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Designed miniaturization of microfluidic biosensor
platforms using the stop-flow techniquef

C. Dincer,**® A_Kling,® C. Chatelle,“® L. Armbrecht,? J. Kieninger,® W. Weber>®* and
G. A. Urban®®

Here, we present a novel approach to increase the degree of miniaturization as well as the sensitivity of
biosensor platforms by the optimization of microfluidic stop-flow techniques independent of the applied
detection technique (e.g. electrochemical or optical). The readout of the labeled bioassays, immobilized in
a microfluidic channel, under stop-flow conditions leads to a rectangular shaped peak signal. Data evalu-
ation using the peak height allows for a high level miniaturization of the channel geometries. To study the
main advantages and limitations of this method by numerical simulations, a universally applicable model
system is introduced for the first time. Consequently, proof-of-principle experiments were successfully
performed with standard and miniaturized versions of an electrochemical biosensor platform utilizing a
repressor protein-based assay for tetracycline antibiotics. Herein, the measured current peak heights are
the same despite the sextuple reduction of the channel dimensions. Thus, this results in a 22-fold signal
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Introduction

The miniaturization and portability of biosensor platforms
have recently become increasingly important in clinical
diagnostics, especially in the field of point-of-care testing
(POCT).»* In this regard, microfluidic chip design is a crucial
point and thus, further improves the analytical performances
of lab-on-a-chip (LOC) systems, in particular by reducing the
reagent consumption as well as shortening assay preparation
and analysis times.*™

In microfluidic LOC platforms employing catalyst labeled
bioassays, the dimensions of the immobilization section play a
decisive role not only on their overall size, but also on their
system performance as bio- or immunosensors. Either a
specific part of the microfluidic channel or the detection cell
itself serves as the immobilization area. This brings along
technical limitations on the design and fabrication of these
systems, especially for multi-analyte approaches, as well as
non-technical issues (e.g., cost). Nowadays, multiplexing,

“Laboratory for Sensors, Department of Microsystems Engineering - IMTEK,
University of Freiburg, Germany. E-mail: dincer@imtek.de

bFreiburg Materials Research Center - FMF, University of Freiburg, Germany

“Centre for Biological Signalling Studies - BIOSS, Germany

9Faculty of Biology, University of Freiburg, Germany

“Spemann School of Biology and Medicine, University of Freiburg, Germany
tElectronic supplementary information (ESI) available: On-chip tetracycline
assay preparation and on-chip electrochemical measurements. See DOI: 10.1039/
c6an01330a

This journal is © The Royal Society of Chemistry 2016

amplification compared to the constant flow measurements in the case of the miniaturized version.

simultaneous detection of multiple analytes from a single
sample, is gaining in importance for point-of-care
diagnostics.®™® Herein, it is highly desirable to realize multi-
plexed diagnostic platforms in a low-cost and sensitive
manner. In this context, the miniaturization of microfluidic
devices without any loss of sensor sensitivity is essential and
thus, a matter of research interest.>**°

To achieve a signal amplification along with rapid detection
in any enzyme-mediated microfluidic biosensor, the so called
stop-flow technique, similar to the flow injection analysis
(FIA),"""* can be employed. This method facilitates the fast
and sensitive detection of various analytes independent of the
assay format, as presented previously in the literature.">™® In
this technique, the fluid flow through the microcapillary is
interrupted for a defined time interval (termed as stop-time).
This results in an accumulation of the products of enzymatic
reactions in the immobilization section (e.g. the target mole-
cule hydrogen peroxide (H,O,) in the case of the enzyme
glucose oxidase (GOx)). By restarting the flow, this enhanced
concentration of target molecules is subsequently flushed over
the measurement cell for detection (e.g., in this work the
electrochemical cell). The obtained rectangular-shaped peak
signal, as illustrated in Fig. 1, arises from the target concen-
tration profile and is directly proportional to the duration of
the stop-time. The longer the stop interval is, the higher the
measured signal response will be.

