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Abstract

In this study, an ultra-high sensitive, flexiblejreless, battery-free, and fully integrated (no
external analysis equipment) electrochemical sgnpetch system, including a microfluidic-
sweat collecting unit, was newly developed for dimesite monitoring of the [K concentration

in human sweat. Multiwalled carbon nanotube (MWCNiRd MXene-TiC,Tx based hybrid
multi-dimensional networks were applied to obtairnigh surface activation area and faster
charge transfer rate, strongly adsorbing the valiymn membrane to protect the ionophore for
effective transshipment and immobilization of th&][ Furthermore, the controllable porosity of
carbon-based materials can accelerate the kingtceps of ion diffusion. This hybrid
nanonetwork structure effectively enhanced elebatcal stability and sensitivity, addressing
the noise and signal drifting problems experienggth low concentration detection. The
fabricated sensor exhibited a high ion concentnaiensitivity of 63 mV/dec with excellent
selectivity, amplified to 173 mV/dec with the intated amplification system. The Near Field
Communication (NFC) is used to transmit measuresnd¢at a smartphone wirelessly. A
microfluidic channel was integrated with the electremical sensor patch to efficiently collect

sweat on the human skin surface and mitigate tmsosesurface contamination problem.
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Furthermore, the developed sensing patch can asapplied to other biomarkers on-site

detection after modifying the working electrodetwiihe corresponding selective membranes.

Keywords: MXene-MWCNTs, wireless RF energy harvesting, bgtfeee, microfluidics

integrated, flexible biosensor, human perspiration

1. Introduction

Wearable biosensing devices have a broad impaotpdaily lives, especially in the promising
medical field, because of their ability to provide continuous, Horasive, and real-time
monitoring of physiological biomarkers in body fisi But there are still many problems to be
solved for the success of large-scale commerctaizaEnsuring the accurate and reliable
response of wearable biosensors is crucial to thanket acceptance. The accuracy of wearable
biosensors is often affected by surface contananatwhich is the main factor limiting the
continuous operation of sensors. (Shiwaku et 8l82 Robust anti-fouling surface protection is
necessary to ensure the reliability of sensorstlier long-term. Another essential functional
requirement for wearable devices is to maintain lpewer consumption during continuous
monitoring, to provide useful and timely informatito the wearer or other end users. The most
common method of powering wearable biosensors weglusing lithium-ion or alkaline
batteries. However, such batteries are bulky and @ause toxicity problems, especially in

lithium-ion-based systems. (Gao et al., 2016)

Recently, attention has focused on using wearablkeehsors for measuring biomarkers in body
fluids to reflect the physiological state of thedlgoThese biomarkers are widely found in sweat,
tears, and saliva in human body fluids. (Sonnel.eR015; Villiger et al., 2018) Human sweat is

a surprisingly biomarker-rich fluid that is gainingcreasing attention. Therefore, this study
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analyzed human sweat to detect the concentratipotagsium ions [K. [K*] plays an essential
role in maintaining the balance of body fluids aedulating body functions. The normal range
of [K'] concentration in human sweat is 4 to 24 mM. (Sonet al., 2018) Abnormal [K
concentration levels can cause numerous healtHgmsbor diseases. A severe shortage 6f [K
in body fluids may cause a potentially fatal coiaditknown as hypokalemia. Excess'TKnay
increase the risk of high blood pressure and strolk&an et al., 2012; Teixeira et al., 2009; Viera
and Wouk, 2015Measuring the [K] losses from athletes’ sweat could help healttigssionals
plan personalized water and electrolyte replacenstrategiesto prevent water/electrolyte
imbalances and heat-related whole-body muscle @ampsports that could impair athletic
performance. (Baker et al., 2014; Barnes et all920rherefore, the effective detection of
physiological [K] concentrations is very significant in the headttecfield. (Yuan et al., 2019)
More importantly, previous studies of [Ksensors have shown that low electrical condugtivi

