ETERUATFNERBES: 20250854401

B -1
AL TR (HIXE TIEI=M)
HTERUARTFNELS

- I

L= 22260304

AR TIEIPERFR LAl 2] (Sugh) - {5 B

AT TIRMERE GRIARZE TIEIMFER)

20255F03H21H



1HZR1 PR

o RIS FRHE SR ISR B A R R AL R
 ETIHHRESNE, HERELE,

S RGN B A, 5 I TR
WU, A4UELETHTED

=\ RPN LWL LT BEEKE, R
BT, A HTHAE

P AT R0 A PP = L2 5 i DA A Be 3RS
G S NN SR AT+ B TREITHARR Ll S5 (4 4

PE+HRAK 36, 1147,



(—) ZAXFEL (B (WHLTREMER (WL RETEMER) TEREWEMFARET
BITERARPPESERR) , ST (GU) TEIMBAR P A ChnE, 226113 ]

L AT EANE B RIRME WA IREEF R (A2 T2007)

TERASHINIE, RARGERE T AL MEMIER RS T AR R, &
AW T AR REOR . BRAE 5B SN liE S SR Ok Rl B 2 e I
B SEPRN MG . AR SRS, RAGRER 7RI TSR d RS
oy 5T RESHAE I RBER,  H AL L IS IR AT fE 77 Ao A 2 g

FERMIT S, FRBEUE AL AT r AL A L SRR P il o5 S PR RENNA SR S e, JFIEIE 2K
FEARSSS, AW R gitkRe, BR 7 EENLESL . ARG S50, KaE
g M HFIMATLAB. Python%54wfs T R BT Hdls AP 5 IR, 4-TF 7 88 70 b i 80 5 v ok

2. THESEBRIZ T (A2F200F)

FERMIT 5T, 3 RS AR I EE ST H (DT N, OSSR R et il
S, JFZ SRR A H & S E ARSI, W HE T, RAGER 7R T
PEBETE BRETFESI 5 (5 5 RE SR T RHBOR,  REVS AL AT SEI6 7 S BT AL
PEACER, eI H B AR RE

BEAL, WAL R AL St BB AE R B E ], 25 75 BRI , 3t D8k 1
SEIRERAE . HE o BT MBI S A S b e . A R AR AL o TSRS A
, FERAL AR AR LR U I SR SRR T

Zam s, WERT AN ESRE T 4L SE R EERBE A EAL AR RN, JF RSN TR
WERISEERINRE ST, DUARORAE TRESOR U JEAT T 1 B SEIN LA

3. FESEPR TAE P LR G T AR R B 2 TRE HBIRI 261 CRAF10007)

FESE G ET P81 2 2408 7 Il R G T A A, e s T ALl i 2R Atk 2R iR
ALV FRRET T, B1XF HLA o 2 2 M TN B 1) G AR R, T 7 R GVERT U S ORI
Ko FERX—REF, FRMERIE BAAARREOR . P 7 a8 fhliE . BB TR
FARANR RGN K E L A RRME &, B e SR, MR 7 ik
Bt BEFFRIER . RGUERT L Il & R 2 TR, & ME 7 —BIkRRE. %
I T (£ B R 21 22 S 08 1 M AR 4

T HYIY, EET e R . BT RN, A S A I 7 A AR
UEREZ R SIVERIIEE 70, S 1 Al i) R SRE I o BERTIX —MER,  FRXS EL T ik
v BERIES RBlRIE =BTk, i 2RI, Bl TRIA RENE AR SR R T B S H Y
SIMBRZ, W& HA S B, RE T TR E . R, BORMISEE iR
BB A R BT S, AR R R I SIIE TR, 15 SRR S A e,
AR T A I AR B R R o AR S B FRARAE — B NS S AR R AUN0. 9
mV/h, A AR R A AR E K

