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ARTICLE INFO ABSTRACT

The identification and quantification of chemicals play a vital role in evaluation and surveillance of
environmental health and safety. However, current techniques usually depend on costly equipment, profes-
sional staff, and/or essential infrastructure, limiting their accessibility. In this work, we develop paper-based
capacitive sensors (PCSs) that allow simple, rapid identification and quantification of various chemicals from
microliter size samples with the aid of a handheld multimeter. PCSs are low-cost parallel-plate capacitors (~
$0.01 per sensor) assembled from layers of aluminum foil and filter paper via double-sided tape. The developed
PCSs can identify different kinds of fluids (e.g., organic chemicals) and quantify diverse concentrations of
substances (e.g., heavy metal ions) based on differences in dielectric properties, including capacitance,
frequency spectrum, and dielectric loss tangent. The PCS-based method enables chemical identification and
quantification to take place much cheaply, simply, and quickly at the point-of-care (POC), holding great promise
for environmental monitoring in resource-limited settings.
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1. Introduction

The identification and quantification of chemical substances (e.g.,
heavy metal ions and organic chemicals) are not only of significant
importance in scientific communities, but also draw extensive interest
from the general population in terms of social activities and environ-
mental surveillance [1-4]. For example, water contaminated with
heavy metal ions or organic chemical compounds may not only be
directly harmful to human beings, but can also cause severe illnesses
through bioaccumulation [4,5]. Current standard laboratory methods
for the identification and quantification of these contaminants require
large and expensive equipment, such as atomic absorption spectro-
metry and inductively-coupled plasma mass spectrometry for the
analysis of heavy metal ions [4], or liquid chromatography coupled
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with mass spectrometry for the measurement of organic chemical
compounds [5]. Although these methods offer high specificity and
sensitivity, they require bulky equipment and professional staff, which
is labour-intensive, time-consuming, high-cost as well as hard to
transport, thus hindering their in-field and on-site applications,
especially in resource-limited settings (where there nevertheless exists
a great demand). Currently, 42% of the global population still has no
access to piped drinking water on premises, and 9% (i.e., 663 million
people) lack access to an improved water source and have to use water
from rivers, springs, lakes, or wells directly [6,7]. These unimproved
surface water sources are susceptible to pollution from factory farms,
industrial plants and human activities, which makes dirty water the top
health risk in developing countries, and also a threat to both quality of
life and public health in developed countries (e.g., USA, see http://
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www.nrdc.org/water/). Therefore, there is an increasing need to
develop low-cost and simple methods for chemical detection
(identification and quantification) to monitor water contamination
for human health and safety at the point of care (POC).

The strategy to identify and quantify chemical substances is
generally by transducing the target to a readable or measurable
mechanical, thermal, sonic, optical, electronic or magnetic signal and
further to employ a readout system to interface with the signal [8].
Thanks to the rapid advances in microfluidics and nanotechnology, the
signal transformation now can be realized in integrated and miniatur-
ized devices, such as plasmonic technology [8,9], gold nanoparticle-
implemented microfluidics [10], and fluorescent nanomaterial and
related systems [11]. Although these methods can provide sensitivity
and specificity comparable to bulky equipment, they are not convenient
to operate by end-users since they still depend on laboratory-based
instruments for result analysis, such as a Raman spectrometer or a
fluorescent microscope. Recently, Lu and co-authors have reported that
using a commercially-available personal glucose meter detects many
non-glucose targets in a single step, which is a good example in
development of point-of-care testing (POCT) [12,13]. Meanwhile,
nanotechnology- and/or microfluidics-based diagnostic paper tests
are simple to design, easy to prepare and robust to utilize, and thus
have attracted increasing interest for POCT [14,15]. Paper-based
diagnostic devices have so far achieved success in several applications,
including home pregnancy tests, blood glucose metering, and so on
[16]. Therefore, there is increasing interest in developing paper-based
sensors for applications related to human healthcare and environ-
mental monitoring.

Currently, paper-based diagnostic devices have been developed to
detect heavy metal ions based on electrochemical [17], fluorescent
[18], and colorimetric strategies [19-21]. Most of these strategies are
designed to analyse a specific heavy metal ion. One of these strategies,
using DNA-based fluorescent chemosensors on microbeads, is able to
discriminate eight heavy metal ions with high selectivity and sensitivity
[4]. However, it takes a long incubation time (2 h, or even 24 h) and
requires statistical analysis for pattern-based responses, which may
limit its applications at the POC. Identification of organic chemical
compounds using paper-based devices has not yet been explored.
However, electrical signals, especially dielectric performances, have
been explored to identify and quantify substances for chemical and
biological sensing, including water [22,23], volatile organic compounds
[3,24,25], protein biomarkers [26—31], nucleic acids [32—-34], micro-
organisms [35,36], and even biotin-streptavidin binding [37]. This has
demonstrated that dielectric performance can be used as a versatile
marker for chemical detection. However, these existing methods
require complicated design and fabrication procedures [3,23-25,37]
and refined chemical modification and preparation [26—36], or show
very limited potential application (i.e., relative humidity sensing) [22].
Therefore, there is still an unmet need for a low-cost, convenient,
disposable and general way to identify and quantify solutions, whether
they are homogenous (e.g., pure organic chemical liquids) or hetero-
geneous (e.g., heavy metal salt solutions).

