Heavy metals detection with paper-based electrochemical sensors
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ABSTRACT: This feature article summarizes recent works in paper-based potentiometry and voltammetry in heavy metal determi-
nation. Interactions of paper substrates with heavy metals, influence on the sensing response, and modification methods applied to
paper substrates to improve the performance of recently developed electrochemical sensors are discussed. Since the rekindling of
interest in paper-based analytical devices, methodologies and electrode designs for heavy metal determinations are highlighted. Prom-
ising aspects of the use of these sensors for samples containing solids, and the increased versatility of the use of paper in analytics
offers the possibility of increased acceptance of these low-cost platforms.

HEAVY METALS IN THE ENVIRONMENT

Heavy metals are some of the most challenging pollutants
due to their toxic and non-biodegradable nature and their bioac-
cumulation in ecological systems.' The determination of
heavy metals hence is of vital importance in monitoring envi-
ronmental quality, which is currently under pressure from in-
creased pollution caused by industrial, agricultural, and domes-
tic activities.” !> As heavy metals enter and accumulate in the
environment, they can be absorbed by plants and animals that
live in the contaminated areas leading to bioaccumulation.
Through the food chain, these eventually biomagnify inside the
human body through the consumption of bioaccumulated plants
and animals, or contaminated water. Currently, a natural mech-
anism for controlled removal of heavy metals from the human
body is unknown.!*!* Hence, even trace levels of toxic heavy
metals, e.g. lead, cadmium, mercury, and arsenic may have det-
rimental effects on the environment and human health, includ-
ing damage to multiple organs and nervous system.”’

Standard analytical methods have hence been developed to
quantify heavy metals in food and environmental samples.
These include cold vapor atomic fluorescence, atomic absorp-
tion and emission spectroscopy, and inductively coupled
plasma techniques (operable either through optical or mass dis-
crimination). These are highly established for various samples
and routinely offer high accuracy when performed in central-
ized laboratory facilities.'*! However, these require infrastruc-
ture, time, and manpower. Samples must be stored and trans-
ported without contamination and only trained personnel with
specialized knowledge are able to obtain meaningful results.
Furthermore, storage containers need to be scrutinized to pre-
vent the deviation of heavy metals concentration in samples.?
While standard procedures for sample handling are available,
e.g. BS EN ISO 5667, requiring accreditation only further in-
creases costs of operating the heavy metals testing facility.

Hence, problems caused by heavy metal pollution are especially
pronounced in countries with low gross domestic product per
capita. Widespread poverty that encourages the use of cheap,
polluting technologies?! can lead to the increased prevalence of
diseases such as cancer in regions where heavy metals are pre-
sent in the food and environment.?? Therefore, a cheap, fast, and
easy measurement protocol that can be performed in-situ could
introduce widespread testing of heavy metals pollution. Meth-
ods need to address challenging environmental and food sam-
ples with a high solid to liquid content or are difficult to collect
e.g. sludge or wet soil. To communicate the goals for suitable
sensing techniques, the World Health Organization (WHO) has
formalized the ASSURED criteria (Affordable, Sensitive, Spe-
cific, User-friendly, Rapid and Robust, Equipment-free and De-
liverable to end-users). These serve as a benchmark for pro-
posed sensors in resource-limited environments and feature
strongly when evaluating their application to real situations.?>?*

Electrochemical heavy metal detection. Figure 1 presents a
variety of analytical techniques used to quantify heavy metals
in different sample types. The wide variety of samples and con-
centration ranges imply that no single technique is universal.
Instead, the most appropriate technique should be used for
quantification. This is especially important for heavy metals
that need to be detected at trace levels in substances that are
either ingested or come into direct contact with humans. These
limits are typically represented in parts per billion (ppb), e.g.
WHO limits for Pb, Cd, Hg, As and Cr in drinking water are 10,
5, 1, 10 and 50 ppb, respectively. This corresponds to approx.
10" M concentration. Hence, many of the reviewed works are
based on anodic stripping voltammetry, as the initial pre-con-
centration of analyte before stripping is required to reach such
detection limits.?® and this technique remains heavily featured
in many recent reviews of heavy metal detection.”>?’



