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Fig.1 Flowchart of cell solution concentration recognition method
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Table 1 The mass and volume of dry yeast required for cell solutions of different concentrations

Volume fraction/% Mass of dry instant yeast/g

Volume of dry instant yeast/ml Total volume of solution/ml

10 0.4
15 0.6
20 0.8
25 1.0
30 1.2
35 1.4

0.50 10
0.75 10
1.00 10
1.25 10
1.50 10
1.75 10
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Fig.4 Experimental impedance data for different volume fractions of yeast cell solutions

(a) Resistance of yeast cell solutions (R_)); (b) reactance of yeast cell solutions (X ); (c) resistance of dispersed medium (R, ); (d) reactance of

dispersed medium (X, ).
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Fig. 5 Dielectric properties of yeast cell solutions of different volume fractions

(a) Permittivity of yeast cell solutions (¢,); (b) conductivity of yeast cell solutions (g,,); (¢) permittivity of dispersed medium (e,); (d) conductivity

of dispersed medium (g,,).
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Fig. 6 MAPE calculation results of generated data and real data
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Table 2 Recognition results of cell suspension concentra-
tions at different concentrations and their errors

Sample Real concentration BP A /%
(centrifugation)/% recognition/%
1 10 10.20 2.00
2 15 14.60 2.65
3 20 20.25 1.24
4 25 24.78 0.90
5 30 30.20 0.66
6 35 34.80 0.57
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Fig. 7 Visualization results of cell suspension concentrations at different concentrations and their errors

(a) Real concentrations by recognized concentrations; (b) relative error between real concentrations and recognized concentrations.

33 ZEHEEEN (SVM) &, Kiik 4B
(KNN) EESAXFEIRAERLE

R T VPAG A SRR M ) B A R 0 A0 S T
B A R E S, AN RIS % 4t PR s v e
BER UM A SR TXT L, X LB B T LAY iR
S B 1k ¥ ) i ML (support vector machine,
SVM) k5 K i L 2F 3 (K-nearest neighbor,
KNN) 53k, SVM A LA KNN B e L
e L, W T A ZEmEIH R, SVM i
P — N PR AN R 2 8 s o F , IRtk
TS BE S R TR B, AR A Y ) 1k fig
J1o M KNN3l i TR EA SR b AR
BEES, PR RS R ) KA, R EN TR
SR TRIH A s N s . S I 2 d
T 2.2 rhg R AR AT I 2, DR AR 1R IR
710 2 BeL Y VR R AT R (o A8 S R B ] A
[F]), 3FPEE TN EE SR A 8a i/, W LA
i i BP P25 DX 28 B8 3 o) 20 A 3 e B8 1 1R L
SN IEe S IRARCE/TES T v RS = S

J T VPN 3R R ARG B, B A AR
%22 (mean relative error, MRE) FIH & 225 R* X}
PR ZE R AT VY . MRE FNHf 2 250 R 64 BT

n

z ( ’@,,.-ed,i - gDn-,aLi‘ )

MRE — i=1 ¢rcal.i

x 100% (11)

, Z ( ¢pl‘8d,f - ¢real,i )2
R°=1-+

i(gorcal,i - Em\] )
=

K, MRE RFHMXTRZE, RAME R, R
HAEO~1 Z [0, RMEMICHBIZCRLLS, 0,0 N
PAEARWEIME, @, N T DAEARUR B SLBR
8, n HFEARSEC PR EPRITTE 45 S & 8b it
8o JEIEXT AT DA 1, RL>Riw>RAw, MRE <
MRE (<MRE o 3% Ut BIAS SCHE H 19 3 F BP #f 42
W 45 (R AN ALV RO B2 B shib o i, REAS B 4
WS R B HERTE . AL GRS, BP AW
2RI A% S G A 2 1) 00 B VRV 1 O
fiE, MRS SIS A B TR BN SR %05 1 M 4n i
BRI T —FpEal . H sk
VE

STV LRSS AT, AR SCHR Y GHz-
EIS 5 BP i1 25 [0 26 5575 AH 45 5 04 4 B 37 vk B 4
RERBIHT L, AMOTIR TG AL F ik 1) 7y %
B S\ e N [T T T E B I R = SBS K= R7N
XA AE B U i BE A . 1% O 10 S 1 GHz-
EIS $7 A 558 K 0 4o 22 9 445 2 U500 i ) A7 BIL 4
G, FTOTRAET ZH MRS, SCIT X AR B Y
P, Ak, W T ISR N EISH R 5
BRER ARG, SR TS, R T AL
(& s a), SRt A e 5 N MM A .

