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Fig. 1. Overview of principles, detection formats and typi-

cal applications of magnetoresistive biosensors.
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Fig. 2. (a) The typical AMR element resistance ( R) changes with the external magnetic field ( H ) in the vertical current direc-
tion, showing bipolar nonlinear characteristics; (b) after introducing the Barber-pole electrode structure, the effective current direc-
tion is redirected by the tilted shorting bars, enabling an approximately linear response near zero field; (¢) Barber electrode schem-

atic; (d) typical Wheatstone bridge layout schematics for AMR sensor chips.
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Fig. 3. (a) Two-fluid model (high resistance state); (b) two-fluid model (low resistance state); (c) wheatstone bridge incorporating

four spin valve structures (R;—R,); (d) integrated magnetic flux concentrator for enhancing the magnetic field in the sensitive area.
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Fig. 4. (a) When the magnetic moments of the two ferromagnetic layers are aligned in parallel, the tunneling resistance is low;

(b) when they are anti-parallel, the tunneling resistance increases significantly; (c) schematic diagram of an MTJ with MgO as the

tunnel barrier layer.
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Fig. 5. (a) When the skin depth is large, the device exhibits a low-impedance state; (b) when the skin depth is significantly reduced

(61 < b0 ), the impedance increases sharply; (c) giant magneto-impedance sensor and its main excitation and detection modes.
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Table 1.  Comprehensive comparison of the performance of the main types of magnetoresistive sensors [3-57:36:52-56]
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Fig. 6. Schematic illustration of bioassay formats: (a) Sandwich Assay; (b) competitive assay; (c) direct binding assay.

170901-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 17 (2026) 170901

3.3 HESTESRUIE

1l LA AL IR B R D 7 TR AW o T 45 A
AL R PRSI0 A LA S, O 3 AN
MNPs WAL . Rl AeiwE 7 m = A, DL RERA AL
TR B L2 7 8],y Al e A A R [ e
e AR 22 THT 1) MINPs il I A0 52 28 0 4, i L
TR R R, A T S SRR . IR (5
{55 Hagse s Rt I A PR R4 A A0 il
TEIEAR I 1) f W 5 A58 B T, BTt
{E M Hp (722900 e BEAS MNPs JBCNRETE, 76 H:
JEFE P A SR G . Ko MINPs (fgEhn, 1efs
SRR Z AT S T I Y RS R AR AR T B
LI A ERA GMR 8% MTJ & a8 b (8 7), 1%
SRR U ETHLZ S A 2 R0 5% 5 1 A X R
], AR A B3R L, T AR R L BE
AL EEAL A B RS . i TR Sh R 22 A5, i
S5 R S AR RIS A 1 A, BEAH S R AR TR
BB IS (55, SC BN =5 2 RO A 11922, 3¢ —
T FRTE R T AT IR 8 R A Y ) i e A

4 wh AL R AR AR A AR P e B R

T BEL A= 9y A et S A LA R 4 £ R D O L
N LI TR HAs o TR E et T —
A R AL PUTEES T RO SR B AR, A
ORI T LG L, TR B w5

(a) (b)

® Antibody-modified MNPs (©)

~~Target
‘ biomolecules

Probes > ,‘/,/)\ .
i

/ \

Sensor chip

(e)

Relative magnetization

D BT =
N s
gu / va

o 1 2 34 s & 1

Sensor chip

—_——
—
Resistance change _

7, IIMTRLIEE THREA [ BB | 3 e 1 A9ty
KT FTIE T X, S5 E AR S A
M T2 T R i s e HE PR S AR IR ), (A RELAS
SEARAELI b = UG | o DA £ | A BT %
RIVEF 32 W 25 224> A ) 5~ Wi 0 U R B A R Y
I ).

4.1 EBERSERERERN

EETAE A sh i) BRI T, HEES
B E B K A S R R E AR .
W, X IR | IR S AR R B 1 SR AR
R =R SR, 7R R O A O A
P RS DA K A% G PRt iz W vh B 2 ¢ 2
U . 3T GMR 1 TMR 35 A A9 5 B 1% 2
CL R 2 U L3 4 BT 15

TE S E B 75 PRI 7 T, Gaster 45 87221 Fi|
I HER GMR B 31 52 8L T % 115 51 i 4 S 2 e
(PSA) [ JCH BRI, AT B IR 0 By JBE R & B
IRAKF-, HLRETE 10% Is HEr T, FB 85 it
S TR . 2RI R U A O 4R R =
G (AFP) SEbrEy O e Rz i, 78
GMR its 7 AN [] DXBHE A Z2 A 2, Al Se Bt
BB i Eok A AT Y R 2D i A, $ e T
U3 o KR, BRAI T RRAR M #E 2. Bk GMR
B Hh, TMR A I8 45 75 2 1 R vt SR B S
Swastika % ) fifi H &% (5,5 BT Fes0,4/Ag 41K P

Frequency field (Hac)

1
\ </

4 A\ 4

' % ¢

Sensor chip

v

Stray fields

=, K 277N,
N N N N hY
/ / /
NN N A W AN A N S
\ AT \ A "\ L
Ay W, [N}
Vi 1 Vi
1 \ A lyy
20N, /x\ 41
B N A A
PO NV AR NS N AN N

