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Abstract The sensitive and specific detection of key molecules and biological micro/nanoparticles in complex biological
systems is of great significance for understanding biological processes at multiple levels and scales, uncovering the mecha-
nisms of disease onset and development, and exploring novel biomarkers. Microfluidic biosensors with advantages of micro-
fluidics and biosensing have made significant progress in the precise detection of biological samples with small volumes.
Recent years, thermomicrofluidic biosensing that combines thermophoretic migration in a temperature gradient and homoge-
nous signal amplification strategies has realized rapid, sensitive, in situ detection of biomolecules and biological micro/
nanoparticles in complex biological systems. Different thermomicrofluidic biosensing strategies, including microscale ther-
mophoresis (MST), thermophoresis-convection coupling, thermophoresis-diffusiophoresis coupling, and thermophore-
sis-electrophoresis coupling were presented. The fundamentals, features, and applications of these strategies in detecting bi-
omolecules (protein, nucleic acids, efc.) and biological micro/nanoparticles (extracellular vesicles, viral particles, cells, etc.)
were summarized. The challenge and future directions for the application of thermomicrofluidic sensing in biomedical detec-
tion were discussed.

Keywords thermophoresis; microfluidic; multi-physics coupling; biosensing
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Figure 2 Working principle of microscale thermophoresis (MST)

The quantitative detection of targets relies on the monitoring of thermophore-
sis-induced fluorescence distribution at the laser heating region

Table 1 Methods of generating temperature gradient in thermomicrofluidic biosensing systems

AR OB K/am  DhEREE/(mWeum ) RS /(Keum ") AR E/C v SCHR
IRAA R 1480 — ~0.1 <35 Y. EV EAKD [37-41]
IKAR N 1480 ~0.01 03~1 28~42 EV B AL REFHUEAN  [50, 53-54, 56-57, 63]
Cr & i m#4 1064 — ~0.1 33 DNA faill [64]
Cr ZEJR N #k 808 ~0.01 ~1.38 ~30 TERREET YA KB 12 A [44]
Au FJR A0 532 <0.1 ~0.6 25 JRA SERS [69]
Au FER Nk 532 ~0.02 5~30 33 BSR4 S 1 3 ) 2 R AR [70]
Au FER Nk 532 0.06 3.5~85 27 Lok [71]
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Figure 3 Microscale thermophoresis (MST)-based biosensing

(a) MST-detection of serum Ro antibody for the diagnosis of systemic lupus erythematosus. Reprinted with permission from Ref. [38]. Copyright © 2020 Elsevier.
(b) MST for real-time detection of inorganic phosphate (Pi) during ATP turnover by myosin. Reprinted with permission from Ref. [39]. Copyright © 2020 Elsevier.
(c) MST for simultaneous measurement of binding affinity and kinetics. Reprinted with permission from Ref. [40]. Copyright © 2021 Wiley-VCH GmbH.
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Figure 4  Mechanism of biosensing based on thermophoresis-
convection coupling

The thermophobic thermophoresis and toroid natural convection induced by
the localized temperature gradient result in rapid accumulation of biomolecules
and bioparticles at the cold bottom region
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Figure 5 Detection of proteins of extracellular vesicles (EVs) by thermophoresis-convection coupling

(a) Thermophoretic aptasensor (TAS) for profiling surface proteins on tumor EVs in EV-based liquid biopsy. Reprinted with permission from Ref. [51, 53]. Copyright
© 2019 Nature Publishing Group and © 2021 Nature Publishing Group. (b) Thermophoresis-mediated DNA computation for the detection of multiple protein mark-
ers on single EVs. Reprinted with permission from Ref. [54]. Copyright © 2021 American Chemical Society.

Acta Chim. Sinica 2022, 80, 679—689 © 2022 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn 683



oF ¥ R

I, HOK-XHRAE & RIS IS B 2 EV RIH
DNA 7> T2, Kl 7 8 BV K-FE AR SRS
FikMEE sb)PY. I Ei 2 KA EEEIRIE R
E$2 7 4| (Connector) F1 37 &£ /7 41l (Toehold) [ B2 5 DNA
WRER, FFCLIZ MR AR EY) EpCAM  F L i b &4
HER2 {E A% N5 5 (Input), #E DNA 2 T2 H#]
(AND); FJH 4432 %% A 2 Bi(Hybridization chain reaction,
HCR) Al #4 k — XF it #8 & S, HOK % 15 5 (Output),
SEILFLARSE EV (HER2+, EpCAM-)) i R BOkS HES:
M. FEFLIRERS NSRS F, EV R DNA 225
] T AR 2 W 5 HER2 4773 L.

