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Fig. 1 Particle capture schemes of traditional optical tweezers, and G is gravity. (a) Unbalanced state of three-dimensional trapping by

gradient force of light field generated by lens convergence beams; (b) equilibrium state of three-dimensional trapping; (¢) SPR

nanotweezers, the surface field intensity decays exponentially with the surface—particle distance, resulting in a trapping force to

the gold nanostructure surface

EENE, EBURE S (OTFT) gk if & ok,
LI FH O 0 BE S 800 il Bk 4 3R G RE R R .
PRI b, ' 50T B 7 06 B8 T T 1) ) R R L AR g o B AR
SRS AN OEECR E L BCR IR E Y £
Sy B O 2 BRI T R R W B BB AL AR R T
H¥ 5 T4 ROBE /N T47 S BR R EE i ks . 3L B2
Yo Y & R AT 8 ¥ 3] 2002 4F |, Braun 1 Libchaber' ™
3 32 XT3t TR DK B AR T A P A AR RS /N A I AR A%
¥R (DNA) . 20154 , & Wt K% Ho Pui Ho ¥R
RLZE i FHREAIL A A0 oK B 7R 98 S B AT O B F A
gy R T I RE S (PDMS ) 1o fL 55 2% 8 T & i
HE TR B S BUE IR 5O 1 A5 A O EE, SE XS
PS A DL K K FF BR7 B4 J AR R R g 2018—
2022 4F | BE 3 1H I 1 700 44 A 00 B S R0 Y IR
JEEE LA B T A RE G ARG A7 14 O VA O B A
WF & o (A58 B 17 0'6 B A w35 ol O B T 5 L)
FERE /N A AR AORL A S T (0 ) R R I — A
33 BRI 98 7 1)

B B G R VP e Ak R TR L IR B
TRW AR B E R FER DL 2 e X
TSR R X S B E T OGS 5 AR T 0 28 A
Bh, KR A2 i 22 Fh B3l ) 24 50 42 AL 380 2 iR
Uttt — 2 kRSN HEAIETHEENE L, &
SCE S ML BE 3 i DL S 2 B AR Bl ) 25 RN R A A
J7 T, 6 I AR R R Y R T O B0 B 5 Y G B R
AR FHE ST T 2w AR5, N H T IRE YL
TEGOK OB 4 R PR 4E R HAbAEY) 7+
B, UL R A W A% O T I AR W B 2R 0 s dRe e, R
B AR K & R SEk I T TR . RSO

YER —Moi B e E AR A S URR TR R
L N s HE N 22 0 S BR N 5, S AR R 4R R
A R A ) A% A I 1Y) 2 JE AR S 2 BT RR

2 JGECRJE YA i 45 A i B

2.1 REZHHME SEFMAMAEZE S

2.1.1 RFm#

R Z b BB AE A3 38 2% 1 T W s R E K 1ok T
PRI . ARSI E PR DL TR AR MR
BN G JE UL B SRR R N 4 VR VB AR Z R
YEREREAE RN M, 7E R O T IO R 2T A
00, B R T2 10 2 4 TR 9K S5 4, 17 10 S A
Ry 2 18T AF B 4 i #4 (plasmonic heating) o H: Ji B 2
VN L BRSO e T = N 1
Ja& rh R (92 B AR AR T O RN, JF R OR T R A
J5LF 1) Bl R0 3 AR TR B A, R T A
WU Bk U SO RS XY IR 3 R DL —
e AR 1

pcPaTa(lr>=v-[/eVT(r)}+ Q. (1)

s o N HE 8 FE T 42 B A RS 09 %% B2 5 Cp g H 3 5

T AR R A T (r) 4 X5 IR 5 2 J a5 2

4 AT I 1T A R B 5 Q Ry 4 K 5 AL BRI [ L B

R v, QAT AR N

Q=Re(J(r,1))E(r1), (2)

KT (r )N EBIKEE R E (r, ) NG
JBACKE R Y. HIRES RRRE R A

V[T (r)]=—Q=—Re(J-E). (3)