* L %

@
- " Free lz;g;er -
‘ Spacer

Pinned layer

B 7 AR R AR R GR BIEL (LA GMR OBA)  (a) BARER; (b) BEARIC; () AMAIEUM; (d) REBHAZ Y (e) 15 et S i il
Fig. 7. A sketch map of the magnetic labeling system for biological detection (GMR, for example): (a) Target capture; (b) magnetic

labeling; (c) external-field excitation; (d) magnetoresistive sensing; (e) signal conversion and output.
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Fig. 8. The representative performance of the magnetoresistive sensor in the detection of proteins and disease markers: (a) Stand-
ard curve for hCG based on a GMR sensor array (50% serum) with a dynamic range spanning over four orders of magnitude, and
the limit of detection can be pushed to the femtomolar level (reproduced from Ref. [22]); (b) real-time binding curves of a GMR
sensor for different loadings of Epithelial Cell Adhesion Molecule (EpCAM) (from 2.5 amol to 78 zmol), the model can predict the
number of magnetic labels bound to each sensor surface (reproduced from Ref. [19]); (c) standard curve for BSA detection based on
a TMR sensor, showing a good linear relationship between the output signal and BSA concentration in the range of 1-5 mg/mL,
with a limit of detection below 1 mg/mL using a dual-chip configuration (reproduced from Ref. [69]); (d) standard curve for AFP
detection based on a GMI magnetic sensor, showing a good linear relationship between the output signal and AFP concentration in
the range of 100 fg/mL to 1 pg/mL, with a limit of detection as low as 100 fg/mL (reproduced from Ref. [68]); (e) dose-response
curve of IL-6 detection using a competitive method, with a detection range of 125 fM to 41.5 pM (reproduced from Ref. [70]).
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Fig. 9. The representative performance of magnetoresistive sensor in nucleic acid detection: (a) Real-time signal comparison of two
double-stranded DNA denaturation strategies(reprinted from Ref. [71]); (b) the relationship between the voltage variation of the
magnetic tunnel junction (MTJ) sensor and the driving current under different resistance values (reproduced from Ref. [72]);
(c) real-time response curve of GMR sensor to 10 pM synthetic DNA fragment(reprinted from Ref. [73]); (d) scanning electron mi-

croscope image comparison, positive sensor(fixed complementary probe) and negative sensor(non-complementary probe)(reprinted
from Ref. [73]).
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Fig. 10. Representative performance of magnetoresistive sensors in pathogenic bacteria detection: (a) Detection results of E. coli
based on an electromagnetic trap and a TMR sensor (reprinted from Ref. [76]); (b) quantitative detection results of E. coli
O157:H7 using a GMI sensor and a microfluidic sandwich method (reprinted from Ref. [75]); (c) dose-response curve of a flexible or-
ganic substrate-based MR sensor for E. coli detection (reprinted from Ref. [77]); (d) calibration curve of a spin-valve GMR bio-
) quantitative analysis of Yersinia pestis F1 antigen using a magnet-

) Calibration curve of a GMR bio-

sensor for detecting BCG bacteria (reprinted from Ref. [21]); (e
ic bead-based sensor in PBS buffer (left) and human serum (right) (reprinted from Ref. [78]); (
sensor integrated with a magnetic flux concentrator for detecting Staphylococcus aureus (repnnted from Ref. [32]);(g) voltage re-
sponse results of a GMI biosensor for detecting Hspl6.3 antigen in plasma from patients with latent tuberculosis infection (LTBI)

and active tuberculosis infection (ATBI) (reprinted from Ref. [9]).
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Abstract

Magnetoresistive sensors, which are based on the magnetoresistance effect, use magnetic nanoparticles
(MNPs) as biological signal carriers. They provide a technical pathway for biodetection with high sensitivity,
strong anti-interference capability, and ease of miniaturization. This article first systematically explains
the physical mechanisms and core device characteristics of anisotropic magnetoresistance (AMR), giant
magnetoresistance (GMR), tunneling magnetoresistance (TMR), and giant magneto-impedance (GMI) effects,
with a focus on analyzing the signal conversion and amplification processes in biosensing using MNPs as labels.
Combined with detection examples of typical targets such as proteins, nucleic acids, cells, and microorganisms,
the performance characteristics of different magnetore- RS .
sistive sensing platforms in terms of sensitivity and . >

application scenarios are compared and analyzed. The

influence of physical factors such as spin polarization, ! Y
interface scattering, and low-frequency noise on the A \\\
detection limit is also deeply discussed. The analysis ,’I z%:% b
shows that GMR and TMR technologies achieve the / . S Qx%% ‘\\
best balance between sensitivity and integration, while ." "S g Magnetoresistive % %’ 3 ;
TMR and GMI devices demonstrate great potential for ! = a biosensors Sﬂ? : S ]
achieving ultra-high sensitivity detection. Finally, this \\\ p ~ /
article summarizes the key challenges currently faced b 6‘% - O@te . B \&é\ ,’I
by magnetoresistive sensors in terms of long-term \‘\ & /z(t)lg;i::vwe\b //
stability, system-on-chip integration, and direct \\\ @[]V&;g,lal transducto c® //
detection in complex biological samples, and looks N s teld —» res® .
forward to the development directions of magnetosen- \\\\ Single-molec\l\e’,////

sing technology in areas such as high-throughput

screening, point-of-care testing (POCT), and wearable health monitoring.
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