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The real-time monitoring of the adsorption kinetic of antibody onto polyethylene terephthalate (PET) modified with
gold nanoparticles (NPs) is performed into a dielectric flow microchannel. The principle is based on the micro-
electrode–dielectric interface excitation by a modulated voltage excitation through the dielectric layer with high
frequency range. The set-up configuration using a homemade current-to-voltage converter has been developed for fast
monitoring of biomolecule adsorption without direct electrical contact of microelectrodes with the microchannel flow.
The change in the interfacial admittance, related to the output voltage measured through the microchip, during
antibody incubation, gives information on the kinetics involved while antibodies are adsorbed at the interface. An
example of adsorption on PET modified with gold NPS was taken. Experimental data were fit with the Langmuir
equation and a good correlation was obtained with this latter, where the equilibrium constant, K, was found as 1.55 ×
108 M−1 with a limit of detection for antibody concentration without depletion equal to 8.25 nM.
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1. Introduction

In the recent years, researches have been deployed to adapt or
combine existing techniques for immunoassays in microdevi-
ces. Optical techniques like Raman spectroscopy, confocal flu-
orescence microscopy, surface plasmon resonance, and
electrochemical techniques like impedance spectroscopy, elec-
trogravimetry, voltammetry, and amperometry are widely used
for investigating the interaction of target molecules onto con-
ductive or semi-conductive surfaces. Surface plasmon reso-
nance (SPR) and quartz crystal microbalance (QCM) are the
most commercialized optical and electrical instruments used for
monitoring the interaction of target biomolecules on prepared
substrates containing a thin gold layer [1,2]. QCM principle
was adapted to monitor the adsorption of biomolecules like a
balance placed in the solution. In that configuration, the meas-
urement of the resonance frequency shift due to the biomolecule
adsorption on the quartz crystal leads to the estimation of the
mass of biomolecules adsorbed [3,4]. The sensitivity of the
microbalance and its ability to measure the masses of a few
nanograms/cm2 have a very low share of acoustic losses in the
quartz, which gives the device a high-quality factor – a few tens
of thousands in the air, some thousands liquid phase – and
secondly its ability to measure with great precision the oscil-
lation frequency of such a device in which frequency is the
physical quantity that can be measured with great accuracy.
Although the principle of a resonator disrupting high-quality
factor to make a sensor can be generalized to a large number of
devices, the choice of the piezoelectric substrate gives the over-
all system a small and easy device to generate electrical signal
and processing. Until now, schemes of QCM miniaturization
are limited from a technological point of view because micro-
sized crystals are extremely brittle and hard to integrate in
microchips. Hence, a strategy to design miniaturized electro-
acoustic DNA biosensors using flexible semi crystalline poly-
mer has been reported in previous work which described
the development of a flexible electroacoustic polyethylene
terephthalate (PET) microchip for bioanalysis [6,7]. This first

prototype close to 100 times smaller than a quartz microbalance
was working in a non-contact configuration and well adapted to
avoid faradaic reaction that may damage biolayers. It has been
demonstrated that the 30 MHz frequency resonance observed in
the microchip resulted from the propagation of a mechanical
longitudinal wave through the silver microelectrode–PET inter-
face. The device was used to probe DNA hybridization by
monitoring RLC parameter of a Buttlerworth–Van Dyke
(BVD) resonant model [8]. However, although the methodol-
ogy was relevant, the quality factor obtained with the semi-
crystalline polymer is 100 times lower than conventionally
known for QCM.

