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Abstract. Monitoring white blood cell counts is essential éiagnosing various medical conditions,
including infections and leukemia. This paper psg®a high-sensitivity capacitive sensor featuring
spiral-shaped copper electrodes for the detectiohgaiantification of gold-labeled CD45+ cells. The
sensor dimensions are 9.99 x 9.99 mm, integratddavsensing chamber of 0.998 mm3 (9.99 x 9.99 x
0.01 mm). Simulation results demonstrate that tt@duction of gold-labeled CD45+ cells alters the
local dielectric properties, inducing a measurabligt in capacitance. The proposed device exh#its
near-linear response with a sensitivity of 17.2B8pkr gold-labeled CD45+ cell. Given its cost-
effectiveness and high precision, this sensor tctire offers a promising solution for point-of€a
leukocyte quantification and the early diagnositeakocytosis and leukopenia.

PA3PABOTKA EMKOCTHOI'O BUOCEHCOPA CO CIMPAJIbHBIMH
SJIEKTPOJAMU JUISI SKCIIPECC-IUATHOCTHUKH JENKOILIUTO3A U
JJEMKOIIEHUU

Hzyen 3yu /lam, Heyen /lax Xaii
Xanotickuu npomviuiientslll YyHueepcumem, Xauou, Boemnam

KuroueBble c10Ba: TUAIIEKTPUYIECKOE 30HIUPOBAHNE, KICTOUYHBIN JAaTYHMK, EMKOCTHON OHMOCEHCOp CO
CHUPAJIBLHBIM AJIEKTPOIOM, THAarHOCTUKA HA MECTE OKa3aHUs MEAUIIMHCKONW MOMOIIIH, KOJTMYECTBEHHOE
orpezeNieHue ISHKOIUTOB, MeueHHbIE 30510ToM Knetku CD45+.

AHHOTanusi. MOHUTOPUHI KOJMYECTBA JICHKOIMTOB MMEET Ba)KHOE 3HAYEHHE MJIS JUATHOCTHKHU
pa3nuyHbIX 3a0oyeBaHUil, BKIOYas HMHGEKUMH U JelikemMuio. B maHHON craThe mpesiaraercs
BBICOKOUYBCTBHUTEIbHBIM E€MKOCTHBIM NaTYMK CO CIHUPAJIEBUIHBIMU MEIHBIMHU 3JIEKTPOAAMH s
oOHapyXeHHsI W KomudecTBeHHOro ompeneneHus CD45+ xkiIeTok, MEUYEHHBIX 30JO0THIMH
HaHoYacTHuIlaMu. Pa3meps! natunka coctaBisaoT 9,99 x 9,99um, a 00beM 4yBCTBUTEIHHOM KaMephl —
0,998mm2 (9,99 x 9,99 x 0,0iam). Pe3ynbTaThl MOACTUPOBAHUS TOKA3bIBAIOT, YTO BBeAcHHe CD45+
KJIETOK, MEUEHHBIX 30JIOTBIMH HAHOYACTHULIAMH, W3MEHSIET JIOKaJbHbIE NUIIEKTPUYECKUE CBOMCTBA
Cpelibl, BBI3bIBAsl U3MEPSEMbIA CABUT €MKOCTH. [IpenioskeHHOe YyCTPOMCTBO EMOHCTPUPYET MOYTH
JUHEWHBIN OTKJIUK C YyBCTBUTENHHOCTHIO 17,288n®d Ha oqny CD45+kieTKy, MEYECHHYIO 30JI0THIMHU
HaHoyacTHIlaMu. biarogaps HU3KONH CTOMMOCTH M BBICOKOM TOYHOCTH MPEAJIOKEHHAs] apXUTEKTypa
CeHcopa IMpeAcTaBisieT CcoOOW MEepCIEeKTUBHOE pelleHHe [UIsl SKCIpecc-aHaldu3a KOJIWYecTBa
JIEUKOLMTOB U PAaHHEN JUArHOCTUKH JIEMKOLUTO3a U JIEHKOIIEHUU.

