplying the standard deviation at the 
zero dose by three) was indeed obtained with the site-
directly biotinylated antibody. Unlike the randomly ar-
ranged antibody on the solid surface, the capture anti-
body that was immobilized in a defined fashion provided 
a high yield of reactive antigen-binding sites that faced 
away from the surface as mentioned. Consequently, the 
introduction of the site-directed immobilization method 
can significantly reduce steric hindrance in the antigen-
antibody binding compared to the steric hindrance with 
the conventional. In addition, the utilization of a strepta-
vidin-coated surface for an antibody binding can offer a 
maximum packing density of immunoglobulin [2].  

In conclusion, a method for site-directed immobiliza-
tion of an antibody via streptavidin-biotin linkage on a 
solid surface, which results in a significant enhancement 
in the analytical sensitivity, was developed. We attribute 
such results to an increased yield of active binding sites of 
immunoglobulin arranged in an orderly manner on the 
surface. This would resolve one of the major problems in 
constructing a high performance immunochip, i.e., ran-
dom arrangement of immunoglobulin. We are further 
challenging, for a better performance of immunochip, the 
investigation of a method that prevents the antibody 
molecules from forming protein molecular clusters on the 
surface.  
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