Concerning SPR instruments, the principle is based on the
metal–dielectric interface excitation by a beam of monochro-
matic light in conditions of total reflection leading to the reso-
nance. The intensity of the reflected light at a specific angle has
a depth in which the intensity is operable. Several factors
influence the position of the resonance angle, which is a refrac-
tive index of the medium close to the face of the non-excited
metal thin film. The concentration of dissolved species is thus
determined in the medium as it is directly related to the refrac-
tive index. The projects on technological innovations of the
SPR aim are to develop new SPR biosensors for medical appli-
cations in order to overcome the current limitations for the
current SPR instrumentation. Indeed, commercialized SPR sys-
tems are used in a continuous flow that induces a large con-
sumption of reagents and sample. The goals are a low detection
limit (high sensitivity) detection in complex environments, such
as biological fluids (high specificity) detection of multiple ana-
lytes simultaneously in small volume of sample useful, low-cost
analysis, and compact devices. The wish to reduce the amounts
of samples and further increase the sensitivity leads to work with
the smallest volumes. This trend has given rise to digital micro-
fluidics or microfluidic in drops versus continuous microfluidics.
Relying on the use of electro-wetting techniques (EWOD: elec-
trowetting on dielectrics) and surface acoustic (SAW: surface
acoustic waves), SPR was recently combined with Love mode
surface acoustic wave (SAW) for quantifying of adsorbed bio-
molecules at the solid–liquid interface [9]. In addition with the* Author for correspondence: jean.gamby@upmc.fr
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SPR signal, the modification of the phase shift, related to the
bound mass, is converted to a frequency shift.

Based on the same concept, non-contact impedance spectro-
scopy through polymer microchannel provides a thorough
method for probing biomolecular interactions on insulated
materials [10] with related applications in sensors [11,12],
DNA-sensors [6,7], and enzyme biosensors [13]. With this
non-conventional impedance spectroscopy, since the embedded
microelectrodes are not in direct contact with the solution, the
alternating potential difference imposed between the two micro-
electrodes is modulated in high frequency range. Non-contact
impedance detection in controlled microdevices can be consid-
ered as a promising tool for achieving online detection of low
concentration of molecules and ions [14,15]. Historically, the
detection scheme that uses two carbon microelectrodes galvan-
ically isolated – in insulated polymer as PET – was developed
with the aim to avoid any unwanted process such as electrical
coupling, bubble generation, electrode passivation, or contam-
ination in microfluidics occurring when microelectrodes are in
contact with the microchannel flow. This work presents results
with the use of a non-contact admittance scheme detection
through a homemade current converter for fast and simplified
measurement protocol for biomolecules adsorption in micro-
channel flow. Measurements are based on the admittance
change measurements on the thin dielectric polymer layer – as
the surface sensor – between two planar carbon–gold micro-
electrodes placed without electrical contact with the flow chan-
nel. As mentioned for SPR, the principle is also based on the
metal–dielectric interface excitation but by a modulated voltage
of one hundred of millivolts through the dielectric layer with
frequency ranging from 100 Hz to 1 MHz and amplitude. The
output signal can thus be related to the interfacial admittance of
the modified dielectric layer sandwiched between the micro-
electrodes and the flow microchannel. Thus, the cut-off fre-
quency of the current converter is taken as a fixed frequency
for which the differential admittance amplitude is directly
related to the interfacial capacitance. To this goal, adsorption/
desorption of antibodies on flow microchannel with time (sen-
sorgrams), in the high frequency domain during the experiment,
were carried out from modified microchannel with gold NPs.
Since gold NPs turn the surface charge of the PET dielectric
layer, it enhances the channel flow sensibility for detecting
interactions of antibodies on polymer microchannel appearing
in the interfacial capacitance change. Indeed, the variation of
the interfacial admittance value measured by the current con-
verter versus time was directly correlated to the active surface
and constituted a characteristic parameter for following the

surface coverage. In that context, measurement of interfacial
admittance variation depending on the species provides infor-
mation on the interactions of antibodies with the modified
interface.