1400001-2



HEXE- R

2.1.2 REHA

bR TG IRKL A1, 2 T A Ol 2 A RO R e
AREG N EZ X2 — o BSR4 8 T L
Wt T T PO RSB, BT IR A ST R
LAWK B 3SR T K B E T SOOI A
e, [ &M & 5 E A SHE Fa A E KRE = R
T X S A RE RO SRS T A A, DA B AR
s AR PR S T A

1995 4F , Epstein 28/ F] F #8885 (Yb) 9085 R 8 3%
BE B T B ARM BRI F IR RN . ELZ S LB
B SRR A A 2 B B T2 1 SR TE . BRI
BRmih SR E S RN IR E LK AL
20154F , A BE I WAL AL (Yb: YLF) &b AR 76 A J2
R VAR B [T A DO SUE (T TB)IEAS PR 2
S 764 nm, A] K G k& ), AT AR S R
1020 nm #6146 5 5 = AR 15 KL 9F
FEAE RS IR R . R IL K 0L R ARG 2 PDMS
FREJRC 8 72, 53 11 003 43 AT AR S A oK R (] 2) 77 A xd
JE FELRE 7 A8 3Rk LA B R, IF BEAT R, 2021
AF, Zheng VR R 20 A FH Uk 78 AE BRI R T A9 Yb: YLF /&
A2 14 Je 35 1 2 1 V8 5N 7E B K (DO W = T
5 K/ B IR B RR B 3, 1 UCUE B 6 27 1 At T LA 44
KRR AT AR
2.2 B HERA
2.2.1 R BRI E G

Moki F 5 i A e, BT R T L T 2]
S s Y XWUZ o Yk S R I TR
WHEARESGE BREHOA RS HEZ
V] B -0 A 1 F UL PN 7 A R A K e T, DT 7 A
WBIBER . bR T HRBUZ &= A IS E A, W8 i H

@

$;>0

-

2435 F 14 H1/2023 £ 7 B/RFZEH

Glass substrate

B2 TSR AR R0 0 R
Schematic of refrigerative tweezers for nanoparticles
(42)

Fig. 2

manipulation

W& i (van der Waals effect) th 2 54/, X —FH&EH
RUFN R F iz 3 btk . B, & 3(a) fir
7, BRI AR Ry — it fin AE AR (B TR o F JROR
VR X HAE R BT AR R R R
v=—D;VT, (4)
KD MY BREGVT MR RE
—ORATR WP R S 1 IR IR X A BT
AN 2 BT A R0 2 1) AR X A, LR/ IN R g T
DL H #A7K (Soret) R EUA L (5) A fi ik, B

D
ST:FT’ (5)

XD i A s sh R BR K. 4 Soret AL
Sy = OmF KL ) I i X B (R 5 | 22, R 1 1]
it DCHE B (RE )

(®)

Pl 3 3SR 3K S i BEAIL ] () 3R KR B 5 (b) #A e A 7 5 1
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Fig.4 Simulation results of natural convection™. (a) Simulated convection around a gold nanodisk with a thickness of 40 nm and a
diameter of 500 nm, and the heating of nanostructures from room temperature up to 80 °C; (b) velocity fields for various chamber
heights, induced by a gold disk of radius =250 nm and T=280 ‘C
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Fig. 7 Schematic of OTFT based on gold nanoislands and gold films. Successive images of 500 nm PS particles trapping at (a) laser

power of 1 mW and (b) laser power of 14.5 mW""; (c) statistical analysis of the trapped PS number as a function of time for

500 nm particles, and the inset shows the schematic of the trapping potential well with a Gaussian profile, whose depth is

described as U(r), y is a constant, r is the coordinate, and a is the width of the potential well®: (d) schematic of the experiment

(thermal convection pushes the solution laterally into the hot zone and then axially out of the zone;thermophoresis drives the PS

particle from cold zone to hot zone with a force larger than the axial convective drag force)”

NI T B AL AT Ry /N (R T 42 4 3 K 9ok
2. TR %N TE 2012 4F F) %8 B 520 T Rk
B 1242 R 3.4 nm (4 LT & (BSA) B9k, OF AL
% B BSA TR %% B 6 I AE R T s or T Bk,
12 52 96 iff BN 31 KO R 2R S 9 R T RE