1. Introduction

The white blood cell (WBC) count is a critical biarker for assessing an
individual's health status. As a vital componenhefbody's defense mechanism, WBCs
activate the adaptive immune system to eliminatingaens and provide long-term
protection [1-2]. The physiological range for a ltleaadult typically spans from 5,000
to 10,000 cells/uL [2]. Deviations from this rangken indicate underlying medical
conditions: leukocytosis (elevated WBC count) isnomonly associated with bacterial
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infections and inflammatory responses, whereasojgetkia (reduced WBC count) may
signal bone marrow deficiency or severe viral iitets [3]. Consequently, routine
monitoring of WBC levels is essential for the ealisggnosis and prevention of systemic
diseases. While traditional methods like microscomyain prevalent [4-6], there is a
growing need for advanced point-of-care testingribance healthcare outcomes. Recent
studies on the dielectric properties of cancersdedlve demonstrated that healthy cells
exhibit higher permittivity compared to malignantes, suggesting that dielectric
analysis can be a viable tool for leukemia detedfe9]. Furthermore, various research
groups have implemented paper-based vertical fksays for leukocyte counting. This
technique captures white blood cells within a fimg@aper matrix and quantifies them
by measuring the signal intensity of gold nanophkes (AuNPSs) attached to the cells.
The selective labeling of leukocytes is achievethguanti-CD45 antibodies, which
ensure the specific binding of AUNPs to the CD4Blt surface [10]. Although paper-
based methods offer significant convenience, thiegnation of coplanar capacitive
sensors provides superior sensitivity and enablestdquantification without the need
for complex signal intensity measurements.

In this study, a capacitive sensor is proposedherdetection and quantification
of white blood cells by labeling CD45+ cells withtaCD45 antibody-conjugated gold
nanoparticles (AuNPs). The sensor configuratioriufes two capacitors with spiral-
shaped electrodes positioned beneath the chamBensing capacitor and a reference
capacitor. The detection mechanism relies on thmaatance shift induced by the
passage of these gold-labeled cellular complexesh@ cells traverse the sensing area,
they alter the local dielectric environment, resgjtin a measurable change in
capacitance. By monitoring these variations, thes@nce and concentration of CD45+
cells can be accurately identified and estimated.

2. Theoretical Framework and Sensor Design

To prepare the gold-labeled CD45+ cell solutionldgeanoparticles are first
conjugated with anti-CD45 antibodies. Upon expodoréhe leukocyte sample, these
functionalized nanoparticles specifically recogniaed bind to the CD45 proteins
expressed on the cell membrane. Consequently, Bi#5€ cells become encapsulated
by a gold nanoparticle layer, providing a distinl¢électric signature for capacitive
detection.

The sensor geometry is illustrated in Figure The sensing electrodes are made
of copper with a thickness) @nd a width\{), separated by a gap)(Figure 1, b show a
plastic chamber with a height)(is positioned directly above the electrodes totaim
the gold-labeled CD45+ cell solution during thedastigation. The gold-labeled CD45+
cell solution is injected into the chamber throtigd inlet and discharged via the outlet.

Figure 2 presents the top-down view of the sengofiguration, which consists of
two capacitive elements: a reference capacitoraasdnsing capacitor. The reference
capacitor C,;), positioned beneath the chamber containing platem(without gold-
labeled CD45+ cells), has a capacitance deternsaledly by the dielectric properties of
the medium. In contrast, the sensing capacif) (s located under the chamber
containing the target solution, where its capacais influenced by both the dielectric
properties of the medium and the presence of gidldied CD45+ cells.
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Fig. 1. The design of the proposed capacitive s@rfair detecting CD45+: a) design of sensor
structure; b) capacitor sensor with CD45+ with AgNP

