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Abstract: In synthetic biology, methodological innovations in sequencing, editing and synthesis of genes and whole
genomes have resulted in unprecedented development in “design and manufacturing of genotypes”. On the other hand,
“testing of cellular phenotypes and functions” has increasingly become one of major bottlenecks. Single-cell
technologies have tremendous impacts and potentials in rapid testing of cellular phenotypes and functions. However,
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such single-cell methods should allow non-invasive live-cell probing, be label-free, provide landscape-like phenotype
sorting, distinguish complex functions, operate with high speed, sufficient throughput and low-cost, and finally, be able
to integrate with downstream omics analysis. Raman spectroscopy has all the above features, and can provide
information on the chemical composition and molecular structure of single cells, making it an efficient single-cell
phenotyping technology. In this review, we first introduce the concept of Ramanome and Ramanome-based
phenotyping technologies, including detecting and quantifying products, measuring profiles of substrates and
metabolites, discriminating cell types or states, and characterizing stress response and modeling environmental
changes. We then summarize the development of existing Raman-activated cell sorting (RACS) platforms in
phenotyping and sorting of cell factories such as including spontaneous Raman, resonance Raman, and coherent
Raman, the modes for acquiring Raman signals including static modes on dry slice and in liquid as well, flow modes by
trap-free and trap-and-release manners, and principles for target cells sorting including Ejection by pulsed laser,
dragging by optical tweezer, and sorting by microfluidics operation and droplets. We also highlight the applications of
different RACS platforms, including the sorting of carotenoid-producing yeast and cyanobacteria cells, astaxanthin
(AXT) -hyperproducing microalgae cells, triacylglycerol (TAG) -producing yeast cells, etc. Finally, challenges with
single cell Raman spectroscopy (SCRS) in the phenotyping and sorting of synthetic cells and their perspectives are
outlined and discussed. We propose that SCRS will bridge phenotypes and genotypes in science and technologies
through coupling with downstream high-throughput cell sorting and omics profiling. This bridge will lead to novel and
creative solutions to high-throughput, landscape-like testing and screening of synthetic cells. Moreover, it will fulfill
the promise of Raman spectroscopy-enabled single-cell “phenome-genome” as a new type of biological big-data, and
accelerate the pace of “data-driven” synthetic biology.
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FAET P AR A b o E 0] B R I A T AR
T T PR AR . PC AR IR A A R BT IR K
FRBE IR — DA MR, Sl 2 O 1 T L 52 2
B YR AE £ WD o (0 1 338 0 W] e s AR B T,
SERE IR A ST A AT B, DT R AR
N ME—BRIR IR S 2 MR Z bR i, PRI R
IV 38 A 3% WY LB AN B AT TR 20 0 0 TS Jie AN K T
SR AT AR R AT B R B B R AR 45
P 2 A T A T 4B T R v AN TR e (e
R R TE < AN TS B R A o e S R R 1
PR 0 A 4 i 1) B A AR LA AN AR SR &

3 Tl 2R AN i

BT AN L 2O HOR SRR IR A A A e
WOKRET —RYNSEEMMR LT & (Raman-
activated cell sorting, RACS), & 3B+ o 758,
L IX 2L & Be 8 7y B H R E Th e R Y I FRL A
AR BN oy e il R TC R, DRI 0 43 9 1 4 e
AIDAE S N R, R, mEad.
AU 2H 55 dH 2 0 T T G fE . DR b 2 B 4
SR TEFTARIC, B DL B IS BT ok B AR ik

