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ABSTRACT

We describe a method of amplifying the biosensing signal in surface plasmon resonance (SPR)-based
immunoassays using an antibody-carbon nanotube (CNT) conjugate. As a model system, human erythro-
poietin (EPO) and human granulocyte macrophage colony-stimulating factor (GM-CSF) were detected by
sandwich-type immunoassays using an SPR biosensor. For the amplification of the SPR signal, the CNT
was conjugated with a polyclonal antibody, and then the conjugates were reacted with antibodies cou-
pled with the target proteins. This amplification strategy increases the dynamic range of the immunoas-
says and enhances the detection sensitivity. The SPR immunoassays, combined with the CNT-assisted
signal amplification method, provided a wide dynamic range over four orders of magnitude for both
EPO and GM-CSF (0.1-1000 ng/ml). The CNT amplification method is expected to realize the detection
of picogram levels and a wide dynamic detection range of multiple proteins, enabling it to offer a robust

stimulating factor

analysis tool for the development of biopharmaceutical production.

© 2010 Elsevier Inc. All rights reserved.

Surface plasmon resonance (SPR)! is an affinity optical sensor
based on the detection of changes in mass concentration at a bio-
specific interface [1]. However, the lack of a highly sensitive analyt-
ical method for detecting an analyte at low concentrations is a major
impediment to SPR biosensor technology. SPR offers the several
advantages compared with various other sensing techniques; it does
not require labeling reagents or hazardous labeling procedures, it is
capable of rapid analysis, and it allows for on-site or in situ detec-
tion. The most important point for the application of SPR biosensors
is to monitor the biomolecules sensitively and precisely. Because the
detection limit of current SPR biosensors is approximately 1-100 ng/
ml proteins [2,3], this sensitivity is sometimes insufficient for mea-
suring biological samples [4].

Erythropoietin (EPO) is a 34-kDa glycoprotein hormone that
promotes the production of red blood cells, and its abuse results
in serious side effects such as hypertension and heart failure. The
concentration range of EPO is approximately 6-100 pg/ml in urine
[5], and it is produced approximately 150 pg/ml from Chinese
hamster ovary (CHO) cell culture [6] and 50 pg/ml from transgenic
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! Abbreviations used: SPR, surface plasmon resonance; EPO, erythropoietin; CHO,
Chinese hamster ovary; GM-CSF, granulocyte macrophage colony-stimulating factor;
ELISA, enzyme-linked immunosorbent assay; CNT, carbon nanotube; NHS, N-
hydroxysuccinimide; EDC, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydro-
chloride; BSA, bovine serum albumin; MUA, 11-mercaptoundecanoic acid; MHA,
16-mercapto-1-hexadecanoic acid; MUOH, 11-mercapto-1-undecanol; SAM, self-
assembled monolayer; DW, distilled water; PBS, phosphate-buffered saline; SEM,
scanning electron microscopy; RU, resonance units.
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pig milk [7]. Therefore, EPO biosensors require monitoring of the
concentration range of 0.01-10,000 ng/ml to control the product
quality accurately and rapidly. Granulocyte macrophage colony-
stimulating factor (GM-CSF) is a pleiotropic cytokine for the sur-
vival, differentiation, and proliferation of granulocyte macrophage
populations. It is expressed at approximately 130 pg/ml in yeast
and animal cell cultures [8]. Currently, the commercially available
enzyme-linked immunosorbent assay (ELISA) for EPO and GM-CSF
are generally based on sandwich immunoassays and the horserad-
ish peroxidase reaction for realizing higher sensitive detection.
Their dynamic detection range is approximately 0.01-1.0 ng/ml,
and the broad range is required for process design and quality
assurance.