(12)



1310~ EMUZESEYYIERRE  Prog. Biochem. Biophys. 2025; 52 (5)

(a) (b)

40t 12 20

18.01

351 Lol 0997 0.982
= 30f 05 0.783
=] 8+
% 251 ) uR2
£ 201 & 06 = :MRE
% 150 o—eo :True 0.4}
O 10r o—o :BP

| e—e SVM 02F 2.06
5 e—o KNN
1 1 1 1 1 1 1 1 1 1 1 0
% 1 2 3 4 5 6 7 8 910 1 BP SVM KNN

Sample number

Fig. 8 Comparison of recognition performance among three models

(a) Comparison of three model identification with real data; (b) comparison of evaluation indicators for the identification results of the three models.
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Abstract Objective The rapid advancement of bioanalytical technologies has heightened the demand for high-
throughput, label-free, and real-time cellular analysis. Electrochemical impedance spectroscopy (EIS) operating in

the GHz frequency range (GHz-EIS) has emerged as a promising tool for characterizing cell suspensions due to its
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ability to rapidly and non-invasively capture the dielectric properties of cells and their microenvironment.
Although GHz-EIS enables rapid and label-free detection of cell suspensions, significant challenges remain in
interpreting GHz impedance data for complex samples, limiting the broader application of this technique in
cellular research. To address these challenges, this study presents a novel method that integrates GHz-EIS with
deep learning algorithms, aiming to improve the precision of cell suspension concentration identification and
quantification. This method provides a more efficient and accurate solution for the analysis of GHz impedance
data. Methods The proposed method comprises two key components: dielectric property dataset construction
and backpropagation (BP) neural network modeling. Yeast cell suspensions at varying concentrations were
prepared and separately introduced into a coaxial sensor for impedance measurement. The dielectric properties of
these suspensions were extracted using a GHz-EIS dielectric property extraction method applied to the measured
impedance data. A dielectric properties dataset incorporating concentration labels was subsequently established
and divided into training and testing subsets. A BP neural network model employing specific activation functions
(ReLU and Leaky ReLU) was then designed. The model was trained and tested using the constructed dataset, and
optimal model parameters were obtained through this process. This BP neural network enables automated
extraction and analytical processing of dielectric properties, facilitating precise recognition of cell suspension
concentrations through data-driven training. Results  Through comparative analysis with conventional
centrifugal methods, the recognized concentration values of cell suspensions showed high consistency, with
relative errors consistently below 5%. Notably, high-concentration samples exhibited even smaller deviations,
further validating the precision and reliability of the proposed methodology. To benchmark the recognition
performance against different algorithms, two typical approaches—support vector machines (SVM) and K-nearest
neighbor (KNN)—were selected for comparison. The proposed method demonstrated superior performance in
quantifying cell concentrations. Specifically, the BP neural network achieved a mean absolute percentage error
(MAPE) of 2.06% and an R? value of 0.997 across the entire concentration range, demonstrating both high
predictive accuracy and excellent model fit. Conclusion This study demonstrates that the proposed method
enables accurate and rapid determination of unknown sample concentrations. By combining GHz-EIS with BP
neural network algorithms, efficient identification of cell concentrations is achieved, laying the foundation for the
development of a convenient online cell analysis platform and showing significant application prospects.
Compared to typical recognition approaches, the proposed method exhibits superior capabilities in recognizing
cell suspension concentrations. Furthermore, this methodology not only accelerates research in cell biology and
precision medicine but also paves the way for future EIS biosensors capable of intelligent, adaptive analysis in

dynamic biological research.

Key words GHz electrochemical impedance spectroscopy, BP neural network, dielectric properties, cell
solution concentration
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