2012 4F , BE 45 JR K2 B Erickson B U4H I & T —
Tl 70 09 56 1 b MR 0 K B, R R R T A AT B G T
A PhC 18 41 Jia 7= A8 38 3 1 il 4RO B, 5230 1 % g R s
g AR R S R . H Pl R R IR N T
0.3 K, 4 &bt o 1 6 #0 A= M 76 Pk B9 5% i . 2013 4F
Jb i3 K 24 A9 Tsuboi S84 i FH 5 H bR 4 1k 19 i 7
BRAE & A H T S R 0 D K OGRS R
H2E 3R (ROT) F7 ¥k, A2 7K % W Af ] 1064 nm #0O6
AR WL (Mb) '™

I A ' B8 7 X T 2 P 5 A 9 g R A BB S

7

]

B AR B AR B R R AN B X AR 1 R AT RS
WERR T R 22 SR DL T xR T A R T R
P PR o T X AN BRI F 5T N B TR AL ol
TR RN TR R R S 0 2R O DL B AR
R B %o AR P JTORS ME R AR A T R U

WE 9 R, 2019 4F 78 [ 3 H ) K 2% 19 Cichos 1
RO W — A 4% BRI A R A 1 pm 9 R B B B AR 2
], 4 FH D 4 2 808 nm 114 3 A5 I o X 4% IR i A7 Jie i
A I T 5 B TR ARV 7 A — A TR EE A, R A
TR HNIB B N TE R RE AT S AT I AR i ik
FEA RO R, AT S BT T U R R AT 4R R K
R Ji) R 2% (270> 10 min) , hy B3 A F0OU 58 26 14 5 A iR 4T
PRI A PRI IR AL T T H IR

BEAN N b H 35 T B 4 Bt mT L o R b Y
=5 TIRE . 2020 4F , 36 [ 5 78 48 K %% 1Y Ndukaife
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s
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FI8  OTENT ) TAR ™ (a) F 1 0 175 e 3 = Y 3R AL 8 (CTAC) WL B 7E 42 Ja 48 KO 7 X kA7 et 5 () CTAC I
HRTE 5 () SRS T 5 (d) 45 FioRE T 76 MR LT 09 23435 15 B0 5 (e ) 2% FhoRL T 16 I DL T B9 BT B 18 00 5 () 4% ol 7 44
VKIS BE S5 B MR AR R 37 5 T A R 7 AR B HE R L B S B N OKORE T A (@) TN YIRS EEV T,

IR R 37 35 77 14 1] 5 Ch) 26 T2 30 TRT 69 2t J8E 68 52 T B AH L 47 3 77 14 5 1)

Fig.8 Working principle of OTENT™. (a) Surface charge modification of a metal nanoparticle by CTAC adsorption; (b) formation of
CTAC micelles; (¢) schematic of a Cl; (d) dispersion of a single metal particle and multiple ions in the solution without optical
heating; (e) thermophoretic migration of the ions under optical heating; (f) steady ionic distribution under optical heating generates
a thermoelectric field E; for trapping the metal nanoparticle, and repulsive electric field E, arises from the positive charges of the
thermoplasmoic substrate and balances E; (g) simulated in-plane temperature gradient V T, and direction of the corresponding

trapping force; (h) simulated vertical-section temperature gradient VT and direction of the corresponding trapping force

808-nm laser
Amyloid fibril

L9 Al ) e A AR 5 0 A, P 86 B8 (A2 10 pum, SN2 R 12 pm, JREEE S 50 nm) #4808 nm (9 0OG L 100 Hz (14 47 %
PEAT HERE
Fig. 9 Tllustration of the trapping mechanism and the sample geometry. A chrome ring (inner diameter is 10 pm, outer diameter is

12 pm, and height is 50 nm) is heated by a focused 808 nm laser rotating along the circumference of the ring at =100 Hz""

AN T AT A R OE JLROK A 07 B Al R 4 LA 15 fmol/L, ¥4 I £ 4 932 nm i #0678 4 40 K AL
Kor R OTET, 523 1 %5 10 nm PA R 9 BSA | M3 L, 4545 22U HL 0 , Il B A B < A R L 97 300 %
FHAR A . Ndukaife /MK BSA R BER BER 298.6 pm (A7 5 BSA M3k S 4%E . Bk
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b, 3 n] LASE S R A U R B AR Ok Bl Al AR
G WK AL IE B 30 2 0 B EG Z5 R 5] 10 f R FE — &