FERREF RS SR BT, BB T A7 IRICHT B BT RN BT R 7 2 R A BEAT A 40, 50
B LN EEANF BRI EE . RS AR R AIRE R, B DL N 47 TR P REAS A 3L
FEARGCEE Z I AR LT 90, AT RN T 7« 3 v 5 R AR Il B 5 . BT
ZEIR, Frh 1 RIEEDN600

w BT EES, ARSI ISR AR . RSN, DUtk n AR5 2 R R R 3R
21, 4%, 10 B PR D PR 137, 6%, A RRTT T ARG SEBR N 2 A S TR

3




ERFAENMG IR B, RisrH 72T STM32 5 LR B B -~F 6, T st e RS 5 1
SERPRES A, N THRES E, RABEBHRH T ks BB S0 = e H
B, YD T IEE TSI S e . [RIRS, IR T EE T A BLE M A i 5 AR B
, SEEL T BRI SERME R S Bon . RS, RE TS T ZETHSHET, e SLR e
B PRI 2R, FESCFe D A S S, AP SR TAERER S E nT AL ThRE .
TERBIGUER By, FRIE i AR AN S 3G AN S R ARSI N RS PR REIEAT T v . 7R
AN, BRI AT B G BT AR AR Y, I AR AN R F R SR B R R S AR . S
WEEREIR, RGEL mM 100

mMy N PR R AT, R2HKT0.99, HAS SRS PR AR . Eah Ekseith, TRk Hr
PO 22 S E NSO AR , N BT B 51 s BT f Bl k2 T b AT HEL A D Sy MR SR 45 SRR
T BEFILE AR N S S e YE SHEMPE R 47, MR IEE 5 ke i 5 RIEA—5, w2z
TEEB%LAN, B0iE T RAERI A SEME SRR N ).

AR Y, FEdZ=RFRMNEE G, BRI 7RSS FEY) 2 2505 1 I &
g6, HERGHERE. e SN FIS T REN . ZRGREE ST KSR IR I
PREAR I KT, TR 12 W S50 B e sk B T RN, N IRIRE] 2 S50
FIAS MM AR R SRt T EE S,




(2D BBHNEST (REME  [RERH, FURSEHFESE (BEREMRI. HRKEE. €5

E . REUESS. RO E LB AR SIVIERS) s, HFRESEH—4]

1

AFFRIAREME (RE. SHRR. KAEHIEN. ARSIl T, SRS, A

BRIRE ., A ]

BRG] . X " NN
. b, e (o | PRI FIRERR o) .
JRARAAFR ROPERRE) | ek | AEH | SRR |, I\ #E
PR bRiE. Tk EME | ERHE2E | sidise | T
3R EArg ) i
Integrated Assembly
. of Flz?{ibi\e SR 2024409 | rhEEORYY | /6
1cronee e I‘I‘E.iy ~ v HOBEI *Tﬁﬁ?%
Patch for Real-time
Multi—ion Monitoring
ey Wi, HiE5: 20
—Fh 5 B 2 S EUE . . 2024409
H 1| EBH &
VA G KL R] Foop | 2411373304 2/4

.2

2. RAAERAE (RIS 50 REHATE . RBEBRRERAEARE . SVEREEERTR. B
EFR BT RN BORRE Bir B4R, WIREBT ARG TR RRE . MRIBTr
. BISRRRE. TRER. BRFINSH . #ITILRE P RIERER KRB NEF 2

%]
x




(2) ERMMRE. TSR INGREZARITERXENR

R R AE FHRBEZL AN TR 85 i

F SR R .
o 1 | REFHI: 1% (ERIERBL)
U AT T NS B

TR R EER)
AN

AAEH: KA LRFEBRENASEN, wFRR, BRE—RE
, SEsbFEE

BB %ailﬁ’




— HERIZRHN EKBRBM R EZATER

AR A TS PITEALIEAY . R 1M AR i B LA s

G ofis Dar  Oek  Orek *gsg =
Z VM
B S/ AR TIEAR A ENSET (A8 é;#
AN
\‘\\ﬁ_r q,y
RAVFAE, TR DR A BT MR (B TR ET. B
gy | SRR R B SRR AL . IR BRI AT
PHHE | et AR RS T TR, SR RGRAT

