Colloids and Surfaces B: Biointerfaces 123 (2014) 887-891

Contents lists available at ScienceDirect

COLLOIDS AND
SURFACES B

Colloids and Surfaces B: Biointerfaces

=

journal homepage: www.elsevier.com/locate/colsurfb

Sensitive and selective analysis of a wide concentration range of
IGFBP7 using a surface plasmon resonance biosensor

@ CrossMark

Dae-Ho Jang®!, Youngbo Choi®:!, Yong-Soo Choi¢, Sun-Mi Kim¢, Hojung Kwak¢,
Se-Hyun Shin?, Surin Hong“*

2 School of Mechanical Engineering, Korea University, Seoul 136-701, Republic of Korea
b Institute of Technology, SK Innovation Global Technology, Daejeon 305-712, Republic of Korea
¢ Department of Applied Bioscience, CHA University, Gyeonggi-do 463-863, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Received 25 August 2014

Received in revised form 15 October 2014
Accepted 19 October 2014

Available online 28 October 2014

A sensitive method for selectively detecting insulin-like growth factor-binding protein 7 (IGFBP7) over
a wide range of concentrations based on the surface plasmon resonance (SPR) biosensing techniques is
described. IGFBP7 has been shown to regulate cell proliferation, cell adhesion, cellular senescence, apo-
ptosis, and angiogenesis in several different cancer cell lines. Since the concentration of IGFBP7 can vary
widely in the body, determining the precise concentration of IGFBP7 over a wide range of concentrations
is important, since it serves as an inducible biomarker for both disease diagnosis and subsequent therapy.

Keywords: . The SPR sensing method is based on the selective interaction of IGFBP7 with specific anti-IGFBP7 pro-
Surface plasmon resonance biosensor . R . .. . . )
IGFBP7 teins on a gold thin film, which was covalently bound to the Fc-binding domain of protein G on a mixed

self-assembled monolayer composed of DSNHS (S;(CH; )11 COO(CH3 ), COO-(N-hydroxysuccinimide)) and
mercaptoundecanol, and effect of this on changes in the SPR profiles. The limit of detection (LOD) of the
SPR biosensor was determined to be 10 ng/ml, which is a reasonable LOD value for biomedical applica-
tions. The response is essentially linear in the concentration range of 10-300 ng/ml. The SPR biosensor also
shows specificity for IGFBP7 compared to that for biologically relevant interleukin (IL) derivatives includ-
ingIL4,1L23,1L29, and IFG1. These molecules are also present along with IGFBP7 in the cell culture medium
and have the potential to interfere with the analysis. Finally, the level secretion of IGFBP7 from cancer
cells detected by the SPR biosensor showed a good correlation with a commercial kit using an IGFBP7
enzyme-linked immunosorbent assay. The findings reported herein indicate that the SPR biosensor for
IGFBP7 would be applicable in a wide variety of biomedical fields.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The insulin-like growth factor-binding protein 7 (IGFBP7), also
called IGFBP-rP1 or MAC25, is a member of the IGFBP superfamily,
which includes 16 secreted proteins that bind IGFs with variable
affinity [1]. IGFBP7 binds IGFs with a low affinity, butin contrast, has
a high affinity for binding insulin, which modifies its metabolism,
distribution and ability to bind to insulin receptors. A large
body of evidence suggests that IGFBP7 regulates cell proliferation,
cell adhesion, cellular senescence, apoptosis, and angiogenesis in
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different cancer cell lines, and it is therefore considered to function
as a tumor suppressor gene in numerous cancers [2-5]. Further-
more, it has recently been reported that IGFBP7 is associated with
human acute kidney injury and lung cancer. Because of this, IGFBP7
has been studied and validated as an important biomarker. In more
detail, IGFBP7 is known to be downregulated in human lung cancer
due to the methylation of DNA [6-9]. In addition, IGFBP7 has been
reported to be a novel prognostic urinary marker in early acute kid-
ney injury [10-12]. In human bodies and in individual cells, IGFBP7
is present at various concentrations. For instance, when IGFBP7 is
used as a biomarker, it is frequently detected at concentrations
ranging from few to several tens of ng/ml [6-12]. On the other hand,
in some reports of the tumor-suppressing effect of IGFBP7 for hepa-
tocellular carcinomas, the determined concentration of IGFBP7 was
in the range of several hundreds of ng/ml [13,14].