Many studies on the improvement of the detection limit or
sensitivity of SPR in label-free ways have been reported [9-13].
Despite the successful use of various nanoparticles for signal
amplification and sensitivity enhancement of sandwich immuno-
assays of biomolecules (peptides, proteins, and oligonucleotides),
biomolecules of interest are detected with less sensitivity and less
specificity and the steric hindrance of the nanoparticles may block
the approach of the antigen to the conjugated antibody [14]. We
also expect the use of an SPR biosensor system as a process devel-
opment tool to evaluate downstream processing operations for
biopharmaceuticals [15]. SPR systems have a number of advanta-
ges over traditional bioanalytical techniques (ELISA, flow injection
analysis, and radioimmunoassay) that are currently in use to aid
biopharmaceutical process development. SPR is especially capable
of fast and on-site detection and does not require any labeling
reagents [16].


http://dx.doi.org/10.1016/j.ab.2010.09.026
mailto:chungbh@kribb.re.kr
http://dx.doi.org/10.1016/j.ab.2010.09.026
http://www.sciencedirect.com/science/journal/00032697
http://www.elsevier.com/locate/yabio

CNT-assisted enhancement of SPR signal /E.G. Lee et al./Anal. Biochem. 408 (2011) 206-211 207

Recently, carbon nanotubes (CNTs) have evolved as a new class
of nanomaterials that possess high surface area as well as unique
electronic, thermal, and mechanical properties [17,18]. Owing to
their excellent biocompatibility and ability to improve the electron
transfer rate, they are extremely useful for applications in electro-
chemical biosensors [19]. In addition, large molecular mass is ex-
pected to be sensitive detection for an SPR system. Major barriers
for the preparation of a CNT-based biosensor are the poor dispersi-
bility of CNTs in water solvents and hydrophobicity [20]. If these
barriers could be eliminated, the CNT-assisted biosensor might
be able to detect biomolecules sensitively and precisely.

Here we have developed a signal enhancement procedure of
SPR to overcome the technical difficulties related to the very low
concentration of biomolecules such as EPO and GM-CSF. We did
so by using the CNT-antibody complex for the first time. For stable
and specific interaction between antibody and antigen, the optimal
conditions of the surface of the chip and CNT were investigated.
The logarithmic correlation between the SPR angle shift and anti-
gen concentration exhibited a good linear relationship for both
EPO and GM-CSF. The proposed method can offer a wide dynamic
detection range as well as improve the detection limit compared
with conventional label-free SPR analysis.

Materials and methods
Materials

Recombinant EPO was purchased from the Korea Food and Drug
Association, and GM-CSF was purchased from R&D Systems
(Minneapolis, MN, USA). Primary monoclonal capture antibodies
(MAB2871 and MAB215) and secondary polyclonal antibodies
(AB-286-NA and AF-215-NA) for ELISA analysis were obtained
from R&D Systems. N-Hydroxysuccinimide (NHS), 1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), and
1.0M ethanolamine-HCl (pH 8.5) were obtained from Biacore
(Uppsala, Sweden), and bovine serum albumin (BSA) was pur-
chased from Sigma (St. Louis, MO, USA). 11-Mercaptoundecanoic
acid (MUA), 16-mercapto-1-hexadecanoic acid (MHA), and 11-
mercapto-1-undecanol (MUOH) were purchased from Aldrich
(Milwaukee, WI, USA). Multiwalled CNTs were purchased from Iljin
Nanotech (Korea).

Preparation of gold-coated glass plate

The gold-coated glass plate was immersed in 10 mM MUA at
room temperature for 20-24 h to form MUA self-assembled mono-
layer (SAM) immediately after cleaning with a 3:1 (v/v) solution of
H,S04/H,0, at 50 °C for 30 min. Mixed SAM solutions were ob-
tained by mixing 1 mM MHA and 1 mM MUOH, both in ethanol,
at a 1:9 (v/v) ratio. The plate was washed with ethanol and distilled
water (DW), sonicated for 5 min in ethanol, and dried under a
nitrogen stream. This protocol produces stable and fully covered
SAMs on gold. After the plate was immersed in a solution of
0.2 M EDC and 0.05 M NHS in DW for 10 min, monoclonal antibody
for EPO or GM-CSF capturing was immobilized on the activated
surface by immersing 0.1 mg/ml solution of antibody in phos-
phate-buffered saline (PBS, pH 7.4) for 45 min. The unreacted es-
ters on the chip surface were inactivated by immersing the chip
in a solution of 1.0 M ethanolamine (pH 8.5) for 10 min and then
in a solution of 1% BSA for 45 min.