Cidid 0@l (BEER: )
TREMERB A ER PN EHEE T (AF) . £ A H




WL K ¥ OB R OE B
BRI S R

5. 22260304 W4z T3 il & I#%:I&W#ﬁ Tlk: BFEER . 2. 55
Eek i RARRIZR: 24. 0% CRAE: 27. 024y ANFEH: 2022-09 VR
FALER S EVIEH 5 BTN

2 >] I (8] WRIEATR FUE | F| ST | IR 52 3] (] WEAR &I REST | AR
2022-2023F FEME XY [MAESHERASRA 1.0 84 FALZEALIR  |2022-2023 F A EEM | B AR R BRI 15| 85 AR
2022-2023 % FEKF 2N (BT AL SIBE R B A L0 | %fs AR |2022-2023 L E Y | BRMLS R AW 55 A Lo| 85 Ay 2 AR
2022-2023 4 FFKZF A | AL ILERE 7IRT Lo | & BEAR  [2022-2023 R Y] | B BEE ST BOR B B4 1L.0| 96 Bl AR
2022-2023FFFFKESEY | TR QIR AT 1.5 87 Bl |2022-2023F FEFE Y | B ARHEEMIS Lof 73 EAp AR
2022-2023FFRKFE W] | BEWTH T 2.0 93 FAEIZIR  |2022-2023 F EHE RS | MAER SRR S0 2.0 84 ErikiziR
2022-2023 £ FFKF M | HFAEE 2.0 | @ LA EALIR |2022-2023 R AR | “PUsh” £ Lo| 88 AFtikEIR
2022-2023FF LT | EMEE TR ESE 1.0 93 Tl 2R |2022-2023 EFE Y | @ TRIAMSE R 3.0| 88 Ll AR
2022-2023 % F L FHM R ARPERFERLSE EIRSER 2.0 90 LA AR [2023-2024 S 4E A F M | TIRAGHE 2.0 85 Elp AR
2022-2023F FEKLEY | MALERLEERS 1.0 80 FlEEiR ARG 2.0| it

YL LA =MOTET S BoH, Mg GEid. AE) , B (. R, .

Bt AR .
2. FEF “x” TREBIE.

FEBERGRMLE -/
BN KB
TERE#A: 2025-03-20




Integrated assembly of flexible microneedle array patch for
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Abstract. Electrolytes play a critical role in various human physiological processes, including
the regulation of muscle functions and the maintenance of acid-base balance. Monitoring
electrolyte concentrations is essential for the management of many chronic diseases and during
postoperative care. In this context, we have developed a flexible electrolyte monitoring system
based on a microneedle array patch. The system is designed for minimally invasive, extra flexible,
real-time measurement of potassium (K*), sodium (Na"), and calcium (Ca*") ion concentrations
in interstitial fluid. By modifying the microneedle surfaces with multilayer structures and
assembling these microneedles into arrays, the sensor achieves high sensitivity and stability for
the detection of K*, Na*, and Ca?" ions. In vivo test was performed to demonstrate the system’s

capability to measure multi-ion concentrations subcutaneously.

1. Introduction
Electrolytes are minerals dissolved in bodily fluids that play a crucial role in regulating and maintaining
essential physiological functions. Electrolyte imbalances can lead to various clinical symptoms,
including arrhythmias, seizures, muscle cramps, and even death [1][2]. In clinical practice, real-time
monitoring of electrolytes is essential, particularly for patients in intensive care or undergoing major
surgeries, to facilitate timely medical intervention. Currently, electrolyte monitoring in clinical settings
primarily relies on blood gas analyzers, which are costly and involve complex procedures. Therefore,
the development of rapid, accurate, and real-time electrolyte monitoring systems represents a significant
advancement for future clinical applications.