In this study, we developed low-cost paper-based capacitive sensors
(PCSs) for identification and quantification of chemicals based on their
dielectric properties at the POC. Different chemicals have different
structures and thus provide characteristic dielectric properties, includ-
ing capacitance, frequency spectrum, and dielectric loss tangent (tan§),
which may be used for chemical identification and concentration
quantification. On the other hand, many instruments exist for analysis
of the above dielectric properties, including multimeters, impedance
analyzers, network analyzers, and dielectric spectrometers, making
various levels of measurement possible. In the present study, we first
investigated the effects of various factors on the performance of PCSs,
including geometric structures of PCSs, sample loading volume,
measuring instruments, measurement positions, status of samples
(wet or dry) on PCSs, and environmental conditions (temperature
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and relative humidity). Subsequently, we proved the concept that the
PCSs had the capability for identification (mainly for organic chemical
compounds) and quantification (organic and salt solutions) of chemi-
cals at the POC. The developed PCSs are easy to prepare and simple to
use, thus holding great promise for environmental monitoring.

2. Materials and methods
2.1. Chemicals & Reagents

Filter paper (No. 201, ®18 cm) was obtained from Hangzhou
Whatman-Xinhua Filter Paper Co., LTD. (Hangzhou, China).
Aluminum foil was obtained from Beijing Mengyimei Trade Center
(Beijing, China). Double-sided tape (Scotch® Core Series XQ) was
obtained from 3 M (Minnesota, USA). NaNO3;, KNO;, Fe(NOs)s,
Na,B40-, hydrogen peroxide (30% v/v), methanol (MeOH), ethanol
(EtOH), isopropyl alcohol (iPrOH), glycerol, ethyl acetate (EA),
dimethyl sulfoxide (DMSO) and tetrahydrofuran (THF) were obtained
from Tianjin Zhiyuan Chemical Reagent Co., LTD. (Tianjin, China).
NaCl, NaQSO4, NaHC03, NaH2P04, NagHPO4, N83PO4 and N32C204
were obtained from Tianjin Tianli Chemical Reagent Co., LTD.
(Tianjin, China). Na3CsH50-, and Na,C;oH;¢N2Og (EDTANay) were
obtained from Tianjin Shen’ao Chemical Reagent Co., LTD. (Tianjin,
China). Cd(NO3), was obtained from Chengdu Kelong Chemical
Reagent Company (Chengdu, China). Mn(NO3), was obtained from
Tianjin Guangfu Technology Development Co., Ltd. (Tianjin, China).
Pb(NO3), was obtained from Tianjin Guangfu Fine Chemical Research
Institute (Tianjin, China). Cr(NOj3)s, oleic acid and diethylene glycol
(DEG) were obtained from Tianjin Fuchen Chemical Reagents Factory
(Tianjin, China). Ammonia, ethanolamine, N,N-dimethylformamide
(DMF), ethylene glycol (EG) and hydrazine (N»,H,4) were obtained from
Fuyu Chemical (Tianjin, China). Toluene and chloroform were ob-
tained from Tianjin Yongsheng Chemical Reagent Co., LTD. (Tianjin,
China). Mineral oil was obtained from Sigma-Aldrich (Shanghai,
China). Dichloromethane was obtained from Sinopharm Chemical
Reagent Co., LTD. (Shanghai, China). All the above chemicals and
reagents were used without further purification. All the solutions used
in the study were prepared by ultrapure water (> 18.2 MQ cm) from
Milli-Q Integral Water Purification System (Millipore, MA, USA).

2.2. Fabrication of paper-based capacitive sensors (PCSs) and their
working principle

The bulk capacitive sensor was assembled by stacking filter paper
and aluminum foil via double-sided tape (Fig. 1(1-3)). It was then
tailored into 55 mm-long strips using No. 8014 paper trimmer (Deli
Stationery, Ningbo, China). Finally, the as-tailored strips were further
cut into 10 mm-width strips using Matrix™ 2360 programmable shear
(Kinematic Automation Inc., CA, USA). Alternative geometries of PCSs
can be easily prepared by adjustment of the length and width. The non-
sticky covering film of the double-sided tape remained to attach on
both sides of the sample-loading region. All the PCSs were kept in dry
status prior to use.

