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Abstract

In this paper, we present a simple yet smart electro-fluidic platform that enables automatic time control in a very affordable
and simple manner. The system is based on the electric detection of a fluid front when it crosses a particular area of a paper
strip. The detection can be used to trigger the sequential activation or deactivation of different electronic modules (heating
of molecular diagnostics, time interval detection, or readout of test results) with an accuracy within the range of minutes.
The whole system is implemented with a few number of discrete electronic components such as transistors, resistors and
capacitors that, if required, can be totally fabricated using printed electronics technology. This platform opens new possible
applications for paper-based point-of care (POC) diagnostic devices and enables the possibility of these devices to introduce
time control functions without the need for any external instrumentation and human action.
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1 Introduction

The development of portable point-of-care (POC) devices
and lab-on-a-chip systems has become a field of interest in
the recent years due to their capability to ease global health
problems, in particular early diagnosis (Chin et al. 2007;
Sia and Kricka 2008). The ‘Grand Challenges for Global
Health” report from the Bill and Melinda Gates Foundation
and the National Institutes of Health (NIH) identified more
than a decade ago disease diagnosis and patient monitor-
ing as global priorities. It is an acknowledged consensus
that effective diagnosis at the point-of-care requires devices
to be inexpensive, easy-to-use, rapid, and instrument-free
(Zarei 2017). In this sense, microfluidic paper-based analyti-
cal devices based on colorimetric detection are one of the
most promising candidates (Yetisen et al. 2013). Their low
cost, simplicity, and flexibility make them a solid starting
point for the development of new solutions to affordable
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diagnostics in developing economies (Yang et al. 2014). The
intense research in paper-based diagnostics in the last dec-
ade has focused on enhancing sensitivity, minimizing batch-
to-batch variation and increasing multiplexing capability
of these devices (Hu et al. 2014; Tian et al. 2016; Wang
et al. 2016). However, one of the pending challenges of this
approach is the difficulty to obtain signal quantification in
an unambiguous and reliable way (Han et al. 2016; Wong
et al. 2012). Generally, colorimetric tests are limited to
binary answers (yes/no) or semi-quantified results that rely
on color intensity interpretation by the user. In this sense,
the introduction of digital means to perform signal inter-
pretation of the test intensity colors has led to significant
improvements of test sensitivity and compliance (Delaney
etal. 2011; Wang et al. 2015; Yu et al. 2011). This approach
requires an external reader to both record images and ana-
lyze the result and today, there is a growing trend that mobile
phones are excellent ready-to-use, ubiquitous and afford-
able apparatus (Vashist et al. 2015; Zengerle et al. 2013).
Nevertheless, optical detection with smart phone cameras
presents some hurdles that prevent its massive adoption
in the diagnostics arena. Besides their sensitivity to image
resolution and lighting conditions, colorimetric assays are
mostly time dependent, which introduces an uncertainty
factor that decreases their effectiveness. Before the paper
assay can be submitted to the smartphone camera interpreta-
tion, the device may require buffer addition, sample heating,
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reactant mixing or incubation time. Generally, time control
and sequence of events is performed with external timers
that depend on human action, which increases errors during
testing (Lewis et al. 2012; Martinez et al. 2008; Zhang et al.
2014). In this regard, issues like sequential reactant delivery,
mixing or separation have been successfully solved with pas-
sive capillary paper networks (Anderson et al. 2019; Lutz
et al. 2013; Toley et al. 2013). However, sequential control
of functions requiring the activation of electrical modules
is still performed with complex microprocessors that in the
paper-based devices scenario are clearly oversized in terms
of functionality and cost.