An alternative electrochemical technique is potentiometry,
which is a cheap, simple, and rapid method for direct measure-
ments that does not usually require additional sample pretreat-
ment, e.g. filtration, dilution and buffering.>*=? Potentiometric
sensors display a wide linear range (between 107 and 10! M)
and can determine metal ions in a variety of samples. For ex-
ample, in industrial wastewater and sludge, relatively high con-
centrations and a wide range of heavy metals are present (tens
to hundreds of ppm of heavy metals)**, thus, can be assessed
by potentiometry.>® Furthermore, efforts have been made to im-
prove the lower detection limits (LDLs) of ion-selective elec-
trodes (ISEs) for heavy metal sensing at the subnanomolar
range.*” For conventional ISEs with inner filling solutions, tai-
loring the inner filling solution concentration to reduce trans-
membrane ion fluxes has been investigated.*® For all-solid-state
ISEs without inner filling solutions, (i) investigations of con-
ducting polymer doped with primary ion-complexing agents to
reduce the primary ions leaching and contamination at mem-
brane | sample interface,® (ii) use of hydrophobic materials to
avoid water layer formation,” and (iii) application of a gal-
vanostatic current to establish a primary ion transport gradient
from the sensing membrane into the conducting polymer,
thereby, reducing primary ion transport into the sample.*! Fur-
thermore, novel membranes** and conditioning methods were
also proposed.** Some works also have demonstrated applica-
bility to samples such as drinking water. Hence, ISEs with im-
proved LDL show promise for translation to low-cost systems,
if the inherent challenges, such as measurements in a non-equi-
librium state can be addressed.**°
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Figure 1. Analytical working ranges of various analytical tech-
niques in respect of applicability of these techniques in various
samples. Reproduced with permission from ref. 46. Copyright
(2001) Taylor and Francis.

PAPER USE IN ANALYTICS

Paper use in various analytical systems. In the last ten
years, the use of paper has been profoundly investigated for its
applications in sensors.***® Numerous detection methods have
been adapted including colourimetric, fluorescent, electro-
chemical and (electro)chemiluminescent.!** Some of these
methods have also been used to detect heavy metal ions in pa-
per-based analytical devices.!**3! Colourimetry is commonly

used, and some recent advances with nanomaterials and ion-im-
printed technology have yielded devices with excellent limits of
detection in the ppb range.’> However, most devices still show
low sensitivity and selectivity with poor LDLs of > 10 pg L™
which remain the main drawbacks of such an approach.> In
comparison, electrochemical sensing methods yield better re-
sponse times and sensitivities®* that can quantify readings with
less background noise.! While earlier paper-supported electro-
chemical devices exist, interest in sample-soaked paper as a me-
dium was reignited by the Whitesides group in 2009.% One of
their pioneering papers featured the sensing of heavy metals
through anodic stripping voltammetry, and since then others
have further investigated the advantages and challenges intro-
duced by paper wicking of the sample. Interactions of positively
charged heavy metals with cellulose groups in the paper can
cause deviations from the expected behavior of electrodes,
compared to similar measurements in solution. Hence, this
work aims to link these interactions to the challenges encoun-
tered. With greater understanding, new approaches that can mit-
igate their negative impact can be developed.

Paper-heavy metals interactions. Cellulose, a large compo-
nent of paper contains numerous hydroxyl and carboxyl groups,
hence, the surface of commonly-used filter papers contains neg-
atively charged adsorption sites.’® These papers hence exhibit
sorption potential for heavy metals,”” and the removal of heavy
metals via adsorption onto modified cellulose-based substrates
has been widely reported.®® The adsorption process demon-
strates first order reversible kinetics and the isotherms followed
both Freundlich and Langmuir models.”*® The adsorption po-
tential increases with increasing ion concentration and has been
found to be an exothermic process.>