Preparation of CNT-antibody complex

CNTs were functionalized by heating in 3:1 H,SO4/HNO3 at
120°C for 1 h and shortened by sonication for 3 h. The resulting

dispersion was washed with DW and filtered until its pH was neu-
tral. This acidic treatment generates carboxylic groups on the sur-
face of CNTs to be conjugated with antibodies. The resulting CNTs
(1 mg) were dispersed in 1 ml of PBS buffer (pH 7.4), mixed with
0.02 M EDC, and then incubated with EPO or GM-CSF polyclonal
antibody (0.5 mg/ml) overnight at 4 °C. The reaction mixture was
then repeatedly centrifuged at 12,000 rpm for 20 min to remove
the unreacted EDC and free antibody. The CNT-antibody complex
was dispersed in PBS buffer, sonicated for homogeneous disper-
sion, and stored at 4 °C.

Scanning electron microscopy

The shortened and functionalized CNTs with antibody were
characterized by scanning electron microscopy (SEM, FEI, Nether-
lands) at an acceleration voltage of 10 kV after platinum coating
using a platinum coater (Bal-Tec, Switzerland).

SPR immunoassay in BlAcore system

All SPR measurements were performed on a BlAcore X SPR bio-
sensor system (GE Healthcare, Sweden). The instrument was oper-
ated using the BlAcore X control software (BIAevaluation 4.1). PBS
buffer was used as a running buffer for SPR assays. The chip was
mounted onto the chip carrier and inserted into a Biacore X SPR
biosensor system, which operated at a constant flow rate of 5 pl/
min and 25°C. The analyte solution of EPO or GM-CSF (0.1-
1000 ng/ml) in PBS buffer was applied to the chip for 25 min. Then
the CNT-antibody complex was injected for 15 min at a flow rate
of 5 pl/min, as shown in Fig. 1 (strategy I). The unbound molecules
were washed away using PBS for 5 min. The sensor chip was regen-
erated by injecting 0.1 M glycine-HCl buffer (pH 2.0).

For strategy Il in the schematic diagram of Fig. 1, the CNT-
monoclonal antibody complex was reacted with the analyte and
the unreacted analyte was washed away with PBS. A chip immobi-
lized with the polyclonal antibody (anti-EPO or anti-GM-CSF) was
prepared, and then the signal was amplified by injecting the solu-
tion containing the CNT-antibody and analyte for 15 min.

Results and discussion
Surface preparation and blocking of the chip and CNT

The schematic diagram (Fig. 1) describes our procedure for the
sandwich-type immunoassay via primary antibody (e.g., monoclo-
nal antibody) immobilization on a chip surface for binding with an
analyte and a secondary antibody (e.g., polyclonal antibody) for
capturing the analyte. The immunoassay of EPO and GM-CSF con-
sisted of its monoclonal antibody immobilization, the capture of
each antigen, and CNT-assisted signaling. To specifically capture
the analyte using the antibody combined with CNT, the blocking
of both the gold chip surface and CNT is one of the critical factors
in minimizing nonspecific adsorption on the chip surface. MUA and
a mixture of MHA and MUOH were examined as an SAM on the
chip surface. For this experiment, the CNT-antibody complex, as
a binding material, was injected into the flow cell. The formation
of a monolayer with 10 mM MUA resulted in relatively minor
adsorption compared with the mixture of MHA and MUOH
(Fig. 2A). In addition, BSA showed a slightly lower background sig-
nal than amino dextran treatment when the chip surface was pre-
pared with both MUA and MHA/MUOH SAMs (Fig. 2A). BSA was a
superior blocking agent for the chip surface following the immobi-
lization of the monoclonal antibody of EPO, whereas amino dex-
tran was a better blocking agent against the CNT-antibody
complex in capturing the antigen specifically (Fig. 2B). The
intention of using a blocking agent in the SPR immunoassay was
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Fig.1. Schematic diagram of SPR immunoassay to enhance sensitivity with the CNT-antibody complex.
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Fig.2. Effects of the blocking agent on the exposed surface of the CNT-antibody
complex (A) and both SAMs and blocking agents on the chip surface (B) by using a
nonspecific binding test of the CNT-antibody complex.