In this paper, we present a simple yet smart electro-fluidic
platform that enables automatic time control for sequential
event triggering in a very affordable and simple manner.
The system is based on the electric detection of a fluid front
when it crosses a particular area of a paper strip. The detec-
tion can be used to trigger the sequential activation or deacti-
vation of different electronic modules (heating of molecular
diagnostics test, time interval detection, or readout of test
results) with an accuracy within the range of minutes. The
whole system is implemented with a few number of dis-
crete electronic components such as transistors, resistors and
capacitors that, if required, can be totally fabricated using
printed electronics techniques (Kim et al. 2017; Mattana
et al. 2017). The platform opens new possible applications
for paper-based POC diagnostic devices and enables the pos-
sibility of these devices to introduce time control functions
without the need of any external instrumentation and human
action.

2 Electro-fluidic activation and deactivation
working principle

The system bases its working principle on the arrival of a
fluid front inside a paper strip and its effect on the change
of permittivity of the paper matrix. This change is detected
by placing two metallic and planar electrodes in contact
with the paper strip. These electrodes, which are placed

in parallel, generate a capacitive behavior between them.
The value of the built-up capacitor depends on the geom-
etry of the electrodes, the distance between them and the
properties of the dielectric media, where they are embed-
ded (Olthuis et al. 1995). Figure 1 shows a sketch of the
capacitors built-up in a porous paper matrix and the lines
of the electrical field established between the electrodes.
The value of capacitance will change from Cy,, to Cy
upon the arrival of the fluid front due to the change of ¢4
to &,.,. The geometrical factors (GF) are constant in both
cases.

This change in capacitance can be used as a physical
trigger able to enable or disable specific electronically
driven functions in a point-of-care device by implement-
ing a smart but simple circuit strategy. Figure 2 shows the
schematics of activation and deactivation circuits proposed
in this work. The activation circuit consists of connect-
ing in series one reference capacitor (C,.s;) to the paper
built-up capacitor C, in series. Then, the voltage generated
by a power source V... connected to the system will
be distributed between them according to their capaci-
tance value. As it will be later shown, the paper capacitor
will experience an increase in capacitance when the fluid
front reaches the electrodes. This change will redistrib-
ute the voltage provided by V... by causing an increase
in the voltage registered at V. Change in V., can
be used to set a MOSFET transistor (Q;) in conducting
state, allowing the current to flow from source to drain
and activate a particular electronic component (DEVICE)
connected to it. In this configuration—and assuming that a
p-type transistor is used-, the value of the reference capaci-
tor has to be selected so the transistor remains closed (off-
state) when C; = C,, and opens (on-state) when C; = C.
The value of C,, has to be carefully selected so it fulfills
the following requirements:

Limit situation:

Vsource ) Cl
V, -

swich = © e threshold (D

Fig. 1 Lateral view of the pla-
nar electrodes and the electric
field formed between them. The
expression of the capacitance
generated in each situation

Cwet

Cwet = 8rw' GF
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Fig.2 Schematics of a enabling and b disabling units
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It is possible to switch off the module connected by the
enabling unit described above by adding a disabling unit
consisting of an additional paper built-up capacitor (C,), a
reference capacitor (C,) and a p-type MOSFET transistor
(Q,). The schematics of the disabling unit are depicted in
Fig. 2b. In this configuration, when the built-up capacitor
voltage (VC,) decreases due to the arrival of the fluid front,

transistor Q, allows current to flow from source to drain.
This causes the reference capacitor C,.; to discharge and
drop its voltage to zero, which at the same times makes tran-
sistor Q, disable the connection of the particular electronic
component (DEVICE).

3 Experimental section
3.1 Chemicals, materials, and processes

Polyethylene naphthalate (PEN) from DuPont (Wilmington,
Delaware, USA) was used as a substrate for all the devices
presented. The gold nanoparticles ink Drycure Au-JB from
C-INK Co., Ltd (Okayama, Japan) was used for the fabri-
cation of the fluidic capacitor. The silver ink from DuPont
PE-410 (DuPont, Wilmington, DE, USA) was used for the
conductive tracks that define the electronic circuit presented.
Both inks were inkjet printed using a Cera Printer X-Series
(Ceradrop, Limognes, France).