PCSs consist of three areas, including the loading area, spacer area
and capacitance area (Supplementary Fig. Sla). After the analyte is
loaded, it flows through the filter paper due to the capillary action and
wick the capacitance area (Fig. 1(4)/(5)). Here, the analyte can be
either homogenous (e.g., pure organic chemical liquids) or hetero-
geneous (e.g., heavy metal salt solutions). For some heterogeneous
solutions, for example, heavy metal salt solutions, if the solvent (i.e.,
water) is evaporated completely, the solute will be left (Fig. 1(6)).

According to the working principle of the developed PCSs (see
details in Appendix A), the capacitance of the developed PCSs (Cp,) is
related to the dielectric constant (g,-) of the analyzed sample. The
dielectric constant, the ratio of permittivity between a substance and
free space, depends on molecular properties (e.g., polarity, interactions
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Fig. 1. Schematic of the preparation and application of paper-based capacitive sensors
(PCSs). (1) Tailor the components of PCSs, i.e., aluminum foil, double-sided tape, and
filter paper into designated shapes; (2) Stack the components orderly layer by layer
through double-sided tape; (3) Cut the as-assembled bulk into individual sensors. For
solution-based analysis, just load the solution to be analyzed and wait it to wet through
the sensor (4), while for solute-based analysis, perform a similar operation (5), and then
wait the solvent to evaporate completely (6). Finally, employ a handheld multimeter for
capacitance measurement (7).

with neighbouring molecules [38]) and also the frequency of the
applied alternating current (AC) electric field. Thus, as &, varies with
different kinds of substances [39] and their concentrations [40], the
measured C,, varies correspondingly and so can be used for identifica-
tion and quantification of chemicals. Meanwhile, from the electric field,
and its molecules deviate so as to oppose the characterization of the
dielectric properties of double-sided tape and filter paper, it is found
that the e, and dielectric loss (tand) vary with frequency
(Supplementary Fig. S2e—f). When AC electric field is applied, the
dielectric material between the electrodes is polarized by the effect of
the oscillating vector of applied field. At a microscale, the frequency of
oscillating current affects the ability of the molecules to deviate from
their original state towards the electrodes along the direction of applied
field. As higher frequency is applied, the molecules cannot “catch up”
before the direction of the field changes again, thus showing a
decreased level of deviation from its original state. This immobility at
high frequency causes a diminished reaction towards the field, its
dielectric relaxation, and dielectric constant, thus reducing the capa-
citance. At low frequency, however, the molecules oscillate with the
applied field, which corresponds to their physical and chemical proper-
ties. This distinguishing ability enables the usage of easily available
multimeter (~400 Hz, a low frequency) as an alternative instrument for
direct measurement to other expensive and professional dependent
equipment, which as well suits the POCT requirements (Fig. 1(7)).
Meanwhile, capacitance varies with frequency, and thus frequency
spectrums of capacitance are expected to manifest even more detailed
information related to the analyte. Additionally, dielectric loss, quanti-
fying the inherent capability of dielectric materials to dissipate
electromagnetic energy (e.g., as heat), also depends on type and
amount of the dielectric materials. The dielectric property is related
to both real and imaginary components of the dielectric constant, and
can be parameterized in terms of loss tangent (tand), which thus can
also be used for chemical identification and quantification.

2.3. Measurement of dielectric performances

PCS was laid on a flat and clean surface. Sample was added to the
loading area of the sensor using a micropipette and it was wicked to the
capacitive area. Measurement of dielectric performances was carried
out using a UT58 multimeter (UNI-T, Dongguan, China) or Agilent
E4982A LCR meter (Agilent Technologies Inc., CA, USA) with AC of
1V peak voltage and frequency range of 100 Hz - 1 MHz.
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2.4. Statistical analyses

To adapt multivariate chemometrics strategies for numerical ana-
lyses can minimize instrumental noises and interferences, and then
bring significant improvement for identification and determination of
chemicals. However, such numerical analyses usually rely on extra and
professional operations, which is not suitable for rapid tests applica-
tions at the point of care. We thus chose the most common-used
average values for data analyses in this study. Student's t-test was used
to analyse the differences between two separated measurements. p <
0.05 means significant difference, while p > 0.05 means no significant
difference.

3. Results and discussion

3.1. Exploration of the effects of structures of the developed PCSs on
their performance

Based on the calculated equation of capacitance, the capacitance of
a parallel-plate capacitor is dependent on the area and distance
between the electrode plates. For the developed PCSs, the distance
between the electrode plates is kept constant (i.e., the total thickness of
the paper and double-sided tape layers). The area of the electrode plate
(capacitance area) is then the main affecting factor. However, for the
PCSs with the same area but different W./L.. ratios, these PCSs may
have some differences in solution flow and distribution. To check the
effect of W,/L. ratio on their performance, we designed PCSs with
different conformations (altered width and length), but with the same
capacitance area (Fig. 2a). We loaded 70 pL of ultrapure water and
measured the capacitance at a frequency of 1000 Hz in ambient
condition (Fig. 2b). We found that the values of measured capacitance
(Cp) first increased; and subsequently, C,, values of #1-3 PCSs were
almost stable, while C,, values of #4-7 PCSs decreased with time.
Furthermore, with a wider width and a shorter length, the maximum
capacitance can be reached in a shorter time.

