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Abstract We report a novel approach to biosensor-based
observations of biomolecular interactions which enables
real-time monitoring of biomolecular interactions in com-
plex media. This approach is demonstrated by investigating
the interaction between the human chorionic gonadotropin
(hCG) and its antibody in blood plasma using a surface
plasmon resonance biosensor and a dispersionless micro-
fluidics system. The real-time binding data obtained in
blood plasma are compared with those obtained in buffer
and blood plasma using a conventional method. It is also
demonstrated that the proposed approach can enhance the
capability of the biosensor to detect biomolecules in
complex samples in terms of detection time and sensitivity.
In the model experiment, this approach is shown to enable
direct detection of hCG in blood plasma at levels which are
five times lower than those detected using the conventional
detection approach.

Keywords Surface plasmon resonance - Molecular
interaction analysis - Microfluidics - Optical biosensor
Introduction

In the last two decades an increasing effort has been
dedicated to the development of real-time label-free optical
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biosensors [1]. This effort resulted in a wide variety of
optical biosensor technologies suitable for biomolecular
interaction analysis and rapid detection of chemical and
biological species with applications in sectors such as
biomedical and pharmaceutical research, medical diagnos-
tics, environmental monitoring, food safety, and security [1,
2]. In medical diagnostics, detection of a wide range of
molecular markers in bodily fluids is desirable. These
biomarkers are present at concentrations ranging typically
from pg/mL to pg/mL. For example, levels of human
chorionic gonadotropin (hCG) in the blood plasma of healthy
individuals are below 1 ng/mL and can increase to pg/mL
in patients suffering from trophoblastic cancer or epithelial
ovarian tumors [3].

Biosensor-based studies of biomolecular interactions are
typically carried out in buffers which are well-defined and
rather simple environments. This approach fails to take into
account potentially complex effects of other molecules
which are present in the medium in which biomolecular
interactions occur in reality (e.g., human blood, blood
plasma) [4—6]. For instance, proteins in blood serum were
demonstrated to interfere with certain drugs, affecting their
pharmacological activity [4, 5]. Therefore, the monitoring
of biomolecular interactions in native environments
presents an important research goal. However, this goal
poses numerous challenges, as the complex media influence
sensor response both by affecting the molecular interaction
under study [6] and by interfering with the measurements
(e.g., through non-specific adsorption on the sensor surface)
[7]. Non-specific adsorption from blood plasma produces a
sensor response which is often comparable or larger than
that associated with the specific interaction under study [7].
In order to reduce the interfering effects from complex
samples, samples can be diluted [8, 9]. However, the
dilution of sample decreases concentration of analyte and
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therefore reduces sensitivity of the method. Interfering
effects are commonly reduced by means of referencing in
which measurement is performed simultaneously in two
channels—sensing channel that is sensitive to both specific
molecular interaction and interfering effects and reference
channel that is sensitive just to interfering effects. However,
when applied to measurements in blood plasma, response
of each channel may substantially exceed the specific
response of the sensing channel. The accuracy of referencing
ranges between 95% and 99% of the sensor response [1]
and therefore the resulting error may still be larger than
the sensor response to the specific molecular interaction.
In order to improve conditions for the direct observation
of molecular interactions in complex media, various
sensor surface modifications suppressing the non-specific
interactions have been proposed. For instance, biointerfaces
based on zwitterionic polymers [7, 10] have been demon-
strated to exhibit non-specific protein adsorption from
undiluted blood plasma of less than 3 ng/em? [7].

Various approaches have been proposed to detect protein
analytes in complex samples. Sandwich detection formats
with secondary or tertiary antibodies or gold nanoparticles
have been widely used to enhance sensor response to target
molecules [11-15]. Combination of colloidal nanoparticles
and secondary antibody was used in the study of Schneider
et al. [13] to detect the hCG down to 0.5 ng/mL in
undiluted blood plasma. Teramura and Iwata [14] used
secondary and tertiary antibody to amplify the sensor
response to «-fetoprotein. This approach increased the
sensor response by a factor of ~6 and allowed achieving
the limit of detection in the ng/mL level. However, the
sandwich detection format requires multiple steps which
makes the real-time monitoring of the interaction of the
target molecule with the receptors impossible. Moreover,
the requirement of multiple steps increases the detection
time, complexity and costs of the assay.

