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ABSTRACT: Mobile phones have been used in combination with
paint of care (PoC) devices for over a decade now. However, their
use seems restricted to the delection of sensing evenls using the
video and camera functions. In contrast, the complementary ability
to use mobile phones to power such PoC devices has been largely
unexplored. This work demonstrates the proofofprincple that a
smartphone can be wsed to both power and analyze an
electrochemiluminescence (FECL) detection system, A printed
device is presented featuring an electrochemical cell connected in
series to a rectenna that is able to use the Near Field
Communication {NFC, 1336 MHz) signal to provide the energy
needed to generate ECL from Ru(bpy ), /tri-n-propylamine. The
emitted light, the intensity of which is directly proportional to the

concentration of the ruthenium complex, can then be captured by the mobile phone camera and analyzed, This work presents the
fabrication and the electrical and electrochemical characterization of the device. Effective voltages rangig from 0.90 to 250 V have
been recorded, depending on the coupling between emitter and receiver, which translate into working electrode potentials ranging
trom (.76 up to 1.79 V vs Ag. Detection and quantification limits of 0,64 and 1.52 pM, respectively, have been achieved for
Ru['l:-p:.-'}f', and lnear ranges up to 0.1 mM (red channel) and no less than L0 mM {green channel} have been found,
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personalized medicing

P ersonalized medicine aims to tailor diagnostics and
treatments to the specific needs of individuals, with the
amm o improve their life L.]u:]'tt].r. In the case of pcrsnnnlizfd
diagnosis, point of care ('oC) devices have much to offer, but
still also many limitations to overcome.'~ PoC devices are
analytical tools eperating outside the clinical laboratory. In
particalar, this work is relevant to PoC devices for malecular
diagnostics, that iz, the detection and monitoring of biomarkers
such as metabolites, protems, and amine acids. Despite recent
advances, guantitative point of care devices reaching the mass
consumer market are mostly restricted o enzyme-based
biosensors, such as personal glucose meters,’ or analyzers
targeting small metabolites such as lactate, cholesterol, or
trighycerides, among others,' On the other hand, the
quantification of protein biomarkers involving immunodssays
i% harder to achieve outside the clinical laboratory, and most of
their point-of-care versions are in the form of lateral flow tests
that are qualitative or semiguantitative ar best, In both cases,
information is managed by the user, and the data are seldom
transferred to their medical records, which complicates the
administration  of EPEl:iﬁE, better-tailored  treatment. Smart
personal devices, such as mobile phones, and information

technologies may help bridge this gap unobtrusively, and
conforming to the ASSURED criterta’ (Affordable, Sensitive,
Spl:ciﬁc, User-friendly, R.apid and robust, E.L!!lipmﬂﬂt-ﬁ'et. and
Deliverable to end-users) of the World Health Organization
(WHO . In any case, one critical limitation is the information
gap between PoC devices and centralized health systems,
smartphone devices pack an increasing number of sensors
and actuators, as well as incn::ln."mg curnFul:inE power to ]-bc:.‘F
bap with the [atest consumer trends. However, in spite of their
sophistication and technological complexity, they have become
everyday objects thanks to the ease of use enabled by software.
Smartphones are ubiguitous today, to the point that there are
more mobile phones than people in the world.” In addition to
communications and entertainment, health I:diagnuﬁticﬂ 14
another area where smariphones can play an important role,
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Sensors and actuators present in current smartphones enable
them to replace specific and complex instrumentation such as
potentiostats and spectrometers that are at the foundations of
many laboratory analytical methods. Given the many functions
of these devices, developing molecular diagnostic tests for
smart devices Is feasible and represents very significant
opportunities for new breakthroughs in healthcare,

Most examples of mobile-based diagnostic systems to date
only {:nplult the camera functions, wsing it for detection
purposes. " A few researchers, on the other hand, have shown
additional possibilities such as the control of electrochemical
sensors using wniversal serial bus (USB)"" protocols and the
audio jack purt.” More recently, the Near Field Communi-
cation (NFC) module has also been used to control a
potentiostated module.’”™"" The main limitation facing these
approaches so far is that they require additional electromic
interfaces between the smartphone and the sensor, Such
interfaces may be complete instruments, such as potentio-
stats' " or disposable printed and discrete components
heterogeneously integrated,'™ !