According to our previous study [41], for the capillary flow in filter
paper, the wicking liquid front height can be theoretically calculated
using Lucas—Washburn equation:

4o cosf K

h= ot12
r €R (€))
The corresponding liquid speed can then be defined as:
gdh_ |ocosd K
dt K eR 2

In Egs. (1) and (2), h, S, 0, 4, 0, K, R, t are theoretical wicking liquid
front height, theoretical liquid speed, interfacial tension, viscous,
contact angle, permeability, effective pore radius, and time, respec-
tively. For the same solution and filter paper, it can be regarded as
ht'/? and Set™'/2, Further, our previous study revealed that the width
has no significant effect on the wicking height when the wide end of
filter paper is fully in contact with water. Therefore, for #1-3 PCSs, the
PCS with a shorter length takes a shorter time to wet the capacitance
area and consumes the loading solution faster, since water mainly flows
along the direction of length (unidirectional). For #4-7 PCSs, the
capacitance area absorbed water both along the direction of length and
width (bidirectional). We thus hypothesized that the PCSs with either
larger length or larger width would obtain a relatively smaller water
distribution area compared to the others after the same time lapse.
Meanwhile, the slower water is wicking, the larger amount of water is
lost due to evaporation. As a whole, although the capacitance areas of
all the PCSs were kept the same, the value of C,, and its variation curve
are not the same. As W, increased, the measured capacitance increased
first and then decreased. In comparison, #3 PCS (W./L.=10 mm/
40 mm) was chosen in the following experiments, since the measured
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Fig. 2. The effect of geometry of PCSs on their performances, including W./L.. ratios, loading area, and capacitance area. (a) Images of #1-#7 PCSs that have the same A, as well as
loading and spacer areas but different W/L,. ratios. (b) Changes of measured C,, with time after sample is loaded on the PCS. (c~d) Images of #8-#12 PCSs with #3 PCS as a reference,
in which (c) is for #8, #3, #9, and #10 with increasing loading area but spacer and capacitance areas remain the same, and (d) is for #3, #11, and #12 PCSs with increasing area for the
whole sensor as the width doubles while the length remains constant. (e) Changes of measured C,, with time after sample is loaded on the PCS. All the samples used are ultrapure water;
for each PCS, the loading volume is proportional to the area of the whole filter paper, i.e., 70 pL/550 mm?. C,,: capacitance; t: time. Supplementary Table S1 gives values for dimensions

We, Le, Ly, Wy and A, of #1-#12 PCSs, respectively.

result was relatively stable and higher.

To investigate the effect of the loading area and capacitance area on
the performance of PCSs, we made two sets of PCSs, one set with
different length (L,;) of loading area (including 2.5 mm, 10 mm, 25 mm,
and 55 mm, Fig. 2¢) and the other set with an increasing capacitance
area (4., including 400 mm?, 800 mm? and 1600 mm? Fig. 2d)
respectively. We measured capacitance at a frequency of 1000 Hz
under ambient conditions and found that the change of loading area
(Ly) had a limited effect on the variation of capacitance (Fig. 2e). #9
PCS expressed a little higher capacitance, while #8 and #10 PCSs
showed a similar Cp,-t relationship with #3 PCS.

To assess the effect of A, we increased the area by increasing the
overall width of the fabricated PCSs while keeping the length the same.
We found that the capacitance proportionally increased with increasing
capacitance area (A.), i.e., C, increased about two times as Ac doubled
(Fig. 2e). The reason is quite straightforward; according to Eq. (8) in
Appendix A, the capacitance increases proportionally with the area of
the electrode plates. However, the time taken to achieve a stable
measurement and usage amount of sample increased as A. increased
[42,43]. If a smaller sensor is used, less fluid sample is needed to be
loaded and less time taken for the capacitance to achieve a stable value.
Therefore, #3 PCS was chosen for the following experiments. To
further explore the stability of PCSs during manufacturing, we pre-
pared 7 batches of #3 PCSs in different time, made them dry using an
oven, and then measured their capacitances, respectively
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(Supplementary Fig. S3). The measured value was 23.0 + 0.3 (95%
CI), which did not vary significantly. The manufactured PCSs are thus
supposed to own a good reproducibility.