We report a novel approach to biosensor-based observation
of biomolecular interactions which enables direct real-time
monitoring of biomolecular interactions in complex media.
The approach is demonstrated by investigating a model
biomolecular interaction between hCG diluted in 50% blood
plasma and its antibody immobilized on the surface of a
surface plasmon resonance (SPR) sensor.

Materials and methods

Reagents

Sodium acetate, KH,PO,, Na,HPO,, KCI, NaCl, ethanol-
amine (EA), and bovine serum albumin (BSA) were purchased

from Sigma Aldrich, USA, in molecular biology grade or
higher. N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dime-
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thylaminopropyl)-carbodiimide hydrochloride (EDC) were
purchased from GE Healthcare, USA. hCG and the respective
antibody (anti-hCG) were obtained from Scripps Laboratories,
USA. Carboxylic (HS-C;;-(EG)s-OCH,-COOH) and hydrox-
ylic (HS-Cy;-(EG)4-OH) alkanethiols were purchased from
Prochimia, Poland. Ethanol for spectroscopy (purity >99.9%)
was purchased from Merck, USA. Blood plasma was kindly
provided by the Institute of Hematology and Blood Transfu-
sion, Prague, Czech Republic (IHBT). The blood samples
were obtained at [HBT from informed consent patients in
accordance with the rules of the Ethical Committee of IHBT.
Plasma was centrifuged from ACD whole blood of healthy
donors and stored at —80 °C until use. The composition of the
phosphate buffer PB was 1.4 mM KH,PO,, 8 mM Na,HPO,,
2.7 mM KCI, pH 7.4 at 25 °C. The PBS and PBSy, buffer
had the same composition as the PB buffer with the exception
of NaCl concentration which was 137 mM and 0.75 M,
respectively. PBSgga and PBSy.ssa buffers were prepared by
adding 20 mg/mL BSA and 2 mg/mL BSA into PBS and
PBSy., respectively. SA;q consisted of 10 mM sodium acetate,
pH 5 at 25 °C. All buffers were prepared using deionized
water (18 M€)/cm resistance, Direct-Q from Millipore).

Sampling method for monitoring of biomolecular interactions
The proposed method (herein referred to as the sampling

method) is based on sequential injections of complex sample
(e.g., blood plasma) and a washing solution (e.g., buffer). Fig. 1
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Fig. 1 Sampling method: specific and non-specific effects occurring
during the sequential injection of the complex sample and washing solution
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illustrates several cycles of the sampling method with the
interaction taking place in the complex sample and sensor
readout being performed in the washing solution. When the
sensor is exposed to the sample, specific binding, non-specific
adsorption, and refractive index change takes place at the
sensor surface. The washing solution is designed in such a way
that it removes non-specifically adsorbed proteins, while it does
not disrupt binding of analyte molecule to their biospecific
partner immobilized on the sensor surface. We demonstrate that
almost complete removal of the non-specifically adsorbed
proteins can be achieved during the washing period as short as
several seconds, while only a small fraction of specifically
bound analyte molecules is desorbed. Therefore the level of
specifically captured analyte molecules can be assessed at the
end of the washing solution cycle (Fig. 1) and thus the real-
time binding data can be reconstructed.