3 pm
—

WA LN AR S 4 A K L B i 2 B R
AL HL I AR R R TN

B 10 FEAIE B 32 3 L S W R i ok 71002 B 7 2 kHz IS T W28 1 4 3 78 38 25 4 4 K AL I 91 3 2 (0
W% L M RN 2 kHz B 3 kHz 15 8] 5 kHz B, 3l 25 07 B 0] P9 RS 3, 08 4 300 4 90 K L BE 51 A0 0 2% 5 24 58 3 L 3 01 % g K )
10 kHz B, i3 2 5L

Fig. 10 Frame-by-frame demonstration of the trapped molecule’s position under different AC frequencies””: under 2 kHz AC

frequency, the single molecule is trapped farther away from the pattern’s edge; when the AC frequency is tuned higher, from

2 kHz to 5 kHz, the trapping position is shifted inward, closer to the pattern’s edge; when the AC frequency increases to
10 kHz, the capture fails

19 5 10 Bz i W FP 5 vk #0317 2R (1 BAE R
DX AR, B/ T T AR T AT BE A B 5 . 2022
AF A TR AL A B AR B B AR X RN A K 3 [ A S
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PR ZE DL 3. 579 (HATS 8K oK R S B T 34 26 14
BT RORS EERE . BT, A8 IR B e B R S E
TR ISR AT AR 2 — A M A
3.3 ZERS FHIIRE

DNA B A = H MBI T, — e Z R i
FAE T FR UL, G P B DNA B 21 A U e 45 44
YR YR SR b E— 2 SE R L P R
BN IBE S BB R (RNA) S A =4, —
S th Z R IR AL, S B LAY Jey 38 B e , =
Yt RNA S F &Mt —£mas" . BERo+
P47 R, o B A DL A T 0 S5 R LA R TR Y
HEEHRAEZZ X, WE 11 Fiw, 20024, Braun
A Libchaber ™ 38 1 X 37 A1 Gk (4 A0 B A, 4l 9% 50kE
K/NHI DNA L i 10 mW (9 £ &1 80O % 3% 55 i (s
b B B TR0 SEAT IR, 7 A 1) B R OB X i
B DNA & B 05T A s 2 BE [, = vk B2 38 in
T 134%. 20124 , Maeda 3% /8 21 1) 06 4 7= A= 1 $4k
I PEG 43 F ¥ B SR X T4 DNA A RNA #7787
A8, M PEG WY 81 KT $A0k BHL 7 s, %5 193 9%
i ARTE I AR, 2013 4F , Maeda™ #EY F F 6 5
Pps A P HOR R T4 DNA FE 4k 23 [a] (4l 15 5
o AR HORERAE T B T R IS OB R
AW L 32 BJ7  B ARER E N . BR 2 A A
B AT LA T 100 kbp(kilobase pair) i DNA #
a3k, o nl AR R A 14 4. 3 kbp 1 DNA 40 .

U, EBUR E SR B T ORI S R T AL R T R
P o XF DNA RNA #9342 8l 5 4 24 3% 0 i 58,
FHRMBR A AR A A TR L,

2007 4F-, Jiang A1 Sano ™| I #43k X 5.4~ DNA 43
T AT R AR R R B R A A9 0.1 pN R IR K
YEHZE A DNA 2 F o WA 12 fifR , — S i R 1)
DNA W 2 T 5 0 5 5 7, I 9 9 49 3R 1) DNA 8% 7
I R — AR IOE , BRIk 71 58S 1 F .