After that, adhesive silver ink EPO-TEK H20E from
Epoxy technology, INK (Massachusetts, USA) was used for
the hybridization of the SMD electronic components (Far-
nell element 14, Barcelona, Spain).

Whatman 1 cellulose paper from GH Healthcare (USA)
was used to define the microfluidic matrix placed on top of
the fluidic capacitor. A phosphate buffer solution with blue
dye (Erioglaucine) from Sigma Aldrich is used for filling
the paper matrix during the activation of the electro-fluidic
units. Finally, the assembly of the different modules of the
devices was designed using CorelDraw software (Corel,
Ottawa, ON, Canada) and fabricated using pressure sensi-
tive adhesives (PSA) from Adhesive Research (Pennsylva-
nia, USA). The plastic and paper materials were cut using
a CO, laser (Mini 24, Epilog Laser, Golden, CO, USA).
Paper-based batteries from Fuelium (Barcelona, Spain) were
used as power source in the stand-alone prototype.

3.2 Characterization

An impedance analyzer, model 4192A (Hewlett Packard),
was used for the characterization of the fluidic capacitor.
The electronic validation of the electro-fluidic units was per-
formed using a semiconductor parameter analyzer (Agilent
4155B, Agilent Technologies, California, USA).

The optical characterization of the liquid flow along
the paper strip was performed by taking five photographs
per second with a webcam (C920 Logitech, Fremont, CA,
USA), which was controlled by the software “VideoVeloc-
ity Time-Lapse Capture Studio” (CandyLapse, Vancouver,
BC, Canada). The photographs analysis was performed
using the software package “Image]” (US National Insti-
tutes of Health, Bethesda, Maryland, USA). The electronic
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validation was performed using a data acquisition module
(DAQ), NI USB-6009 (National Instruments, USA).

4 Results and discussion

This section describes the design and characterization of
the single paper-based built-up capacitors, the enabling and
disabling units and a microfluidic platform that allows con-
necting and powering different sections of an electronic sys-
tem in a predetermined sequence.

4.1 Characterization of paper-based built-up
capacitors

Physical realization of the built-up capacitors has been
implemented by inkjet printing several pairs of gold elec-
trodes of 10 mm X 1 mm with a separation of 300 um on a
PEN substrate. Then, a 2 mm-wide paper strip was placed
on top of the electrodes setting a contact area of 2 mm? with
the electrode bands. The paper strip was then covered with a
PSA to ensure close contact between the paper strip and the
electrodes. The capacitance values between the gold elec-
trode pairs were measured in dry and wet conditions. Wet
conditions were achieved by saturating the paper matrix with
a colored 100 mM phosphate buffered saline (PBS) solution
that mimics a biological fluid. (Abdalla et al. 2010). Figure 3
shows the obtained results between frequencies from 0.0001
to 400 kHz for an electrode pair. The capacitance values cor-
responding to the dry state of the built-up capacitor range
from 0.1 to 0.2 pF. In contrast, the capacitance measured in
wet conditions decreases from 90 nF at very low frequencies
to 10 pF at 400 kHz. The decrease of capacitance of aqueous
media at increasing frequencies is due to the limitation of
ion mobility, as ionic species dissolved in water are unable to
follow the fast changes in the electric field applied between
the capacitor electrodes (Angulo-Sherman and Mercado-
Uribe 2011; Rafik et al. 2007).

As the paper strip volume is considered to be constant
along the experiment, differences between the capacitance
values in wet and dry states can be directly related to the
change of permittivity in the paper matrix (Eq. 7):

Cdry _ £r,clry 7

£r, wet

At high frequencies, the capacitance ratio between wet
and dry paper approaches to the ratio 1:80 reported for air
and aqueous media (Schwan et al. 1976), whereas at low
frequencies, this ratio increases exponentially, reaching a
factor of four orders of magnitude at 0.0001 Hz. This ratio
does not vary significantly within the range of ionic conduc-
tivities of body fluids (0.5-10 mS cm™ 1), which allows the
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Fig.3 a Photographs of the printed gold electrodes covered by a
paper strip in dry and wet conditions. b Capacitance values obtained
between the pair of electrodes using an impedance analyzer along fre-
quency in both conditions

electro-fluidic strategy to be implemented in many diagnos-
tic applications.