Thus, for samples in contact with paper, initial concentrations
of heavy metal ions can be perturbed due to adsorption. Frew
and Pickering® studied the adsorption of Cu** ions in What-
mann 41 filter paper. An ion exchange reaction based on the
Donnan membrane theory was dominated at low copper con-
centration, while after saturation of the exchange sites at high
concentration, ingestion of the salts into fibers were reported.
Types of functional groups were found to be equally divided
between the carboxyl groups attached to the cellulose and acid-
soluble impurities. Pickering®' reported that the adsorption ca-
pacity of the divalent metal ions by the Whatman 1 filter paper
was 4 x 10°® g ions g! of paper. The adsorption of divalent ions
was considerably reduced in the presence of competing electro-
lytes or at higher concentrations of acid, which could possibly
lead to zero adsorption. Atlow pH, H" competes with metal ions
for negatively charged sites onto the paper. Engin et al.®* re-
ported the effect of the adsorptive property of filter papers on
the determination of heavy metal ion concentrations. Running
samples through filter paper caused systematic errors especially
for the detection of lower concentrations in aqueous solution.
The study also reported an increased degree of adsorption with
increasing pH, indicating the significance of the ion-exchange
mechanism in the adsorption process.

Novel electrochemical devices enabled with paper. If the
impact of ion interactions with paper can be addressed, the fa-
vourable physical and chemical properties of paper can be uti-
lized. These include being flexible, porous, hydrophilic, wetta-
ble, thin, lightweight, customisable with functional group mod-
ification, and generation of flow with capillary action,'#%6364
Paper is also an economical and environmentally-friendly sub-



strate, and can be folded, crumpled, cut, perforated, biode-
graded, and renewed, making it highly suited for flexible elec-
tronics.’*% Paper-based devices have also been evaluated for
their ability to meet the WHO ASSURED criteria, and its phys-
ical and chemical properties can help in designing compliant
devices. However, fully functional, paper-based individual
components are mnot well-developed,* making fully
ASSURED-compliant, electrochemical devices impractical at
present, as some form of instrumentation is still required for any
signal quantification to be achieved. Hence, a more practical
approach to electrochemical measurement may be to use it with
cheap and available devices like glucometers or smartphones.*
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Figure 2. Increased functionality of electrodes using paper, and de-
pictions of potentiometry and voltammetry experiments using pa-
per as a sample medium.

Some of the reviewed works use paper purely as a substrate
for the sensor.”’” Beyond electrochemical ion determination
commonly performed in milliliters of sample solutions, wicking
sample solutions through paper offers the opportunity to per-
form measurements on microliter volume samples. A further
advantage of low-volume sampling is that the consumption of
buffers, electrode modification and calibration solutions simi-
larly can be reduced. This may hence extend the usage time of
reagents that are applied together with these devices during op-
eration. Depiction of paper as a microliter volume sampling me-
dium for the potentiometry and voltammetry techniques is
shown in Figure 2. Capillary forces drive the flow of solution
through the porous structure of the paper, in which an interdif-
fusion mixing is characterized by mechanical dispersion and
molecular diffusion.®® The size of the spaces between the pores
has resulted in paper being investigated alongside other micro-
fluidic devices,*® however, they differ from conventional micro-
fluidic devices, where the flow is generated through hydrody-
namic pressure or electroosmotic flow.® Electrodes, either con-
ventional glassy carbon, ion selective, or screen-printed flat
electrodes, can then be pressed against the paper surface for an-
alytical reading. This has been performed under static or dy-
namic conditions of the sample, for both potentiometry and
voltammetry measurements.>>’*’! Other advantages of using
paper are its ability to sample on uneven surfaces’? and dispos-
ability which can reduce contamination and biofouling between
each measurement.” Moreover, samples with high solid to lig-
uid ratios can be filtered and pretreated with necessary buffer or
calibration standards before determination. This can result in
devices well-suited to taking measurements in real sam-
ples.’®727475  Additionally, paper can transport the sample
around the device, and additional tests can be simultaneously
performed. Paper devices can be folded to achieve electrode
modification,” or to store reagents with techniques from ori-
gami.”® In the following sections, this feature examines the pos-
sible influence on sample concentrations that pose difficulties
in sensing, as well as proposals for mitigating their impact on
the detection of heavy metals. In addition, the induced flow of

samples through paper wicking as well as its filtering and sub-
strate properties have been creatively used, and works with
novel methodologies for ion determinations are highlighted.