to avoid the nonspecific binding of impurities with the exception of
the specific antigen on the chip surface.

shift by binding between the antigen and the polyclonal antibody
was approximately 29 RU (Fig. 3A). Instead of the polyclonal anti-
body itself, the CNT-polyclonal antibody complex extensively
amplified the SPR signal by 1925 (Fig. 3B), which contained the
background signal. This means that there is an increase of signals
by immunoreaction between the antigen and the CNT-antibody
complex, as well as CNT itself, due to nonspecific hydrophobic
interaction between the chip surface and CNT. This nonspecific
binding may be minimized by selecting a suitable blocking agent
for both CNT and the chip surface, but it cannot be eliminated.
The CNT as an SPR signal-enhancing material had approximately
800-1250 signal responses for a loading time of 300 s on the chip
surface under blocking treatments. Therefore, to evaluate a rela-
tionship between the antigen and CNT-antibody by excluding
the CNT effect, the SPR signals in all experiments were calculated
by subtracting the positive response from the control experiment,
which was performed by injecting the CNT-antibody complex
without the antigen on the surface of the chip in the same
conditions.

In spite of the signal enhancement by CNT, the CNT-assisted SPR
detection has weak points for precise quantification in terms of the
inherent hydrophobicity, the steric hindrance of binding due to rod
type, and the wide range of sizes, resulting in false sensor signals in
SPR measurement. To lessen the problematic properties of CNT, the
nonspecific adsorption of the CNT-antibody complex should be
minimized. The hydrophobicity of the exposed CNT surface was re-
duced with amino dextran as a blocking agent, as mentioned
above. In addition, because the CNT-antibody complex itself was
supposed to have a higher nonspecific adsorption on the chip sur-
face, the CNT-monoclonal antibody complex previously bound
with its antigen (EPO or GM-CSF) injected into the flow cell, where
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Fig.3. SPR sensorgrams of the EPO (1 pg/ml) immunoassay with the antibody (A)
and CNT-antibody complex (B).

a sensor chip was immobilized with the polyclonal antibody. The
CNT-monoclonal antibody complex combined with its antigen fur-
ther increased the specificity, achieving a signal-enhancing effect
(18-fold higher than direct assay) by CNT (Fig. 4). The appropriate
binding formation between the antigen and the CNT-antibody
complex was further considered by determining the suitable ratio
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Fig.4. SPR signal shift by direct and CNT-mediated detections. CNT-Ab-Ag refers to
the complex formation of CNT-antibody-antigen after the CNT-antibody and the
sample are reacted.

of the antibody to CNT to detect the antigen. To investigate the ef-
fect of the ratio of CNT to antibody, we carried out the experiments
in various ranges of CNT to antibody from 250 to 5. Although the
preferable ratio of CNT to antibody depended on each antibody
and on antibody concentration, the CNT concentration was chosen
as 50:1 (mass:mass) for EPO- or GM-CSF-specific antibodies (each
10 pg/ml), reducing the background signals slightly. It is possible
that excess CNT or antibody may increase the background signal
or induce multiple bindings with a couple of antigens.