2. Materials and Methods

2.1. Chemicals. Tetrachlorauric acid (99.999%, HAuCl4,
3H2O) was purchased from Aldrich. Citrate trisodium (95%,
C6H5O7Na3, 2H2O) was obtained from Fluka. Hydroxylamine
hydrochloride was purchased from Alfa Aesar. The glassware
and magnetic stirring beads were always cleaned prior to use
with freshly prepared aqua regia (1:3 HNO3:HCl) followed by
rinsing with ultra-pure water (Millipore, conductivity 0.8 μS
cm). Phosphate buffer saline (PBS) tablets were purchased from
Sigma-Aldrich. The pH of the PBS solution (10 mM) was fixed
at pH 7 with solutions of NaOH and HCl. Synthesis and
characterization of gold nanoparticles were previously pub-
lished [16]. The procedure, often referred to as the Turkevich
method, derives its name from the work of Turkevich and
Stevenson [17] and uses trisodium citrate as the nucleating
and reducing agent.

A 10−6 M solution of labeled antibody (Fluorolink Cy5
labeled antirabbit IgG, Amersham Pharmacia Biotech) in
0.01 M PBS was used in this work.

2.2. Microchannel and Microelectrodes Networks. All the
measurements were carried using a PET microchannel with a
trapezoidal cross-section shape and a depth of 45 μm, a width
of 100 μm (see Figure 1), and a length of 1400 μm. The
distance separation of both microchannels is 200 μm center to
center (see Figure 1B). Before experiments, the channels were
coated with gold nanoparticles with an average size of 19 nm
and a standard deviation of 2 nm. The detection was achieved
using hybrid carbon ink/gold nanoparticles electrodes [10,14,15],
thermally laminated by a polyethylene/polyethylene terephtha-
late (PE/PET) layer with thickness of 35 μm (Morane, Oxon, UK)
at 135 °C and a pressure of 2 bar.

2.3. Apparatus. The wave generator was a Stanford
Research System Model DS345 (30 MHz, 20 V peak to peak
altitude). The syringe pump was a KD Scientific Model 260
with push/pull function. As displayed in Figure 2, the typical
simplified admittance spectroscopy developed in this work
consisted of a wave generator to provide excitation with certain
frequency and amplitude through one of the microelectrodes to
the detection cell, and signal related with the admittance of the
PET–microchannel interface in the sensing region was received
through the other electrode (Figure 2A).

Figure 1. A. Visualization of the laminated PET flow microchannel viewed over an inverted microscope. The two carbon–gold microelectrodes (in
black) correspond to the microelectrodes located in one side of the PET. The main flow microchannel (in white) was drilled in a non-contact way with
the microelectrodes and filled with fluorescein sodium for observation. B. Schematic view of the main flow microchannel in which dimensions of the
detection zone are indicated (not to scale)
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The admittance spectroscopy is performed through the com-
bination of a homemade current-to-voltage converter, and a
multimeter (Hewlett Packard, HP 34401) was used as recorder.
This output voltage is directly proportional to the admittance of
the flow microchannel expressed in volts. All the instruments
were controlled by a PC through Labview software (National
Instruments). A block diagram of the detector circuit is shown
in Figure 2B.

2.4. Antibody Adsorption under Flow Conditions. In the
case of electrostatic adsorption at the PET interface in contact
with an electrolyte, the microchannel flow rate is an important
parameter to optimize. For that, a laminar flow is generally
more appropriate to allow time for the process of adsorption
at the interface to implement it, while a turbulent flow is gen-
erally preferred for a desorption step. This highlights the strong
dependence of flow analysis with flow chemistry at interfaces.
Solutions of antibody with concentrations ranging from 8.25
nM to 0.66 μM in 0.01 PBS were pumped in a 2-cm long
microchannel (45 × 100 μm in cross section, as shown in
Figure 1B) by a syringe pump at a rate of 90 μL/h. The anti-
bodies were adsorbed onto the PET surface modified with gold
NPs, and the variation in the differential admittance was
recorded with time at the cut-off frequency (fc=430 kHz). As
mentioned previously, the output voltage is directly related to
the admittance which depends to the interfacial admittance. In
order to fit the experimental data, the kinetic isotherm was
normalized by the sensor response for the antibodies adsorption
on the plateau, VA,max, assuming that the experimental plateau
corresponds to the theoretical maximum and the signal given by
the buffer solution in the y-axis, named VS,B.