2012 4F , ¥ v 3 8 K 2 19 Maeda 25 21 A1) FH A4 0k
DL K B PEG #¢ BB B 51 B9 A9 10 AY 3 18] 4 FH 52
T DNAGFHEESHE . WK 13 7xR,2015
AL 2 K 2% Braun ULEUZH 0 #E AL oY 22 LA O BT
% R 43 7 AL R AT AR A0, 3 Ao in A4 A i 5 1)
BB 205 3 28, 7E B SR P9 T AN X6 iR B4 3 3, SR e
K BE DNA B0 3™ o %0 58 26 W 76 sk b 3% i
A B AR B 3R B b B AT B0 K BE R R 1 B SR IV 4R
LR L L e i L

2015 4F , JUM 2 Maeda i3 50 20 % 41 40 5 e 58 4
Bl g o, e PEG ¥RBE RS EE R & B9 Il 1 2%
B HOR SR DNA 43 DL K 25 5 9045 T 4
B AR BRI PEG ¥R BB BE 51 S 40 [ & b ) 44
SR B L TR T I R R R B G A IR
Z MR R I HE DN 3 R R LA RS X T v AR
OB R B KRR L. A #2020 4F |, Fukuyama
il Maeda " F- UKt 50ME 28 0 b RE G B s R AT T 0k — A
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BI1L R R DNA AL o (a) B 6 DNA FE AT A9 G (b) b I #47= Az 9 B4 1) J8] B S+ DNA 5 (o) #83K RLER T 36
THE DNAAARTE H0 T 5 BALE T B— R AR 5 () FATKTE SO o B9 47 28 B0 L 0 2 8 ) 24 0k OO L@ Fn i 1) $4 9k © LA

KON Ui @ W A AR H]
Fig. 11 Mechanism of thermophoretic trapping of DNA"". (a) Image of stained DNA before heating; (b) thermophoresis from central
heating first repels DNA from the surrounding area; (c) thermophoresis and toroidal convection trap DNA in the center toward
the lower chamber wall in a ring geometry, and the concentration enhancement is 13-fold; (d) the mechanism of thermophoretic

trapping in the center is an interplay of lateral thermophoresis @, @ and axial thermophoresis @ with convection @

(@

Recoil tension F'
aser spot

®) Laser power

P12 DNA TE BB S b g f b ™ Ca) 38 2o I 5 6 2 15 7 ) S 485 0 7 1 9 3 4% R DNA; (b) DNA FE A [ROE 2 4 F 1y £
i NZE B AT, o3 S AT A LR T3 17.5.19. 5,21, 5 mW A B T DNA A HRLARG B0 L J5 = i Pl o 18] 1 9 272 5 2

WOt BALE K L FIR D 5 pm
Fig. 12 Schematic of stretching single-molecule DNA via temperature gradient®. (a) Stretching of two end tethered DNA by

temperature gradient and force balance scheme; (b) DNA stretching for different laser powers (from left to right, no heating and
17.5, 19.5, and 21.5 mW of laser power; the scalar bar is 5 um) and circular bright spots in the middle of the last three images

are the laser converge positions

L IRR I AR R A R R S S SO R LA ARk, P R RO IRk B 8 UL (9 I TR 43 1) 32
ICRVE I BEAT R o IR E R A T I AOR R T R R 51 R  BA K AN PEG ¥ J5 i) e S T 5
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bl @ v-oime

Gravity

(b) Flow profile
E Inflow _&
- + =
S convection % 8
| . 4°

Transport
(flow x concentration)

13 IR s B A DNA S B i gE ' (a) B 43 T4l 3175 B 5 (b) K x4 S DNA 11 7 15 7% 728 1]
Fig. 13 DNA strand length screening by heat-driven fifilter™. (a) Schematic of DNA capturing; (b) schematic of convection induced

long strand DNA screening
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By S0kt RO EE N . BHRTir 23 TR
) B 5 30 2 o S 359 R 19 40 AT, L Y B A T M 2
B 48 AR AR BB L (A 0 AN 7 5O R B i F K
SRR, A, BOET Tz R Y e R A I vk,
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PEE S MR AR R TC VR B X B O BT O R AT SR A
W, HLA AT 58 7= A BB PE A A I 45 28 o R E 4 R
By BN B A Sh B A Al i ol 41 21 5%, s
B 45 R BB AR e T LW £ B35 2 X T 40 A o2
AR R DA K A AE T ) B2 . 1987 4F, Ashkin &5
i FH TRk 120 mW 1) B BRCGR BOE e B, 7R 1A B