Surface plasmon resonance sensor

A laboratory SPR sensor (PLASMON 1V) developed at the
Institute of Photonics and Electronics, Prague, Czech
Republic [16] was used in this study. The sensor is based
on the wavelength spectroscopy of surface plasmons and
the attenuated total reflection method. The sensor allows for
simultaneous monitoring of biomolecular interactions in
four independent sensing channels. Sensor chip is made of
a glass slide coated by an adhesion-promoting titanium film
(thickness: 1 nm) and a gold film (thickness: 50 nm). In the
SPR sensor, the chip is interfaced with a flow-cell with four
separate flow chambers facing four sensing areas on the
sensor chip (details of the fluidic system are given in the
following section). The sensor is equipped with temperature
stabilization, enabling SPR measurements with the tempera-
ture baseline stability better than 0.01 °C. The sensor response
is represented by the change of the SPR wavelength and can
be calibrated to the change in the surface coverage of bound
molecules. The calibration coefficient is proportional to the
molar weight and depends on the resonant wavelength [17].
For the SPR sensor used in this study and SPR wavelength
of 750 nm, a 1-nm SPR wavelength shift represents a change
in the protein surface coverage of 17 ng/cm?.

Dispersionless microfluidics

In order to allow for fast switching between the analyzed
complex sample and the washing solution, a recently
developed dispersionless microfluidics [18] was used. This
microfluidics system allows switching between two sam-
ples without dispersion of the liquid and intermixing before
the sample reaches the sensing area. The principle of operation
of the microfluidics system is illustrated in Fig. 2. The sensing
area, where the sample is to be delivered, is comprised of a
microfluidic channel and two input and two output ports.
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Fig. 2 Principle of operation of the dispersionless microfluidics

Two different liquids are introduced to the microfluidic
channel through the two input ports. In state A, output port 2
is opened and output port 1 is closed, which makes liquid #1
flow through the sensing area and then to the waste container
while liquid #2 flows directly to the waste container. In state
B, the direction of flow is reversed, which makes liquid #2
flow through the sensing area. The microfluidic structure is
formed from 60-pm-thick self-adhesive vinyl foil which is
attached to the surface of a polished acrylic manifold. The
input ports are connected to two multichannel peristaltic
pumps and output ports are connected to microelectric valves
(VICI Valco Instruments Co. Inc., USA).

Sensor functionalization

Sensing areas on the surface of the SPR chip were
functionalized to yield sensing and reference channels with
low fouling background. A self-assembled monolayer of
mixed carboxy- and hydroxy-terminated alkanethiols was
used as a linker layer onto which anti-hCG antibody and
BSA (sensing channel) or only BSA (reference channel)
were covalently anchored via amino coupling chemistry.
Details of the functionalization procedure are given below.
A 3:7 mixture of HS-C;-(EG)s-OCH,-COOH and HS-C;-
(EG)4-OH thiols was dissolved in ethanol in a total
concentration of 0.2 M. A clean SPR chip was immersed
in the thiol mixture at 40 °C for 10 min and stored at a
room temperature overnight. Then the chip was rinsed with
ethanol, mounted into the SPR setup and deionized water
was flowed along the sensing area. Subsequently, the chip
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surface was incubated for 10 min in aqueous mixture of
0.5 M NHS/0.1 M EDC to activate the carboxylic groups.
After activation, a solution of 10 pg/mL anti-hCG in
10 mM SA,, buffer was pumped across the sensing area
(sensing channel). The immobilization with anti-hCG was
stopped when the SPR sensor response reached 7 nm
(~119 ng/em?), which corresponds to one third of the
saturation surface coverage of anti-hCG. The sensor surface
was then incubated with 1 mg/mL BSA in SA;, for 30 min
(both sensing and reference channels). Non-covalently
bound anti-hCG and BSA was rinsed with PBSy, for
5 min. At the end of the surface functionalization, 1 mM
EA (pH 8 at 25 °C) was introduced for 5 min to deactivate
carboxylic groups of alkanethiols. During the functionali-
zation procedure, the flow rate and the temperature were set
to 20 puL/min and 25 °C, respectively.

Monitoring interaction between hCG and anti-hCG

Real-time monitoring of the interaction between anti-hCG
antibody immobilized on the sensor surface and hCG in
blood plasma was performed using both the sampling
method and conventional referencing method to allow for
direct comparison.