In the SPR sensing system, the antigen (EPO) binds with the
immobilized monoclonal antibody on the SAM chip surface and
the CNT-antibody complex is assembled onto the antigen captured
on the immobilized monoclonal antibody. Because the CNTs are
large, the relationship between the antigen and the CNT-antibody
complex could be evaluated simply by SEM. The SEM pictures un-
der relatively low (6.25 pg/ml) and high (62.5 pg/ml) concentra-
tions of EPO are shown in Fig. 5. The size of the CNT showed
broad ranges of 0.3-1.3 um, and the CNT-antibody complex was
observed to combine uniformly with its antigen, indicating that
the CNT complex has good dispersibility in buffer solution and high
specificity against the antigen.

Quantification of EPO and GM-CSF by SPR sensing using CNT-
antibody complex system

The CNT-assisted SPR immunoassays were performed using
varying concentrations of EPO and GM-CSF. The logarithmic corre-
lation between the SPR angle shift and antigen concentration
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Fig.5. SEM images of chip surface bound with the CNT-antibody complex at low
(6.25 pg/ml) (A) and high (62.5 pg/ml) (B) concentrations. The scale bar is 5 pm.
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exhibits a good linear relationship of 0.98 and 0.96 for both EPO
and GM-CSF in the range of 0.1-1000 ng/ml (Fig. 6), whereas that
from a normal SPR immunoassay without signal amplification
shows poor linearity over the analytical range. Here the slope re-
fers to the sensitivity of capturing material against the antigen
and reveals the extent of the nonspecific binding. The regression
refers to the precision of the SPR sensor over the dynamic detection
range. As a result, the CNT-assisted SPR sensor could be applied for
the quantification of therapeutic proteins on the process qualifica-
tion of culture and downstream processing when considering the
correlating equation. In particular, the correlation slope (>0.30)
(Fig. 7) of the CNT-monoclonal antibody complex, measured after
reaction with the antigen, had higher sensitivity than that of the
CNT-polyclonal antibody complex conducted in the general SPR
sensing system (Fig. 6). The CNT-assisted assay resulted in a 31-
fold higher signal amplification and higher correlation than the di-
rect label-free immunoassay. In addition, it may extend five orders
of magnitude and detect lower concentration (<0.1 ng/ml) of EPO
and GM-CSF, as shown in Fig. 7, whereas the normal SPR immuno-
assay with CNT amplification had meaningless SPR signals with
EPO and GM-CSF concentrations of less than 1 ng/ml.

The quantification of various proteins is required to profile mul-
tiple proteins present in biological samples over a broad range of
concentrations, and cytokines in serum are present in concentra-
tions ranging from 0.001 to 5 x 10° ng/ml [4]. Thus, the CNT-
assisted SPR immunoassays developed in this study offer potential
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Fig.6. SPR angle shifts at various EPO (A) and GM-CSF (B) concentrations using the
CNT-antibody complex. The error bars represent standard deviations in triplicate
runs: @, direct immunoassay; O, signal-amplified immunoassay with CNT-
antibody complex.
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Fig.7. SPR angle shifts at various EPO (A) and GM-CSF (B) concentrations. The
samples were previously reacted with the CNT-antibody complex.

application to a protein profiling analysis in terms of a wider dy-
namic range and limit of detection than other detection methods.

Conclusions

We have demonstrated the use of a signal amplification method
by CNT for SPR immunoassays. This amplification strategy en-
hances the detection sensitivity and enlarges its dynamic range.
The SPR immunoassay combined with the signal amplification
method provided a wide dynamic range over four orders of magni-
tude for EPO and GM-CSF (0.1-1000 ng/ml). In addition, it may ex-
tend to five orders of magnitude and detect lower concentrations
(<0.1 ng/ml) of EPO and GM-CSF. The CNT amplification method
is expected to realize the detection of picogram levels of both
EPO and GM-CSF and a wide dynamic range analysis of multiple
proteins, enabling its application for analysis of biomolecular inter-
action and to aid the development of pharmaceutical processes as a
monitoring tool.
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