For the data analysis, the stop-flow technique provides two
different parameters, the height and the charge (ie., the
integral) of the peak signal. Considering the signal evaluation
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Fig. 1 Typical signals obtained from a stop-flow measurement. For the
data evaluation, either the maximum height or the charge of the rec-

tangular-shaped peak signal can be utilized. Both signal parameters are
proportional to the period of the stop-phase.

based on the peak height, the concentration profile of the
target molecule (e.g., H,0,) over the channel cross-section is
crucial for the gauged signals and thus, leads to the rectangular-
shaped signal behavior. This concentration profile depends
only on the diffusion coefficient of the target molecule and on
the applied stop-time.'® Therefore, the maximum peak height
of the stop-flow signal remains constant down to a minimum
length of the immobilization region of the channel. This
special feature enables a drastic decrease in sensor geometries,
especially in the channel length, of traditional microfluidic
biosensor systems independent of the utilized detection tech-
nique (e.g., electrochemical or optical) while enhancing their
sensitivity and detection time. In this regard, the main advan-
tages and limitations of the stop-flow technique including the
diffusion of the analyte as well as the channel dimensions
have to be studied by numerical simulations. Herein, the
quantification of the smallest possible immobilization capil-
lary maintaining its full functionality is of great importance
for the optimization of microfluidic biosensors.

In recent years, the prevalence of multi drug-resistant bac-
teria has become a serious issue worldwide.'” Herein, the
extensive usage of antibiotics is one of the major driving
forces. Thus, this has to be kept under surveillance. In this
regard, there is a great demand for point-of-care devices
enabling the fast, low-cost and quantitative detection of anti-
biotics. Tetracyclines, a group of broad-spectrum antibiotics,
are mostly employed as growth promoters in the livestock
industry."®

This work is based on the claim that application of the
stop-flow technique eliminates the effect of channel geometry
on sensor performance (e.g., the sensitivity) and thus,
increases the degree of miniaturization in microfluidic bio-
sensor platforms. For the verification of this claim, a univer-
sally applicable model system for different channel
dimensions, measurement conditions (e.g., flow rate or stop-
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time) or even channel materials was introduced by time-depen-
dent 3D simulations. By varying the size of the immobilization
area, the minimal channel length without the loss of sensor
sensitivity was determined. Consequently, a miniaturized
format of the existing electrochemical biosensor chip was
designed and fabricated. Finally, the proof-of-principle experi-
ments were carried out using a repressor protein-based anti-
biotic assay for tetracyclines to compare the performances of
the standard and the miniaturized biosensor versions.

Numerical simulations

The numerical simulation of the differential equations has
been performed through a finite element method (FEM) with
COMSOL Multiphysics 5.1 (COMSOL Inc., Sweden). In this
context, a simulation model was generated and combined
with the appropriate initial and boundary conditions.
Subsequently, it was solved on a Mac OS X platform utilizing
an Intel 3.06 GHz Core 2 Duo processor with 12 GB RAM.

Simulation model

For the numerical analysis of the stop-flow technique, the
basic model geometry is an L-shaped microchannel, as
depicted in Fig. 2. It comprises an immobilization capillary
with a 500 x 64 pm?® rectangular cross-section and a variable
length Lepanne, @ working electrode (WE) having an electro-
active area of 19.7 x 107> um?, and a 5 pm deep well as a stop-
ping barrier in order to define the immobilization section. The
channel height of 64 um is given by the thickness of the used
dry film photoresist (DFR), Pyralux® PC1025 (DuPont™, USA).
The flow direction is highlighted in Fig. 2b and occurs from
the inlet to the outlet of the channel.

Boundary conditions

The values of the parameters used in the boundary conditions
employed in the simulations are depicted in Table 1.