4.2 Assembly and characterization of single
electro-fluidic units

The measured relationship between capacitance values of
dry and wet states allowed us the selection of a suitable
value of C, so requirement condition (6) is fulfilled. C,.¢
selection will also be conditioned to the voltage to be applied
on the DEVICE element of the circuit. As an example, we
have set V... to 1 V and selected a PMOS transistor with

a Vijreshold Of approximately 0.5 V. As the enabling/disabling
functions of the unit are to be operated in the low frequency
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domain, C, suitable values range from 0.2 pF to 90 nF. In
this case, a ceramic capacitor of 6.8 nF was selected. These
elements were hybridized onto a PEN substrate containing
inkjet-printed silver tracks and a paper capacitor (C,). The
DEVICE element was implemented with a resistor of 100
KOhms. Figure 4a shows a basic enabling unit.

The unit was set under operation by adding a drop of 5
puL of PBS on the capacitor paper matrix. Both the paper
capacitor (C;) and the reference capacitor (C,) voltages
were monitored during operation. As the results shown in
Fig. 4b, before the addition of the fluid the voltage provided
by the source (1 V in this case) drops on the paper capacitor,
while the voltage drop in the reference capacitor is negligi-
ble. Upon the addition of the fluid, voltage drops invert due

a
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Fig.4 a Photograph of the basic unit fabricated. b The evolution of
the voltage in the reference capacitor (C,y), in the fluidic capacitor
(C)), and in the DEVICE element during the operation of the plat-
form

to the drastic change of C, capacitance. This change in volt-
age is detected by the transistor that turns its state from off-
to on-states and enables the current flow through the resistor.

4.3 Development of sequential activation
electro-fluidic units

The capillary flow that is established when a fluid wets a
paper matrix has been extensively reported in the literature
(Ahmed et al. 2016); flow rate depends on several factors
such as the paper matrix composition, paper pore size and
fluid viscosity (Songok and Toivakka 2016). In this section,
we have taken advantage of the progression of the capillary
fluid front to develop a platform that enables the sequential
activation of a series of electro-fluidic units. The platform,
which is shown in Fig. 5a, consists of a PEN substrate, where
several pairs of inkjet-printed gold electrodes are connected
with a single paper strip. In this configuration, a paper built-
up capacitor is established between two electrodes. A layer

electrode electrode electrode

reference

electrode pair pair 3

pair 2

pair 1
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Fig.5 a Platform fabricated for the timing characterization function.
b Results obtained from the advanced of the fluid along the paper
strip detected optically and electronically, each color corresponds to a
different tested platform
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of PSA material is used to hold and cover the paper along its
length, leaving only an inlet pad exposed to air. A PMMA jig
is used to define a liquid container at the inlet pad and hold
the pins that provide electrical access to the gold electrodes.
Characterization of the fluid progression was performed by
adding 40 pL of a colored PBS solution in the inlet pad. The
fluid front movement along the paper strip was registered
with a camera operated at 5 frames per second. The paper
capacitors were connected to different activation units like
the one shown in the previous section. The units were oper-
ated at 1 V and a Data Acquisition (DAQ) module was used
to monitor the voltage being applied to the DEVICE element
of each unit. To assess the reproducibility of the platform,
the experiment was performed three times. Figure 5b shows
the position of the fluid front on the left vertical axis and the
voltage applied to the different DEVICE elements on the
right axis versus time. Right axis depicts the voltage being
applied to the different DEVICE elements. The horizontal
bars of the graph represent the gold electrode pair’s position
on the paper strip. It can be observed that the voltage applied
to the DEVICE elements increases from 0 to 1 V when the
fluid front position reaches the electrode pair of the built-up
capacitor connected to their corresponding activation unit.