Most assays used to detect IGFBP families involve labeling, and
include an enzyme-linked immunosorbent assay (ELISA) [15-17]
and a fluorescence assay [18-20]. Among the conventional assays,
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ELISA is one of the most frequently used methods to for the detec-
tion of cytokine levels in serum or cell culture media, since it
possesses a high specificity and sensitivity. However, these label-
based assays have critical drawbacks when used in the direct
monitoring of IGFBP families over a wide range of concentrations.
In these methods, a stock sample solution needs to be sequentially
diluted to obtain the desired concentration range. This complicated
procedure can cause the propagation of errors in dilution, leading to
serious inaccuracies in an assay [21,22]. Moreover, the methods are
time-consuming, requiring 6-8 h to complete an analysis, which
makes it difficult to use in situations requiring real-time moni-
toring. Therefore, the development of a simple and direct method
that can determine the precise concentration of IGFBP7 over a wide
concentration range is clearly an important issue.

Here we describe a label-free sensitive and selective method for
the quantification of IGFBP7 over a wide range of concentrations,
based on a surface plasmon resonance (SPR) biosensing technique.
The sensing method involves the selective binding of IGFBP7 to
anti-IGFBP7 proteins and changes in the SPR signal caused by the
interaction between IGFBP7 and anti-IGFBP7 proteins. SPR-based
biosensors have attracted interest for detection of biomolecular
interactions, are sufficiently sensitive to detect the small changes
in the refractive index near the sensor substrate [23,24]. In partic-
ular, the high specificity of interaction between certain receptors
and the analytes has been applied to the design of SPR biosensors,
thus permitting highly selective detection to be achieved [25,26].
SPR biosensors are also useful for sensing the presence and amount
of analytes, as well as for real-time monitoring by measuring the
kinetics of association/dissociation at the interface [27,28].

In order to reduce non-specific binding and enhance the sensi-
tivity with a wide range of detection, a specific anti-IGFBP7 protein
was fabricated on a gold thin film, which was covalently bound
to the Fc-binding domain of protein G on a mixed self-assembled
monolayer (SAM). The proposed SPR biosensor for IGFBP7 thus has
the potential for use in sensing trace amounts. The SPR biosensor
can also selectively bind with a stronger affinity to IGFBP7 com-
pared to biologically relevant molecules, such as interleukin (IL)
derivatives including IL4, IL23, IL29, and IFG1, which can also be
present along with IGFBP7 in cell culture medium and could inter-
fere with the detection. Finally, we confirmed that our biosensor is
feasible, by selectively detecting the molecule in a culture medium
of cancer cells. We believe that the SPR biosensor for IGFBP7 would
be applicable in many biomedical fields.

2. Experimental
2.1. Materials

Gold thin film (K—MAC), Sz(CHz )] 1 COO(CHz )ZCOO—(N—
hydroxysuccinimide) (DSNHS, K-MAC Ltd.), phosphate buffered
saline (PBS, Sigma-Aldrich), protein G (Sigma-Aldrich), mercap-
toundecanol (MUO, Sigma-Aldrich), H,0, (Sigma-Aldrich), H,SO4
(Sigma-Aldrich), ethanolamine hydrochloride (Sigma-Aldrich),
anti-IGFBP7 (R&D SYSTEM Ltd.), IGFBP7 (R&D SYSTEM Ltd.), IGF1
(R&D SYSTEM Ltd.), IL4 (PEPROTECH Ltd.), IL23 (e-Bioscience Ltd.),
IL29 (Cell Signaling Ltd.) were used as received. A piranha solution
(H205 and H,S04, Sigma-Aldrich) was used to clean the gold thin
film. All chemicals were used as received.

2.2. SPR measurements

A flow cell (50 wl/min, 25 °C) was mounted on the sensor/prism
assembly so that solution of interest could be introduced so as
to easily flow across the surface of gold thin film substrate and
that switching between different solutions could be accomplished

rapidly (SPR micro, K-mac Ltd). The SPR system was utilized in the
Kretschmann configuration using attenuated total reflection (ATR).
Time-resolved SPR angle shifts were measured using the fixed angle
method which enabled the reflectance change, AR, to be linearly
correlated with the SPR angle shift, Afspg. Reflectance data at a
fixed incident angle were acquired in real time on a computer
[29,30].