The sampling method in plasma was performed as
described below. After the functionalization of the SPR
chip with antibodies, the input port 1 was used as the active
input port. Washing solution (PBSyapsa) Was pumped
through the active input port 1 and flowed across the
sensing area until a stable baseline was achieved. Blood
plasma mixed with PBSgga (1:1 ratio) was spiked with
hCG (final hCG concentration: 250 ng/mL) and loaded into
the input port 2 of the microfluidics system (inactive). In
this configuration the blood plasma sample was directed to
the waste without entering the sensing area. The sampling
approach was carried out by sequentially switching the
active input port between input ports 1 and 2. Ten 30-s
cycles of blood plasma sample and washing solution were
performed (total time: 10 min). Finally, the microfluidics
system was switched to the input port 1 and the washing
solution was flowed through the sensing area until equilibrium
was achieved. The flow rates used in these experiments were
as follows: blood plasma sample was pumped at a flow rate of
20 pL/min while a flow rate of 60 puL/min was used for the
washing solution to increase the desorption rate of the non-
specifically adsorbed molecules and to improve the accuracy
of the readout of the specific sensor response. Reference
channel functionalized with BSA was used to account for the
non-specific adsorption.

The referencing method was performed in blood plasma
and buffer as described below: after functionalization of the
chip, PBSy, was flowed through the sensor area until a
stable baseline was established (flow rate of 60 pL/min).
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Subsequently, the sample containing hCG was injected in
the flow channel (250 ng/mL hCG in PBS or in 1:1 blood
plasma/PBSgg4 solution). The analyte solution was flowed
through the sensor flow-cell at a flow rate of 20 pL/min.
Then, the solution was replaced with PBSy, buffer which
was flowed through the sensing area until equilibrium was
reached. Reference channel functionalized with BSA was
used to account for the non-specific adsorption.

Detecting hCG in blood plasma

Detection of hCG in blood plasma was performed using the
sampling method and the results were compared to those
obtained using the conventional referencing method.

In the sampling method, a series of blood plasma samples
(50% in PBSgsa) spiked with different concentrations of
hCG (25, 50, 100, 250, and 500 ng/mL) were analyzed.
Blood plasma sample and the washing solution were
introduced into the two respective input ports of a micro-
fluidic channel. A sequence of ten 30-s injections of blood
plasma sample and washing solution was performed. The
total time the blood plasma sample was in contact with the
sensor surface was therefore 5 min. Each concentration was
measured using dedicated sensing and reference channels.

The hCG-spiked blood plasma samples were also analyzed
using the conventional referencing method. In these experi-
ments, PBS was used as the running buffer. Blood plasma
samples (50% diluted in PBS) spiked with different concen-
trations of hCG (75, 100, 150, 250, and 500 ng/mL) were
pumped through the sensing and reference channels for 5 min
and then replaced with the running buffer. After flowing the
running buffer through the flow-cell for 6 min, PBSy, was
injected and let flow for 3 min to remove the non-specifically
adsorbed proteins. Finally, PBS buffer was injected again.

Data analysis

In all experiments reported herein, sensor response measured
in the reference channel was subtracted from the sensor
response obtained in the sensing channel to produce a
reference-compensated sensor response. The reference-
compensated sensor response corresponding to a given
concentration of analyte was quantified using two different
methods. For the conventional referencing method, the sensor
response was calculated as a difference between the sensing
and reference channels in the running buffer after the washing
step. On the other hand, for the sampling method, the sensor
output was calculated as the initial binding rate determined by
applying linear regression to the initial linear portion of the
hCG binding curve. In order to assess reproducibility of the
sensor, data obtained from at least three independent measure-
ments for each concentration using a new chip for each
measurement were used. First, the relative error (standard
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deviation of the sensor output divided by its mean value) was
expressed as percentage. Then, the reproducibility was
calculated by subtracting the relative error from 100%. The
statistical operations were performed using the commercial
data analysis software Origin 8.1 (OriginLab Corporation,
USA).

