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Authors Speed Success rate Rotating object Application

DOF angle error
Zhao et al. [4] 1 28.6 s-cell™ 1.2° 93.3% Porcine oocytes Nuclear transplantation
Wang et al. [50] 3 31 s-cell” 0.3° 92.5% Zebrafish embryos Cellular structure recognition
Wang et al. [46] 2 In-plane: 1 s-cell™ 0.5° 97.5% Zebrafish embryos Cellular structure recognition

Out-of-plane: 4 s-cell™

Wang et al. [47] 3 Out-of-plane: 2 s-cell”!  — 96.25% Mouse oocytes Polar body biopsy
Zhuang et al. [51] 2 44 s-larva™ 0.5° z-axis: 94%; x-axis: 100%  Zebrafish larvabody  Organs injection
Ajamieh et al. [48] 1 — 5° — Mouse embryos Cell biopsy procedure
Zhao et al. [49] 1 23.6 s-cell™ — 93.3% Porcine oocytes Nuclear transplantation
Aishanetal. [52] 3 — 0.72° — Xenopus oocyte Full surface cell observation

DOF: A 1 /%,
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Rotational ~Angular velocity —Photo-damage Optical

Authors Method Rotating object Application
DOF ©)-s™h) occurrence rate  beam number

Chowdhury  Pushing-based 1 — 0 2 Dictyostelium discoideum cells Migration study of cells
etal. [77]  method

Chowdhury  Topological 1 14.32 33% 3-6 Dictyostelium discoideum cells Noninvasive transportation
etal. [78]  gripper of cells

Thakur et al.  Pushing-based 1 — 0 2 Yeast cells Cell translocation
[79] method

Cheahetal.  Topological 1 — 33% 6 Silicon beads Grasping and manipulating
[80] gripper a microscopic particle

Xie etal. [75] Direct rotation 2 8.59 67% 2 Yeast cells Single-cell surgery

Chen et al. Direct rotation 2 Spin: 72.19; 67% 2 Red blood cell Simultaneous spin and or-
[65] orbital: 151.26 bital rotation

Xie etal. [5]  Direct rotation 2 9.74 67% 2 Acute promyelocytic leukemia Cell surgery

cells
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(b) % Royal Society of Chemistry, ©2018 VFA], 5% 0% HR[7]; (d) £
VCH Verlag GmbH & Co. KGaA, ©2018 7], 44k [ 2% SCHik[113].
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(e)
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¢ WILE-

Authors Electric Rotational - Cell Mechanisms Manipulating tool Rotating object Applications
field type DOF trap
Han et al. [15] Rotational 1 Yes DEP; ROT  nQDEP; ROT signals Human leukocytes and can- Measuring cellular dielectric
cer cells properties

Benhal et al. [112] Rotational 1 Yes DEP; ROT 3-8 electrodes — Finite-element analysis

Walid et al. [110]  Stationary 1 No DEP AC electroosmotic flow Barium titanate particles Microfluidic device design

Huang et al. [114] Rotational 1 Yes ROT nQDEP; ROT signals; HeLa cells Microfluidic device design

shaped channels

Chenetal. [102]  Rotational 1 Yes DEP; ROT  nQDEP; ROT signals Pt-silica Janus particles Analysis of the rotation di-
rection

Zhao et al. [111] Stationary 1 No DEP AC electroosmotic flow Rat adipose stem cells Analysis of the rotation un-
der DEP

Huang et al. [7] Rotational 3 Yes DEP; ROT  nQDEP; ROT signals Mammalian cells Measuring cellular biophysi-
cal properties

Chow et al. Rotational 1 Yes 3D DEP; Liquid metal electrode HeLa cells Microfluidic device design

[105-106] ROT pipette
Huang et al. [113] Rotational 1 No ROT Parallel and planar HeLa and HepaRG cells Polarized cells as electrodes

electrodes; polarized cells

nQDEP: negative quadrupolar dielectrophoretic force.
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[112], FESEERRH AN 44 il EIRIEH )
(1 T AR e A AR = 3 i oK [ 4 (D [112] ], H
Hol IR R RS, 2SS s HI S EmE
Z[115]. BONHEIZM SRR T 8, Frbh 2 A Hik
(1R P — Ak 2 B R BR P 9/ R 8 A1 S5 A PR 2% (R 52 o