the transfer layer leads to slow response timedamelectrical sensitivity (Bobacka et al., 1999;
Yoon et al.,, 2020; Zeng and Qin, 2017) while algsoiasly affecting the accuracy of the
measurement result®revious studies involving the detection of low'JKoncentrations also
identified significant noise and signal drift issu¢Shiwaku et al., 2018) In such cases, the
electrode material used could not effectively imitibdé the ionophore in the membrane.
Therefore, there is an urgent requirement for dmguely new materials to improve K

concentration measurement’s accuracy and sengitivit

This study proposed a novel type of all-solid-s{#tg ion-selective electrode based on a hybrid
MXene-TgC,Tx and multiwalled nanotube (MWCNTS) network struetuand this hybrid nano-
network structured material was first used as attelde transfer layer to measure the

concentration of [K] in human sweat. The proposed MWCNTs and MXen&llx hybrid
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working electrode were fabricated on the top of ®meen-printed carbon paste on a
polyethylene terephthalate (PET) substrate usingyar-by-layer deposition technique. The
MXene-TC,Tx, which displays a two-dimensional (2D) layer stane, provides outstanding
electrical conductivity and a large surface areafodunately, as the pulverized individual
MXene-TC,Tx sheets are discrete distribution and agglomeragsily, they can impede ion
transport, resulting in a lower conductance of éhectrode surface and a significant loss of
surface reactivity(Orangi et al., 2020; Wen et al., 2019; Yang et1894) Moreover, as MXenes
are layered inorganic materials, the bonding betwie layers is weak compared to other
stacked and van der Waals structured matefidsceMXenes easily separate into layers when

in solution, which reduces the electrode’s surfassilability and reliability (Ma et al.,

2018), (Yoon et al., 2016). These disadvantages signifigamhibit the full exploitation of the

potential of MXene-based materialierefore, it is still a challenge to solve thisvnmaterial’s
nanosheets’ discrete distribution and aggregatMWCNTs are usually regarded as the best
choice for electrode material because of their Halgictrical conductivity and readily accessible
surface area, which effectively facilitates rapitfusion and transport of electrolyte ions in the
film electrode. (De Volder et al., 2013; Ghosh abele, 2012) Given these advantages,
MWCNTs with a one-dimensional (1D) structure camvmie high conductivity and direct
transport paths for carriers by establishing irgktton and “bridging” effect with MXene.(Li et
al., 2017). Furthermore, MWCNTs can be successfinlerted into the layers of MXene-
TizC,Tx and connected discrete MXenegJiTx nanosheets, preventing aggregation. Therefore
MWCNT effectively improves the previously mentiongablem of poor electrode ion transport
due to the discrete distribution and easy aggregaif MXene. The successful development of

this novel hybrid TC,Tx - MWCNTs network structure has fully exploited thetential of
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MXene-based materialsThis hybrid electrode material also provides a ndiihensional
network for transferring chargethereby increasing the conductivity of the eled#, protecting
the electroactive materials, and improving the teb@hemical stability. Also, the porous network
structure of carbon-based hybrid materials coufdcéfely immobilize the ionophore in the
membrane (Samardzet al., 2017), thus significantly reducing ohmasistance, shortening the
sensor response time, and mitigating noise andakidnft problems in the detection of the
condition of low [K] concentrations. Figure S1 shows the sensor asitese and good signal
drift suppression characteristics under the comditf low concentration detection. In order to
verify the properties and advantages of the fatectcaybrid network structure, the physical and
the chemical analyses have been performed usittdimission scanning electron microscopy
(FESEM), energy dispersive spectrometry (EDS), X-photoelectron spectroscopy (XPS),
Raman spectroscopy, X-ray diffraction (XRD), Cycligltammetry (CV), and Electrochemical
impedance spectroscopy (EIS). In order to on-sétea potassium concentration in human
sweat, the flexible electrochemical sensor wasgnatied and assembled with a low-power RF
energy harvesting battery-free Near Field Commuditioa(NFC) wireless patch system. The
NFC was used to wirelessly transmit measuremenasstoartphone and effectively mitigate the
problem of commercial lithium-ion batteries, suck their large volume, high energy
consumption, and environmental pollutioA. microfluidic channel was integrated with the
electrochemical sensor patch to efficiently colleeeat on human skin surface and mitigate the
sensor surface contamination problefle accuracy of on-body measurements was verified
through the comparison of on-body sensor readimgs fthe arm with ex-situ (off-body)
measurements from a PBS with knowr'Ji€oncentration value samples. Figure 1a Shows the

conceptual drawing of the operation principle wireless, battery-free, fully integrated



electrochemical sensing patch based on MWCNTs-MXwsheid multi-dimensional networks.