Fluid flow

For microfluidics, the Reynolds numbers are low (typically
Re < 1) due to low fluid velocities and small channel geometries.

ot

Working electrode

Immobilization capillary

Stopping
barrier

Fig. 2 (a) Photograph of the standard microfluidic biosensor fabricated
by dry film photoresist technology with (b) the inset depicting the simu-
lation model and its main features: immobilization capillary, working
electrode and stopping barrier.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Summary of different parameters applied to the simulation model

Parameters Value Unit Remark

Temperature, T 298 K

Density, p 1x10° kg m~* Water

Dynamic viscosity, u 0.001 Pas Water

Diffusion coefficient, D 1x107° m?s™! H,0, "

Flow rate 10.4x 1073 ms™’

Enzyme unit per area, Menzyme 4.27 m~? Experimentally derived
Enzyme activity per unit, denzyme 0.166 x 1077 mol s™* GOx @ 25 °C (ref. 20)

As a result, the surface forces (e.g., viscous shear stress)
become dominant over the body forces (e.g., gravitation).”'>*
The microfluidic flow is assumed to be incompressible since it
is far in the laminar regime. Neglecting the momentum
conservation and the terms of mass (e.g., convection) the flow
velocity field in microcapillaries is simply formulated by the
Navier-Stokes and continuity equations as:

Vi =0
Vp =nV*o

The resulting Poiseuille flow is characterized by the typical
parabolic velocity profile with its maximum at the channel
center and zero velocity (no-slip condition) at the capillary
walls. In the simulation model, the no-slip boundary con-
ditions are employed for all of the channel walls. Furthermore,
a constant velocity is applied to the inlet of the microfluidic
channel while the channel outlet is set to no pressure
conditions. The stop-flow protocol is achieved by utilizing a
rectangle step function where the flow is interrupted for a
given stop-time.

Mass transport

In microfluidic systems, molecules are transported through
the channel by controlled convection (e.g., using a pump). On
the other hand, the diffusion dominates the mass transport
transverse to the direction of the fluid flow to compensate the
resulting concentration gradient because of the electro-
chemical reaction at the WE. The flux of the electroactive
species to the working electrode is time-dependent. Fick’s
second law describes their concentration change with time for
the linear diffusion as

o + V:(—=DVc+cv) =0

ot

Since there is no mass transport possible through the channel
walls, insulation (no flux) boundary conditions are applied to
all walls except for those of the immobilization capillary. Here,
the capillary surfaces of the immobilization capillary (beside
the channel bottom side because of the inactivity of SU-8) are
specified as the inward flux boundary along with a time-depen-
dent function f(¢) = Menzyme'@enzyme't t0 Tepresent the glucose
oxidase-based hydrogen peroxide generation. The linear time
dependency is due to the operation under substrate saturation
and therefore, the Michaelis-Menten term can be neglected.

This journal is © The Royal Society of Chemistry 2016

Furthermore, the outflow boundary is applied to the capillary
outlet, where the electroactive molecules are transported out
by the microfluidic flow. For the realization of the electro-
chemical reaction, the H,0, concentration at the working elec-
trode is implied to be zero. It should be noted that the
electron transfer rate at the platinum is assumed to be
sufficiently high.

In summary, the following initial and boundary conditions
are implemented using the time-dependent, laminar
“Incompressible Flow” module along with the “Transport of
Diluted Species” interface of COMSOL Multiphysics for the
simulations of the stop-flow technique in a 3D environment:

Cy,0, @ Electrode(t) =0
Cu,0, @ Channel(t=0) =0
C,0, @ Immobilization area(t) = nenzyme Tenzyme-t
Uchannel walls(£) = 0 (no-slip)

10.4 x 103ms~! for0 < ¢t < 15 (flow-phase)
o(t) = 0 for15 < ¢ < 75 (stop-phase)
10.4 x 103ms~! for75 < ¢ < 90 (flow-phase)

Simulation of the stop-flow technique

The influence of the channel geometry on the sensor perform-
ance of microfluidic biosensors was studied numerically by
employing the stop-flow technique. To imitate the electro-
chemical detection of hydrogen peroxide, the boundary flux
values (mol s7"), similar to the amperometric current signals,
at the working electrode were calculated for different lengths
of the immobilization capillary and compared with each other.

A parameter study for different channel lengths between
0.5 mm and 50 cm for the immobilization section was carried
out. As expected for the microfluidic flow profile, a fully deve-
loped laminar flow was observed in all simulations. The simu-
lated stop-flow signal peaks, their comparison with the
simulated continuous flow signal levels as well as the resulting
signal amplification for different channel geometries are sum-
marized in Fig. 3.