PAPER-BASED POTENTIOMETRY AND VOLTAM-
METRY

Paper as the electrode substrate. As paper-based electro-
chemical devices have become established tools in the field of
sensing, the techniques for device fabrication have concurrently
developed. The requirements for printing electrodes onto paper
substrates and recommendations for designing new devices
have recently been reviewed by Mazurkiewicz and coworkers.”’
The most basic use of paper as a substrate in sensor design is by
substitution of more expensive support material, with electrodes
printed. Commercially available low-cost, printed electrodes
for detection of heavy metals was first demonstrated in 19927
with voltammetry. Subsequently, lab-made electrodes printed
on paper supports have been proven in heavy metal sensing
through potentiometry”® and voltammetry.®"¥ In comparison
to previously tested systems, potentiometric ISEs made using
carbon nanotube (CNT) modified paper as a solid contact
showed comparable stability and detection limits to similar
ISEs made with glassy carbon electrodes.®* Small batch manu-
facturing has also been reported for screen printed electrodes on
paper, which showed comparable performance to commercially
available electrodes from the Dropsens brand.®!

Consistent and satisfactory detection results require printing
electrodes with high reproducibility. Hence, using commer-
cially available screen-printing inks for various electrodes is
widespread, as these have been optimized for ink stability dur-
ing the printing process. The most commonly used ink for volt-
ammetric detection are carbon and Ag/AgCI>>74828485 for the
working, counter, and reference electrodes. Deviations of volt-
ammetric peak areas between electrodes can be below 5% for
Pb?* and Cd*" in the ppb range,® making such an approach
highly established in voltammetry. Screen-printed carbon has
also been used as a solid contact electrode for the production of
potentiometric ISEs on a polyethylene terephthalate substrate
for Pb?* detection.’® However, materials requirements differ
significantly for electrodes designed for potentiometry when
compared to voltammetry. Screen-printed carbon electrodes
used in voltammetry directly contact the sample solution, and
are designed to be wetted by aqueous solution.?” In contrast, the
substrate electrode used for solid-contact ISEs is buried under a
polymeric ion-selective membrane (ISM), and if the underlying
electrode is hydrophilic, a thin layer of water can form between
the ISM and the electrode. As analyte ions can be trapped in this
layer, transmembrane ion fluxes to the solution | ISM interface
can lead to poor LDL*! and poor stability.”*' Hence, commer-
cially available screen-printing electrode inks may not be well-
suited for potentiometry, and the development of solid contacts
remains an ongoing field of research.”

Using hydrophobic solid contact materials such as CNTs can
prevent water layer formation.”® Modification of hydrophilic
conventional solid contact materials like Poly(3,4-ethylenedi-
oxythiophene)/polystyrenesulfonate (PEDOT/PSS) has also
been proposed for solid-contact ISEs supported on paper.
Ruecha et al.” investigated the mixture of PEDOT/PSS and gra-
phene, producing highly hydrophobic electrode surfaces to pre-
vent water layer formation. This was also demonstrated with
other lipophilic solid contacts. For example, in Mensah et al.’s
work, the paper substrate was first coated with a CNT suspen-



sion, then a barrier of sputtered gold. Subsequently, highly lip-
ophilic conducting polymer poly(3-octylthiophene) was in-
serted between the gold layer and ISM.> In Hassan et al.’s re-
search, polyaniline with high hydrophobicity was deposited be-
tween carbon printed paper strips and the ISM.°® Both works
demonstrated successful prevention of water layer formation
due to the lipophilic conducting polymers. In addition to hydro-
phobic solid contacts, paper-strip ISEs with LDL of 1.2 nM for
Cd?*" were reported when an ISM with a lower coefficient of
diffusion (MMA-DMA) than the conventional plasticized pol-
yvinyl chloride was used.”

Novel or modified printing inks need to be compatible with
the properties of the paper substrate. In a work by Ruecha et
al.,”’commercial carbon ink modified with graphite powder (<
20 um) was screen-printed on Whatman 1 filter paper as a
working electrode. Using optical profilometry, much of the car-
bon ink was shown to have soaked into the cellulose matrix.
This resulted in greater peak to peak separation of the paper
electrodes when used in cyclic voltammetry in ferro/ferricya-
nide solutions compared to those on polymer substrates. Strip-
ping voltammetry peaks were also poorly defined for paper sub-
strate electrodes when analysing a sample containing Zn?*, Cd*"
and Pb*".” Considering the 11 um pore size of Whatman 1 filter
paper, much of the solid carbon may have been inaccessible to
ions in solution. This may require either repeated depositions or
increased concentration of solid carbon in printing ink”’. In con-
trast, some groups have reported success in printing electrodes
with nanoscale materials. Figueredo and coworkers produced a
highly reproducible device with a CNT ink. With the nanoscale
feature size of the CNTs, a stable film was formed with the use
of sodium-dodecyl-sulfate (SDS) surfactant in combination
with chitosan (CS), but not with SDS alone.’® Cationic CS was
attracted to the negatively charged surface of the cellulose. By
deprotonating the CS with each deposition, subsequent layers
were able to be deposited with excellent coverage. This was
verified with SEM images that showed pores in the CNT-SDS
films but not in the CNT-CS-SDS films. LDL of 6.74 ppb for
the determination of Pb?* was achieved with their paper-based
electrodes.