3. Results and Discussion

3.1. Admittance Measurement in Flow Microchannel.
When an AC voltage is applied between the two microelectrodes,
a capacitive coupling takes place between the microelectrodes
and the substrate–solution interfaces directly above each elec-
trode. The electrode geometry is such that the electrode area
capacitively coupled to the substrate is much larger than the
electrode cross-sections facing each other tominimize the possible
direct capacitive coupling between the two electronic conductors.
For these reasons, the electrodes are thin and planar (Figure 1).

To measure the admittance of the PET microchip according to
detection scheme displayed in Figures 2A and B, a frequency
response analyzer or a lock-in amplifier could be used. For sim-
plicity, we prefer to use the detector circuit shown in Figure 2B,
comprising a simple operational amplifier and a rectifier R. A
wave generator provides an AC voltage with a frequency ranging
from 100 Hz to 1 MHz and amplitude ranging from 0.1 to 0.6 V

to the PET microdevice. The output signal is a DC voltage linked
to the magnitude of the admittance of the device.

The measured output voltage is in fact an alternating current
expressed as follows in eq 1:

I ¼ U � YGj j ð1Þ

where U is the amplitude of the voltage excitation and |YG|
the global admittance modulus through the microchip between
the two microelectrodes.

In the case of the microchannel being filled with a solution,
the admittance depends on the different parts which constitute
the microchip. In this configuration, YG(ω) can be expressed as
a linear combination between Y1(ω) and Y2(ω) (eq 2):

YG ωð Þ ¼ Y1 ωð Þ þ Y2 ωð Þ ð2Þ
where Y1(ω) corresponds to a combination of admittance in

the microchannel with the microchannel interface/PET and the
admittance of the 5-μm-thick PET, and Y2(ω) the admittance of
the 120-μm-thick PET.

The target application is the real-time monitoring of the
interfacial admittance variation, ΔYG, at fixed frequency which
reflects mainly the adsorption change in the microchannel. If we
consider only the relative variation of the dielectric admittance
using the same buffer solution in the microchip, only the inter-
facial admittance varies because modification on the PET–NPs
surface occurs during antibody incubation. Some simplification
can be assumed. Indeed, the 5 μm-PET layer admittance from
the top of one electrode to the channel bottom is fixed and will
be suppressed during differential measurement. The same con-
sideration can be assumed for the 200 μm-PET layer admittance
between the two galvanically isolated microelectrodes obtained
in the case of empty microchannel.

3.2. Gold NPs Growth Enhances Sensor Response. The
modification of the microchannel with gold NPs was performed
in three steps. Firstly, the channel was filled with PBS (10 mM),
which was taken as a reference for all the experiments. Sec-
ondly, modification of the PET microchannel was obtained
by filling it with gold NPs solution and drying it overnight. In
order to remove unattached NPs, the channel was rinsed with
ethanol and water (50/50v/v). In the last step, growth of gold
NPs was performed by using hydroxylamine hydrochloride as a
growing agent and gold salt in the microchannel. Between each
step, the channel was filled with PBS buffer to point out an
increase of interfacial charges. After this procedure, the micro-
channel reaches the maximum response corresponding to the
maximum coverage.

Admittance spectroscopy with a 0.6-V voltage excitation
with frequency ranging from 100 Hz to 1 MHz was performed
in the case of microchannel filled with PBS buffer. The goal is

Figure 2. A. Diagram of the admittance detection method for monitoring adsorption. B. Electrical circuit of the signal converter used. The amplitude
of excitation from a wave generator could be further amplified to enhance the signal. The AC current is amplified and transformed into DC voltage
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to extract the differential values of the interfacial admittance
through the PET/flow channel with the same filled buffer sol-
ution in order to eliminate the admittance response related to Y2
from YG.