FTFH 2 RS ik
IR A SME  (Coherent-RAMS)
Wk srie (PDEP-RADS) :
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Fig. 3 Raman-activated cell sorting platforms
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FRTA A, HATh 2o & R T [ AH
XL, YRS RN 4IRS SIS, Kk By
N BB R ., A B h 8 5
%4 #%  (Raman-activated cell ejection, RACE) ",
i 2 B = Ol B /> i% (Static-Raman tweezer, Static-
R # Ik &) Fi 2 o BT /7 % (Raman-
activated gravity-driven encapsulation, RAGE) "™,
Jo #F F E AR AR 8Ot ik (Flow-Raman
tweezer, Flow-RT) "™, i 2 i s> % (Raman-
activated microfluidic sorting, RAMS) ", $ij 2 fiik
i4ri% (Raman-activated droplet sorting, RADS) ",
S FELFRL AT R A SR ARE TR B 0S4 i% (positive
dielectrophoresis-based RADS, pDEP-RADS) M
PL K AH L 2 R 3 i (Coherent-RAMS) 471,
ZET S F ARG T R R 2 R AN 5
% FERM M el IR, NE R R R RAE
Mgt 7 EETF B

31 BSENNESHEMRSIEFES

i A AR 2R 8 0T 4 R 3k - B I B KA 3
ST AT DUOKE B 2 B B 40 L 2 AN R (one cell per
tube), AT Ui 520 ik R 20 S A S B B, B
4 ST RN KL IR B (10 0 B AR B
3.1.1 3% #4145 (RACE)

R R 20 &3 A BIRS — 2
B G NI, WA R I 40 M 2ol ST 1%
R FIRERNAT B8 nuE U B H bR gl
NSRRI ) el = QU Gy Gl = g ) O
SR B B AR FL N B 1% VR AT RS SE AL
sk 2 4 i sE . T F&, Song%E T M
LK FE RN B BT I s & RS bR g
B, 38 I A R R TR R R N R AR
MREER, #—PMAEKZ2HEHAR, MNEEL
TR Ay R 24 T, G A R R 2
W AT 7% U, Wang 55 0 Sl TR ARG
PR N A4 7 T8 B B T AR WD 0 0k 5 8 . 1O IR ERAE
FEOF (8] R, A e AR ey, (F L S I 40 R 55 S5
B EAR RN E R, xRN T &
GRS AN, T BAE TR BOR B h HAE S ok
AR . AR BRI, Jing % TR T

BIITO A 9efE o8 v, SEEL 7RIl /5 TG 75 B o &=
b, FBRRET —44k (all-in-one) Y, 78
BT 95 e il L, B & SEEL T VR E R B A
SE o 1% TV BRI B =& v kR 8 R A
O 5L 3 30k 2 0o A BRI R — o AR, A AR
7 5 AN R 20% T Y O BRI AR A%
Liang %5 U fE g i B | B0 T 3 e bE B, LA
WK EKAH G R, A S A4 (BRI
FERE) ARG RN 63%. E X KAMERE (K
WD) N22%. FEICBHMEE R 25 0E LR AT )
N T4%. R — SRR E AR B &S E, Su
G T ZHE Y (MDA I, MIf
W 3 N 7 5 HH<20% #2751 21>50% .

3.1.2  #A3 % B4 (Static-RT)

B — Mz AE A 2 T R AR O R A
VAN E oV AR 5% N (DU L A= R it
AR A KRR T R 2 AR B2
S RS, R A B/ ORE AR, 4N A
IEBAR X # E PIRAS N oE . Xie 55 1 mfa i
S AH TR EMHRIERT . N T —
W AR, XiedE M Wik TR E SR
o 2% SIS [F) A BROIRZS B 248 Al 3 AL R 50 A A3
Huang 55 " B 87546 T2 B 40 b 58 A4 i = 2L 1)
P21, B OGERE H bR g R e 1 R A 1)
Iy ity 56 BCAH R 3 3k, RS R T 4E A T T SR B H
B 2 B ) 4 B o3 B A R, A A SE R T AN e
BERA 5. BT %P aIHMEHEKR L, Berry
LU MR E R o B TR, JRE
DRI 23 #r o0t 73 B A B AT T %€ - FIRACE AH
b, &S 8O0 B IR 25 SR A 4 i 43 ik 1)
RAE KA S8, EIR R BT REAC 7 340,
A8 H 3 ok A B B A 1) 7 SR 3k 5 A B2
A H br 20 M i R R R, T L E A $oa B —
A2
3.1.3 EAIRFH4x T 4Rk A 5 i (RAGE)