Aside from electrode materials, hydrophobic barriers have
been used to control transport in the device.”>*1%! Paper-based
potentiometric ISEs showed better performance with controlled
transport by avoiding direct contact between the ISM and paper.
Selecting well-suited printing methods can also improve me-
chanical stability, form separate electrode zones, and facilitate
microfluidic channels reducing sample volume required, and
act as barriers against liquid penetration.’*!? Paper treated with
wax was investigated by Nery et al,'> where higher sensitivity
was shown with untreated paper, ascribed to its larger surface
area. For paper treated with wax, rapid signal stabilization and
lower drift in signal was observed, and ascribed to the reduction
of interference from the residual soaking of paper through silver
paint.” If separate hydrophobic treatment of paper is not desir-
able, photo paper due to its polymer film properties®? can inher-
ently resist the ingress of water.

Paper as a microfluidic sampling platform in potentiom-
etry Paper can be applied as microfluidic sampling platforms
by placing an ISE and RE directly onto the paper substrate im-
pregnated with sample solution (Figure 2). Paper substrates can
hence protect the ISM from mechanical damage by hard solid
sample surfaces. The ISEs and REs used for analysis are also
exactly analogous to those used for taking measurements in

beakers of sample solution, which sometimes differs for volt-
ammetric measurements.

One problem identified by using paper as the sampling me-
dium was the 1000, and 100 times higher LDL compared to
conventional beaker-based measurements for Ag* and Cd*" re-
spectively.”®% For clinically relevant metal ions analysis, e.g.
Na® and K", around tenfold higher LDL was found than sam-
pling in beakers.”"” In contrast, comparable LDLs were regis-
tered for chloride sensitive ISEs coupled with paper-based sam-
pling.”” From the earlier examined interactions of paper and
heavy metal ions, anionic carboxylate and hydroxyl groups in
cellulose paper substrates would preferentially sorb positively
charged metal cations through chemical or physical means, de-
pleting the primary ion concentration at the ISE surface.®1%+105
This results in a deviation from Nernstian slopes due to rec-
orded potentials that are lower than expected at dilute primary
ion concentrations. Anions conversely fail to sorb on the paper
due to the electrostatic repulsion of like charges, and hence the
concentration of anions in the paper is relatively unaffected.!%

The unfavorable potentiometric response of sensing in the
sample-soaked paper is characteristically super Nernstian.”
This can be due to the depletion of the primary ion, due to par-
asitic side reactions/processes, at the solution | ISM interface!'"’
from binding to paper substrates.!® For example, the super
Nernstian response was observed for Pb>"-ISEs by Bobacka et
al.”® as well as for Cd**- and Pb**-ISEs by Lisak et al.* at con-
centrations of 10 to 10> M Cd(NOs), and Pb(NO;),. The con-
centration of bound lead and cadmium per gram of cellulose
paper at 10 and 10 M Pb(NO;), was around 320 and 430
ppm, while for 10 and 10> M Cd(NOs), was around 100 and
130 ppm, respectively.®* Pb*" showed stronger binding affinity
onto paper substrates than Cd*, consistent with previous stud-
ies.’*1% Thus a higher potential difference due to the super
Nernstian response was observed for Pb** than Cd*', resulting
from greater depletion at the solution | ISM interface. The elim-
ination of super Nernstian responses by pre-treatment of paper
with primary ions was investigated. Papers were pre-soaked for
0.5-1 hour in calibration standard solutions, to saturate the neg-
ative sites on the paper surface.®*’® This was able to extend the
Nernstian response range to 107'° —107>% M for measurements
of Pb?*" and Cd*". Pretreatment was also achieved by soaking,
then drying papers with certain concentrations of primary ion
solutions.® A similar extension of the Nernstian range was ob-
tained by pretreating, then drying with higher concentrations of
107 to 10* M primary ion solutions. However, this effect dis-
appeared when using lower concentrations of 107 to 10 M,
possibly due to uncomplexed sites on the paper surface. Fur-
thermore, pretreatment with a cation different from the primary
ion was investigated. This was found depend on the relative
binding affinities of the specific ions to paper. The stronger
binding affinity for Pb** to paper compared to Cd** allowed for
an extended Nernstian response for Cd*" measurements with
substrates pretreated with only a dilute 10®* M Pb(NO;), solu-
tion. However, different concentrations of Cd(NOs), were una-
ble to achieve the same effect on Pb?>" measurements which re-
tained the super Nernstian response. Overall, the Nernstian re-
sponse range was able to be extended to a low of 10> M, higher
than the 10® LDL seen in beaker based measurements which
may be due to ion desorption at lower sample concentrations.!!°
However, the extended range may still be useful for measure-
ments taken in environmental samples, including on-site heavy
metal detection from industrial effluents and sludge