3.2. Study on the factors relevant to the usage of the developed PCSs

To investigate the effect of loading volume and to compare the
accuracy of a multimeter to a LCR meter, we measured the capacitance
of #3 PCS loaded with a serial volume of 1 mM NaNOj; using multimeter
and LCR meter. According to the manufacturer's instructions, the
frequency of the multimeter is about 400 Hz. We thus chose the measured
results at 400 Hz (exactly 398.107 Hz) and 1000 Hz using LCR as
reference (Fig. 3a). For the solution-based analysis, we found the
capacitance signals increased by almost 100% when the loaded volume
increased from 10 pL to 60 puL; between 0 and 10 pL, the signals had
smaller (for multimeter-based) or insignificant differences (for LCR-
based), while the signals almost reached a plateau when the volume
was greater than 60 pL. The overall pore volume of the PCS can be
computed with the equation:

Voore=Vo11 3)

where V5 is the  total  volume of filter  paper
(Vy=Apxdp=5.5x10"" m*x1.8x10™* m) and 7 is the effective porosity of
paper (0.57) (Supplementary Table S2). Thus, Vre=56.43 L, which is
just 6% smaller than the measured value (60 puL). Meanwhile, a larger
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Fig. 3. The effects of some important parameters on the performance of #3 PCS. (a) Loading volume, measurement instrument and measurement status (wet or dry) (n=3). (b)
Electrode position on the PCS for capacitance measurement (n=3). (¢) For dry status measurement, exploration of the drying time (n=3). (d) The effect of loading cycle for dry status
measurement. A cycle means the whole procedure of loading and drying of samples. The effect of temperature (e) and relative humidity (f) for dry status measurement. In (e), 0% is
pointed to room temperature (temperature: 20 °C, relative humidity: 30%, n=24), for the others, n=3. For (b) and (c), the sample loaded is 1 mM of NaNOs, and for (d) and (e), the
concentration of NaNO; is 1 mM and 1 M, respectively. For (a, c-e), the volume of loading sample is 70 pL.

volume of solution (> 70 pL) stayed at the loading area of the PCS up to
5min for solution flow and distribution. Further increase of solution
volume (> 90 pL) resulted in overflowing. Thus, to let the filter paper
saturate with the sample, a 70 uL loading volume was chosen for the
following experiments, considering the time cost and sample consump-
tion. When the solution was dried completely (dry status measurement for
solute-based analysis), the measured capacitance values showed no
significant differences from diverse volumes (p > 0.05). This indicates
that the difference during wet status measurement is mainly due to the
existence of water. Drying water completely is thus expected to improve
the accuracy for solute-based analyses. Further, we noticed that there is an
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obvious difference of capacitance value for the idling PCS measured before
and after drying (the data of 0 pL of loading volume). The reason may be
that PCSs, especially the filter paper part, contain some amount of
moisture prior to use due to storage in ambient conditions
(Supplementary Fig. S4). Therefore, it is important to consider storage
humidity and whether drying should take place prior to use. However,
overall, while the absolute value measured may be different with moisture
level, they shared the same variation trend i.e., multimeter > LCR 400 Hz
> LCR 1000 Hz, indicating that the multimeter is a good candidate for
measurement of capacitance. Therefore, the multimeter was mainly
chosen for the following capacitance measurements.
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value changes with dielectric constant using dried (trial 1) and as-prepared (trial 2) PCSs as compared to theoretically prediction. (c) The capacitance value changes with frequency for
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To explore the effect of the electrode position on the performance of
PCSs, we measured the capacitance of #3 PCS in 10 different positions
at 4 mm intervals in three situations, i.e., as-prepared, dried and
sample loading, respectively (Fig. 3b). We found that the capacitance
values are close to be stable. One-way ANOVA indicated that the
position of the electrode had no significant effect on the results (p >
0.05), which agrees well with the working principle of the parallel-plate
capacitor. We also found that the capacitance values of as-prepared
PCSs were higher than that of the dried ones. Since we first measured
the capacitance using multimeter and then LCR meter after 70 uL of
water was loaded, the multimeter-measured values were a little lower
but still higher than that of as-prepared PCSs. We speculate that the
analyte had not yet fully wetted the paper during measurement by
multimeter. Making PCSs dried increases their sensitivity to water
content. The results demonstrated that the multimeter accurately
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measured the capacitance.