2.3. Fabrication of SPR sensor surface

The gold thin film modified with MUO and DSHHS was pre-
pared to immobilize the anti-IGFBP7 proteins on the substrates.
A mixed monolayer (SAM) of MUO and DSNHS was self-assembled
on the gold thin film by treating it overnight with a 4:1 mixture of a
4.0 mM chloroform solution at room temperature. Immobilization
procedure was carried out using a SPRmicro instrument. Protein G
was diluted to a concentration of 100 pg/ml with PBS and immo-
bilized on the mixed SAM by means of amine-coupling chemistry.
Excess activated carboxyl groups were blocked by treatment with
1.0 M ethanolamine. The anti-IGFBP7 solution of 10 .g/ml was then
injected onto the protein G-modified gold thin film.

2.4. Quantification of IGFBP7 by SPR

A standard solution of IGFBP7 was prepared by dissolving it
in PBS. Standard IGFBP7 solutions, in a concentration range from
10ng/ml to 1.0 wg/ml, were injected into an inlet of the sample
well on the modified gold thin film surface, and real-time signals of
the interface of the gold thin film that were induced by the interac-
tion between the receptors and IGFBP7 were then measured. Signal
changes in reflectance were collected and the standard deviation
for each concentration of IGFBP7 was determined.

2.5. Cell culture

Human lung carcinoma A-549 cells were grown in RPMI
(Roswell Park Memorial Institute) 1640 supplemented with 10%
fetal bovine serum, streptomycin of 100 wg/ml and penicillin of
1001U/ml. A confluent cell number was seeded in a plate, the media
altered to FBS-free under 37 °C and 5% CO, for 2 days. The super-
natant from the culture medium was collected at 48 h and reserved
for further SPR and ELISA analysis.

2.6. ELISA measurement

A commercial ELISA was used to evaluate the accuracy of the
IGFBP7 level determined by the SPR biosensor. The supernatant
from the cultured cells was collected and centrifuged at 1500 rmp
for 10 min. The concentration of IGFBP7 was determined using an
ELISA kit for IGFBP7 (SEB973Hu, Science Inc.).

3. Results and discussion
3.1. Immobilization of the IGFBP7 antibody ligand

A schematic illustration for the method is shown in Fig. 1. In
the antibody immobilization methods, anti-IGFBP7 proteins were
indirectly immobilized to the Fc-binding domain of protein G on
a gold thin film by covalent attachment to a mixed SAM surface
via the formation of an amide bond. The mixed SAM was fabri-
cated using DSNHS and MUO to reduce steric hindrance effects
that control ligand density and effectively prevent the non-specific
adsorption of receptors by inducing the partial formation of w-
carboxyalkylthiol groups on the substrate [31-35]. Moreover, since
the reactive site of DSNHS is tethered to a molecular component of
a mixed SAM that is longer than MUO comprising the surround-
ing organic background, this additionally reduces the steric effects
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Fig. 1. Schematic diagram for the detection of IGFBP7 using a surface plasmon resonance biosensing technique. The scheme shows the use of a mixed SAM and protein G
modified gold thin film substrate to immobilize anti-IGFBP7 proteins for the preparation of a sensing interface.

[34,35], which leads to the reduction of the non-specific binding
and enhancement of sensitivity for IGFBP7 with a wide range of
detection. The molar ratio between DSNHS and MUO was opti-
mized to be 1:4 for the best coverage of anti-IGFBP7 (see Fig. S1
in Supporting Information).