Ak, BN RAN B L g eSS, RN IX AT RE
WY, ERWRMESLIRZOb. N T RRE RIS,
Huang 5[ 1141438 | — Mg 1t DEP ¥ &, % F &l
LA 35 B4 B O R S B0 3D ek . it iR ACE S
BeE, nrCASEI AN i B e e, it AR ORI Ak
N T B R X R 1 %% R RN FHYE B, Huang 55
(71 T — R 50 A R AR [E 4 (b)) 1. X
BT VEAE AT 3D e % 77 2 A L, BIRERS LLnT 451 7
) I EEFIE R, AR RS B RSSO i BT
3D EHE, W R m g . BRI, Huang %
[L16]SHL T [ 38 I 2% (] 5 437 42 1l FH B 40 i 1) 3D JE A 22
. 52 WA, Huang Z5[113])81 Feng Z5[117] %
DR A0 AR P AR AR —FE TAE; X PP # f e % bl
il KK T 25T DEP 3G A s B4 (e [113] 1.
Chow %5[105-106] 18 1 —Fl t ¥ 44 4 J 45 78 19 22 Dh Rl
WE, H TR e AR 4 (@) ] %R E T L
[F] i 72 2 —A4> 3D DEP B AT —/~—4E (1D) ROT. IXFf
TR — N A2, ASTE RN TEOR 2 IR LY &
HRR, T4 T e FE AR BRI T 3 JAs

SR, WTLAS AR B s RS E
(B10.001~1000 wm) ZELLH AL %S 2 (ST
BUR WSS 45 . BIHETNIE, K2 HF AL LE
R Bt — A~ DOF (1 480 Jfd Jig i , 17 A /& 5 22 il 1) 40 it e %
CHEMASR 2 — A8k (63D R Huang %5 [7]7E H3%
WS B 4 AN FEAR R T SR B T B 3 4N DOF F 48 e

3.2. Wit )ik

ST BT [118-120] (R FRELELD £ WA
W AR AR AR AR E T 1R R ]
SET R AERES B I RETE AN RS2 — AR (B
g 156 U N B K AR 9K 0D . 5 AN [
CHLEEAS 5 51 AN A B R A A PR 27 SROBE[ 121 ] 5453 56 4
&1, B AEYIRE G LA . SR, X TT
R BRI 2 — I, BT AR 4y B i 06 2 B A 7
WL AT IS . B AR I[122-125]. K5 ()
(1398 7R T —> T 41 i bt & 7E R4 Janus i1~ b B AN
R B 13]. ST F E AL, —RFER
B, AR BRRAE TT B 2 DR B A I B B 7 K A e AR 126~

127]e 53— N, RN & S A IR I 70 5 M e AR AR
TP A PRI Rk o

MESE [ S (b)) TRETERHIOK SR RL it i 45k 7
FE[8OIMF LB o X PP R LW 5 OT —&AEH, ¥ Hix
KL SRAE AR I 7, SOk 7 OT X AW RE d i A (1 PR
il CRESRER o AN o B, Ye 1 Sitti [88]4 Hi K iX
PFIRAR G ALk, QG —A R, UL RE S
BERMHIRCEY . 4R, Romodina Z5[12213A0 K, 0t
75 5 10 Je S0 FACHE T 8 e A oL 1 A e 3 2 T 1) [R5 1R
A, JER R e 12 82 85 # 9% 1) Brownian 1 BT 4E
R FEXMIFOUN, BT ORI, & mT LA A
R ZHEARHAT CAIEEIIKL[128-129] [KES (o) 1H1
WP 45 T RER BN 23 [ 5 (d) [130] 1AL AL B SeBl . 3  Fib
Ti AR REAE e W T = AR S ORI, A0 A de SR TE
Horb, BEREHEE Sy R IA 399.92(°) - s fI1324.87(°) s