When considering mobile phones as complete analytical
platforms, we can set two critical goals: first, to get rid of any
intermediate instrumentation between the smartphone and the
disposable sensing part; second, to simplify the sensing part as
much as possible so it can work with the least number of
components. The first goal means usability and convenience
tor the users. The second goal, on the other hand, facilitates
mass production, mimimizes waste, and reduces environmental
tootprint. While the production of “printed” electrochemical
analvzers was demonstrated several vears ago,’ these early
systems involved the heterogeneous integration of multiple
silicon components, which increased the cost of these devices
Lo prohibitive levels, from a few cents to several Lens of euros
per analysis, Simplifying instrumentation, therefore, is
necessary il guantitative molecutar diagnostics are to Jeave
the clinacal laboratory and reach a wider population as a matter
of routine,

Spectroelectrochemical'” phenomena such as electrochrom-
ism'" and electrochemiluminescence (ECL)™"™ can facilitate
this transition toward simpler instrumentation by exploiting
Lluugh in optical properties triggered by electrode poten.
tials,”" These phenomena are electrode potential-dependent,
which means that they only require a suitable direct current
(DC) power source to operate, This is advantageons from the
point of view of a simpler instrumentation, because the optical
signal conveys information related to the electrochemical
process, thus making current measurements redundant, In
addition, strctly amperometric sensors may be affected by the
presence of other electroactive species with low oxidation
potentials, such as ascorbic acid, which often interfere with
current measurements, damaging sensitivity and  detection
limits. In contrast, the optical signal in spectroelectrochemical
systemis is usually unatfected by the presence wof sach
electroactive interfering agents. This is particularly interesting
in the case of light-emitting systems, such as electro-
chemiluminescent ones. One of the most commonly used
ECL systems is based on the Ru{bpy}y’*/tri-n-propylamine
(TPrA) system, first reported by Leland and Powell in 1990
Since then, because of its ability to control bight emission, its
low background signal, and its high sensitivity, ECL is gaining
increasing attention in different areas of electroanalysis,
particularly clinical diagnostics™ and bicimaging.”” As
mentioned above, ECL, Ph{:nnmcna are controlled l'r}r electrode

potentials, which can be generated by an adequate DC voltage
source, While amperometric sensors involve potentiostats and
three-electrode systemns to ensure strict control of the working
electrode potential, the light-emitting nature of ECL detection
makes it well suited for use in two electrode systems, As this
work shows, despite the importance of potential control in
ECL systems, the advantages of the propased approach far
outweigh the disadvantages of using a coreactant-based system
that involves working electrode potentials above 1.0 V vs Ag,

This work demonstrates the wireless generation and
detection of an ECL signal using NFC, (13.56 MHz) wireless
power transfer (WPT)., This means that it is in principle
possible to power ECL detection systems using other NEC-
enabled devices, such as smartphones and smartwatches: WPT
and ECL have been combined in the past using lower WPT
carrier frequencies. Qi et al. generated ECL from luminol
using a toothbrush wircless ch.lrgr:r operating at 32 3 § e
Shortly after, the same team proposed a similar system based
on a wireless module operating at 222 kHz, and reported that
using a rectifying diode enhanced the ECL signal almaost by an
order of magnitude,” More recently, Escobedo et al. presented
a plattorm that enables the performance of potentiostated ECL
measurements using a smartphone NFC module to power a
custom-made instrument and vsing one of the phone cameras
for detection.”' Such a platform relies on conventional
electronics design and consists of two PCR boards: an NFC
link interfaced with T1 LMP 1000 potentiostat and supporting
electromics. This amounts to having a dedicated "gadget” to
link the sensors and the mabile phone.

In contrast to these previous, more complex systems, here
we present a simpler, more accessible approach, based on a
rectenna and a two-electrode electrachemical cell that are both
printed on a thin plastic substrate. A rectenna is a rectifying
device,""** consisting of an antenna coupled to-a rectifying
circuit that, in the simplest case, is a diode, Rectennas
transform an altemate cureent [AC) signal into a direct current
{(DC) voltage that can be used for different purposes, but
mainly for radiofrequency (RE)-to-DC power conversion.
Rectennas also find application in energy harvesting or wireless
charging of small consumer electronic devices, In this work, we
exploit this ability of rectennas to tum an AC signal into 3 DC
voltage to deve an ECL reaction. Specifically, an NFC
interrogator signal is used to polarize a working electrode
and produce an electrochemiluminescence signal from the
classic Ru(bpy);™ system.”™"" The resulting ECL signals can
be captured by one of the smartphone cameras for subsequent
analysis using Tmage] or any other image analysis software,
Images could be analyzed by the same mobile phone,
facilitating usability. To the best of oor knowledge, this is
the first report of NFC used to power an ECL system using
only a rectenna and a mobile phorie camera to caprore the light
response.