In this specific configuration, the platform enables the
sequential polarization of different DEVICE elements. In
particular, activations take place at around the initial point,
and after 2, 6 and 12 min. It can be seen that time disper-
sion of each event increases with electrode distance from the
inlet pad. This phenomenon is due to variability introduced
by the hand-made assembly of the platform components, in
particular, variations on the pressure applied to PSA layer
used to fix the paper strip translates into changes on the flow
rate. These changes become more evident as the fluid front
progresses along the strip.

4.4 Fabrication and characterization
of a stand-alone electro-fluidic timer

The sequential electro-fluidic activation strategy has been
used to develop a stand-alone demonstration module. This
module, shown in Fig. 6a, consists of a platform containing
three LED diodes that are activated sequentially once a fluid
sample is added onto an inlet pad. A final LED deactivation
step that turns off one of the LED diodes has been added.
Voltage supply is provided by a paper battery (“Fuelium—
Paper-based batteries,” n.d.) that is also activated by the fluid
arrival to its paper core. The electronic module schematic is
shown in Fig. 6b. In this case, the voltage supply required to
turn on the LED components is 2.4 V so two paper batter-
ies—that provide 1.5 V each—had to be stacked in series.
However, a voltage divider had to be introduced in parallel

@ Springer

to the power source to avoid water electrolysis in the built-
up capacitors upon the activation of the unit, where they
are integrated. As water electrolysis has a standard potential
of —1.23 V (Standard Hydrogen Electrode), this value sets
the maximum potential different that can be applied to the
paper capacitor electrode terminals to maintain its capaci-
tive behavior.

All electronic components have been assembled on a sin-
gle PEN substrate containing inkjet-printed gold electrode
pairs and silver conductive tracks. The two paper batteries
have been placed at one end of the platform and connected to
the electronic circuit. A 40 mm long and 2 mm-wide paper
strip connects the different electrode pairs. A PSA layer is
used to cover the paper strip and fix it to the substrate.

The module has been activated by adding 90 uL of PBS
buffer on the paper battery and 40 uL at the inlet pad of the
paper strip. The sequential activation and deactivation of the
different units has been assessed by measuring the current
flowing through each of the LED diodes upon the module
onset. Figure 6¢ shows the results. Once the fluid wets the
inlet pad, the first electrode pair—which is printed next to
the inlet area—triggers the first activation unit and LED 1 is
connected. After 2 min, the fluid front arrives to the second
electrode pair and connects LED 2, whereas LED 3 is con-
nected around 2.5 min later. Finally, after 10 min from the
initial module onset, the fluid front reaches the electrodes
that trigger the deactivation unit and LED3 is switched off.

5 Conclusions

A low-cost paper-based electro-fluidic platform for time
event control has been presented. The approach allows a
sequential enabling and disabling of the electronic modules
connected to it upon the progression of a capillary flow
through a porous paper matrix. The working principle is
based on the detection of a change in the paper permittivity
when a fluid wets a specific area of a paper and the capaci-
tance change of a built-up capacitor attached to it. A basic
unit requires only the integration of a capacitor—transistor
pair that could be ultimately, fabricated using printed elec-
tronics techniques. The platform can be used as an event/
time control system during the operation of an instrument-
free paper-based diagnostic device. The working principle
has been presented and validated with different prototypes of
increasing complexity. The stand-alone device presented in
the last section has the potential to be readily implemented
with already operative paper-based devices and offers the
affordability required by the WHO guidelines.
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Fig.6 a Photograph of the
stand-alone prototype. b A
scheme of the implemented
electronic circuit with its main
parts labeled. ¢ Current flow
through each of the LED diodes
during the operation of the pro-
totype and photographs of the
prototype during its operation
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