W OEEEE RIS LR s T EOE OGB4 B O A
FABAE . B AT, GRS R 2 R EAE S R Ay
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SN R HEAT A0k o SR, B LA AR A R R T
FALTE R AS [ 1 T bR 30 0 A oK s 1 2R A7 43 28, A3 8K T
It 5 B R A Bk K

TE A5 58 6Bk Z 48 0 B FLRL - LA KOk Ok 1 B
RG22 AR E USSR BB o B
TR A9 20 18 43 el AR SOR AR KR BAR T (HR BlR
N ZE B G A (I Bk B DL AT B 8 8 2R AN ]
BT . Al 14 B R, 2019 4F B8 VE B T. K 22 1% Liu A
BA T %t — b 3 T RO 7 40 K 5 B4 20 YOG T N
KT8 B S (ONSA) i i Y6 R4 7= A 85 ROt
Yy, A5 W AOK R T 5 G HE A AR S BAE L AR A R
ERLOBi 72 NP A b ) [ N G5 5 <3 SN o N O 1
T AT S R [ E RS [ 0 20 TR (4 #6073 4 BK B
R FEE )

H,0

Unit: nm

Bl 14 T B YA BRoIR (4 8 @8 45 BR 08 RFFIR (IR AT T8 20 181 19 ONSA B3R BB 0 () X T ONSA w4 B 43 26 R s 245 1
BEAT 5 (b)ONSA 1y R 7R 2 A

Fig. 14

Design of ONSA for manipulating spherical (Staphylococcus aureus) and rod-shaped (Escherichia coli) bacteria™.

]

(a) Tlustration of sorting and dynamics of bacteria in the ONSA ; (b) schematic of the dimension of the ONSA

2020 4, Liu B A 3 F E R ) ONSA FF & T —Ff
KRG FO0 A, 18 o i OE T R DL R B KN

100~500 nm 4 33k #E AT 4338, 26 B L AE %o 40 1 5

T LU S 4 A o3 18 05 T B A AR R R B . T
i 25 19 RO B 3 /N (— R AE 20~200 nm) , Xof B AN g
(9 4l 2% H A — E B Bk CrE o 2021 4F  Liu M BA7E
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i T OB R AT A AR DA RS s g R B anE 15
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(a) 155 pm Laser

(b)

(g)
& Gold-coated fiber tip

=08\

3D six-axis manipulator m

(h)
Axial convection

Thermophoresis Optical force

Lateral convection
—lp W oot

980nm single mode Core Cladding

L OTFT R AR (a) 925525 B &, K% th CCD R 4L, SDF ¥ W 7k T B i W 5 (b) By SDF it % 4 545 3 i ki 7 19

TG TkIE B, b 8 (0 X B3R SDF Uik 6 B9 48 5 X B85 (¢) 2, =0T AHE) (d) 2,=15 s(ABHE R K 125 mW) ((e) 7,

=47 s( AT R 125 mW) () £,=90 s( ASF G ZHg 125 mW ) i, 76 b 3908 W82 3] (% K A1 1 20 A5 1S 00, o (o) vp

) 445 s [ 2 SRR TE SDF 19 BI% 5 (@) G 2R e RO B 1B 5 (h) 4l 9 DX ek mb 25 b 0 9 7R R 1 5 () R T A 1 4 356 A% sF i) 57 37 4 00

EIME, Horp 0. 65 mW IOGER7E O s BB AT T, I e 4 2 e J5 — 5K 501 37 BI5GB, 6 23R AR LS Rl O I Oy 488 nm, #0t
G 3 s/frame, FL ] R 15 pm

Fig. 15 Schematic of fiber-based OTET™ " (a) Experimental setup, the image was captured by CCD, which shows the SDF

immerged in the particle suspensions; (b) propagating light along the taper-SDF-taper section and the negative photophoretic
motions of particles radiated by the leaking light from SDF; microscope images of Escherichia coli after the laser on for (¢) 7,,=

0 s (without incident optical power), (d) z,=15 s (with an incident optical power of 125 mW), (e) £,=47 s (with an incident
optical power of 125 mW), (f) 7,=90 s (with an incident optical power of 125 mW), and the insert in Fig. 15(c) shows the
image focused on the SDF; (g) experimental setup of optical fiber optothermal tweezers; (h) force components in the trap region;
(i) side-view time-sequence images of trapping of Escherichia coli cells (the 0. 65 mW laser was switched on at 0 s and switched
off immediately before capturing of the last image; the excitation laser was 488 nm, and the laser sweeping speed was