Current systems for monitoring human electrolytes primarily focus on sweat [3] and interstitial fluid.
However, sweat-based systems are not ideal for clinical monitoring for the rate of sweating and is
susceptible to contamination from skin impurities [4]. Researchers have explored various methods for



monitoring interstitial fluid, including laser techniques [5], reverse iontophoresis [6], and microneedle-
based approaches. Among these, microneedle-based monitoring systems offer significant advantages
for long-term, real-time monitoring [7]. The electrical conductivity of metal microneedles makes them
excellent substrates for sensors, meanwhile allowing them to penetrate the skin for subcutaneous
electrolyte monitoring with minimal discomfort and rapid wound healing [8]. Many studies have
focused on the biomedical applications of microneedles; however, whole-array microneedle
manufacturing processes are not well-suited for the monitoring of multiple biochemical parameters.
Meanwhile, the small size of microneedles complicates the sensor modification process, affecting the
sensor’s sensitivity and stability [9]. For sensors contains multiple microneedles [10], it is crucial to
assemble the array in a way that minimizes mutual interference and enhances skin adherence.

(b)

;,{\a Figure 1. (a) A real-time multi-ion
i monitoring system with a flexible

microneedle  array  patch.  (b)
S Microneedle array patch with ion
Au selective electrode and reference
@ PEDOT:PSS .
@ ism electrode. (c¢) Microneedle sensor for
S — transdermal ion monitor. (d) Schematic
.::Mga for ion selective electrode (top) and
@Ry reference electrode (bottom).

In this work, we investigated a multi-ion monitoring system based on an all-solid-state ion-selective
microneedle array patch. A multilayer structure is applied to stainless steel microneedles to create
reference electrodes and all-solid-state microneedle electrodes sensitive to K*, Na*, and Ca?" ions. These
different microneedle electrodes are then fixed onto a flexible circuit board as shown in Fig.1(b),
allowing for better adhesion to the skin and establishing electrical connections with the detection circuit.
As shown in Fig.1(a) and Fig.1(c), during use, the microneedle array patch was inserted and secured
onto skin, allowing real-time monitoring of various ion concentrations within the body, thereby
providing feedback on the individual’s health status.

As shown in Fig.1(d), The ion-selective electrodes consist of four layers: stainless steel needle,
sputtered gold substrate, Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) layer,
and an ion-selective membrane (ISM) layer. The stainless-steel needle and gold substrate provide the
electrodes with excellent penetration hardness and conductivity. The PEDOT:PSS layer, which
possesses both electronic and ionic conductivity, is finely deposited on the microneedle electrode
surface via electropolymerization, serving as an effective ion-electron transduction material [11]. The
reference electrode is coated with a reference membrane (RM) to improve its stability and minimize
interference from other salt ions. The sensors developed cover the physiological concentration ranges
of human ions. They exhibit sensitivities of 58.80 mV/decade for potassium, 53.61 mV/decade for
sodium, and 23.32 mV/decade for calcium, meantime with good linearity.



2. Experimental

2.1. Materials

Microneedles with a diameter of 250 pm, 3,4-ethyldiothiophene (EDOT), valinomycin, calcium
ionophore IV were purchased from Aladdin Co., Ltd. Poly(Sodium 4-styrene sulfonate) (NaPSS),
potassium tetrakis(4-chlorophenyl)borate (KTCIPB), dioctyl sebacate (DOS), tetrahydrofuran (THF)
were purchased from Macklin @ Co., Ltd. Sodium ionophore X, sodium tetrakis[3,5
bis(trifluoromethyl)phenyl]borate (NaTFPB), were purchased from Sigma Aldrich Co., Ltd. Conductive
silver paste was purchased from Ted Pella, Inc.

2.2. Fabrication of microneedle electrodes

Preparation of ion selective membrane (ISM) solution: selective membrane solution is composed of
ionophore, ion changer, plasticizer, polymer and organic solvents. Here, we used THF as organic
solvents. The components and contents of different ion-selective membranes in 1ml THF solvent are
shown in Table 1. All ISM solution were sealed and stored at 4°C.