Tab. 1. Dimensions of sensors

Symbol Quantity Unit (mm)
a Gap distance between electrc 0.2t
W Electrode widt 1.0
t Electrode thickne: 0.1
n Width of the senso 9.9¢
m Length of the sensc 9.9¢
k Solutionchamber heigl 0.01

Table 1 presents the dimensional specificatiorth@tapacitive sensor shown in
Figure 1. The chamber volume for the gold-label@1&+ cells was set at 0.998 mms3
(0.99 mm x 0.99 mm x 0.01 mm). For the simulateach gold-labeled CD45+ cell was
modeled with a radius of pim.

The presence of gold-labeled CD45+ cells in thesisgnchamber induces a
capacitance mismatch between the sensing cap@C®rand the reference capacitor
(C1). The differential capacitance, defined as ¢&yves as a measurable indicator to
detect and quantify the existence of gold-label®d&+ cells within the solution.

AC=|C, -C/|. (1)
Reference Sensing
capacitor  capacitor Gold-labeled

I CD45+ cell
Solution without I:_: . j:l !:T_ / Gold-labeled
gold-labeled | {1 CD45+ cell

—
CD45+ cell i el - solution

3. Simulations and Discussion

In this study, Comsol Multiphysics simulation soéine was employed to evaluate
the sensor's performance. The electric field distron within the sensor was analyzed
by applying a voltage of 12 V between the excitagtectrode and the sensing electrode.
The sensor parameters were designed as outlinédlle 1. The simulated material
parameters used in the model are summarized ireabl

The simulation results in Figure 3 illustrate tledationship between the output
capacitance change and the number of gold-labelb€ cells investigated within a
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solution volume of 0.998 mm3. These results in@i¢hat as the cell count increases from
1 to 10, the output capacitance exhibits a neaaliresponse, rising from 8 fF to
180.886 fF, respectively. The achieved sensitigty7.288 fF per gold-labeled CD45+
cell.

Tab. 2. Simulation parameters in the model

System component of : Dielectric Conductivity
Material
the sensor constant (S/m)
Chamber containing Acrylic (PMMA) 3.0 -
Solution Pure water 80 5.10
Gold-labeled
Cell CD452+ cel 5 41.16
Electrode Copper - 5,96.10

180}
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0 2 4 6 8 10
Number of Gold-labeled CD45+ cells
in the sensing chamber
Fig. 3. The change in output capacitancge
corresponds to a change in the number pf  Fig. 4. Simulated image of the sensor

gold-labeled CD45+ cel

Figure 4 illustrates the electrostatic field disttion when gold-labeled CD45+
cells are introduced into the chamber above thesaeplectrodes, alongside the
simulation model of the sensor. The red regionsest higher voltage levels, while
the blue regions indicate lower voltage levels. sThalectric field distribution
demonstrates a significant interaction between stesing electrodes and the gold-
labeled CD45+ cells.

4. Conclusions

This study presents a capacitive sensor featursral-shaped electrode design
with a footprint of 9.99 x 9.99 mm for the deteatiand quantification of gold-labeled
CDA45+ cells. The sensing chamber positioned ablogesénsor has a total volume of
0.998 mm3 (9.99 x 9.99 x 0.01 mm). To enhance nreasnt accuracy and stability, a
reference capacitor structure was integrated tmaté power supply noise and parasitic
capacitance. The introduction of gold-labeled CD4g#s into the chamber induces
changes in the local dielectric properties, resglin a measurable shift in the sensor’s
capacitance. This variation allows for the preestmation of the cell count within the
solution. The proposed sensor exhibits a sensitnfil 7.288 fF per gold-labeled CD45+
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cell. The results demonstrate that this sensoritaathre is cost-effective, highly
sensitive, and well-suited for leukocyte quantifica, thereby facilitating the diagnosis
of clinical conditions such as leukocytosis andkbgenia.
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