e, e FiE e E 0 Toor 828 LR
Toor=m < B, Fohm 2R 7 HIRARIRHE, B2IMRHY).
TEREHFERISE N, BAMER R e, B 2SR T 17
ERisnxt55. B, B R0 R G T DA RN 76 — 4
(2D) i AR Mg el . BIHAT N IE, PR R
T 7 RETAE, XERAR R FiEm T 40 . DNA
SERJHHAR[131-132] BRI [1201EAT M & . AT, ANl Pk,
Brownian iz 3 7] G 2 B IR FIBRAS, 1 B BTGBk 2 18]
MG ZE 55, WESR RGN 0 HLRE R AN B [133], XA 153 #E
JIMELIF BSR4

5 JET DEP W Jie i 25 40h, K 2 00k T 13 B Wt FL 4
ST BRI B, AR 3D FEM . 7E Berndt 55
(1341 ge R LI fe % 428 ) 35 A4 b 45 5 3D 2% (8] (1)
ks, AT M EAE TR S (o) 1o AT, XFhJT
AT B MR REA B AU (R A 1 s i 7 3 K o
7). MEZT, MAEREEIES (D 1&—ME%4e
ST PR e % (1 v, dad AR Ak i) (RIS 3 A
WO SEPUHNT PO e . SR, AN AR A TR S AN
Fase, JFBER AT L. 24 N1k, X T RSk,
AT %) 200 L 5 A1 oF T 4 P e e B3 5 Tl AT 88 2 — TR B
MAE%s DRk, BT IER B A% b R B A
Wi, VLR TR EEIKEN IR RS, IR AL X A
TR T A R

/

3.3. Fig ik

TR (RIS o URE A S ER . W)
TR AR 22 8] (A LA FH ok s i 4 il 44, 31X 72 B W
(13518 RFEH T, F T ORI 28 M 5685 270 wm (2L KL
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B 5. 2T RS rl P i ie i Hmg . () A BATE Janus B0 7% T 4HAREAT #5420 . 4 WILEY-VCH Verlag GmbH & Co. KGaA, ©2016 171, %% H
ZHLHR[13]. (b)) BRTHAVWKIRER, Kb RMEe LR RSk, 4 Springer Nature, ©2008 ¥ 7], ¥4 H 2% SCHR[89]. (¢) PIFIRIZA
EH K 2R T 5 0TS B 4H M JiE % .- 48 American Chemical Society, ©2011 ¥ 1], #5322 CHk[128]. (d) F T BhA SR AN IR H: 40 M 0 WE 22 TE i ik Bt . 2
WILEY-VCH Verlag GmbH & Co. KgaA, ©2016 YF A, #53% H 2% CHk[130]. (o) Sbon3t T Kk ARGk I BESEAR R 16 S8 45 AR FE K . £ Springer Na-
ture, ©2018 VF 1], ¥4 HSH CiHik[134]. CD3: - 0HE3; Ve TRHE; MI. M2, M3, M4: HREk.

FAEGE . AT AKX I AR T 2 A RSHE R 0.1~
1000 pm) AR T . ARIE TAE 3, kg S 8K
N=Fs OBpsE: OfTHS:; @F . Hh, armk
e ELER A R AT i, R — I A
AN T I IR ) B

3.3.1. BEMEL

FEBIRE AU BB T i — AR 20 A1 IR 78 S Redn 1 )
3. ARIEFE R , RT DA R T S A R
WA, PRI (SAW) FERE (BAW).

PRI (SAW) & H A7 #a (DT |
FEAE, WY SRMEARL I R E AT AL . X R AR IR T LUK
HLAE 5409 SAW, I 77 A6 JE A 43 A ALK 7. SAW
A LM OT —FERE B b AS Bk 7. AR By, i
FRRL T A B 75 T . (BN IR XD Bl 9 s 1
CEP R R 31X, 3 H TR0 1 25 5 A ] e 46 R[] 6
(a) [136] 1. MEAb, IXFNECARAH AT DL b 4% fi kL 7 T
W, AT FEBHE RV 2 R X AR B RS OT >k
AR A& AN T REAI[39]. BhAL, SAW HJ 4 F Tk 1 X vk .