In the case of the continuous fluid flow, the calculated
boundary flux values are constant and their signal levels corre-
late with the channel length of the immobilization area, as
illustrated in Fig. 3a. As the flow is interrupted, the analyte

Analyst, 2016, 141, 6073-6079 | 6075
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(a) Simulated signal peaks for 1 min stop-flow measurements of different immobilization capillary geometries. (b) Comparison of the bound-

ary flux values between the stop-flow technique and the constant flow. The peak height (blue) presents the signal difference between the peak (red)
and the background values. The calculated signals at constant flow (black) are linear proportional to the channel length while the peak height values
(blue) become constant by a channel length of only 5 mm. (c) Comprehensive comparison of the simulated signals at larger dimensions of the
immobilization capillary. (d) The resulting signal amplification using the peak height values. Down to a channel length of 4.5 mm, the shorter the
capillary length is, the higher will be the achieved signal amplification by the stop-flow technique.

(here hydrogen peroxide) concentration near the working elec-
trode decreases drastically to a minimum level, which is
defined by the analyte diffusion to the electrode. At the same
time, the hydrogen peroxide concentration accumulates line-
arly in the immobilization section. After the restart of the flow,
this increased H,0, concentration is transported to the
working electrode and thus, it results in the experimentally
validated, rectangle-like peak signal behavior of the stop-flow
technique.

The calculated stop-flow signals for different channel dimen-
sions, as depicted in Fig. 3a, demonstrate that the charge of the
stop-flow peak, the total analyte concentration, increases line-
arly with the channel length of the immobilization area. On the
other hand, the obtained peak values reach a plateau under
consideration of the linearly increasing flow (background)
signals at larger immobilization capillary dimensions.

The comparison of the boundary flux values between the
stop-flow technique (using the peak height) and the constant
flow is given in Fig. 3b. The simulated signals at a constant
flow (black) are directly proportional to the immobilization
capillary length as the peak height values (blue) are saturated
at a channel length of only 5 mm. To support this statement, a
comprehensive comparison at larger immobilization capillary
dimensions (up to 50 cm) is presented in Fig. 3c.

6076 | Analyst, 2016, 141, 6073-6079

This special feature of the stop-flow technique based on the
peak height results in a signal amplification (e.g., more than
100-times at a capillary length of 5 mm) compared to the con-
stant flow, as illustrated in Fig. 3d. At this point, the shorter
the immobilization channel length is, the higher the obtained
signal gain will be. Starting from a minimum channel length
(in this work 4.5 mm) dependent on the given model geome-
try, at which the maximum peak height of the stop-flow
measurement cannot be reached anymore, the signal ampli-
fication decreases again.

The numerical simulations presented in this work show
that the use of the stop-flow technique does not only highly
increase the degree of miniaturization in microfluidic bio-
sensors, but also enhances their sensor performance regarding
sensitivity as well as detection time.

Proof-of-principle measurements

For the verification of our claim and the predictions of the
simulations, proof-of-principle measurements were performed
in diluted human plasma using a repressor protein-based anti-
biotic assay for tetracyclines. In this context, two different
versions, a standard and a miniaturized format, of the

This journal is © The Royal Society of Chemistry 2016
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electrochemical biosensor platform were compared with each
other. The standard biosensor has an immobilization capillary
with a channel length of 100.8 mm, while the channel length
of the miniaturized chip is 16.4 mm only, as depicted in
Fig. 4a.

The microfluidic biosensor chips are produced at the
wafer-level by common MEMS technology, employing a dry
film photoresist. The fabrication procedure is based on
laminating different layers of DFR on a polyimide wafer with
patterned platinum, forming the microfluidic channels. The
design and fabrication of the DFR based microfluidic
biosensors have been previously described in detail
elsewhere.”*

The working principle of the repressor protein-based anti-
biotic assays relies on the resistance mechanism developed by
some prokaryotes against different classes of antibiotics (e.g:,
tetracyclines).'®>>2¢ It comprises a repressor protein (e.g,
TetR) that binds to its cognate operator DNA (e.g., tetO). The
addition of antibiotics (e.g:, tetracyclines) results in the dose-
dependent dissociation of the protein-DNA complexes. Thus,
the repressor protein-based antibiotic assay shows competitive
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- ‘!eduction of
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o
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behavior. The major benefits of these systems are the high
sensitivity and specificity of the repressor protein to its
cognate antibiotics owing to high association rate constants
(e.g., K, = 10° M in the case of TetR and tetracycline®’). The
assay preparation for the on-chip tetracycline detection is
explained in detail in the ESL.{