Preparation of reference membrane solution: dissolve 79.1 mg of PVB completely in 1 ml of
methanol and store the solution for future use. Then, dissolve 50 mg of NaCl and 50 mg of AgNOs into
the prepared PVB solution. Stir the mixture for 30 minutes. The resulting mixture is an opalescent liquid,
where the milky appearance is due to AgCl precipitate, which is surrounded by PVB.

Table 1. Compositions of ISMs

Compositions(mg)
ISM Ionophore Ion changer Plasticizer Polymer
K" Na® Ca’* NaTFPB KTCIPB DOS PU
K" 2.00 / / / 0.55 66 33
Na* / 1.00 / 0.55 / 66 33
Ca?* / / 1.00 0.90 / 66 33

Preparation of ion selective sensor: PEDOT:PSS film was deposited on the surface of the microneedle
by electrochemical polymerization (ECP). The ECP solution was obtained by dissolving 0.01M EDOT
and 0.1M NaPSS in DI water. Using the microneedle as the working electrode, the polymerization
current of 14uA was applied for 700s in a three-electrode system. Then, use a copper wire ring to dip
into ISM membrane solution, and pass the microneedle through the ring to make the membrane solution
attached to the tip. Let dry for ten minutes and repeat the process three times.

Preparation of reference electrode: The microneedle with silver layer was modified by coating a
silver/silver chloride (Ag/AgCl) paste. Then the reference membrane is applied via dip-coating, with 2
uL of the solution dispensed and dried for 10 minutes per application, repeated three times. The
microneedle was then dried for 4 hours.

2.3. Fabrication of microneedle patch

The microneedle array is mounted on a flexible circuit board featuring gold fingers, pads, and leads.
Using UV adhesive, the modified microneedle electrodes are vertically fixed onto the pads of the flexible
circuit board. The modified microneedle electrodes are vertically fixed onto the pads of the flexible



circuit board, with only the 1 mm needle tips exposed. The excess portions of the microneedles are then
trimmed off. The spacing between each microneedle is 3 mm. Conductive silver paste is then applied to
cover both the microneedle and copper pad surfaces, establishing electrical connections between the
microneedles and the circuit.

3. Result and discussion

3.1. Performance of ion selective electrode

The physiological concentration ranges of various ions in the human body are as follows: 3.2-5.7
mmol/L for K¥, 133-146 mmol/L for Na*, and 1.84-2.72 mmol/L for Ca*". During the performance
testing of ion-selective electrodes, the test concentration ranges were chosen to cover these physiological
levels to ensure the effective application of electrodes. The test ranges were 2-32 mmol/L for K*, 16-
256 mmol/L for Na*, and 1-16 mmol/L for Ca**. The open circuit potential (OCP) between the ion-
selective electrode and a standard reference electrode was measured at various concentrations.
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A linear correlation was observed between the measured OCP and the logarithm of the ion
concentration. As shown in Fig 2(a-b), the K" and Na" microneedle electrodes exhibited good
sensitivities of 58.80 mV/decade and 53.61 mV/decade, respectively, which are close to the theoretical
value of 59.2 mV/decade predicted by the Nernst equation. The voltage signals showed a strong linear
relationship with ion concentrations, with R? of 0.998 and 0.999. The Ca*" microneedle electrode also



demonstrated a good linear relationship between voltage signal and ion concentration, with a sensitivity
of 23.32 mV/decade (R?>=0.998) as shown in Fig 2(c).

The stability of the electrodes was also tested over a seven-day period. Sensitivity measurements
were taken every two days, while the electrodes were stored in corresponding high-concentration ion
solutions on the intervening days. The tests revealed that the sensitivities of the K" and Na* ion-selective
electrodes remained above 70% of their initial values throughout the seven days as shown in Fig.2(d-e).
In contrast, the sensitivity of the Ca®" ion-selective electrode stayed above 70% of its initial value for
the first four days, but decreased to 63% by the sixth day as shown in Fig.2(f). These results highlight
the importance of regular calibration of ion-selective electrodes for long-term monitoring.