2. Material and methods

2.1 Chemicals and instruments

All reagents and apparatus, design of the electrodlee detailed in the supplementary
information (S.1).

2.2 Preparation of MXene-TizC2T, and MWCNTS solutions

TizC,Tx nanosheets were prepared by etching and exfolittm@IAX phase BAIC, using HCI
and LiF. Here, we used (12 M LiF/9 M HCI) with aptimized MILD synthesis method at room
temperature. (Alhabeb et al., 2017; Ji et al., 2&Kambate et al., 2019) The steps required for
MXene synthesis are explained in detail below.tFitee etchant was prepared by adding (1 g)
LiF to (9 M, 15 mL) HCI and stirring for 10 min. &end, (1 g) of THAIC, powder was added
slowly to the etchant and stirred continuously 2drh at room temperature. Third, the mixture
was washed with DI water via centrifugation (5 rper cycle at 4500 rpm) for several cycles.
Then, before each centrifugal cycle, the supermateas poured out, and fresh DI water was
added to the precipitate. These washing cycles vegreated until a pH of 6 was achieved. The
obtained dark-green precipitate was then combinigldl B4 water and sonicated in an ice bath
sonicator for one hour to delaminate the MXenedtkollowed by 12 min centrifugation at
8000 rpm. Finally, the black slurry was carefullyllected and dried for 24h in a vacuum at
50 °C, to obtain BC,Tx powder. To prepare the MWCNT solution, DMF wasestdd as the
solvent for dispersion. MWCNT powder (24 mg) wasighed with a microbalance and
dissolved in 12 mL of DMF dispersant. The mixtwas then ultrasonicated at 80 W for 60

min. (Jagadish et al., 2015)



2.3 Design and Fabrication of the Sensor Electrodes

The electrode was successfully fabricated on adleXPET substrate by screen-printing with a
low-cost and low-temperature process. A sectiothefcommercial PET sheet was selected as
the substrate, as shown in Figure 1b(l). The PEEEtsWas cleaned sequentially using isopropyl
alcohol (IPA), methanol, and deionized (DI) watEitst, the stencil through-hole mask was
placed on the substrate PET, as shown in Figuri#).1B8econd, the carbon paste was dropped
onto the screen and then rubbed with a squeegesh@sn in Figure 1b(lll). Finally, the
substrate was separated from the screenprint stascghown in Figure 1b(IV), and the printed
carbon electrode was dried at room temperature 6fon. To assemble the RE for the
potentiometric [K] sensor, a drop of Ag/AgCl paste was cast ontactrbon/PET electrode and
kept at 60 C for 30 min. The silver chloride paste was chogera RE material because of its

stable potential in electrolyte solutions and taify circuit design and system integration.

2.4 Preparation of the [K"] Sensor

To improve the selectivity, the electrode was coatéh valinomycin. Valinomycin is known as
a [K'] selective carrier and inherently has a permealsiitgcific to [K], enabling the selective
detection of [K] by the membrane, which is schematically illustchtn Figure S2 a to &he
[K*] sensor fabrication process and thé][Kensor’s structure are shown in Figure The as-
fabricated screen-printed carbon paste electrodefins modified by MXene-EC,Tx and then
MWCNTs as the transducing layers layer-by-layer mean(5 pL) of the as-prepared MWCNT
solution and (5 pL) of MXene-JTC,Tx solution were drop-cast on a carbon/PET electtode
increase the catalytic activity and electron transhte of the [K] sensor, as shown in Figure