Bernard %[ 13711\, JAEERTERL T 25 5 e % It 5 2% ) s 44
BIABERT 55 SAW HI&E IR HEA R BR T R it 2648,
W - Yu S5 [1381IA A, AT BATE B2 A 3R T B % 1) SAW
Yo FEIXPERIRER R, 75 A BR I 43 A i A 75 AR 0 X AR A0 i
A, TR RV AR AR, e
fIo GuoS[1391FHIX — MG T RERTHIEE, B
BRREE HITAR K 58 4R BORL - 537 € 1] 245 SN 1)
J7 Tl o

58 T R4 OT M S L, FHEtRehs
AT R K BRI M. shah, S5 (50 pN) 2 OT
(10 pND> AHEL, & (WIFE/NF 5 pm FIRLT 2N 150 pND
XA TR K /N BRRE - 2 A TR (R H /0 [39]. B ASHE R
K&, N T AT MR RCR ORI, P I R FH K b 4
R R /ME Y

BAW J&7E 1k U REAR 7=, 38 7EfodE iy A
g6 (b) Frn[136], K& b0 OIS 5 A BAE
R, TEIRIE NP7 AE R T SRS A, DASEI 2 i %
o T, X ey R A E AT DL R AR T TE LA
JUST B H R AT 0T R A A8 [ 1401, HAT, XFHEARE
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E 6. %A REARNBY . () T SAWRISEREE; (b) BT BAW MBS (o FaTHE; (O BEhiTidE; (o Mii; O ETFEELY

FIAE S, £ Nature Methods, ©2018 ¥F 1], #3257 S Hk[136].
F T4 57 B BB AR, AR /D 140 M 1)~ 7% R e %

3.3.2. {74

wWEe6 (o). (D [136]FR, TIEEEMTH%E
TF o MR4E Ozcelik Z[136] 18R, FT T FH IR A 4%
A DURAT BB R B AP BT IR B AR B AT e ik
T X OCBEAE T BT R AR AR AR . X TR,
FE I (B AR AR E IR P AR SR AR R A P2 A, I F T T AR
RIEREIN A T E#H, RA MRS 2SR
FRI 75 ) 0 A AR T R B A

BOAAAHL YL, 7E20154F, Marzo Z[141]#0%E 1 JLF
TN T, YR AT LRIRAE A, i R A
e e 2% 2 (A A AL IR, 1) FH AR 4 i) S B0RE PR e 2 B¢
PR MbAh, X TURAAT IR, Franklin % [142]52 4 1
— P E R SR M BE RS, AT DA AR R E Y 3D S P,
Bk T RRAA R R E 7. IX SR TN BSEEL TP RS S
il o7& Andrade SE[ 143 A, 75 % B IF AR N R
B e fE— AN BARGLE, JFAE 3D 23 [l H e A-F
ik ge

2016 4F, Melde 55 [144142 H 7 — e mh i 7k, Horp
WL AT DLE 5 24 BRI il aR A e ¥, (B Joikont Hedk 4T
e dl . BT, Muela-Hurtado 25 [14514R3E 17— Fh A 24
(7732, RO e =X 6 Sh AT S et /e 2 o= AR A 2 L
FEIRUEHR, TS DURE B ] . CERLB SO SRR |, Li%E
[146)3k — 25 73 A1 T — i FH i 75 2% DL ZE IR i i R (1) 75 2
TRAAHAE, IFSEEL T XA ET AR AR I i R e

Blile HT PRGN aTEME%. Haeds R, T
BEANRE T oK gkt £ [147]