B MATERIALS AND METHODS

Anabytical-grade KNOy tris{ 2,2 -bipyridylruthentun( 11} dichloride
hesahydrate | Ro{bpy),CL-6H,0), and to-npropylamine {TPrA)
were purchased from Merck and osed as received without further
purification. Phosphate boffer (pH = & 0.1 M)} solubions were
prepared using deionived water of resistivity not fess than 18 MOhm
em. Dulont 5065 (Du Pont Ld,, UK), silver paste, Sun Chemical
GST 4500 (Servilan, ES) carbon paste, and Lostite EDAG PF 4558
UWVecurable dielectric paste {Tetrachim, FR) were used to print the
devices on Melines ST506 polyethylene terephthalate (PET)
substrates with a thickness of 125 g (SABIC Snij-Unie, ML)



Screens were designed wsing Vectorworks 20211 Student Edition
["Techlimits, ES}, and outsourced to Paymser (ES). [ threads em™
meshing was used to print the antenna coll, 90 threads cm™ were
used for the remuaining sibver and dielectric parts, and 77 threads om™
were used to print working and suxibary electrodes. All screens were
made from SEFAR 1500 fabric mountsd oo sluminum fromes. &
semiautomatic screen-printing machine DX-305010 {Shenzhen Dstar
Maclune, CNY was used for printing, and a Heonle UV Technology
UVACUBRE 400 was vsed for diclectric curing,

Device Fabrication. Figure 1 shows an image of the device,
screen-printed on a 100 gm-thick PET substrate, The fabrication of

Figure 1. Printed device (top) features a rectenna consisting of an
antenna {1} and a Schetthy diode (21 connected to a two-clectrode
clectrachemical cell (3], Connectors 4—6 enable the characterization
of the device and its components. The diode is connected to the
aumlary electrode branch with its cathode facing the antenna, The
experimental setup also invelves an Arduino UNO (7} coupled to an
NFC reader shield (8) mounted on i x—=p=2 stage (net shown ), The
device 1 mounted on a platform (9 that facilitates connection to
other instrumentation, such as potentiostat or wvector nebwork
analyzer, The mobile phone cunera is held  dicectly  over the
electrochemical cell wsing a clamp. Institutional logos have been
biurred.

the on-tag NFC coil antenna involved the following steps: (i} the
antennas silver tracks were printed on 100-gm-thick PET substrates.
The antenna consists of six comducting loops 250 pim wide, separated
by 3 pm gaps between them, 1) Next, the dielectric bridges were
printed using UV-curable paste, before (iii} silver racks were printed
over the dielectric bridge to connect the inside terminal of the
antenna to the auxillary electeode track, (iv) Next, graphite working
und ouxiliary electrodes were printed, and the fQbrcation was
completed after (v} printing 2 new dielectric layer to protect the
silver tracks and to define the electrochemical cell area Five different
batches, each comprising roughly 2030 devices, have been produced
i this work, The silver parts in the first 3 sets were cured at 115 °C
for 15 min, but the paste ran off and produced short cireubts in some
of the antennas. However, the silver prints in the fourth set were
cured in two steps to improve conductivity and intrabatch
reproducibility, First, the devices were precured at 100 °C for 10
i i 9 Convection oven, F‘ul]r.:-wing this soft bake, 5-.m1]11|;-s Were next
cured at 130 “C while pressure was being applied using Lanm-thick
aluminum plates, To prevent damage to the devices, thin paper sheets
were used between the printed devices and the alominum plates. The
reason to use aluminum plates was to ensure good thermal
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conductivity and 2 homogeneous temperature zcross the entire
surface. These plates also prevented sobstrate deformation, as PET
substrates typleally deform {u'ﬂf].*llq_.';:l al T = 125 °C, Graphite paste
was cured for 18 min at 110 °C. The dielectric was cured under UV
light for 45 =

For the rectification of the NFC AC signal, 2 commercial Silicon
Schottky diode [model BATSDAESZITHTSAL, Infineon, DE) was
nsed with a theeshold voltage of 002 W ut a forward ingensily of 19
mA. Becavse the working electrode needs to .1111111,; a positive potential
to drive the oxidation of TPeA and Rulbpy),”, the diode anode was
connected to the arxiliary electrode terminal of the device asing silver
comductive epoxy adhesive RS-Pro 186-3616 (RS Amidata, ES), Last,
and to enhance the ECL response, the graphite electrodes were
treated inair under ambient conditions nsing a 30 W Epilog Mind-18
C, laser engraver with nominal laser power of 27 W with a
resolution set af 600 dpi and raster velocioy ca. 830 mm 57" (50% of
maximum §, In summary, this represents an energy dosing of 7.7 m]
em ™, which was previously found 1o be optimum for this electrode
material,

Device Characterization. Electric measurcments were carried
out using 4 Red Pitiya Stemlab 125-14 {Red Pitaya dd, RS}
controlled by the STEAMIb software and equipped with a vector
network analyzer (WVNAY module, The YNA module was conteolled
by Pavel Demin's Vector Network Analyzer software.’” This setup
enabled the determination of the series inductance and resistance
values of the on-tag NFC antennas. The systemy was calibeated uxing
the open, short, ad load terminals from 0.5 to 60 MHz The
frequency response was also obtaimed, allowing the determmation of
thie resomant frequency and the Q factor for each of the antennas wsed
in this work.