1c(l01). Subsequently, the ion-selective membrane wasthesized as follows. The [K



selective membrane cocktail was composed of (4 aigyalinomycin, (1 mg) of potassium
tetrakis (4-chlorophynyl) borate, (56 mg) of polyy chloride), and (14@l) of bis (2-
ethylehexyl) sebacate. The cocktail was dissolme@00pL) of tetrahydrofuran(Shiwaku et al.,
2018). The ion-sensitive alloy was stored in aigefiator before use. (8L) of the as-prepared
cocktail was used on the MWCNTs{ThTx-MXene modified carbon electrode, as shown in
Figure 1c (lll). The [K] selective membrane contains valinomycin as § [Kansporter, poly
(vinyl chloride), and bis (2-ethylehexyl) sebacate plasticizers and potassium tetrakis (4-
chlorophenyl) borate as anion excluder membransdtactive detection of [R. Figure 1c(IV)
shows an exploded diagram of the electrode modificamaterial layer-by-layer deposition

sequence.
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3. Results and discussion

3.1 NFC Electronics and Microfluidics Integrated Systems Design and Analysis

We successfully developed wireless, battery-free, wearable electrochemicalsisg patch
system that transmits the JKmeasurements to a smartphone, as illustratethénsthematic
diagram of the system in Figure 2a. The batterg-foperation of the sensor patch was
accomplished using the radiofrequency electromageeergy of the RFID reader. (S. B. Kim et
al., 2018; Lin et al., 2020; Zheng et al., 200@mpared to previous wireless sensor systems, the
large battery size issues and massive environmpothition have been successfully mitigated.
The core of an integrated circuit communicates witier modules via a memory data bus and a
memory address bus. Instructions and data are femnt the smartphone to the RFID chip
through the ISO15693 analog front end and decduedigh the 1ISO15693 decoding module (or
coded as it passes RFID to the smartphone). (Daraj.,e2018) The SD14 module of the
integrated NFC chip is a multi-channel sigma-daftalog-to-digital converter with up to 14 bits
of resolution integrated into the NFC chip consddta programable gain amplifier (PGA) and a
sigma-delta analog-to-digital converter (ADC). Thetput of the [K] sensor was read through a
14-bit ADC convertar The smartphone application was developed basezhohndroid studio
software program that displays the Tkconcentration by reading and calibrating the A®C’
output voltage A smartphone was used as an RF power sourcdit@tacthe developed NFC
sensor system wirelessly. When the sensor systeloss to the smartphone, it will be identified
as NFC-protocol compliant, sent a command to aietilae ADC conversions of the rectified
voltages, sound a prompt tone to indicate data agd can begin then, finally, wirelessly
transmit the potential value corresponding to thie#hcentration to the smartphone. In the two-

electrode system, the sensor is electrochemicalyeped and does not require any external
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power for its operation. For a [Kconcentration variation from 1 to 32 mM, the putal output

of the sensor between two electrodes varies froth ¥ to 400 mV. The working electrode
(WE) was connected to an ADC interface and a raterelectrode (RE) to stand voltage (SVSS)
in order to enable the virtual ground option SV®8age to rise to approximately 125 mV above
the ground during ADC sampling. This avoids the lte@ors caused by the nonlinear behavior
of the ADC near the ground. To successfully displbg potential range of 10800 mV
performed by the potential [K sensor, the NFC chip was configured to perforracaded
integral comb filtering on the sampled data with extraction ratio of 256 to achieve noise
reduction. During continuous readings of the d#ta, status register was set to complete the
sampling process and data availability. It themsetae FRAM data, converts the ADC value and
the corresponding original voltage, then displayssing the pre-calibrated [Kconcentration
value, as shown in Figure S8 PGA is integrated into the SD14 module of the NéHip. The
PGA features a very high-impedance input and arprogble gain combined with full offset
compensation, very low offset drift, and low noiSéhe gain of the PGA was selected at
SD14GAIN bits. This PGA provides more than 2.8 sntiee gain of the analog output voltage of
the sensor. Hence the sensitivity of the sensorswesessfully amplified from 63 to 173 mV/dec,

as shown in Figure S4.