The functionalized gold thin film with the mixed SAM was
mounted on the SPR sensor and all the subsequent molecular
interactions were monitored in real-time as shown in Fig. 2. After
establishing a baseline in PBS, the diluted solution of protein G in
PBS was pumped into the flow cell chamber to activate the sen-
sor surface for immobilization. After injection for 20 min, the SPR
signal was saturated, and the injection of protein G into the cham-
ber was stopped. The non-covalently bound proteins were then
removed by washing with a high ionic strength buffer. After a short
injection of PBS, 1.0 M solution of ethanolamine hydrochloride was
injected into the chamber for 5min to deactivate the unreacted
esters. A sudden increase and decrease in the signal at the begin-
ning and end of the injection of ethanolamine hydrochloride was
due to the drastic change in refractive index caused by replacing
the ethanolamine solution with PBS. The immobilization of anti-
IGFBP7 proteins to the protein G-coated surface was performed in
the running buffer for 20 min. The injection time for the anti-IGFBP7
proteins was controlled by monitoring the signal, and the injec-
tion was stopped when the signal became saturated. This step was
followed by washing the surface with PBS to remove any unbound
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Fig. 2. Time-resolved SPR signal for the immobilization of anti-IGFBP7 proteins on
the protein G-modified gold thin film.

proteins. The results suggest that the immobilization of the anti-
IGFBP7 on the SAM-modified gold thin film reached completion
within 80 min due to its strong adsorption characteristics.

3.2. Detection of IGFBP7 standard protein by SPR biosensor

The standard IGFBP7 protein solution was diluted with PBS
medium and the sensing performance of the SPR biosensor was
investigated. To establish a calibration curve and explore the sen-
sitivity of the SPR biosensor, changes in the SPR reflectance (AR)
were determined after the exposure of IGFBP7 in the concentration
range from 10 ng/ml to 1.0 pg/ml. The detection of IGFBP7 was per-
formed in PBS ata temperature of 25 °Cand a flow rate of 50 p.1/min.
A 10 min continuous injection of IGFBP7 with both reference and
measuring channels was performed. After 10 min, the sample solu-
tion was replaced with running buffer and the dissociation phase
was monitored. Fig. 3 shows the real-time changes in SPR signal
as a function of concentration. When the sensor surface is exposed
to the protein solutions, the SPR reflectance increased in typical
runs, reaching equilibrium within approximately 10 min of less,
after exposure to IGFBP7.

For the construction of a calibration curve, the sensor response
was read after 20min in buffer. An insufficient detection time
results in a low coverage of IGFBP7 on the sensor surface and leads
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Fig. 3. Time-resolved change in reflectance (AR) near the SPR angle following the

angle shifts measured for different concentrations of IGFBP7 in the range of 10 ng/ml
to 1.0 pg/ml.
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Fig.4. The calibration curve for IGFBP7 as a function of concentration from 10 ng/ml
to 1.0 pg/ml. The error bar shown indicates the standard derivation from the mean
(n=3).

to a lower sensitivity, whereas an over-long detection time may
result in multiple layers of IGFBP7, leading to the blockage of bind-
ing sites and lower efficiency. Fig. 4 shows the calibration curves for
the SPR biosensor utilizing anti-IGFBP7 proteins. The results were
created using sensor responses from a minimum of three substrates
with three replicas per substrate. Concerning the signal noise (the
SPR reflectance of the thin film fluctuated within ca. & 0.2% in aque-
ous media in the absence of IGFBP7), the limit of detection was
determined to be 10 ng/ml, which is more sensitive than the bio-
logically relevant range of concentrations. It can thus be concluded
that the SPR biosensor for IGFBP7 would be applicable for use in
biomedical diagnosis and monitoring.

It should be noted that the responses of the biosensor toward
IGFBP7 are quite linear over the entire calibration range of 10 ng/ml
to 300ng/ml. At higher concentrations, the response of IGFBP7
to the sensor surface became saturated, leading to a nonlinear
response and a plateau at concentrations above 1.0 pg/ml. The rea-
son for the non-linear response at higher IGFBP7 concentrations is
that the receptor sites of the antibody were nearly saturated with
IGFBP7 molecules and, as aresult, only a slight change in reflectance
occurred. That is, the operational amplitude (AR) initially increases
in proportion to the concentration of IGFBP7, reaching a limiting
value (~350RU).