Electrochemical experiments were done using a PalmSens3
potentlostat {PalmSens, NL) controlled by PSTrace software 5.5
version mstalled on a PC running Windows 10, BCL was produced
cither under potentiostatic control or by NFC signals in a series of
on=off crcdes using an Arduine WFC reader shield (PN331 REIDY
MEC Shield, Texas Instruments, US) controlled by an Arduine UNO
oard. Each eycle consisted of a series of 10 8 on—off steps, The two-
electrode cell polarization under NFC powering was measured wsing
the potentiostat, and subsequent ECL experiments were done for AE
= 1.5 2.0, 2.5 30, 3.2, and 35 V in H.ul:lip}r}_.,h,.l"['l-‘r.n‘n rolutions.

Image Capture and Processing. ECL interpretation was done
alter image capture at 30 fps wsing & Xiaomi Mi 10 Lite mobile phone,
|.'q11.i11|.1cd with an Omomasion OV4EB CMOS image sensor, and a
24 macro lens (APENEL, Amazon, ES). Camera autofocus feature
was switched off and manual (fixed) focus was used instead. lmage
batch processing software Fijl {formesly Imagel) version 235 was
used for fmage RGB decomposition In combimation with a custom
Pythen script. The RGE data presented below were abtained from
video captures as follows: First, Virtoaldub software was used to
convert the videss into & format compatille with lmage[. A circular
vegion of interest (Rel) covenng the working electrode avea was
defined for further processing, Next, the color in the Rol was split into
its three ROGE constituting channels, obtaining average R G, and B
vilues for each image in the stack.

B RESULTS AND DISCUSSION

Device Working Principle. The device features a rectenna
connected to a two-electrode electrochemical cell In the
present case, the AC signal is generated by coupling the device
to a conventional NPC source, and the resulting DC voltage is
applied between auxiliary and working electrade of the
electrochemical cell, The rnngnitudc of the DC ‘-’nlt:lEl:
depends on the coupling between emitter and receptor
antennas which, in turn, depends on a number of factors
including the geometry of the antennas, their alignment, and
their relative distance. Thus, the working electrode potential
can be adjusted through the coupling between antennas, in this
case cnntrn“ing the distance between NEC emitter and the
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Figure 2, Schematic representation of the coil antenna together with its lumped-element electrical equivalent cireuit and its characteristic
magnitude Bode plot.
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Table 1. Electrical Characteristics of the Fabricated Loop Antennas
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Figure 3. Measured Bode pll:rts versus fAtted RLC model of the |u-|:|p anbenna.

printed antenna on the device, so thar an ECL signal can be
generated. The generation of ECL signals using unrectified
low-frequency AC potentials in the kHz range has been
reported in the past, and the introduction of diedes is known
to benefit the performance of such devices. However, NFC
operates at 13.56 MHz, which is too fast for electrochemical
processed to occur at any observable rales, and makes the
rectifying part mandatory. Therefore, the first step in order to
exploit wireless power transfer using NFC is to rectify the
sign,:l.l. Ntlluugh more efficient r:ctif}f:ing circuits are Pus:iil:rltrz'b
the simplest way to transform the NFC AC signal into a DC
voltage is by means of a single-diode half-wave rectifier. In such
a circuit, the diode iv used to allow current to fow in one
direction only, Thus, under this condition the alternating
nature of the NFC stimulus s broken, allowing the emergence
of a direct-carrent flow toward the electrochemical cell. In the
present case, 2 Scholtky diode has been chosen due Lo s fast
switching speed and a low nominal threshold voltage, Vig, of
120 mV. Broadly, the diode threshold voltage is the volrage
bartier lo overcome in order for the diode to allow the passage

of current. Any alternating stimulus which does not overcome
this barrder will not produce any useful DC current to the load,
i.e,, the electrochemical cell. Therefore, the lower this
threshold voltage, the more efficient the AC/DC conversion
will be.

Once the working electrode is suitably polanized and ECL is
generated, the light emission needs to be detected and
quantified optically, In this case, 3 maobile phone camera is
used to monitor the working electrode and capture the emitted
light. Relying on a mobile phone for detection has been a
common practice since the early days of mobile phones applied
Lo l:niusensing.'w"“ The main advantage in this case is that it
facilitates the simplification of the device construction by
avoiding the need for electrochemical instrumentation such as
potentinstaty,

Electrical Characterization. Figure 2 shows the electrical
equivalent model of the loop antenna. The main character-
fration purpose is to obtain the values of the R, I, C electrical
parameters, which are related to the ohmic energy losses, the
stored magnetic energy, and the stored electric encrgy,
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Figure 4. {a) Diagrammatic representation of the experimental setup, where a movable square emitter antenna is placed vn top of a fved printed
device round antenna (b) Resulting DC voltage X ¥ maps, measured as the potential difference between auxiliary and working electrodes, are

shawn for different antenna separations {Z).

tespectively, The Vg veltage genesator represents the coupled
electromagnetic force between the reader and the tag loop
antennas, Following the simple equations of parallel RLC
circuits, such circult s characterdzed by the resonating
frcr.iu:m:}' fn‘ — ],-"{Z..Ef\rL—l:J and the Llu.l]it].l factor Q.= fn,."
Af, which deterrines the typical band-selective magnitude
Bode plot, also sketched in Figure 2,

The magnitade and phase Bode plots have been

experimentally extracted for all the fabricated antenna sets

and the RLC moedel were numerically adjusted, through a
simple iteration routine written in Python, to find our the K L,
C parameters of each device. The obtamed values are reported
in Talde 1.