Figure 2b shows a photograph of the fabricated fibexible antennas and circuits using
photolithography and wet etching of a copper foéted polyimide film on a silicon wafef his

process is described in detail in the supplementaaierial, as shown in Figure S5. Figure 2c
shows the fabricated ultra-thin (thickness = 32 fflexible antenna and circuit. The circuit was

soldered using low-temperature solder paste withtre required surface-mounted (SMD)
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components. The circuit diagram is shown in FigbeThe circuits’ encapsulation with PDMS
protects the NFC electronics from sweat and otktareal environmental moisture, as shown in
Figure 2d This waterproof design also supports the sens@ésation during water immersion,
as shown in Figure STo mitigate the problem of sweat collection andate contamination,
we developed a microfluidic system using PDMS attached it to the sensing system, as shown
in Figure 2e. 3D printing technology was used torifaate the microfluidic mold, which was
then filled with liquid PDMS (10:1) and dried fod 2 at 45 °C. Finally, the microfluidic system
and the mold were carefully separatedjure S8a shows the working principle of the dest
microfluidic system. It is discussed in detail metsupplementary information S.4. The finite
element method’s dynamic characteristics of humaysiplogical sweat in the microfluidic
device were analyzed, as shown in Figure S8 b.e.niierofluidic chip analysis shows that the
dynamic velocity pressure and pressure distribuparameters of human sweat flow in the
microfluidic chip are obtainedAs a result of the analysis, it is proved thaeatvcan flow
smoothly in the microfluidic, the proposed micradlic structure shows high-speed flow at the
input and output ends, which is conducive to thdatg of the target detection object, and the
detection area (chamber) shows low flow speed, lwisiconducive to the accurate detection and
analysis of the target. Figure 2f shows a verytligihd small size (diameter = 3.3 cm) circular
patch sensor system. Figure 2g shows the wirel€$3 $¢nsor and smartphone communication
in real-time. Figure 2h shows the block diagram foe complete microfluidic and NFC
electronic-based [H monitoring system. Figure 2i shows the real-timenitoring of [K ]

during cycling.
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3.2NFC Electronics Patch Bending and Vertical Distance Test

As seen in Figure S9a, when the sensor patch iedurom the plane, with a 50 — 90 mm
curvature, the smartphone can still successfulliynect with the sensor patcfihe average
voltage output of the sensor during bending was 28V, with a [K] concentration of 8 mM,
which demonstrates the high precision and religbdf the potential detection. As shown in
Figure S9b, when the distance between the smantphod the patch is less than 20 mm, the
voltage output of the NFC chip (power voltage) iabte at approximately 1.97 V. Once the
distance exceeds 20 mm, the sensor patch canncbrogected to the smartphone, and the
voltage output of the NFC chip reduces to 0 V. Mweeg, when the [K] sensor was connected to
the flexible NFC circuit, and the distance changedodically between 0 and 20 mm, only small
variations in the sensor output were observed withnge of approximately 0.7 mV. This was
mainly due to supply voltage fluctuations. Therefoit is recommended that the smartphone

remains close to the sensor patch during detetdianoid such fluctuations.

3.3 Physical Characterization of Fabricated Electrodes

The physical characteristics of the developed mides were analyzed by field emission
scanning electron microscopy (FESEM), X-ray diffraic (XRD), Raman spectroscopy, and X-
ray photoelectron spectroscopy (XPS). FESEM imagfethe samples, such as bare carbon,
carbon/MWCNTSs, carbon/MXene, and carbon/MWCNTs/M&eare shown in Figure 3. The
controllable porosity of carbon-based materials @zgelerate the kinetic process of ion diffusion
of the electrodes. Still, many pinholes exist & itterface of the carbon electrode, as shown in
Figure 3a. This is a severe concern for carriarspart, showing a low conductivity. 3G, Tx-
MXene, which displays a two-dimensional (2D) lag#ructure, exhibits very high electrical