3.3.3. iR

2B R P SRR AR Rl A R ), AT G i i A
FIT R AL 1) 7 e SR e i A RSN E Y . L6 (e) (D T
AN[136], R 45 3t 38 W LE 1 AR 3 1) IR AR A A S
BT R it J3CE FERA A PR 5 v (% 35 [ A4 45 44 mT LA
PEAEREAER, W7 ) Fras, SRR ST Ek
BRI, X SR BIOAH M AE 7S SR N AR IR e . e
Ab, AN R AR 5 45 A T DA ER AN e AR i SR B . gl
Huang Z5[ 14813\ Ay, i ik 128 it in 75 & A% 88 b N
LR, AROE I8 Hh 2B 8 S kR ARIA I FR I 33 2 T
EEe (O 1. BIHRAI NIE, Ozcelik 5[17]EL & LB T
YU MR B 2 A I rT s e e, e FE S H AR S
RN G ARG I A FERU N B BER K 12 2 7] DL A%
BRI Y . kA, Feng Z5[14910 K, AXF AR
W& KA B T HE AR 2R AT S T P4 B T A 3D e i
BefE. EATIAT S, Feng 25 i Th MU AR K5 T %% U 41 i
(R T o FEANAE ,  FFAE FHBUE U7 EORWT 5T P 4 i AE 75 L
MIREFENLE . B T B RBLGINMEE, M dnr e
RIEFRAUM DI RE, (ERGRTE % R #A0R It ; Hashmi
SE[150] 52 45 1 ot 45 W A& HF R 3 S VR 1R T R A0 L A
(6 (e) Jo fHAERMZ, MNEEDREA b1 Bk
TREARM KA, XEWE KMRED N2 5 %2 2
WORHIEEAE . shah, BEWFRM, 40 R



UK L T O R B At [16]. R, AERIE B,
FEARTF RN LS, A 5 S P 200 0 BRSP4k
FERTREA B T IX NI AR, MWKZRE, WS
WA S HATRE, BN RN LT ARIR &
GRS FiHh, XPRREER (RN BIA S5 6D
(K125 18] 73 R ARG, KPR T ENTHISEERR -

3.4, iAREN 13577 %

BT AR 1135 17T DL I % Rl 30 A ek 4
FIiiEYy (#4[16-17,19,93,149-155]), U3k s B 8050
#[E6 (e (D) 1, 7ENER:RIA e Rl vE IR [88,122,
156], B4 il R A P ()9 4 [ 18191

AR SO ERIE BN R T-7E BY DR T i e e iz 2h it B
GRBEAFIS AT T VAT 7T, BT 1 e R 40 e
(VALK ZN 27 AN, o] DAYE R B B i 16 . AN IR
{1 40 60 PE T 5 32 ) 7 THIR AN P48 R AR A AN [FI R OB )
Wi, 7E Shelby 1 Chiu [191/HF 7 H, R IIEINTE -3
P T 24 B ) S A R R R PE AN I R BE A G TE
XFPESLR, 51 RS I A B 28 R AR A e A T
b, FFEATBCE LRI R I A R B AR kBl g, (I
e, JEAh, Torino ZE[ 1511 5T T ASKE RN 7E B 28 1E

R4 MFRAZ) 135 7753847 AR RS BRI AR 5% SCik

11

ITEFATL, R IHE e o P 5 240 R AR X T IR A A 30 ) 7 1)
DA% 4 05 30 30 B PR PR B O o JSCE TR SOl Hh R AN X AR
MM (—FETIEIERE, M FEEE )
SINAFFOE, U7 RN e o X Fp 22 576t T A%
PR e ARk AR B R

IE AR, 2 i OE TE P R R, BE S RO R,
AR 1 KI5 AR 43 AR % K . Tanyeri Z5[157-158]# it T
— AN TR T RO AR B, RN LR R
AL R, RIS — NS I AR AR T a7
(b) [1571FT7~, SRR /INFI TR 1D B2 248 it v DA 4 38 A
ek, HIRFHE A AT IEEIR . BeAh, 2R R
&, Yalikun %5[18,152,159—1601#2 1 T —Fh Jr EwiiR, i@
T K v TE A BT R B AR AL 5 R HE B i 4568 v R T
TR EsE, WE7T (o Fias. #mIkr g
HL7E — AN B TR X IR e[ 7 (o) 1, TR TR X s A e e ok
FEHEARRFES: MILEWR RN i rmE, L
K SRR RS . FIREH, Zhang Z5[153]42 Hi 48 A %
AT, TEEATZ 8= — MR . X PR
RE 78 B K BREN 7, AR TR LK RN LA ek 2 1)
FORL T BER o PR IR LR R, R I e 5 i