Preliminary experiments have been performed on bare and
PET modified channel in order to estimate the sensitivity of the
sensor and the effect of the surface charge (see Figure 3). Using
the same buffer, an increase of the output signal with increasing
frequency is observed until reaching a maximum frequency
occurring at 430 kHz after signals subtraction. The use of the
specific current-to-voltage converter is responsible to the elec-
tronic signal limitation in the spectral range named cutoff fre-
quency, that is the maximum response for the detection zone
(Figure 1) located at 430 kHz (see Figure 3). The change of the
interfacial admittance with frequency establishes clearly that the
cell can be regarded as a capacitive system, where the interfacial
capacitance response is preeminent from 30 kHz to 430 kHz.
The adsorption and growth of gold NPs on the microchannel
walls clearly induce an enhancement of the admittance of about
320 mV at the cut-off frequency. As regards the PET–NPs
dielectric layer, it must be pointed out that the gold NPs are
negatively charged due to the adsorption of chloride and citrate
anions [16]. In that way, any modification of the surface charge
will induce the modification of the charge density in the channel
which will be detected using differential measurements, due to
the higher sensitivity of the microchannel coated with gold NPs.
This latter configuration is kept in all the experiments for
adsorption monitoring.

The system consists of an initial adsorption of gold nano-
particles followed by the binding of antibodies (PET/gold nano-
particle/antibodies). Interestingly, temporal adsorption and
desorption of antibodies at the surface of nanoparticles in the
PETmicrochannel have been observed. The reversible adsorption
of antibodies at the surface of the nanoparticles can be clearly
followed, and the time dependent admittance at 432 kHz is por-
trayed in Figure 3. The results show the increase of the interfacial
admittance during the process of adsorption, followed by a
desorption stage when incubation time is short. The experimental
results show a very good reproducibility with negligible variation
of the output signal.

3.3. Experimental Isotherm Obtention. In the first step,
10−2 M PBS was pumped at 90 μL/h in the microchannel to
obtain the baseline, VS,B, during 200 s. The corresponding out-
put voltage, VS,B, in the y-axis was taken as the signal given by
the buffer solution. In the second step, a diluted solution of
antibody in 10−2 M PBS was introduced and adsorption
occurred over 400 s. After a short period of antibody incuba-
tion, a net increase of the output voltage was noted until reach-
ing a plateau value, VS,A, as displayed in Figure 4. In the last
step, the buffer was pumped again during 1400 s to ensure an
efficient washing procedure. In order to have the same incuba-
tion time on the x-axis, all samples were introduced following
the same procedure. However, for higher antibody concentra-
tions, the desorption step has been adapted by increasing the
flow rate until 170 μL/h to recover the previous buffer baseline
and ensure that all the antibodies are desorbed. The output
voltage with time was normalized by the buffer response base-
line because, as explained previously, we assume that the differ-
ential sensor response is directly related to the interfacial
admittance which is itself linked to the interfacial capaci-
tance. For that purpose, the obtained experimental plateau
for the antibodies adsorbed was defined as an equilibrium
value: VA,eq=VS,A−VS,B. The maximum output voltage value
obtained for VA,eq for higher antibody concentration was taken as
the experimental plateau which corresponds to the theoretical
maximum, VA,max. In the fitting procedure of the experimental
data, the kinetic isotherm was normalized by VA,max, (see right
axis in Figure 5A). Linearization of the adsorption isotherm was
performed as illustrated in Figure 5B (insert).