3.2. Performance of microneedle array patch

Due to the detection method of open-circuit potential in ion-selective electrodes, the stability of the
microneedle reference electrode (RE) is crucial in developing. The potential of conventional Ag/AgCl
paste-coated reference electrodes varies with chloride ion concentration as shown in Fig.3(a). The results
in the figure were obtained by gradually adding a specific concentration of NaCl to the solution. Changes
in chloride ion concentration led to a potential shift of -51 mV/decade for RE coated with Ag/AgCl
paste. By covering the electrode with a reference membrane (RM), this effect is mitigated, resulting in
a stable microneedle reference electrode.

(a)“ ] me i) (D) before assembly Figure 3. (a) Potential of
. —— RE with RM == =after assembly
& om o microneedle reference electrode
g o > ,
: g e without RM (orange) and reference
£ 0.04 H .
g g -oos . ol electrode with RM (blue). (b)
0.00 -~ . . .
————— s Corresponding calibration curve of
- - « .
A ST M T R 0 05 10 15 K* before assembly (SOlld) and
Time(s) log, [[K*1(mM)]
(c) el (d?l . “ after assembly (dashed). (c)
before assembly L13 before assembly . . .
$ = -ater sssembly altersavombly Corresponding calibration curve of
[y = 0.10 .
2 o) = Na" before assembly (solid) and
E " £ oas after assembly (dashed). (d)
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= o e - Corresponding calibration curve of
&
-~ .
I Ca’" before assembly (solid) and
o Lo 15 2.0 25 0.0 0.5 1o L5
log,q[[Na l(mM)] Togol[Ca* |(mM)] after assembly (dashed).

Using the microneedle reference electrode instead of the standard reference electrode, the ion-
selective electrodes were assembled and tested as previously described, and the results were compared
with those obtained before assembly. As shown in Fig 3(b-d), the results showed that, compared to the
standard reference electrode, the calibration curves of the microneedle array exhibited a shift in intercept.
This shift is attributed to the voltage difference between the microneedle reference electrode and the
standard reference. In terms of sensitivity, the results were consistent with those obtained before
assembly, indicating that this assembly method does not adversely affect the microneedle electrodes and
is a reliable and efficient array assembly method.



3.3. Invivo test

To validate the performance of the microneedle array patch monitoring system subcutaneously, in vivo
testing was conducted using anesthetized New Zealand rabbits. The sensitivity of the ion-selective
electrodes was measured in standard solutions and simulated body fluid (SBF) to establish linear
calibration curves. The electrode patch was then applied and secured to the rabbit's skin, and the potential
changes of the electrodes were measured over a period. Fig.4 shows that the test results indicate the ion
concentration fluctuates steadily within a certain range. Upon removal of the patch, the rabbit's skin
showed minimal visible damage, with no signs of redness or inflammation. The ion electrodes were also
calibrated in a modified simulated body fluid (SBF) after removal. This approach aims to conduct
secondary calibration to account for the effects introduced by the puncture process.
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4. Conclusion

In this study, we developed a flexible microneedle array patch and its monitoring system for real-time
subcutaneous ion concentration measurement. By applying a multilayer structure on the microneedle
surface, we created ion-selective and reference electrodes with excellent sensitivity and stability. A
highly efficient and rapid assembly method was used to construct the microneedle array patch, ensuring
the original performance of the microneedles was maintained without mutual interference. In vivo

testing of the microneedle array patch confirmed its ability to successfully penetrate the skin and monitor



ion concentrations subcutaneously. This assembly method overcomes the challenges associated with the

fine modification of microneedles. It paves the way for the future integration of various functional

microneedle sensors. This advancement could significantly expand the applications and usage scenarios

of microneedles in diverse fields.
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