To demonstrate the proof-of-principle, the on-chip tetra-
cycline assay signals in the absence of antibiotics were
recorded in quadruplicate for different versions of the micro-
fluidic biosensor platform. The obtained results, the current
height and the charge of the stop-flow signals, are presented
in Fig. 4b and c. Herein, adequate intra-assay CVs of below
15% were achieved with both biosensor formats by stop-flow
measurements for different stop-times.

As predicted by the simulations, the current peak heights of
both chip designs are nearly the same despite the significant
difference in the channel length of their immobilization capil-
laries, as shown in Fig. 4b. In contrast, the measured peak
charge values (Fig. 4c) differ more than 6-times from each
other depending on the ratio of their channel dimensions.
Finally, the signal gains achieved with both biosensor formats

80
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(@) Comparison of the standard and miniaturized microfluidic biosensor. (b—d) On-chip tetracycline assay signals in the absence of antibiotics

based on (b) the peak current height and (c) the peak charge obtained from both versions of the microfluidic biosensor platform. The peak current
results in different chip formats that match very well with each other despite the huge difference in their immobilization channel lengths. On the
other hand, the peak charge values differ from each other, as predicted. (d) Resulting signal amplifications by the stop-flow technique (using the
peak current height for the signal evaluation) in comparison with the continuous flow measurement. Error bars represent the standard deviation of
four parallel experiments.
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Table 2 Comparison between different aspects of both biosensor versions

Miniaturized Standard
Capillary length 16.4 mm 100.8 mm
Chip size 8% 10.2 mm?> 25.65 x 10.2 mm”®
Chips per 6" wafer 130 40
Channel volume 580 nl 3.24 ul
Hydraulic resistance, Ry; (in GPa s m™) 1.44 8.86
Sample/reagent consumption 17.9% 100%
Signal gain by the stop-flow technique 22.4 5.8
by means of the stop-flow technique are displayed in Fig. 4d. Acknowledgements

Compared to the simulations, the measured values of 5.8 and
22.4 are in good agreement with the calculated signal ampli-
fications of 4.9 and 28.1 for the standard and the miniaturized
biosensor versions, respectively. Hereby, the results of the
proof-of-principle experiments clearly verified our postulated
claim about the stop-flow technique.

Conclusions

The application of the stop-flow technique using the peak
height for the data evaluation enhances the miniaturization
degree and the performance, such as the sensitivity and detec-
tion time, of the microfluidic biosensor platforms by elimi-
nating the influence of the channel dimensions on the sensor
characteristics.

A simulation model for microfluidic LOC platforms using
the stop-flow method is introduced for the first time to study
the optimal channel length of the immobilization capillary.
This universally applicable system enables the investigation of
different channel cross-sections, measurement conditions
(e.g., flow rate or stop-time) or even channel materials.
Therewith, different design rules for microfluidic biosensors
are derived from numerical simulations. Data analysis of the
stop-flow technique by the peak height can result in signal
amplifications about more than 100-times in typical biosensor
formats compared to the constant flow measurements by
miniaturizing the chip dimensions.

In order to verify the proposed claim, proof-of-principle
measurements were successfully carried out with standard and
miniaturized formats of the existing electrochemical biosensor
platform using a repressor protein-based antibiotic assay for
tetracyclines. Comparing the performances of both chip
versions, the consequent current peak heights are almost
identical in spite of the considerable differences in their
channel volumes. Furthermore, a 22-fold signal amplification
is achieved with the miniaturized biosensors. In order to
provide a quantitative comparison, different aspects of both
biosensor formats are summarized in Table 2.

In light of this knowledge, our future work will be the
compact and cost-effective implementation of a highly minia-
turized microfluidic multiplexed biosensor platform for
point-of-care diagnostics.
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