conductivity and a large surface area (S. J. Kinalet 2018; Naguib et al., 2011), which
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accelerate the carrier transport in the layer. @tial., 2018) However, ultrasonic processing can
lead to the formation and crushing of a singlgCITx-MXenewhere the pulverized individual
TizC,Tx-MXene sheets agglomerate very easily (Shen e2@L8) as shown in Figure 3b. which
results in a lower conductance of the electrodésarFigure 3c shows that MWCNTs with a
one-dimensional (1D) structure can provide highdemtivity and direct transport paths for
carriers by establishing an intercalation and '@ing" effect with MXene.(Talib et al., 2018)
Simultaneously, MWCNTs were successfully inserteth ithe carbon pores and between the
layered MXene-HC,Tx and connected discrete MXenegdiTx nanosheets because of their
linear structure, thereby improving the electrodaductivity effectively, as shown in Figure 3d.
This also provides a strong bonding among electmod¢erials and effectively enhances the
electrode’s reliability and chemical stabiliths a result, we successfully prepared a hybrid
network structure of MXene and MWCNTSs based on @anrklectrodes with very high electrical

conductivity and surface areas.

15



Figure 3. FESEM images of a) Bare Carbon, b) Carbon/MXen€xTi, c) Carbon/MWCNTsd)
Carbon/MWCNTs/MXene-EC;,Tx.

The chemical structure of MWCNT/MXene hybrid nanests was first investigated by XRD
and Raman analysis. Figure 4a presents the XR[@rpajtindicating the impregnation of a
hybrid MXene and MWCNT network into the carbon élede. The XRD pattern of the
carbon/MWCNT composite displays a sharp peak d@°2&nd small peaks at 44.0° and 53.0°,
which are assigned to the characteristic (002)0),18nd (004) planes, respectively. However,
the XRD pattern of the carbon/MWCNTs/MXene composlisplays small peaks at 10.0° and
38.0°, which are assigned to the characteristie)@dd (104) planes, respectively. For MXene-
TisCyTx, this confirms the successful synthesis of the ridylcarbon/MWCNTs/MXene

nanosheetsAs shown in Figure 4b, the Raman spectra show mallands at around 390 €m
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and 600 crif, designated as the vibrations of atoms in MXen&;i,. Two other broad bands
were detected at approximately 1369 and 1580.chne former (D-band) corresponds to the
disordered graphite caused by defects in a carbsaeb material, while the latter (G-band)
corresponds to the vibration of*shybridized carbon atoms in a two-dimensional hexad)
lattice (Xuan et al., 2018; Zahed et al., 2020 Tésults indicated that the hybrid of MXene and
MWCNT network structures was successfully prepaned commercial carbon paste electrode
by this fabrication method. The XPS survey spectairthe final fabricated electrode is shown
in Figure 4c. In the XPS survey region (0 to 800,g&aks from the elements C, Ti, and O are
well distinguishable for the as-prepared carbon/MW@MXene film. The XPS O1l1s spectrum
reveals the presence of three peaks, which argreskito C-O (533.7 eV), C=0, and C-Ti-
(OH)x (532.7 eV), and C-Ti-Ox (530.9 e\gs shown in Figure 4d.(Weng et al., 2018) The C1s
spectrum, shown in Figure 4e, demonstrates theepcesof four different peaks, which are
attributed to C=C (285.9 eV), C-C (284.6 eV), ard@(289.9 eV) (Rasheed et al., 2018; Wang
et al., 2020) The Ti2p spectrum, shown in Figurerdfeals the presence of four separate peaks,
which are related to Ti-O (465.2 eV) and Ti-C (4b8V) (Alizadeh et al., 2018; Cai et al., 2018;
Zhao et al., 2019). Furthermore, the elemental amitipn of the developed platform
(Carbon/MWCNTs/MXene) was carefully investigatedotigh EDS mapping, as shown in
Figure S10. The atomic percentages of C, O, avdefe mapped as 84.76%, 8.11%, and 7.13%,
respectively, in agreement with the XPS results fdsults show the successful preparation of

the hybrid structure of MXene and MWCNTSs based anbaon electrodes.
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Figure 4. a) XRD spectrum of the carbon/MWCNT/MXene compmsiilms. b) Raman
spectrum of the carbon/MWCNT/MXene composite filne. XPS survey spectrum of the
carbon/MWCNT/MXene composite films. d) High-resabut XPS spectra of the O1s region. e)
Cls region. f) Ti2p region.
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3.4 Electrochemical Characterization of Fabricated Electrodes