ARG SN SR T i D o R R CI 20 R e
SRR/ Z MM, R EERME T4 AR R
. Fang % " R AP f 0, R
LR A0 M 4 208 Ah, I T B gl AR A TR L
SMESEIAN, HET T, A R R
P, BRITT E M ) 25 P U T TR
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BRSO R S s (SR
TI5 R AR . Xu2s U FF R T — R & 580k
5 R 2 0K 20 T 9 B A L B T T B 2 A L Sy
HHAR (RAGE), 3/l T % M8 7 B85 v s —ol
B 77 M LA S B H b 40 M B B A ST T ) IR
I AR A O R BOR, SERL T H AR B4 Y
R oy ANPGRS, SEBLAT I ED BT AR . R K
FERSE WU R DA BARG 0 FR S A SR (R 45043, D 2
A R I FE A A 51 ON BT DL R = MDA 3 K
BT LLRAGE 4rik fa,  H bR K AT 1 540 i
(4= 5 DR 2 O 7 7 55 FE A B T 4 95%. BT
RAGE, Jing %5 " S 1 0 358 & B b v AU 1%
G H AN S E D KA ik, Rl I s A
A R R o A B AT TS e, RIRAERTE
FERTHE N AN 2 R, g &
FE T8 35 00 7 VR TC 1 SE P L K A0 B 10 0 B K

3.2 RuENRESNEHERS®EFES

it AN AR 2R 2 O A R 4y 3k T B s K AL
i@ C(high throughput), KL ES MM T
rhR B4 A 1R ik
321 ARXEZ S % (Flow-RT)

FoREShEREn e TR, H
AL O IRk, IR R R A
BRI B 45 & K e T B8R E & T
XS S B TR Ae R Y 4 M R K R B
B BRI BAR . it — i mrikim e,
Casabella 5 #58 T HEL2 AR AN B RS,
5319618 B A v 1)~ 2.8 M2 /min M. Lee 55 14 ik
Tz h 28L& MG E KSR K,
SEHL T /0N B TE B R R PR TR N I (R
£)98%; i 3.3~83 M HE/min), JFiELHE—
AW A IX R AT T E . RREREThE
HR B 1% F R AEYIRE S . AR 2 5y
S G AL, IR 2 6 B A W /) A R 4y 3
D7 A A BRI, Hl TR,
S $0 T V2 F 3R v IR B0 4 P L T v R S B 4 3R
211 S s S0 5V i = S D 5/ [ I R BV L SN
A 3 AR

322 #Z AL (RAMS)

BRSO IR IE S S M 1 sk i,
B DA B TR AR m i RIF RS
Wil R AR, LisE " BT E
EH 211 4°F S (Raman-activated cell counting,
RACC), LRSS E N3RS &R AE e SL B 1
W] B BT ) v B B ATl (29 120 448 ffd/min) . Zhang
A U 3 3 A PR e A T B el R E B RO
AL s AT 5 28058 R A I, 1% SRS D e T
REZHAMM B K215 5 55T B EA N & R
R R AR ERE R ORI P A TN = |
It — D G O T L R e 1B BT, R
Mg T EEENL. mEERAMSFE, ETiZ
FELI RN PRBRFEEE (L6014
fl/min) 731k . 1%E VG % F| The Scientist 1) %
A, N E IR R RS 2 a0 & BT
TV % fhx R A B A IR 25 S
LEP R ERER RIS N RGN A P AR
L2, XAESAE BRSNS T REE 3
e H 215 5 47 . #E 4, Mcllvenna 5§ "' 1
RACC f JR BAE Al bt — DA B 1 56 T 20 R (0 7 ik
G, MIMSEIL™RE MR EME N2 (4
30 M4l ff/min) . H AT, LA K RAMS F & 78 5 3L
I iz 2 2 AL e TN G 20 g T B A BT s TR . (H R R
SRILRN 2E S 2V RN N WS, XL
RAMS 1 & 1) 73 126 18 B AR AR B
3.2.3 3% ik & 4% (RADS)