A deeper understanding of the ionic interaction between the
sample and functional groups on the surface of the paper-sub-
strate would aid in better modification strategies for the paper
to suit any sort of ion-sensing application. For instance, paper
modified by primary ions may still undergo cation desorption
from the pretreated paper substrate into sample solutions. Alter-
native modification methods such as using organic salts to
block ion exchange sites on paper substrates can also be ex-
plored, or acidifying the paper to diminish heavy metal binding
can be investigated. Moreover, finding alternative specially
manufactured/designed paper with fewer negative adsorption
sites may thereby lead to negligible interaction with metal ions.
Also, other strategies such as doping chemical agents into the
ISM to reduce paper effects on paper | ISM interface and opti-
mization of the potential reading time can be explored.

Paper as a microfluidic sampling platform in voltamme-
try In contrast to potentiometric sensing, the use of paper in
voltammetry as a sampling medium need not incorporate elec-
trodes that are equivalently used in beaker-based sampling.
Some form factors may be more self-contained, like electrodes
printed directly on the sample area, making them physically in-
separable. While electrodes from commercial carbon inks are
common,* other materials like boron doped diamond,''" un-
modified graphite,!'? or screen-printed carbon electrodes have
also been used.'"?

Voltammetric sensing also diverges significantly from poten-
tiometric sensing through sample modification steps. Many
works reviewed here use pH 4, 0.1 M acetate buffer to adjust
the pH of samples. This is common practice to prevent hydrol-
ysis of ions in the sample. When using paper as a sampling me-
dium, these buffers may also reduce the interaction of metal
ions with the paper substrate. This corroborates with earlier
work by Pickering, where absorption of divalent cations onto
paper was greatly reduced at acidic pH, and competing electro-
lyte.%! As buffer concentrations of 0.1 M far exceed those of
sample ions (107 — 10 M) in the reviewed voltammetric works,
the impact of interactions between sample ions and paper may
be sufficiently insignificant. Mitigating this problem has hence
allowed investigation of other aspects, such as additional func-
tionality of devices, or the generation of sample flow.

Transport of sample through paper upon contact generates
convective flow at the paper | electrode interface. The constant
renewal of sample at the electrode surface allows greater accu-
mulation of ions during the pre-concentration step, as the pro-
cess is diffusion-limited.!'* This produces an enhanced strip-
ping current, compared to an identical procedure in static solu-
tion. The effect is similar to the impact of convection through
stirring,''® but with the additional benefit of sampling low vol-
umes. In comparison to the same electrodes immersed in the
solution, Nie et al. reported an improvement of the peak height
by a factor of 5 for their screen-printed carbon electrodes for
detection of 25 ppb of Pb**. An increase of peak height was also
reported by Shi et al. for detection of 50 ppb Pb?" and Cd** with
screen printed electrodes,!!® but this was not quantified. For the
boron-doped diamond paste electrodes investigated by
Nantaphol et al., the peak heights of 50 ppb Cd*" and Pb*" were
improved by factors of 4.3 and 3.1,!!® approaching the degree
of improvement reported by Nie et al. The reported factors of
improvement approach the impact of the stirring of a static lig-
uid sample.!”® Wicking speed under capillary systems is com-
monly approximated by the Lucas—Washburn equation, and the
theoretical treatment and recent alternative approaches have