EV #5153 iR 40 M1 ) miRNA K mRNA, 76565 i
SRR IR S A, & — R E B AR 2 B
PR FRAN TR A ZH POV FH 40 K B (Nanoflare) {4
RAREr, S5EHIK-FTRMER EV S E %, KT
EV miRNA &R, E&E. JEAKINEAR(TSN)A 6a).
PUARREBE R R A% FR IR AT B S g K BkE, 184 50
HZBENEV J5, AT LURF R PE R ) $E AR miRNA JF 77 AR
WHAE T, M — D@ Ik - RS S 4 P i 5
EV, MM RSO A g 5 7= A (1) 98 645 5. TSN

RN
P

Cy5 reporter flare 3-mes-5’
Recognition sequence 3-HSwm -5

4 Thermophoretic
amplification

1480 nm laser
10 min

fmﬁ\fm ”"’%‘
é‘ﬁ %
\

EVs

3

ER+ BC

HD

B 6 T HIk-XFhA 1) EV RNA Kl

SHALEFEA HF EV miRNA [ LoD fit % 0.36 fimolsL ™", %
1 i R B A W EE U Y. (QRT-PCR). FIA TSN %
R EFLIRE BV miRNA RIEEE, K EV miR-375
AT T ER+FLIRE R F B2 . g B 5 DNA Y
THARIRER, #ak-—XHR A 7128 T EV mRNA (1)
R EBE(DTTA)E 6b)°7. DNA DY AR A 5
mEEFINIE, Y shHnis = 0dE N EV; DNA Y
TR PR X0 BT LR 2 R0 BV HHEEFR PSA mRNA, 7~
AR HHARAE R B (FRETE 5. Rk AR A1
HF, PUEICE EV HBORHE EPE’J FRET {55, % EV
PSA mRNA ] LoD 1% 14 amolL™". %A ¥ DTTA M
T /0 50 B (I PR FE A A, RIBLIME + EV PSA
mRNA Rk, 7L RLX 75 5 51 i 35 (PCa) 5 1 471 i
R A B35 (BPH), MiZk FTHAA(AUC) A 0.93, 2L
T HiEEFREY PSA (AUC 0.74). 5 qRT-PCR #HEL,
TSN 1 DTTA o EV 24f# . RNA $EHUA S 4 e 5551 7
A, BIWTSZEL EV RNAs W s R 8. R, JFHT
DA RHERRIE BV RJE RNA 15 580 T3k
A [P E AR AR AR O B TR MR (Sp), HELAE
FEARHIN RS H52/IN B8 3 THT FiL A % P58 R A0 3 -

/® FRET off FRET on
$1 ognnne : 5\
y .
$2 g 95°C 10 mi ® psamrNA o B
s3 V5 12 ‘ 2o, "é”"»»,
S4 mommm & "%“‘ vy
<" FDT w Yo
Cancer cell « FRET off B
o IR Iaser.
FDT \ 10 min '
/, i
PSA mRNA EVs
EVs
PCa (n=27) BPH (n = 15)
| S
0 Normalized EV PSA mRNA level S
6 - <0.0001 1004
° °
3
3 ° 0.0042 S
Ny 3 >
s'E £ 50
$3 o % b AUC
> ¢ T F 3 EV PSA mRNA 0.93
01 Serum PSA 0.74
. . . 0 , i
PCa BPH HD 0 50 100

(n=27) (n=15) (n=16) 100 - specificity (%)

(a) 45 & 9K BT (Nanoflare) 1) AWK A& AR (TSN)H T EV miRNA [1JE AR . ©L3R1552% SCRR[S6] 1L 8 VF AT, MUBUFTH © 2020 American Chemical Society.
(b)&i A e IR DNA DU AR EHFDT) I Ak AL B 3 (DTTA) M T EV mRNA F R BN, 3855 CR[STIMFE YT, BABUTEO 2021 Else-

vier.

Figure 6 Detection of EV RNAs by the coupling of thermophoresis-convection coupling

(a) Thermophoretic sensor implemented with nanoflares (TSN) for in situ detection of EV miRNAs and detection of estrogen receptor-positive (ER+) breast cancer.
Reprinted with permission from Ref. [56]. Copyright © 2020 American Chemical Society. (b) Thermophoretic sensor implemented with FRET-based DNA tetrahe-
dron (DTTA) for in situ, sensitive detection of EV mRNA and precise diagnosis of prostate cancer. Reprinted with permission from Ref. [57]. Copyright © 2021

Elsevier.
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Figure 7 Mechanism of biosensing based on thermophore-
sis-diffusiophoresis coupling

Localized temperature gradient induces a solute concentration gradient, and
the resulting diffusiophoresis drives particles toward the hot region.
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Figure 8 Biosensing mediated by the thermophoresis-diffusiophoresis coupling

(a) One-step PEG-enhanced thermophoretic assay for detection of SARS-CoV-2 viral particles. Reprinted with permission from Ref. [63]. Copyright © 2021 Ameri-
can Chemical Society. (b) PEG-enhanced thermophoretic detection of target DNA by the size-dependent accumulation of sandwiched hybrid of target DNA,
DNA-modified AuNP, and FITC-labeled DNA. Reprinted with permission from Ref. [64]. Copyright © 2015 American Chemical Society.
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Figure 9 Mechanism of biosensing based on thermophore-
sis-electrophoresis coupling

Localized temperature gradient can induce a thermoelectric field upon the
differentiated thermophoretic mobility of positive and negative charge, subse-
quently resulting in electrophoresis of analyte for manipulation and sensing.
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Figure 10 Sensing and bioparticle manipulation based on thermophoresis-electrophoresis coupling

(a) Thermophoretic tweezer for plasmonic nanoparticle assembly and in situ surface-enhanced Raman scattering (SERS). Reprinted with permission from Ref. [69].
Copyright © 2016 American Chemical Society. (b) Thermophoretic tweezer for real-time and programmable manipulation of cells and lipid vesicles. Reprinted with
permission from Ref. [71, 72]. Copyright © 2017 American Chemical Society and Copyright © 2018 American Chemical Society.
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