WO R AR BRA R, w500
VLR B T ) 2 e B OR AR L G 1 T Ak R
PoL R EZ . WAV M A S RSP
B\, WM AT S W] BN RO AT R R
T4 v 43 vk B AR R . DR G R OR E
RO Z M TAM L ik " Cristobal & "
BN MO ORI R AR 2 45 G, Rl T
oSN JE A s gy, R e LT A oy
RADS ¥ & 5E [ 34l HMBH AL B A 5 A/
AR B AR SR A S = SN VR I R AN
SRR IR . AR 0N Hh B i Bl 2 5
WO, i g JIRaX 26 3t 2 R i RADS °F- 6 (1]
KEE . Wang 55 U@ ik S 2RI S WO B R
WUEA B e R T EIRMERR, @ P RA N I
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Wk, %BE 7T HIEE X RADS Y&, ik
JH &8 AR 2 260 N4 i /min, & H #T CHRIE TAEH
L 4y i 0 B B = T RACS &40 1. BFXTR A4
BREE T ERE = O Bk A R IA F) 95% DL |,
o33 5 A0 MOAT IS F08 93%. LAk, B AT 4k
BIEZRTRERNWERGEAL, @L5 G
R 2RMEAR CAHFR S REE R 2
) ME, MEElEmEESIE. HE, HTH
IR K Z B A ) B K 245 5 885, RADS
A AR R 110 e DU SR s A L [F) RAMS —#F, JR PR T
W E2ES (R ZFES) FkimL.

324 Aw R miadh KRR Z BT REB R

(pDEP-RADS)

S5 B 2 2 AR ) e I B v R Ay ik — B
P& HAR. W EATIA, Zhang % " KRR
RAMS V&8 T AR T, W &l i 3)
AL R AR R AE B2 OGN T AE A 2 R AR I
), DASRHUE @i & 99 215 5. Wang %" K
JE[F RADS T &5 7 M R 7k e, S8l 1
FETB i Vi i B U % s = MO P B B e
B, Wang %5 U R R T w2 A L IE o RE &
S HL P R A SR TBOCREL 2 0S4 1% (pDEP-
RADS) “F&, FFuRi 1l fEme B H it =18 & &
ANV Tk, 28 — %0 0 ik Bl D A I R
T T i e g e IR e i 22 Y 3 S L kB R 9 T e
BRI 2 AN R AR TE 1) 55 Th g FE X . B: T pDEP-
RADS HI Al A IR AEHOR, okt Be 3 &5 A2
RE VR 5 o R B 70 P R R A ) R R B T HE L
HhE G ol E R 2 i FlowRACS, HIEH
$ir & oy e T B .

325 AT 422 iR (Coherent-RAMS)

H K $L 2 i K B 2 T3 59 85, ROk
BRI MHTHRSHEARKRH “EH” (pump)
N “HWrFE v 7 (Stokes) 5 ik IO O % 5 4
TR AEAAL A+, AR =245 50 FE 2%
fodgam Y. HEr, MR SRR EEAREM TR
B #E 5¢ B $7 2 BT (coherent anti-Stokes Raman
scattering, CARS) " Fl1 52 F7 2 U} (stimulated
Raman scattering, SRS) "', 2 —4% CARS i 20k
M- G AL BE S B0 — A 1) B m R, d KR o &
N 100 eps (events per second) "', i i K F 55 1%