been separately reviewed.!!” To overcome the flow speed limi-
tation of capillary flow, using a paper channel with multiple lay-
ers of paper has demonstrated improved flow rate and corre-
spondingly the peak height. '8
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Figure 3. Paper device divided into 3 zones. For each step of 1:
modification and 2: detection, the named zone is folded over the
working electrode zone to introduce modifier or sample. Repro-
duced with permission from ref. 75. Copyright (2018) Springer Na-
ture.

Measurements with static sample in the paper may con-
versely diminish characteristic stripping peaks. Nie et al. found
a 30% reduction in peak current in cyclic voltammetry of ferro-
cenecarboxylic acid in comparison to electrodes immersed in a
solution of the same concentration.>® Transport of sample to the
electrode surface remains controlled by diffusion even with a
sheet of paper pressed against the electrode. This was confirmed
by varying the scan rate in the setup and corroborates with ear-
lier work.!""'!? Hence, reduced oxidation and reduction currents
were ascribed to blocking of the space accessible by diffusion
by the cellulose fibres. Poorly defined voltammetric peaks may
lead to narrower linear ranges of measurement, and several
works that employ testing of static samples wicked with paper
show linear ranges that end just at or above safe levels of heavy
metals as recommended by the WHQ.74120:121

Capillary forces have also been used to move the sample
through the paper-based device. Other techniques apart from
square wave anodic stripping voltammetry (SWASV) can then
be applied simultaneously for the detection of more analytes.
For example, Rattanarat et al. successfully combined optical
and electrochemical techniques in a single device. In addition
to SWASV detection of Pb and Cd with detection limits of 1
ppb, colourimetric detection of Fe, Ni, Cr, and Cu was achieved
concurrently with the same sample.!?> A similar practice was
also demonstrated by Chaiyo et al., where Cd** and Pb*" were
detected by SWASV down to a detection limit of 0.1 ppb, while
simultaneously detecting Cu?* with colourimetry.®> In both
cases, the sample was transported to different electrochemical
and colourimetric detection zones and both methods were acti-
vated simultaneously.

Like in potentiometry, paper can be pre-treated to improve
the measurement protocol. Modifying screen-printed carbon
electrodes with Bi*® or Au'?® nanoparticles in SWASV can im-
prove the sensitivity of the measurement, while avoiding the use
of toxic mercury. Deposition of these nanoparticles can occur
before the pre-concentration step,!!® and Pungjunun et al. pro-
posed folding of the paper device as a modification step. The
electrode was divided into three parts; a modification, working
electrode, and detection zone, as shown in Figure 3. By folding
the modification over the working electrode zone, the working
electrode was first modified with a solution of AuCl; containing
1 wt% Au*" in 1 M HCL. Unfolding the modification zone and
replacing it with the detection zone allowed for the time of in-
troduction of the sample to be unambiguous.
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Figure 4. Porous carbon electrodes modified with Au nanoparticles.
Screen-printed electrodes were made reusable by only replacing the
carbon working electrode with each sample. Adapted with permis-
sion from ref. 125. Copyright (2019) Elsevier.

Pre-treatment of sample pH for SWASV was also achieved
using paper as a medium. pH control of the sample is important
as at low pH levels, H* ions compete with heavy metal ions for
active sites at the working electrodes.!?* Conversely at high pH
levels, the tendency for heavy metal ions to hydrolyze also in-
creases, lowering the detection peak. In addition, modifiers like
Bi*" ions may hydrolyze above pH 5.'"> A well-chosen buffer
can hence improve stripping peak currents, many works hence
use 0.1 M acetate buffer to control the pH to be from 4 to 5. Tan
et al. proposed pretreated paper with 0.1 M acetate buffer, 60
ppb Zn?* solution, and 500 ppb Bi** solution in sequence. After
the solutions had dried, 10 pL of the sample was directly depos-
ited on the paper sampling medium, and determination of Pb?*
with a LDL of 2 ppb was achieved.!*