A typical realization of 0 measured versus ftted characteristic
is-shown in Figure 3, demonstrating the fitness of the simple
RLC model around the resonant frequency where most of the
NEC energy is transferred. The most significant differences
between the measured device and the RLC model emerge tar
away from sech resonant frequency. On one side {f = ), the
effect of terminals series resistance is present, as evidenced by
the magnitude plateau and the phase degradation. On the
other side (f = fo), the skin effect contributes to the
pronounced reduction of the impedance magnitude. The loop
antenna shows a relatively low pass-band selectivity, which is
used favorably in our case to couple energy from the NFC
interrogator to the loop antenna, despite the mismatch
between its resonant frequency {around 19 MHu) and the
NEC interrogator carrier {13,56 MHz),

According to the manufacturer’s information, the silver paste
binder is removed at around 130 "C. However, curing the
silver paste at temperatures over 115 “C caused electric
shortcuts due to the paste running off and touching the

adjacent tracks, Curing at 115 °C led to higher resistance, but
it was found that a two-step curing process could lower the
resistance of the tracks further, The first 3 sets were fabricated
with a curing temperature af 115 “C, The last set of antennas
was fabricated by precuring the silver paste at 100 *C and then
hard-baldng it at 130 °C. This new fabrication method led to a
33—49% |lower resistance value. The inductance, capacitance,
and frequency values remamed very similar, because these
values depend more on the geometry, The € Gcotor of the
antennas was improved for both definitions with the new
fabrication method in 30% to 35%. This enabled a better
power transter efficiency between the emitter and the receiver
antennas, ™

Determination of Electrode Polarization Potentials.
Following the charactenzation of the antenna, the effective
voltages applied to the electrochemical cell were determined.

An Arduine UNO attached to a NEC module {see Methods
and Materials } was used to couple RF power to the device loop
antenna as schematically shown in Figure 4a. This Arduine
system works like the NFC readers in typical smartphones, but
it is easier to program and handle, and therefore more versatile
i an experimental enviconment, For the emission, the NEC
module, supplied with 3.3 V, produces a 1336 MHz RF
carder, To determine the effective voltage applied between
anxiliary and working electrodes, the latter were covered in 100
pels of supporting electrolyte solution to close the circuit. The
DC veltage induced in the receiver antenna after the
rectification provided by the Schottky diode was measured
uzing a PalmSens 3 potentiostat connected between terminals
labeled 5 and 6 in Figurs 1. Since the emitter antenna is
rectangular, the power coupling to the reader device was
:xpiurcd Jll:mg both the X and ¥ axes. Moreover, due to the
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system symmetry on the XV plane, anly the first quadrant is
shown (X = 0, ¥ > 0). The resulting DC voltage maps are
shown in Figure 4b for four different 2 values: 10, 13, 20, and
23 mm. Had both antennas been round, & more symmetrical
DC voltage distribution could have been expected around the
center, However, in xpit-r: af these t,vq:r::r':rnrnta.l nonidealities,
the system response was excellent. Note that despite the
mismateh between the tag antenna resonant frequency and the
13.56 MHz carrier, the DC voltage coupled to the system is
greater than 3 V even for misalignments on the order of £10
mm in both the X and ¥ axes for an operating distance (£) of
20 mm. For such operating conditions, the induced DC voltage
is plenty to drive the electrochemical reactions described next.

The results show that it is in prnciple possible to apply
valtages between ca. | V and up to 4.5 V. However, note that
these values represent the voltage difference between awxiliary
and working electrode but do not give any indication about the
actual electrode potentials, To determine the actual working
electrode potential, a new experiment was next carried out
intrnrlucing a gilver wire Psal:uﬂurc’ﬁ':rem:e electrode into the
solution volume covering the two printed electrodes on the
device: The emitter antenna was placed in positions leading to
voltage differences of 1,5, 2.0, 2.5, 3.0, and 3.5 V between
awaliary and working  electrodes, while the potentiostat
measured the working electrode potential vs Ag, The results
are summarized in Figure 5,