Figure 3. Response versus the input signal frequency with amplitude
of 0.6 V. The cut-off frequency at 430 kHz delimits two zones: micro-
channel admittance and OPA limitation. A. Admittance detection system
for a given test solution (PBS) in microchannel before (dashed line) and
after (solid line) gold nanoparticles adsorption onto PET microchannel.
B. Effect on NPs enhanced surface charges through the differential
admittance after substraction between responses displayed in graph A

Figure 4. Sensorgrams showing the interfacial admittance with time
for antibodies adsorption and desorption steps onto PET–NPs at fixed
cut-off frequency and flow rate equal to 430 kHz and 90 μL/h, respec-
tively. Step 1: the 10−2 M PBS buffer was introduced for 200 s. Step 2:
the diluted antibody (two examples are given in figure annotation) was
introduced for 400 s for incubation. Step 3: the PBS buffer was
introduced again for the washing procedure for 1400 s
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Indeed, an analogy with the well-known Langmuir equation
has been used to verify adsorption kinetics of antibody on
surface sensor [18–20]. Similarly to previous work [21], we
assume that assumption is consistent with semi-infinite linear
diffusion and its validity in the case of a microsystem is valid
[22,23]. Constants kon and koff represent the rates of adsorption
and desorption of the antibody onto the active sites. As a
consequence, the kinetics of the process is described by the
following equation:

dΓ tð Þ
dt

¼ konC tð Þ Γmax−Γ tð Þð Þ−koffΓ tð Þ ð3Þ

where C (mol/m3) represents the concentration of the anti-
body in the bulk, Γ (mol/m2) is defined as the concentration of
immobilized antibody, Γmax as the maximum attainable surface
concentration of immobilized antibody, and Γmax − Γ(t) as the
surface concentration against the time, t.

The equilibrium constant, K, is deduced from the ratio
kon/koff,

K ¼ kon
koff

¼ Γeq

C0 Γmax−Γeq

� � : ð4Þ

By assuming a linear relationship between the sensor
response and the surface concentration evolution, the equili-
brium constant can be expressed as the following ratio:

K ¼ VA;eq

C0 VA;max−Veq

� � : ð5Þ

Indeed, in the case of monolayer assumption, the sensor
response measured with time, V(t), increases proportionally
with Γ(t) until the equilibrium is reached, while the quantity,
VA,max−V(t), decreases proportionally with Γmax − Γ(t). Equa-
tion 5 can be expressed as follows:

VA;eq

VA;max
¼ KC0

1þ KC0
¼ Φ

1þ Φ
ð6Þ

where the parameter, Φ, can be viewed as the capacity of the
system to reach the maximum coverage.

When Φ << 1 (small coverage of the adsorbent, i.e., VA,
eq<< VA,max), this parameter can be neglected in the denomi-
nator of eq (5).

A useful test for Langmuir adsorption validation is currently
done through linearization of eq (5), leading to:

C0

VA;eq
¼ 1

KVA;max
þ C0

VA;max
: ð7Þ

Values of K=1.55 × 108 M−1 and VA,max=0.131 V were
found, respectively, after the fitting procedure with eq (6) (see
Figure 5A). Linearization using eq (7) in Figure 5B leads to K=
1.52.108 M−1 and VA,max=0.135 V.

The obtained value for K is in adequacy with the literature.
Indeed, Lionello et al. have obtained for the same antibody in
immunoassays using laser-induced florescence (LIF) technique
average values of 107 M−1 for bare PET [21,24]. These men-
tioned values are all lower than that found for PET modified
with NPs.

4. Conclusion

The device is designed to measure interfacial admittance on
dielectric layer that is different to previously reported work on
non-contact conductivity detection in capillary for electropho-
resis [25–30]. A microscale device with two planar microelectr-
odes in non-contact mode has been used to detect adsorption of
biomolecules with a good reproducibility. In contrast to other
techniques, the flow microchannel can be employed several
times and considered as a challenging technique for monitoring
the interaction of target biomolecules on modified polymer with
nanomaterials [31–33]. Significant advances have been made in
the development of microscale technologies for various appli-
cations. In this study, we demonstrated that admittance meas-
urements can be successfully implemented in a polymer
microfluidic device for fast acquisition data on adsorption
kinetics.

As expected, due to the tunability of the surface charge, the
interfacial admittance increases with the surface concentration
of the antibodies adsorbed. It must be pointed out that the
simplified methodology is not exclusively dedicated to a class
of molecules and can be employed for online detection of any
kind of charged molecules.
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