Rotational Angular velocities

Authors Method Rotating object Applications
DOF ©)-s™
Shelby et al. [19] Recirculation flow in the micro- 1 200 Mouse B-lymphocyte cells  Orientation control of single
vortex DNA molecules
Hashmi et al. [150] Bubble-induced 1 <1080 Silica particles Drug and gene delivery

acoustic streaming
Hayakawa et al. [93]  Vibration-induced flow by three 3
micropillars
Torino et al. [151] Rotation caused by the speed 1 —

difference between two sides

Ozcelik et al. [17] Sharp-edge-induced 3 > 84 000
acoustic streaming
Ahmed et al. [16] Bubble-induced 1 <18 000

acoustic streaming
Zhang et al. [153] Swirling flow induced by two 1
microtubules
Yalikun et al. [152] Micro-rotational flow induced by 3 3600
flow at the orifice
Fuchiwaki et al. [154] Vibration-induced flow by 3
oscillating pipettes
Liu et al. [155] Vibration-induced flow by 1 291.1
pipette circular vibration
Sharp-edge-induced 3 3000

acoustic streaming

Feng et al. [149]

Vertical: 3.5; focal: 63.7 Mouse oocytes

Trregular: 343.77,
regular: 171.88

Vertical: 34.8; focal: 188 Egg cell

3D cell observation

Yeast cells 3D shape imaging

HeLa cells; Caenorhabditis Organism studies

elegans

HeLa cells; Caenorhabditis Organism studies

elegans

Shrimp eggs; silica particles Analysis of pressure and ve-
locity distributions

Single pronuclear zygotes ~ Oocyte all-surfaces’ imaging

Multi-axial rotation

Mouse egg cell 3D cell observation

Swine oocytes In-plane and out-of-plane rota-

tional manipulation
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P o I IR 0T DA R A ) A7 R AT i 2t R DL el Rl [ 8
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S ESCHA b . X ARAERANER 528 A RE T 48
it B AR A 1) F 2 A1 [134], 38 7 BB 0 Hk AT
I
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Size range Spatial Rotational Mechanisms Additional system
Approaches . Advantage Disadvantage o )
(pm) resolution DOF (principles) requirements
Optical field 0.1-100 0.1-1 nm 1-3 Low noise; low drift; Expensive optics; sample Trapping force High-powered laser; high
[9,56-57,67] precise rotation invalidity; sample heating; and torque numerical aperture lens
weak force
Mechanical 100-1000 0.01-1 pm  1-3 Precise reorientation; Complex operation; low suc- Mechanical Micropipettes; micro grip-
contact stable performance cess rate; cell deformation; contact per
[4,46-48,52] high risk of cell damage;
complex system; modified
tool fabrication is required
Electric field 0.001- 0.1-1 pm 1-3 Low cost; highly effi- Potential electrochemical re- DEP force AC electric signal
[99-101] 1000 cient; precise rotation actions
Magnetic field  1-10 1-10 nm 1 Force-clamp; magnetic ~ Cell pretreatment; contami- Magnetic gradi- Permanent magnet; mag-
[118-120] bead rotation; specific ~ nation ent field force  netic beads
interactions
Acoustic field  0.1-1000  1-10 pm 1-3 Low cost; massive parti- Limited precise cell rotation; Axial acoustic ~ Acoustic source
[16-17,136] cle rotation; low num- cell stimulation force
ber of injuries
Hydrodynamic 0.1-1100  1-10 pm 1-3 Low cost; simple opera- Limited precise cell rotation  Hydrodynamic Special structure; multi-
field [152,159— tion; low number of in- effects pressure regulators; flow-

160,165-166]

juries

control algorithms
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