3 s/frame; scale bar is 15 pm)
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2D manipulation stage
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Gold Film
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Beam
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(©

(METH) /= A= i #4006 98 LA B0k, 5280 T X 4 i PS
R DA BTE K A B Y JE O T A AR AR 04 B Th R
B L 10~100 pW /pm?® ™ b, H A= W 3 1 S
55 3 W, METH 8 nl LUK H T 1% 4 il 2, oA 2
CA S A i I - G A i B N T VA N
Tokonami [ BA 4 Hy — Fh 3k F I #Gf 38 (PTA) B9 40 B4
THECE T X PS 0RL L K 4 2 {20 e 17 5 B AR 1
B O Y SR R AR B A VAR P A X i R
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T AR 4 B A R A5, 7 B 7 DR il DA R 55 56 =5 43 7 55 7 T
HBA R G 1 N FH A 5

E16 METH AR ZE, (a) i RSO T A METH 25 % 5 (b) 338 H A9 32 T340 M1 5 (o) 76 24 mA BLH AL 3R 80 K
FF B S
Fig. 16 Schematic of METH". (a) Setup of using a femtosecond laser to perform METH fabrication; (b) force analysis in the trapping

scheme; (¢) Escherichia coli images trapped at 24 mA
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DNA ampiication Cell lysis
I_ITI_I_I Ll.rl =

Dot voums ' (D)

17 PRk LA DNA P 36 (a) Y6245 5 A it sl 59 504 76 9 40 1 A AL 5 (b) 41 I 78 30O 1F F0 T 40 i I R 60 s Y
KA SR R S (¢) DNAZERAL ™ 35 B2 1 7= BB (d) 0 F1 30 min BF RPA B I 28 6 BIS ; (e) B 1) 968 41 s DNA
PR R R R B R (D26 RS, 75 O F1 30 min i RPA K T, BCFL N S04 4 I DNA 47 14

Fig. 17 Single cell manipulation and DNA amplification platform™. (a) Optical guiding of a free-flowing living single cancer cell into a

micro-well; (b) time-lapse images showing cell lysis during the first 60 s of laser illumination directed at the cell membrane;

(¢) procedures of DNA amplification in a particular micro-well; (d) fluorescence images of the 0 and 30 min RPA reaction;

(e) procedures for DNA amplification of a targeted cancer cell; (f) fluorescence images showing amplified DNA of a single cell

inside the micro-well at 0 and 30 min RPA reaction
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Abstract

Significance Optical tweezers have revolutionized the field of biological research with their unique advantages of non-
contact and high-precision manipulation of various particles, including biomolecules. In 1986, Arthur Ashkin pioneered
the development of optical tweezers by demonstrating their ability to capture microspheres in three dimensions, and his
pioneering work had earned him a Nobel Prize in 2018. However, the optothermal effect and diffraction limit of lasers in
traditional optical trapping techniques have restricted its wider applications. Nevertheless, in the past decade, researchers
have turned the optothermal effect into a merit. With the synergy effect of optics and thermodynamics, one can perform
high-precision nanoparticle manipulation in a large-scale range, which is called optical temperature field-driven tweezers
(OTFT). This new type of tweezers can operate in rather low light density, which is two to three orders of magnitude
lower than that of conventional optical tweezers. In addition, with the assistance of thermal energy, it greatly expands the
categories of particles that can be manipulated, allowing for the large-scale manipulation of particles that limit the
application of optical tweezers, such as opaque particles, metallic nanoparticles, and biomolecules. OTFT has become a
useful research tool that enables researchers to study biological particles with high precision. Particularly in the detection of
individual bio-nanoparticles, such as viruses, bacteria, proteins, and DNAs. The ability to detect single bio-nanoparticles
enables observation of biological behavior on an individual level, which allows us to develop effective disease prevention

strategies and expand our understanding of the biological world.