For solute-based analyses, the solute flowed and distributed as the
solvent flowed and distributed. To remove the effect of water-solvent
due to its high dielectric constant, we measured the capacitance of an
unloaded PCS (idling) and a PCS loaded with 70 pL of water (loading)
as time lapses while drying (Fig. 3c). The capacitance became stable
after 10 min of drying. As a result, 15 min was used in the drying
process for solute-based analyses. For dry status measurement, we
further studied the effect of increased salt amount on the capacitance
through multiple times of loading and drying the solution into the PCS
(Fig. 3d). We found that the capacitance value increased and then
decreased as the loading cycles of salt solution increased. However, this
phenomenon happened to the PCS with water loading as well. The
capacitance difference between loading salt and water reached to the
maximum at the 3rd loading cycle, while the capacitance value for salt
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analyses reached to the maximum at the 2nd loading cycle. This
phenomenon indicated that although multiple loading of sample
increased the amount of solute for analysis, the repeated cycles may
affect the properties of the PCS as well. Moreover, the deviation of the
capacitance measurements was much bigger in detection of salt
solution, which may be a result of interferences from the salt. When
the loading cycle increases, the deviation of capacitance of water
increases as well. Such big deviation should be due to the performance
of the PCS affected by the repeatedly loading and drying of samples. We
suspect that the repeated heating may change the properties of
chemicals on the double-sided tape and deform the shape of the filter
paper. However, the even more detailed or exact reasons may require
further exploration. Therefore, the loading cycle is better not more than
three times, which can avoid the big deviation in detection. Since the
PCS is low-cost and disposable, the PCSs were mainly designed for one
sample loading cycle for solute-based analysis, and requires much
more explorations for detection of clinical sample.

Finally, temperature and relative humidity as controlling factors of
the dielectric constant of paper have been discussed earlier [44—47].
Here, we briefly explored their effects on the performance of PCS
(Fig. 3e). As temperature increased, we observed variations in the
measured capacitance. However, the value of the PCS with NaNO;
loading was always higher than that of the PCS with water loading. The
average value at different temperatures showed no significant differ-
ence compared to the value measured at ambient condition for both
analyses of water and salt (paired t-test, p > 0.05, n=3). It indicates that
PCS are appropriate for use at temperatures ranging from 20 °C to
90 °C. Further, we measured the capacitance of PCSs using the same
sensor (i.e., each relative humidity consumes one individual sensor
three times) and different sensors (i.e., each relative humidity con-
sumes three different sensors one time) with the multimeter in a hygro
thermostatic chamber with a gradient relative humidity (from 30% to
90%) at 25 °C without loading any fluid. The capacitance increases with
increasing relative humidity. It is found that using the same sensor
showed higher relative humidity sensitivity than using different ones.
From 30% to 80% relative humidity, the capacitance increased linearly
(R?=0.933 for repeated use and R*>=0.964 for single use, respectively),
while the capacitance increased greatly from 80% to 90%. This
indicates that a higher relative humidity enabled PCS to absorb a
higher volume of water. For 90% relative humidity, however, the
relative humidity was too high and was roughly similar direct water
loading on the PCS.

3.3. Identification of chemicals

In theory, chemical identification is expected to be realized through
the difference between the dielectric constants of the sample loaded
into the PCS, which is further expressed as the measured capacitance
(Cp). Meanwhile, according to the aforementioned studies, the PCSs,
dried or not, show great differences in the values of measured
capacitance. In practical applications, the PCSs are easily wetted. To
study the PCSs for chemical identification under different situations,
we performed this study using dried (trial 1) and as-prepared (trial 2)
PCSs. We loaded several different aqueous solutions and organic
liquids into PCSs and measured their capacitance (C,) using multi-
meter first (Supplementary Table S3, Fig. 4a—b). In Fig. 4a, we found
the measured value was higher in trial 2 than that in trial 1. However,
hydrazine aqueous solution posed an extremely higher capacitance
value in both two trials. For the other three kinds of aqueous solutions,
the measured capacitance showed no significant differences compared
to pure water in the trial 2 (Student's t-test, p > 0.05, n=3), while in the
trial 1, the measured capacitance of ammonia and acetic acid solution
showed distinguishable differences. It is demonstrated that for identi-
fication of aqueous solution, it is better to perform using dried PCSs, in
order to reduce the effects of water. In Fig. 4b, the measured
capacitance was presented as their dielectric constants. Similarly, the

Talanta 165 (2017) 419-428

value in the trial 2 is higher than that in the trial 1. Except several
chemicals induced a relatively higher capacitance, especially ethanola-
mine, the capacitance of the remaining chemicals increased with
increasing dielectric constant, which agrees with the theoretical
expectation.