NFC appiied potentials vs Ag

Buxiliary elactide Warking electroda
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Figure 5. Electrode potentials applied by NFC. The values inside the
bars (white text) represent the total voltage appled by NFC between
the awxiliary and working electrode. The values at the bar ends
represent the aclual potentials {415 mV) at the working (right} and
counter (left} electrodes, messured by a potentiostat. The black bar
highlights the optimium NFC peladzation potential for the present

Cake,

Omne interesting feature shown in this Agure is that the
working and counter electrode (WE and CE, respectively)
potentials appear to be almast symmetrical. We believe that
this is a coincidence and at present cannot explain it fully. First,
the working and auxiliary electrode nominal areas are different:
Awg = 707 mm* vs Agg = 01811 mm?® Ideally, in
electroanalytical systems, the auxiliary electrode should be
much more than twice the size of the working electrode to
ensure that it is nonlimiting. In this case, the total voltage
nppticd between the au.‘dli::lr}' {gmmd;l and WDI‘HDE electrode
under each condition is known with an accuracy better than 10
mV, Therefore, ance the working electrode potential has been
determined vs Ag, the awxibary electrode potential may be
determined as the difference Ejpgng = Eial cll polarisation
Epwp v agr At the lowest working electrode potentials, it is
likely that just the oxygen reduction at the auxiliary electrade

suffices to hold the system current, However, as the working
electiode potential increases and more current iz deawn, the
auxiliary electrode potential shifts toward more negative
potentials, toward the hydrogen evolution region, In this
case, these potentials happen to be almost the negative
working electrode value. However, if the auxiliary electrode
area was bigger, the oxygen reduction process might be enough
to sustain the current leading to a full ECL signal at the
working electrode for 1.3—1.4 V vs Ag, and then the total cell
polarization needed to operate the device could be expected to
be lower than al present.

To understand the significance and value of these results, it
is important to note that the genemtion of ECL from
Rn{hp}*}f"f’l’l’rﬂ involves oxidation products from both
reagents, The mechanism has been studied by several
researchers.”*** Although the mechanism involves many
mare steps," " here a very simplified version® is offered for
convenience. In short, the strongly reducing TPrA" radicals,
generated from the electrochemical oxidation of TPrA atca. E
= 0.8 V vs Ag/AgCl, react with Ru[bp}l:ls", which is produced
at the electrode from the cxidation of Ru{bpy),®" at ca. E =
1.06 WV vs Ag/AgCl:

TP —= " FrA+ TPrA HT (1)
Ru[hpy'.lah_—& llu(hl'ryﬁa_‘” {2}
Ru(bpy),®™+FPfA  +Ru(bpy);®  TPrAt (3)
Rul(bpy), " —-Ru(bpy), ™ he(620 nm) (4)

Thus, in order to generate a strong ECL signal, the TPrA/
Ru(bpy)s™ system requires electrode potentials above 1,10 ¥
vs Ag/AgCL From this, and from the electrade polarization
results presented here, it is believed that cell voltages above 2.0
WV owill be adequate: Moreover, considering possible ohmic and
kinetic losses in our system, it was expected that 25-3.0 V
would be needed berween auxiliary and working electrodes to
obtain a strong and easily detectable ECL, signal.

The lotal vollage applied between the electrodes during
NFC activation can be very stable and accurately controlled
through the relative positioning of emitter and receiver
antennas. However, note that even i this case, controlling
the working electrode potential at a two-electrode systems as
the one presented here is daunting, and some fluctuations may
oecur, particularly if very high voltages are applied that can
lead to gas evolution processes at the auxiliary electrode, One
possible way to improve potential control over the working
electrode reaction might be to include a redox system at the
auxiliary electrode that would be responsible for balancing the
working electrade current at a milder potential. This would not
only prevent the system instabilities assoclated with the
auxihary electrode reaching extreme potentials, bot it would
also allow the system to wark at lower overall polarization
levels.

In any case, the results presented here support the feasibility
to generate ECL from NEC thanks to a rectenna, as long as the
L:nquinE hct\-'.'::r.'n cimitter .'Lm] rcr.'l:ptur antennas is Prnp-t:r]‘,*
controlled, From the potential maps above (Figure 4}, the
required voltages can be applied at all the Z separations tested,
but care must be taken to place the antennas in the rght
relative position. In the following experiments, both antennas
were kept in perfect alignment, and potential control was
achieved 11'}" deuﬁﬁng the separatinn distance between them.
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Figure &, Potential steps generated by a sequence of [0 = on/off NFC cycles in the presence of 0.5 mM Ru{hpy!lf" in 25 mM TPrA, The total
valtage between auxiliny and working electrode was determined by the potentiostat and controlled theough the separation distance between
emitter and receiver antennas. The red squares correspond to the red channel, the green dots correspond te the green channel, and the blue traces
correspond to the blue channel. Inset images show the electrode at £ = 0.3 5 into the frst NFC-on oyele, and the dotted ling signals the region of
interect for image analysis. Polarizing above 2,50 V irreversibly damages the working elscteode,