The catalytic activities and interfacial propertafsthe developed electrodes were investigated
by cyclic voltammetry (CV) and electrochemical irdpace (EIS) measurements, as shown in
Figure 5. As shown in Figure 5displays CV of MWCNTs, BC,Tx, and MWCNTSs/TiC, Ty
modified Carbon/PET electrodes in 5 mM [Fe(CNJ6] containing 0.1 M KCI at the scan rate
of 50 mV s'. The CV area of the carbon/MWCNTs/MXene electrads higher than that of the
bare carbon, carbon/MWCNTSs, and carbon/MXene eldetrindicating superior electrocatalytic
activity. By used EIS analyzed the interface penfance of the modified electrode. Figure 5b
presents the EIS spectra of the various modifietteddes, bare carbon, carbon/MWCNTS,
carbon/MXene, and carbon/MWCNTs/MXene, tested usingmM Fe(CNy*™ redox probe.
The inset figure shows the Randles equivalent tiroodel used to fit the experimental results.
The electron transfer resistance(Ralues for bare carbon, carboon/MWCNTSs, carbon/Nee
and carbon/MWCNTs/MXene electrodes are approximat8 KQ, ~3.4 K2, [611Q, and[203

Q, respectivelyThe low R;value obtained for the carbon/MWCNTs/MXene electraahplies
superior electron transfer properties than the ar@Xene electrodeCyclic voltammetry was
further utilized (scan rate range of 25-200 mV) $o investigating the diffusion controlled
process of the redox probe on the carbon/MWCNTs/MXelectrode shown in Figure 5khe
peak current of oxidation and reduction both inseghwith increasing scanning rates. Figure 5d

showed an excellent linear relationship with theasg root of the scanning rate.
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Figure 5. a) CV performance analysis of bare carbon, carb®WTs, carbon/MXene, and
carbon/MWCNTs/MXene. b) EIS fitted curves of baaebon, carbon/MWCNTSs, carbon/MXene,
and carbon/MWCNTs/MXene (The inset shows the ed@itacircuit used in fitting). c)
Diffusion controlled process for carbon/MWCNTs/MXenmodified electrode, and d)
corresponding calibration curve.

3.5 Electrochemical Investigation of the [K*] Sensor

The determination of [K was investigated using the potentiometric methidte ion-selective
electrode (ISE) potential changes gradually oviemaseconds when [Kis added. The potential

at different concentrations is stable at a constahte, which allows quantitative measurements

of the [K'] level, as shown in Figure 6a. Figure 6b showsctiibration plot for the sensor as a
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function of [K'] concentration, extracted frofigure 6a. The total potential change was 95 mV
when the [K] concentration changed from 1 to 32 mM, which hesliin a sensitivity of 63
mV/dec. We estimated the response time by charthagoncentration of [{ in the solution,
and the sensor exhibited a fast response timespfa® shown in Figure 6¢c. Human sweat also
contains other primary chemical ions tGaNa’, zn*"). Therefore, the sensor interference
response was also investigated. The selectivitgrx@nt of the sensor was carried out using the
potential response method. Compared to the sigsfatee [K'] droplets, the results did not
present any significant interference signals, iating that the sensor exhibits excellent
selectivity for [K], as shown in Figure 6d. Additionally, the senssiisuld be reproducible so
that reliable analysis can be obtained from indigld sensors.Figure 6e shows the
reproducibility experiment of five different senspwhich were tested in a solution containing a
1-32 mM [K'] concentration ranging from 398.6 to 514.3 mVhia presence of 1 mM [K The
repeatability of each sensor was evaluated sysiestigt and several potential response
experiments were carried out ten times, as showfigare 6f. These results show that thé][K
sensor has good repeatability and reproducibilitye [K'] sensor designed in this study was
compared with the performance of alternative sendetailed in published scientific literature
and are tabulated in Table S2. By comparison wiklero[K'] sensors, it was observed that the
carbon/MWCNTs/MXene composite sensor exhibited rg Ygh sensitivity within the clinical