Results and discussion

Monitoring interaction between hCG and anti-hCG
in blood plasma

The temporal sensor response of the sensing and reference
channels is shown in Fig. 3. Clearly, the injection of blood
plasma sample results in high response in both the sensing
and reference channels. Upon switching to the washing
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Fig. 3 Sampling method: a temporal sensor response to hCG in
50% blood plasma in the sensing and reference channels; hCG
concentration: 250 ng/mL. b Detail of the first two binding/washing
cycles (120 s)

solution, the change in the bulk refractive index of solution
and desorption of non-specifically absorbed proteins causes
a quick change in the sensor response which comes to a
stable value within 10 s (in both sensing and reference
channels). Desorption of specifically bound hCG to anti-
hCG (in the sensing channel) is much slower compared to
the change in refractive index and desorption of non-
specifically adsorbed proteins. The dissociation rates of the
hCG/anti-hCG complex were measured in PBSgga buffer
for four different concentrations of hCG (500, 250, 100,
and 50 nM) and the following dissociation rates were
obtained: (1.3+£0.1) x 107371, (1.2£0.2) x 107357,
(1.04£0.2) x 1073s7!, and (1.440.8) x 1073s7! (see
Electronic Supplementary Material). These rates are rather
close and imply that the decrease in the specific sensor
response during the 30-s washing period is between 3% and
4%. Therefore, the sensor response measured at the end of
each washing step (denoted with red circles in Fig. 3)
differs from the correct value corresponding to hCG—anti-
hCG system without washing step by 4% or less. This value
is comparable with the typical error in SPR-biosensor-based
measurements.

Figure 4 shows the real-time sensor response to hCG
binding obtained using the sampling method and the
conventional referencing method in blood plasma and buffer.
The real-time binding data obtained in blood plasma using
the sampling method show a good agreement with the data
measured in buffer both during the association and dissoci-
ation phases of the interaction. After 5 min of hCG binding,
the sensor response reaches 0.33 and 0.35 nm for the
sampling method in blood plasma and referencing method in
buffer, respectively. The difference between the sampling
method and the measurement in buffer is consistent with the

0.4+ . >

0.2
'
=3 AR
£ ra
8 0.0- &
e £
g - Washing solution
4 @ ¢
5 024 Q -
(2] | ]
c 3
s 15 .:
044 5 —e— Sampling method in plasma
Y . Referencing method in buffer
" m  Referencing method in plasma
-0.6 bl T T T T T T T
-2 0 2 4 6 8 10
Time [min]

Fig. 4 Reference-compensated sensor response to hCG binding in
buffer and in diluted blood plasma using the sampling method and
conventional referencing method; hCG concentration: 250 ng/mL
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expected 4% decrease in the sensor response due to the short
dissociation steps of the sampling method. Dissociation rates
determined from the dissociation phase of the sensor response -
1.4x107 5" (sampling method) and 1.6x 10 s (referenc-
ing method in buffer) - show a good agreement. The sensor
response obtained using the conventional referencing method
in blood plasma exhibits a more pronounced association
phase (in particular, in the initial stage of the binding). We
believe that this effect is in part due to differences in the non-
specific binding of plasma proteins to the surfaces of sensing
and reference channels. After injection of the washing solution,
the sensor response returns quickly to the level of 0.41 nm,
which is by 17% higher than the value obtained in buffer. The
dissociation rate was determined to be 2.3x107° s~'. The
faster dissociation, compared to that observed in buffer, is
likely to be associated with (faster) dissociation of other
blood plasma protein adsorbed on the sensor surface.