Although it provides a certain accuracy to identify some chemicals,
however, the measured capacitance is limited to distinguish all the
chemicals, for example ethanol (EtOH), DEG, and methanol (MeOH)
in trial 2. We thus further measured their frequency spectrum of
capacitance (C,) and dielectric loss (tan§) using an LCR meter (Fig. 4c—
d, all the measured frequency spectra of capacitance are shown in
Supplementary Fig. S5). Compared with trial 2, trial 1 provides a
relatively higher selectivity to identify all the chemicals. In trial 1, it is
difficult to distinguish between CHCl; and CH5Cl,, and MO and OA
(Fig. S5a). On the contrary, it is very easy to identify hydrazine,
ethanolamine, DEG, EG, DMF, DMSO and glycerol in comparison to
the other measured chemicals using the frequency spectrum of
capacitance in trial 2 (Supplementary Fig. S5d). However, for other
aqueous solutions (Supplementary Fig. S5e) or organic chemicals
(Supplementary Fig. S5f), it is limited to identify them with enough
accuracy. Taken EtOH, DEG and MeOH as an example for a detailed
explanation (Fig. 4c), both two capacitance—frequency spectrum
curves of DEG are significantly different from those of both MeOH
and EtOH. The capacitance—frequency spectrum curves of MeOH and
EtOH almost overlap. The inset in Fig. 4c further clearly demonstrated
it is not easy to identify MeOH and EtOH. It is found that a great
difference exists between the two capacitance—frequency spectrum
curves of DEG, illustrating a poor repeatability for the frequency
spectrum analysis. This problem may need further studies. Here, for
the further identification of MeOH and EtOH, we analyzed their
dielectric loss—frequency spectrum (Fig. 4d). We find that as frequency
increases, dielectric loss tand of both MeOH and EtOH first increases
and then decreases, while the maximum tané (tané,,,) and correspond-
ing frequency of these two chemicals are different. Therefore, it is
easier to tell from MeOH and EtOH using dielectric loss—frequency
spectrum. Subsequently, we analyzed all the dielectric loss—frequency
spectrum of the chemicals and found the tané,, and its corresponding
frequency for each chemical (Fig. 4e). Those chemicals with distin-
guishable capacitance—frequency spectrum are shown different
tané,—frequency values (Fig. 4e). Meanwhile, all the aqueous solutions
are easily identified as well. Fig. 4f is further shown a clear result for
the remaining chemicals. Since the LCR meter provided the frequency
by an exponent increase instead of a linear increase, the accuracy is
affected. However, for the identification of chemicals with similar
structures, such as MeOH and EtOH, CH3Cl and CH»Cl,, and so on,
the tané,,—frequency works well.

3.4. Quantification of chemicals

To explore the capability of quantification using the developed PCS,
we employed PCSs for analyses of solvent mixtures and electrolyte
solutions, respectively. Considering water has a higher dielectric
constant, if it mixes in a chemical, especially those chemicals with a
lower dielectric constant, the resulting dielectric constant may be
greatly different; or vice versa. According to this analysis, the developed
PCSs are expected to not only identify (Fig. 4a) but also quantify the
concentration of the mixture solution. First, taking ethanol (¢,.=25.3) —
water (&,=80.1) mixture as an example, the measured data of as-
prepared PCSs showed a higher capacitance values than that of dried
PCSs, but they shared the same variation trend, i.e., increased as the
volume of ethanol decreased (or the dielectric constant increased)
(Supplementary Fig. S6). Using a volume fraction of ethanol increasing
from 30% to 100%, the change of measured capacitance shows a linear
relationship. After the volume fraction falls below 30%, the LCR meter-
based data showed no significant difference, while for multimeter-
based data, it kept increasing, although with a decreasing amplitude. It
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is further demonstrated here that the multimeter showed a comparable
quantification accuracy compared to LCR meter. However, the differ-
ence in theoretical capacitance values between EtOH and H,O is
smaller than the measured values, which may be contributed to the
differences in their mobility in filter paper and evaporation to the
environment. Under the normalized capacitance, it is found that the
measured results basically agree with the expected ones, either for the
as-prepared PCSs or for the dried ones (Fig. 5a).

Subsequently, we explored the application of the PCS for the
quantification of concentrations of ions, especially heavy metal ions,
in water. First, we prepared a series of concentrations of sodium salts
for study of the effects of anions. As shown in Fig. 5b, the measured
capacitance generally increased as the concentration increased. For
different anions, the variation trends are not totally the same and, the
limit of detection (LOD) is correspondingly different. In a word,
although it is difficult to identify the exact anion, quantifying the
concentration of one or more anions using capacitance value measured
by multimeter has been proven to work. Next, we used a similar
strategy to quantify the concentration of heavy metal ions. We
measured the capacitance of several nitrate salt samples with a gradient
concentration (Fig. 5¢—d). As differences in capacitance presented by
the salt are induced by the varying dielectric properties, they are in fact
affected by the polarization effect on the ionic bonding between the
ions in the salt crystal [48—50]. This ionic bond strength is determined
by the ions’ charge (valency) and their ionic sizes, which also
contributes to the lattice energy of the salt. Smaller ionic sizes and
greater charges contribute higher lattice energy. The order of the
nitrate salts, having largest to smallest capacitance at concentration of
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1M, ie., Fe** > Cr®* > Mn?* > Cd®* > Pb%* > Na* > K* is comparable to
the order of their charge (trivalent to monovalent) and ionic size
(smallest to largest). At a low frequency (~400 Hz), ionic molecule has
long relaxation time, allowing it to react during the oscillating electric
field takes place. Our sensor could not differentiate among monovalent
ions, i.e., Na* and K*, indicating its functionality to detect ions with
higher charge. In a word, the PCS could sense the concentration of Fe>*
as low as 1 mM (Fig. 5d), which is more sensitive than the naked eye's
observation (Fig. 5¢). For a lower concentration of metal ions, i.e.,
10 pM, the sensor can sense them but further exact differentiation may
need the help of an LCR meter for capacitance spectrum or dielectric
loss analyses.