3.3. Evaluation of specificity of SPR biosensor for IGFBP7

We also tested the specificity of the SPR sensor for IGFBP7
against in the presence of other biologically relevant molecules
including interleukin derivatives including IL4, IL23, IL29, and IFG1,
which are one of the predominant cytokines found in cell culture
media, and which have a molecular weight similar to that of IGFBP7
[36-39]. Fig. 5 shows reflectance changes as a function of the con-
centration of each biomolecule. The reflectance change increases
with increasing concentration of these molecules in the range of
10ng/ml to 1.0 pg/ml. Compared to the response for IGFBP7, the
sensing performance to these molecules were similar to IGFBP7
at a low concentration range. At concentrations of 10 ng/ml and
50 ng/ml, the SPR signal of IGFBP7 is not significant against IL4,
IL23 and IL29, and IFG1. In particular, both IL23 and IL29 cause
a slightly greater change in SPR signal than that of IGFBP7. This
suggests that at the low concentrations, these species can partici-
pate in competitive binding and interfere with the binding on the
sensor surface with IGFBP7. Interestingly, for concentrations over
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Fig.5. SPRsignal changesin AR of a sensor surface after exposure to concentrations
ranging from 10 ng/ml to 1.0 pg/ml of IGFBP7, IL4, IL23, IL29, and IFG1, respectively.
The error bar shown is the standard deviation from the mean (n=3).

100 ng/ml, a higher signal change for IGFBP7 was found, over not
only IL4 and IGF1 but also IL23 and IL29 species. In the case of IL4
and IFG1, small changes in SPR signal were observed at low and
high concentrations as well.

It should be noted that in the overall graphical shape, the highest
slope of linearity was observed in the calibration curve of IGFBP7
compared to that of other biomolecules (see Fig. S2 in Supporting
Information). In other words, the slope for the SPR signal of IGFBP7
as a function of concentration is quite distinct with respect to IL23,
IL29, IL4, and IFG1. Therefore, this SPR biosensor and the corre-
sponding calibration curves show specificity for IGFBP7 over IL23,
IL29, IL4, and IFG1.

3.4. Feasibility test of the SPR biosensor for IGFBP7 in cell culture
media

In order to evaluate the analytical reliability and potential for
applying the SPR biosensor, we further used the sensor surface to
quantify IGFBP7 in cell culture media. The supernatant from human
lung carcinoma A-549 cells was collected after cell culturing for 48 h
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Fig. 6. Time-resolved change in AR measured for IGFBP7 in a supernatant obtained
from human lung carcinoma A-549 cells. The inner graph is the quantification of
IGFBP7 level by the SPR biosensor and by ELISA.
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to investigate the feasibility of the technique for use in biomedi-
cal applications. The supernatant sample was directly analyzed by
both ELISA and SPR. The real-time SPR signal for the media sam-
ple was obtained and the value was determined to be ca. 18 RU.
Although the cell culture medium contained high concentrations
of protein and glucose, no nonspecific interactions with the sensor
surface were detected. In the linear range of the calibration curve
in Fig. 4, the concentration of secreted IGFBP7 was estimated to be
ca. 14 ng/ml, which was in good agreement with results obtained
using ELISA (13.75 + 0.5 ng/ml) within the error bar (Fig. 6). Overall,
the proposed SPR biosensor is simple, convenient and rapid, with a
wide detection range for IGFBP7, suggesting that it has considerable
potential for use in the real-time monitoring of cellular secretions
and other practical biomedical applications.

4. Conclusions

In conclusion, an SPR biosensor for the sensitive and selective
detection and quantification of IGFBP7 using a mixed SAM in con-
junction with a specific receptor on a gold thin film is described.
The basis for the analytical method involves the specific and selec-
tive interaction of IGFBP7 with an anti-IGFBP7 protein by the
mixed SAM and protein G-modified gold thin film, which results
in changes in the SPR profile. The limit of detection was deter-
mined to be 10 ng/ml and a wide linear response was observed for
IGFBP7 concentrations in the range of 10-300 ng/ml. In terms of
specificity, the slope of the linearity in the sensing performance for
IGFBP7 is definitely distinguishable from other relevant biomolecu-
lar species including 114, 1L23, IL29, and IFG1. Furthermore, the SPR
biosensor was also feasible for use in the analysis of IGFBP7 in cell
culture media without interference by other proteins, thus making
it a viable alternative method to the currently used ELISA. Based
on the results of a wide range of sensitivity, specificity toward bio-
logically relevant molecules, and feasibility of use in the presence
of other molecules that are secreted by cells secretion, we con-
clude that the proposed SPR biosensor for IGFBP7 can be applied to
biomedical fields such as diagnostic monitoring.
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