T, CampZ5™™ K JE T 26 CARS (multiplex
CARS, MCARS) A, HL [ 1200~3100 cm [
TR, WA AR A, FIR AR DI E & Tk
10 000 eps. i i #F — B JF 9 WO &% 55 6 A
Hiramatsu 55 "7 5 ) #4 4 27 28 W i 38 A I 4 &t
X (400~1600 cm) (1) Fk T~ HL -5 62 (1) CARS
(FT-CARS), #illid 5 £)°4 2000 eps. A T #—
SEPL kTN AE, Lindley 25 ™ 7E FT-CARS [#) 3 fil
AR T ETEBERM IR, RINEEEE
CARS-RAMS, I/Ril T/~ 20 IR 2= 0
Y1 ff =il R (29 50 N 4H ML /min) Gk T, 7E SRS
JiTH, Zhang 55 U7 $A R T 58— & SRSyt AL P
G, ZTERAT 328G RS, Kkl 3kE
)32 ANELL s, BT ZTFERE T AFRRSE T
3T3-L14I I @ & (29560 eps) R 501. W37
B THMREEYSE, RERBHOHE =
FIF H bR IR0 0 5 A 3R AE, AT B 445 B8V S 11
TEAS R A 0T SRS A IR 1) R A i 3L L 4% if%
fIBE 77, Suzuki &5 "™ 3R R 4 €6 PR I 5 g
BT HEETSRSEGMAN RS, R TH
BT AR 2R & R
VLB AN TR N R A 1 5 52 o DR 1 8k — 2B S B4y ik
Ihfg, NittaZs ) 78 SRS BUZ AT R St (2 ik EoKs
B YR T 2R 28 O YR S I A0 i L TET A bR 4
It — b R T R I ik T, R
HEN 2 RGNk 24 (Raman image-
activated cell sorting, RIACS), Ff/R7E T 3T3-L1
FTAET0 NG 107 A M L s 7™ I O ) A BE 4 B AN °C A
TP AR H A B 1) B B e (29100 eps) M
KI5, CARS AJ DL £ R B 2 5 5 (&)
1900 cm™), {HIHHSTET 5 2 AE LR ST,
SoMRE B, SRS BUARANAFAE 1%, {HHFREL
(95 B4 (41200 em), S ECILER ) R A
BEED. 4, SAaKkfSML, MTh2ak
s ol A2 s B R, (H AR R o R R
(#4920 cm™)\ JTEVF AN A A5 BB

3.3 ETFFlowRACS RIEEIETHIE

Har, WaCHLE ik 70 & e W 2: v N
NI Z 0] 2 3 T FlowRACS Ff) — e 35 H- il i 3
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R Mg (DGATs) W i% (1 0 ik . H il = fig
(TAG) & N Sh¥n AT 2 vb i g 1 35 240
EHA RS R E A, M HAE LT A A
Mo AR e, bR EARRE “REEAF I T,
4 TAG AW A ) S e — 0 AR P B —
e H B L L RE W . E SR JtHF DGATSs 1t Zh B i)
HZ R, HIEMEACURE TAG P2 & 3G,
W AT . BREEK S, X S b M R
W T TAG M@ ME TN E, flindiEA s
IR LIS A YR L R, RN IE 2 Tk
THIoCEE T H, DGATs 42 38 A ik B A F K1
Rp 2w SO S FH AN E

{HA&, 1% 501 DGATSs i i 77 15 38 & AL 55 % ik
Pl 5 R 7 JEC A8 400 v R 3Rk L 4 R 3 8 R DA
KAV . AR B E 2
1E5r B TAG P24 A FRAR I3 15 K 23 A Fl g
2 TAG T HSEEIPE [K4@ ], X—
WA W AR, FERRE . T
FlowRACS i fe [ 4(b) ], #] LL—k MRS 84k
20 > DR & 5 O R b S A O, A Y
17155 R AR 5 B8 1T FlowRACS #E47 47 ik
G108 S5 B AE R AT AN 2 0 s IR HLA AT md E Y
R4 W 7 B4 (6 o] A3 A D Re B BR, 0 aT kAT P AR
B BERE 9%, i Sanger Wl 7 % E B LB, IR AT
HE— 5l A% Gt 7 1R i S ) B s B AT B N
RNPIRAE . T ZR NG, Wang 55 "0 25 ik
FT9ANELE DGATs Thae 5L Rk AT R B A5 55
St —R IR IR M IRUE, IR 34 ki
(BRI R RN 2 AN PR 55 280 [T 4(e) s
T A 336 4% G2 5 VA5 3K 3 55 Th g 22 X1 f 9 e A
RAE, P IAHH ) 27