Paper has also been shown to be highly suited to real sample
testing. Samples with solids are filtered through pores as they
are wicked. This can efficiently separate the liquid from solids.
Medina-Sanchez et al.'?® demonstrated the filtering capability
of their paper-based electrodes by depositing mud-spiked Pb**
samples. SWASV distinguished between 75, 50, and 20 ppb
concentrations of Pb*".'? Stripping peaks of samples spiked
with graphite powder or dirt at 8 ppb Pb?" were indistinguisha-
ble from those without solids.!?® Food samples have also been
investigated across some groups. Recovery of As>* from unfil-
tered rice samples at concentrations of 1-5 pg ml™" resulted in
the recovery of 87.8-107.8%." SWASV conducted with pyro-
lyzed rice ash with Cd** agreed well with ICP-MS results across
340-590 pg kg1 Other groups have also shown success with
investigating real samples but have used protocols with a sepa-
rate filtering step. Chaiyo and coworkers with acid digested rice
and fish® obtained acceptable recoveries for 5-60 ppb of Pb>*
and Cd*". Feng et al. were also able to obtain comparable detec-
tion of Pb*" between their carbon tape electrodes and atomic
absorption spectroscopy at concentrations of 300 to 425 ppb
from the digestion of crushed toys.'?

Instead of forming a whole electrochemical cell on paper, re-
using the counter and reference electrodes with a replaceable
working electrode may reduce costs even further. Costa-Garcia
proposed circular pieces of paper functionalized with carbon
ink on one side. This side was connected to the carbon working
electrode of a screen-printed electrode. The other side of the pa-
per was modified with gold nanoparticles,'?’ carbon nanofibers,
graphene oxide and gold nanoparticles,'?® or mercury or bis-
muth films.!?° A schematic of the process is shown in Figure 4.
It was found that measurements could be repeated 7-8 times
without changing the screen-printed electrode used.'?® With
their platform, they were able to detect As**, Hg**, Cd**, Pb*,
and In*" to 2.2, 6.0, 400, 100, and 40 ppb, respectively.

CONCLUSION AND PROSPECTS

In this feature article, the usefulness of paper in the design of
cheap and convenient devices has been shown across multiple
studies. Designs of paper-based potentiometric and voltammet-
ric devices have established highly portable methods of heavy
metal ion determination. The use of paper has also made sam-
pling in complicated environmental situations, e.g. samples
with low liquid and high solid content, possible. Additionally,
modifying paper substrates can improve the sensitivity, accu-
racy of devices. However, the feasibility of paper-based devices
currently remains limited. The instrument-free criterion is the
greatest challenge facing paper-based devices in fully comply-
ing with the ASSURED criteria, and such a requirement rules
out their use in locations where instrumentation is completely
unavailable. The user-friendliness of operation also remains a
challenge. In comparison to the ease of sampling with paper de-
vices, the preparation of samples is still a laborious process that
may require high temperatures, or unsafe reagents that are not
easily obtainable by the general population. These may limit
implementation for heavy metal determination. It is hence ex-
pected that future works may develop simple sample prepara-
tion techniques that show a similar ability to extract heavy met-
als from samples as established ones. It should also be men-
tioned that the ASSURED criteria were developed in the con-
text of diagnosing sexually transmitted infections in resource-
limited settings. As stated by Whitesides et al., these guidelines
may impose unrealistic limitations, and hence the success of
novel devices should rather be determined by how well a par-
ticular problem can be addressed by the actual resources avail-
able. 13

Additionally, the use of paper can result in improved device
performance but devices remain constrained by limitations of
potentiometry and voltammetry. These include goals such as
achieving stable and reproducible potentials comparable to lig-
uid contact ISEs for potentiometric sensing and reducing the
problems of interference and detectable ions in voltammetric
sensing. Paper has been proven as a useful platform to quickly
implement advances in these areas but does not contribute sig-
nificantly to addressing more fundamental limitations of these
techniques. Alternatively, the costs of using these sensors in a
laboratory setting are estimated to be reduced by a factor of 10
when compared to conventional techniques, as shown by Bi et
al.” The improved economic viability simply by translation
onto paper may make heavy metal determination in food and
environmental samples sufficiently attractive. Alongside pro-
tocols that can be easily replicated in a home or low-resource
setting, the availability of both may be a significant step in truly
bringing these devices to the people who need them the most.
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