Detecting hCG in blood plasma

The binding data for anti-hCG immobilized on the SPR
sensor surface and hCG in blood plasma obtained using the
sampling method are shown in Fig. 5. As follows from
Fig. 5, the sensor response increases with the concentration
of hCG. At low concentrations of hCG (50 and 100 ng/mL), the
sensor response increases with time at a constant rate. At higher
concentrations of hCG, the temporal sensor response departs
from linear and at a concentration of hCG of 500 ng/mL, the
sensor response eventually approaches an equilibrium. The
equilibrium sensor response is 0.45 nm which corresponds to
the surface coverage of 7.7 ng/em”. The sensor response
observed in the reference channels during these experiments
did not exceed 0.08 nm (for 5-min detection cycle), which
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Fig. 5 The binding kinetics measured using the sampling method
in spiked blood plasma samples for different hCG concentrations
(50-500 ng/mL)
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corresponds to the surface coverage of 1.3 ng/cm?. This level
of non-specific adsorption is very low and is comparable with
the amount of non-specifically adsorbed proteins on the most
advanced non-fouling biointerfaces [7]. We believe that this is
mainly due to the fact that the high ionic strength washing
solution removes the non-specifically adsorbed molecules
during each sampling cycle before they can form a solid layer
enabling secondary non-specific adsorption on this layer.
Reproducibility of the sensor output increases with the
concentration of hCG. For the sampling method, the repro-
ducibility ranges from 72% (hCG concentration: 25 ng/mL) to
90% (hCG concentration: 500 ng/mL). Reproducibility of the
sensor response in the conventional referencing method
follows the same trend and ranges from 67% (hCG concen-
tration: 50 ng/mL) to 79% (hCG concentration: 500 ng/mL).
Using the SPR sensor output determined for a set of
different concentrations, calibration curves were established
for both the sampling method and the conventional
referencing method. In the sampling method, the sensor
output (the initial binding rate) was determined from the
initial linear portion of reference-compensated sensor
response (Fig. 5). The time interval used in the regression
varied from 1.5 min for 500 ng/mL to 5 min for 25 ng/mL.
The sensor output in the referencing method was deter-
mined as a difference between the sensing and reference
channels in the running buffer after the washing step. The
resulting calibration curves are presented in Fig. 6. The
binding rate obtained using the sampling method is directly
proportional to the analyte concentration across the whole
considered range of concentrations. Binding rates measured
for the blank sample (50% plasma not spiked with hCG) in
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Fig. 6 Calibration curves for hCG detected in blood plasma using the
sampling method (black, open symbols) and the conventional
referencing method (blue-filled squares, right axis). Dashed lines
correspond to linear fit through zero (weighted, parameter of the linear
fit provided in the figure, correlation coefficients: rampiing=0.995,
Treferencing = 0.985). The sensor outputs corresponding to LOD for the
sampling and conventional referencing methods are denoted with
horizontal lines
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the sensing and reference channels were (6.8 +0.1) x 1073
and (6.4 £0.5) x 10~>nm x min~!, respectively. The sen-
sor response obtained using the conventional referencing
method is proportional to concentrations; however, at
higher hCG concentrations (500 ng/mL) the sensor
response levels off. Sensor responses measured for the
blank sample were (0.10£0.02) and (0.10+0.01) nm for
sensing and reference channel, respectively. The limit of
detection (LOD) was calculated from the calibration curves
as the concentration of hCG which corresponds to the
sensor output equal to three standard deviations of the
sensor output for a blank sample. This corresponds to LOD
of 10 ng/mL for the sampling method and 50 ng/mL for the
conventional referencing method. It should, however, be
noted, that LOD serves here mainly for comparison of the
two approaches and that the lowest concentrations at which a
quantitative measurement of hCG can be done are higher
(approximately three times higher than the respective LOD).

Conclusions

A novel approach to biosensor-based observation of biomo-
lecular interactions is reported which enables real-time
monitoring of biomolecular interactions in complex media.
Using the interaction between hCG and the respective
antibody in 50% blood plasma as a model system, we
demonstrate that this approach allows reconstruction of the
real-time binding data and rapid detection of biomolecular
analytes in complex samples. It is demonstrated that the ability
to access the real-time binding data makes it possible to
improve detection performance by a factor of five. This
enhancement is comparable with those achieved previously
by the use of complex assays employing secondary and tertiary
antibodies. The experiments demonstrate that biomolecular
analytes occurring at concentrations as low as 10 ng/mL can be
directly and specifically detected in blood plasma in 10 min.
The speed of analysis and sensitivity may be of particular
interest in point-of-care applications. Furthermore, the possi-
bility of obtaining real-time binding data for molecules
occurring in their native environments may be attractive

feature in molecular biology and biomedicine. This method
can be readily adapted to other types of sensors including
interferometric sensors, fluorescence-based sensors, QCM, etc.
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