range of [K] in sweat.
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Figure 6. a) Potentiometric response for JKSE. b) Evaluation of the linear range. c) The
response time of the sensor. d) The selectivityeerpent of the sensor carried out by the

potential response method with successive additibri mM [K'] (two-fold), followed by
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electroactive interfering species of g Zn?*, 4 mM N4, and 4 mM C&’; and finally; 8 mM,
16 mM, and 32 mM [K] in 0.05M phosphate buffer solution (PBS) (pH #)7 e) The
reproducibility test with five sensors. f) The rafsbility analysis of the sensor evaluated

systematically by observing the potential respafde/o sensors on ten separate occasions.

3.6 Real-time Monitoring of [K*] Concentration Levelsin the Human Body

The accuracy of on-body measurements was verifiexigh the comparison of on-body sensor
readings from the arm with ex-situ (off-body) measnents from a PBS with known TK
concentration value samples, as shown in Figure.Sliie known concentrations of Kwere
diluted in a 0.1 M PBS and used for calibrationsithe NFC wireless system was connected to
the electrochemical [§ sensor, which was immersed in a PBS. The smantpheas connected
to the PC, using the pre-installed application ¢bvate the Android studio software program
when the smartphone was close to the NFC systeamult@ineously, the Android studio software
program on the PC displays the sensor’s real-tiotput potential. Finally, the voltage level of a
PBS with known [K] concentration values (1, 2,4, 8, 16, 32 mM) wasdufor calibration, as
shown in Figure S3. The relationship between théage and [K] concentration of the test
solution was estimated based on calibration witaadard buffer solution. The data are read
from the FRAM, with the ADC values and correspomgdiaw voltages converted and displayed
as [K'] concentration values using pre-calibration. Trevedoped flexible NFC patch [K
sensor can be worn comfortably on the arm. FigurtbShows a human subject wearing the
flexible NFC patch [K] sensor, allowing for real-time perspiration monithg on the arm during
cycling. To ensure the fidelity of sensor readindma collection occurred only when a sufficient
sweat sample was present in the microfluidic chiarfAeally, the feasibility of the fabricated

sensor andNFC wireless electrochemical sensing patch is ieekriby comparing the results of
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the standard addition method of diluted human pexspn samples, as depicted in Table S1. The

specific methods are discussed in detail in th@lempentary information S.6.

4. Conclusions

In this work, we have successfully developed a {pigiformance MWCNTs/MXene-JC,Tx
based wireless, battery-free, wearable, and midhfl smart electrochemical system for
detecting [K ] in human sweat. The results demonstrated that "Hrlging” effect of
carbon/MWCNTs/MXene is conducive to the electransmission of catalyst carriers and thus
improves the electrocatalytic performance of thé][Eensor. In addition, the appearance of
MWCNTs and TiC,Tx-MXene can enhance surface contact with carbonepastl promote
electrode conductivity. The porous network struetuwf carbon-based hybrid materials
effectively immobilizes the ionophore in the memigathus significantly reducing ohmic
resistance, shortening the sensor response tirdeméigating the noise and signal drift issues
with low [K"] concentration detection. The fabricated sensaxsmeed the [K| concentration of
human sweat with a high sensitivity of 63 mV/dediich was successfully amplified to 173
mV/dec using an NFC amplification system with ahhimear range from 1 to 32 mM. The
feasibility of the system was confirmed by collagtisweat using the microfluidic system and
measuring [K] in human sweat instantaneously. SimultaneousBmartphone was used as an
RF power source to wirelessly activate NFC eledtregstems and receive sensing data from the
device, using a smartphone application developsddan an Android studio software program

displaying the detection [K concentration values.
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Highlight

An ultra-high sensitive, flexible, wireless, battery-free, wireless RF energy harvesting,
fully integrated electrochemical sensing patch, including a microfluidic-sweat collecting
unit.

On-site monitoring [K™] concentration in human perspiration.

MWCNTs-MXene hybrid multi-dimensional networks obtain a high surface activation
area and faster charge transfer rate, strongly adsorbing the vainomycin membrane to

protect ionophore for effective transshipment and immobilization [K™].
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