Progress In this review, we systematically demonstrate the manipulation principles of OTFT and its applications in the
biological field. In addition, the future development and challenges of OTFT are also discussed. Firstly, we provide a
brief analysis of conventional optical tweezers (Fig. 1). Secondly, we demonstrate the basic principles of the common
optothermal effects such as thermophoresis, thermoelectricity, electro-thermo-plasmonic flow, natural convection,
thermal osmotic flow, depletion forces, and Marangoni convection (Figs. 2-6). Thirdly, we provide an in-depth analysis
of OTFT's applications in biomedicine, such as manipulation of nanoparticles (Figs. 7-8), protein molecules (Figs. 9-
10), nucleic acid molecules (Figs. 11-13), and sorting of other nano-bioparticles (Figs. 14-18), as well as the sensitizing
effect of biosensing (Fig. 19). Notably, the study by Dieter Braun and Albert Libchaber regarding the capture of DNA
through convection and thermophoresis in 2002 is often considered a pioneering study in using OTFT for biomolecule
capture (Fig. 11). Lately, in 2015, Ho Pui Ho's group in The Chinese University of Hong Kong developed a series of
optothermal manipulation schemes to capture nanoparticles or cells (Figs. 7, 15-17). In 2018, Zheng Yuebing's group in
University of Texas at Austin utilized surfactants in OTFT to achieve precise manipulation and on-site spectroscopic
detection of metal nanospheres (Fig. 8). In 2019, Cichos's group at Leipzig University developed a thermophoretic
trapping and rotational diffusion measurement scheme for single amyloid fibrils, which may be useful for understanding
neurodegenerative disorders (Fig. 9). In 2020, Ndukaife's group at Vanderbilt University combined OTFT with
alternating electric fields to capture and manipulate individual protein molecules as small as 3. 6 nm in diameter (Fig. 10).
Furthermore, in 2021, Zheng Yuebing's group also accomplished the capture of nanoparticles via opto-refrigerative effect-
induced temperature field, thereby avoiding the possible optothermal damage to the captured particles. In 2022, A method
for biomolecule enrichment and interaction enhancement was developed by our team using flipped thermophoretic force
(Fig. 19). This approach significantly boosted the sensitivity of conventional surface plasmon resonance imaging (SPRI)
sensing methods by a factor of 23. 6. These typical advances in OTFT technology mark a significant milestone, as they
bring about notable enhancements in functionality and broaden the scope of potential applications for OTFT in areas such

as nanotechnology and life sciences.

Conclusions and Prospects The implementation of OTFT relies heavily on various hydrodynamic effects generated by

the temperature field and still faces several challenges. Firstly, the temperature gradient may cause some biologically
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active targets to lose their activity during manipulation. Secondly, various factors, such as ion concentration,
temperature, pH value, and type, can easily affect the direction and size of particles driven by the temperature field. As a
result, some optothermal tweezers require the addition of surfactants to modify the manipulated targets and achieve
controlled particle capture. However, most surfactants are not compatible with biologically active particles and may lead to
chemical toxicity or changes in the spatial structure of protein molecules. Additionally, the adsorption of surfactants may
change the surface electrical properties of manipulated targets, thereby affecting their physicochemical properties. Thirdly,
while OTFT currently utilizes two-dimensional potential wells to capture particles, the construction of spatial three-
dimensional potential well capture remains a significant challenge.

In terms of future research directions for OTF T, efforts will be made on the development of biocompatible surfactants
or the modulation of other environmental factors to achieve controlled and targeted particle trapping, especially in the field
of biology. Furthermore, OTFT can be effectively integrated with other fields to address a broader range of issues. For
instance, the combination of OTFT with dielectric microsphere-based super-resolution imaging enables large field-of-view
imaging via microsphere scanning. OTFT can also be combined with surface Raman-enhanced scattering to enhance its
chemical detection performance. In addition, OTFT is expected to be integrated with optical spanners to study the
manipulation of the molecular orientation of liquid crystals. It can be anticipated that with the development of research on
the light and matter interaction as well as surface chemistry, the optically-induced temperature field optical trapping

technology will be further improved and will shine in the fields of biomedical and biochemical detection.

Key words optical tweezers; optothermal tweezers; optofluidics; optothermal effects; microfluidics; biosensors
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