ECL Generation Using NFC: Controlling Polarization
Potential through Emitter—Receptor Coupling. Next, a
series of experiments were caried out with a solution
containing 0.5 mM Bu{bpy)ly** and 25 mM TPrA in 0.1 M
phosphate buffer at pH = 7.72. The NFC emitter was kept at
different distances ta a}!pl}' a range of Pntent‘la!s ranging
between 1.5 and 3.5 V. The experiment consisted in the
apphication of a sequence of square on—off pulses lasting 10 5
each. Figure & shows the results obtained, represented as the
imtensity of the RGE channels. Note that the values in the
tigure represent the average color value for the entire electrode
surface, RGHE analvsis was chosen over grayscale analysis,
because it afforded higher sensitivity, In contrast to
monochrome cameras used for scientific imaging, mobile
phene photodetectors present a colar filter array on top of the
pixel photodiodes. Grayscale analvsis of a mobile phone
camera images therefore mvolves the average value from the
three RGHB channels. This may lead to some sensitivity [osses,
as is the case here. The ruthenium lun!inuphnr: used in this
work emits at 610—620 nm {orange ), which means that most
light will reach the red channel, while pixels behind the green
filters collect some light and those behind the blue channel
collect nearly no light at all. Supporting Information Figure 51
shows how grayscale analysis of the captured images actually
matches the average of the three separate RGE channel values,
leading in this case o poorer analytical performance in terms
of sensitivity than focusing on the red channel independently.

Figure 6 shows the value of the three channels separately,
Because of the orange—red color of the light emission, the red
channel shows the greatest sensitivity, followed by the green
andd, ﬁnall}r, the blue channel.

The data show that the ECL signal corresponding to a cell
polarizatrion AE = 1 V, and ast Byp ca. 0L76 V vs Ag was very
faint in the fiest potential step, and almost zero in subsequent
pulses. A similar thing, although with a strosger signal occurred
at A =2V, corresponding to By ca. 100V vs Ag. Al this cell
polarization level, the ECL generated is easier to detect but
decreased on successive steps. The reasons for these decreases
in ECL signal after each step are not entively understood. Due
to the impossibility to track the working electrode potential
while capturing the corresponding ECL images, it was not
possible to determine whether the signal decay was due to a
potential pulse at the start of the experiment, to an electrode
potential shift during the measorement; or to elecirode
passivation or damage. At polarization values between 2.5
and 3.0 V, the ECL signal seemed more stable after successive
steps. This was possibly because the working electrade
pntl:'nti:] was set to a value where ECL emission is less
sensitive to drifts.*” For polarizations above 3.0 V, the ECL
signal became worse again, It has been observed that the
application of overly high potentials leads to the oxidation of
the working electrode, which becomes detrimental for the
generation of ECL.

After determining the optimum polarization potential range,
the system detection limit was studied to assess the suitability
of this approach in sensing. In this case, the light intensity was
sampled for a perniod of 0.2 s, starting at ¢ = 0.5 5 immediately
after the potential step (switching the NFC on). Figure 7
shows the calibration curves obtained for the red and green
channels after polarizing the cell at 2.5 V using NFC. Both the
red and green channels responded to the emission from the
ruthenium uuml:rh:x, and as cr_[:i:n:tpd, the red channel was
Hig‘niﬁtnnﬂy mare sensitive. The red channel has a linear region
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Figure 7. Calibration plots for the detection of Ru(bpyis'
electrochemiluminescence produced by NFC at 1.5 V cell polar-
ization. Both red and green channels respond, providing a wide
detection range starting at 15 gM and 120 M, respectively. In both
cases, the regression coefficient, TR, was greater than 0.98 in the
ranges shown. Grayscale analysis (middle data set) leads to poorer
limits of detection than red channel amalysis, bot the some linear
rEmge.

up to aboat 0.1 mM Ru(bpy);¥, after which it rapidly reaches
saturation, Moreaver, the red channel provides a limit of
detection (Lold, 3o) ca. (.64 pM and a limit of quantification
(Loi3, 7o) around 1.52 uM. The green channel, on the other
hand, responds at higher light emissions; its linear range goes
at least up to 1 mM Rulbpy);*, with LoD = 16.9 uM and Lo}
= 39,4 uM.