5 3 - A2 W J5 2 BORD 5 5 43 T 1R A% 48 PR P il
NE M 775 AH L, FlowRACS e i 8] . 74
MAN TRARTE A, KO3 & 1 B 07 i 3% .
DL 10 A5 R 1R B e 45 78 S B, A G 20 7 B
2131 Kk (BHE: O, @TFREEFR: WIS
7t @O T%E; OFF; OMFRI; OXT
W2 AR K TAG 70 B @2 T UM € 1% A o 1% Bk
FH B TAG R AE) « £ 1000 3 76 B3R 751 K8 44 78 48
(G Ot @ FRE:FH: OWkE 7, @)
T4%; OFT; OMIERIG OFTHZ G

) TAG 43 55 5 @/ AR €845 A1 1% Bk Y TAG %
fEY F#325 N RN T lA (B Ol
Qo T%E:; OMWMERK:; OXTHEZEGEDY
TAG 7 B3R B © 5 T A0H 1% A 5T 1% B¢ A 1)
TAG FAE) . 1M FlowRACSAY 75 E #4155 K (U E
fi: Ofth; @ F; @ % T FlowRACS 7 ik ;
@FEEENF. 30030 NEFH: Ol
@S @M T FlowRACS 73ik; @il & 5)
MLp1s NN TlRA (R Ot
@3 T FlowRACS 73 #8) . 1 H., 247 % & 3K
B gt — D Iner, A& 5 U7 RS A AR .
FE M TH FE AT ON TR AR B 2 RS B8 o,
FlowRACS JL- A (5). [Aik, FlowRACSIE
WG B A AR R AR R AR R (1) 9T A%

4 BB

B 2 i 2% TR 1 IR 43 A A AR ) )
HEZOLZ—, HEYHHRESEZ —. KE
e 2P 2R TR ARG WU R 73 34 5 AR T N G AR )
R JE A S B B 17k Gy kT o g B RS 97 1 O
FEOF . B H AR . wOkial, GHE FACS #
FADS, & HERH BN Z M El s g A,
H 575 ZLAM I 2 e brid i AT 5 AE — 2 R BIR
Hil 7 H N HJE . SCRS $ A K H B A 35 R 45
FEdrie . Rt mARE, RO FEIRE.
POk BAR A . fe S5 A= M Bsh S A, #iA
R — PR EAR (R B ROR B e R R T
SCRS 1) RACS $i AR A B il th & BCAE W) 2 2 Ao 0 F
Ay IR B, SR, RACS 7E & BAE W) 2450,
(98 042 90 5 SE LA 75 5 il 2 Bk, Rt A7
1EE KL

PR3 T h 2o wE i R BRI 7 T, 2 A
RE % 7E 0 7% PRAE (1 RT3 F I B R AR . 7R
Yok . PREE RIS 2 R A Y, (R AE B A R
JE [R) B 0 X e SR A g < A s RV BT v
TG R e N AT RYE . Ik, R —
AN U 3E O i ARCE A TR SRR LA A B I — 2R )
i, tbndE A, R, AR, BRS, ENGHE
b — AN LA B 2 R AE 0 v e DURR R PR X 7 B
PORTBFP T . R RZ R . TR AP . WEAR R
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Fig. 4 Workflows for in vivo screening of DGAT activities through traditional methods and FlowRACS strategies"*"!
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Fig. 5 Consumption of time, labor and reagents for in vivo screening of DGAT activities through traditional methods and
FlowRACS strategies"*"
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