Considering the Criterion Continuous Concentration (an estimate
of the highest concentration of material in surface water that can be
exposed by an aquatic community indefinitely without suffering from
an unacceptable effect) of Fe recommended by the United States
Environmental Protection Agency (EPA) is 18 uM (https://www.epa.
gov/wqc/national-recommended-water-quality-criteria-aquatic-life-
criteria-table), the proposed method still suffers lack of selectivity as
well as sensitivity to meet the requirements for water quality analysis
for human health and safety at point of care (POC). However, these
techniques for water quality analysis involve trade-offs of cost, ease of
use, and performances. For example, atomic absorption spectrometry
and inductively-coupled plasma mass spectrometry offer high
sensitivity and selectivity at the expense of cost and ease of use, and
require professional staff to perform such measurements in standard
laboratories. Therefore, the significance of this study is to provide
alternative concept for chemical identification and quantification and
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further demonstrate its potential applications in water quality analysis.
Compared with centralized laboratory technologies, the proposed one
is very suitable to perform in resource-limited settings since it is
general, simple, and low-cost. Actually, users of technology want
technology to be useful as well as simple and cheap [51]. Various
similar concepts has been reported, for example, using magnetic
levitation to characterize samples of food and water based on
measurements of density [52]. These technologies have their
drawbacks but they own great potentials to bring effective
contributions to chemical analysis.

4. Conclusion

Here, we have developed a PCS and demonstrated it to be a
versatile tool for identification of chemicals using dielectric properties,
including capacitance value, dielectric loss and frequency spectrum.
The optimized PCS (10 mm of width and 55 mm of length in overall)
only takes about $0.01 to prepare and uses 70 pL of solution (either
pure chemicals or aqueous mixtures) for analysis. For the same PCS
containing an organic chemical to be analyzed, end-users can measure
its signals using hand-held multimeter (for capacitance measurement)
or LCR meter (for frequency spectrum of capacitance and dielectric loss
measurement simultaneously) for chemical identification, which is
simple and rapid. To further improve the PCSs and establish a database
of dielectric properties, such as frequency and temperature spectrum of
standards for references, it will serve as an alternative way for
identification of organic chemicals.

Additionally, the method reported here works well for chemical
quantification. Considering the conditions in resource-limited settings
and the requirements of POCT, we measured the signals using multi-
meter and found this method could quantify both the volume fraction
of ethanol in ethanol-water mixtures and the molar concentration of
salt solutions. The method does not require complicated design and
fabrication procedures, or refined chemical preparation and modifica-
tion. The whole procedure is as simple and rapid as the one for
chemical identification. For heavy metal ion detection, however, the
LOD of PCSs does not yet achieve the criteria set by authorized bodies,
e.g. the United States Environmental Protection Agency (EPA) and the
World Health Organization (WHO). Nevertheless, qualitative determi-
nation of chemicals could be made possible by referring to an increase
or decrease of capacitance compared to that of a pure substance.
Therefore, this sensor can serve as a fast qualitative determination tool,
which acts an example for POC application.

In summary, this study reported the fundamentals of PCSs and
demonstrated versatility and feasibility of applications of such sensors.
As a proof of concept, we chose diverse kinds of chemicals ranging from
organic solutions to heavy metals salts to assess performances of the
proposed method. Compared with standard laboratory based methods,
however, the proposed one is current lack in sensitivity and selectivity,
and thus is too difficult to determine chemical compounds in real
samples at desired concentration ranges, which requires further study
to improve its performances. Following this strategy, our next study is
intended to optimize the design of PCSs by replacing aluminum foil and
double-sided tape using copper conductive tape and introducing
specific sensing molecules using chemical modification. The modified
one would improve sensitivity and selectivity, but they would increase
cost and complexity as well. On the contrary, considering paper is
ubiquitous and environmental friendly, these PCSs are low-cost and
easy-to-use, enable various chemicals detection at the point of care,
and thus can be used as first responses for rapid chemicals screening
We believe this low-cost and label-free method will provide a new
reference in the biochemical analysis. To the best of our knowledge,
this work is the first comprehensive study on the development and
application of PCSs.
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