Grayscale analysis offers worse analytical performance due to
the null signal of the blue channel. Grayscale analysis yields a
limir of detection {3g) of 125 pM and LoQ (7o) of 291 uM,
but similar dynamic range as the red channel. Supporting
Information Table ST summarizes analytical performance
details for the red, green, and grayscale analysis,

The detection limits obtained here are in line with those
reported by Gross et al. ¥ wha reported detection limits in the
range of 9 gM. Other groups have reported similar Ruibpy )
detection limits using a smartphone camera, down to 0.5 M
but it is important ta note two things, First, the system
presented here is significantly simpler than those reported
previously. The present device does not require specific
electrochemical instromentation, because the electrochemical
cell is directly coupled to o rectenna, which malkes working
electrode potential control more challenging, Second, more
sophisticated data analvsis can alse be implemented, such as
artificial intelligence (Al) methodologies™ that can improve
both the sensitivity and the reliability of the results provided, as
in the case of the work by Ceopa et al. However, our results do
not seem so far éven without the use of AL

The results presented here are very promising. They suggest
that the proposed approach could be applied to different kind
of biosensors, such as enzymatic and affinity-based. Enzymatic
biosensors, which may invalve higher amalyte concentrations
and hence higher signals, can favorably combine data from
both red and green channels to extend the readout dynamic
range, while affinity-based biosensors, such as immunosensors,
may also be compatible with this detection method wsing a
mobile phone camera,

B CONCLUSIONS

This work has presented a printed device comprising a
rectenna connected in series to a two-electrode electro-
chemical cell. It has been shown that the device can be
wirelessly powered wsing an NFC module like those available
in most present-day smartphones and other smart devices. In
addition to power, the mobile pl‘iunc camera can capture an
electrochemiluminescent  signal produced at the working
electrode, and this signal can be guantified down to the low
micromolar range. These levels of detection and quantification
make the technology of interest for the PaC developing
community, as it enables the translation of many existing assays
to a format meeting most of the ASSURED criteria.

We have also shown the importance of the fabrication
process conditions to ensure reproducibility and ensure
consistent performance of the rectennas. Although the nataral
resomance frequency of the antennas is around 19 MHz instead
of the NFC 13.56 MHz, it is still possible to transfer sufficient
energy to bring about the electrochemiluminescence of
Ru(bpy)s*. At present, this process requires a cell voltage of
2.5=3 V, which can be controlled by positioning the two
antennas less than 20 mm apart. However, higher voltages are
also available, and if the antennas are placed closer to each
other it is possible to apply cell voltages higher than 4.5 V. The
rectenna efficlency may be further optimized by changing its
geometry or by adding an extea capacitor component to
provide s better impedance adaptation, Such optimization
would take into account the possibility to obtain higher
polarization potentials for a given distance between the NEC
nterrogator and the tag or, alternatively, to obtam the same
polarization potentials at higher distances. The high voltages
available open the door to using ipolar electrode systems and
widen the range of possible applications, such as new
multiparametric systems. In addition, ather spectroelectro-
chemical phenomena, such as electrochromism, can also be
adapted to this kind of system, thus broadening the potential
impact of the technology on society,

Regarding the detection limits, this work has shown that
mabile phone cameras are adequate for the detection of ECL,
in some cases offering better Ume resolution than dedicated
spectroelectrochemical instrumentation, For instance, the
camera from the midrange smartphone used here was able to
capture information from the entire electrode area (2.5-mm-
diameter disk) with time resolutions close to 35 s for a few
hundred euros, Although we have presented detection limits in
the low micromolar range (0.64 M) for Ruf hpy}_;z‘, this limat
may be improved both by hardware and throogh software, In
terms of hardware, first and most obviously, newer phone
models can be expected to integrate more sensitive cameras in
the futare as part of the normal evolution of smartphone
technology.,

Other opportunities for improvement can be found in the
design of the dispasable device, Such design efforts can address
the rectenna, but also the electrochemical cell, optimizing the
electrode geometry lo control ohmic losses and improve
potential control, possibly through charge storage layers at the
counter electrode, In addition, software can also help.
lmproving the present approach to relate the average RGB
values across the entire electrode surface may lead to higher
sensitivities. One possibility, as shown recently by Ceopa
Rivera et al.”' is to use artificial intelligence tools, which led
them to better detection limits in the submicromaolar range.
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Phaotadetector saturation is another important issue to watch
out for, partcularly at high luminophore concentrations. As
our results show, the high sensitivity of the technigue leads to a
signal saturation for Ru(bpy)y* concentrations above 0.5 mM.
Detector saturation may nat be a problem in many applications
where protein biomarkers are present in extremely low
concentrations. However, analytes such as glucose, Iactate,
and otheér metabolites that may be presént in mM
concentrations can be problematic and require other detection
approaches, for mstance, vsing the green instead of the red
channel,

Undoubtedly, the approach proposed here to use a mobile
phone to both power and read 4 point of care device wirelesshy
is both very exciting and promising. In addition to driving the
detection process, using the mobile phone can also automate
data analysis and reporting to a centralized health system. This
takes a burden off the patients, but also from the primary care
staff whe will have more time to focus on more urgent or
demanding tasks. We hope that the approach reported here
will saon enable new analytical devices for personal use that
can facilitate the communication between patlents and the
health system, so that better quality care can be provided more
pramptly,
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