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Abstract: Transmembrane signal transduction in artificial cells is a core function of autonomous artificial cells.
However, the construction of artificial cells capable of signal transduction has faced multiple challenges, such as
limited signal transduction capacity and insufficient coupling with downstream metabolic pathways. In this review, we
summarize three major categories of signal transduction carriers for artificial cells, including biomacromolecules,

synthetic molecules, and nano-biomimetic structures, and describe their working mechanisms, functional
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characteristics, and latest research progress. Biomacromolecule-based systems rely on functional reconstitution of
natural ion channels and G protein-coupled receptors. a-hemolysin forms stable transmembrane nanopores for small
molecule transport, supporting intercellular chemical communication and intracellular genetic circuit activation.
Mechanosensitive channels mediate calcium influx in response to membrane tension for mechanosensing. Notably, a
reconstituted B2-adrenergic receptor pathway achieves GPCR-mediated glycogen metabolism regulation via the second
messenger cAMP, marking key progress in coupling transmembrane signaling to intracellular metabolism. Synthetic
molecule-based systems overcome the limitations of natural proteins through chemical design. Synthetic ion channels,
including organic macrocycles and peptide foldamers, enable programmable, stimuli-responsive ion transport with
responsiveness to light, pH and metal ions. Synthetic receptors transduce extracellular signals into intracellular outputs
via conformational change, dimerization, membrane translocation and energy conversion mechanisms. Nanostructure-
based systems feature high programmability. DNA origami assemblies precisely regulate membrane permeability and
mediate intercellular communication via strand displacement reactions. Carbon nanotube porins form uniform cation-
selective channels with high ion flux for efficient transmembrane signal delivery. Leveraging these diverse signaling
modules, artificial cells have shown broad application prospects in highly sensitive biosensing, smart disease therapy
and biochemical logic computation. They enable specific target detection in complex matrices, stimulus-responsive
therapeutic delivery with reduced off-target effects, and construction of programmable biological logic devices.
Nevertheless, critical challenges remain in multi-signal integration, energy autonomy, long-term in vivo stability and
scalable standardized manufacturing. Future research should prioritize feedback-regulated signaling networks, energy-
autonomous systems, multi-cellular coordinated communication, and scalable fabrication processes to promote the

practical translation of artificial cell technologies.
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Fig.3 Artificial cell signal transduction based on synthetic receptor*®* %%



010 GRENE 75

AR FRAHOGME . fEBhIE AU E SRR R R
A 3% 3R A5 10 % TR 1 e A4 1T 5 SR AR AR U = R
P ESEM S A B, Soh 2% B it —Fh ATP i
R Z A ATP 45615 5 52 AR BRI e A4 B
PG AR, T 5O A5 VKGR 2 8] S 3 TR R
IR G52 (F3(c)); %M E G sMuE
I I 2 W R S e N, R ) B A AE N S AR K AR
MR, RN G X, K32k %It
TR0 T A e 1
223 A TR A RTIH

AR R A AE T e T X T bR P A AL
HI S 5 e L, HoRO 2 B ANTE 5 A
2GS ARAE G 5UOUE AN 2 TR AR B R
T8I g A A B AR AL SE LG 5 s T T
Ko Hunter A BAEEXT AR RFEAT 7 RYIBETT, H%
Pyt 7 pH e . PR R A6 32 A, DL [ B A i 7K A%
Ly PR E T UI B V() Sk 2, — Uiy pHL MR R
10 Ny BR TR ) Sk 5 5 — i DAy PRk E - g A A 71 S B
N 3E 4 A1 pH AR Ak, 5 B0 Ik Sk R 5 - AOIR A
AR, AhEpH Th iR & 9 B, IE B AR 2 AL AR
HibE, DRl AZ A IR A AL A Y i, R IR I - i T
A A LN Zo® T s T A 0, AL
e IOIEE S EEY/VI 32 N ) Wk /PR T SO R el BUL
TE I AE R T AR pH AT S IR Ak 1 1 2 O R
PEH (B3 7 A Pk — 4 B A7 i N
oM RERARN, WETETE&EE T
R A5 5% S NiEd . 244N R iR
Sk FE B M AR FERS IR L (4], R Cu 5 AL HERD Ik
%) iR FC A5 A FH R 52 A [ 58 78 J5E 40 T B OFF IR 4
Ak R I A 2% ) EDTA B, EDTA 5%
Fritk 4G Cu AT A K & A 1, IK B 2 AR % A
BN IS Zo BOSMEAGTEE TV TEIR IR |,
Z A N — NG B 2 ik 5 2 ik ik g
RIGETHFIIRKIMPRIRRS, 2R
HE A P 2-2% IR 6 7K A A2 s 3 T 1 771 2- 25 FR
g, YEINAR BT @ B, Al B AR
BT, ARSI T 15 51045 S CR *Y. Yang
& IR FOGE S T 2R R IE T
T WAL R S ol e B A, P R R E AN [
BT BT I S A A A T, ST A AR TE
NG AR IEE A, 51 R M P A Ak s B AT i T

K, P TR NGS5 SR AR .
224 A TREHBZAEGERTIA

RARAN AR TN IR . 2R R sz il 3 3
EHE, Z R ERERSAS Y . A
A R, KOG pH S SNIRRE B R L I
G5 SIS J), Bes S 5 4% 1 [ A 1) 4
JIEBR G H AT A E CE I R H & s
e A FHLE SR, AN R E A N R
P IZ ) Jy, T e U S B AL .

s PR A 5 1) 2 Bl 7 08 1A AR R A% SIS I Y
TR EMEG, AR HIZ%E . Deng
& U E— MO RSN OR B T aEk, o
B A% O AR R AB M R B S5 4 7E 365 nm
A6 E 520 nm AT WOGE B G KT, AR
R AT T S e 4, Al Sl MR e 2 4 T R R
MR B8 5 M — 5 ) SRk 22 55— . AT
Wah#iath &, ZNIRB)E IS PRI B 7 4 s 3R
AN HENLL L.

o TALER R & AT TN PLRIZE3), $l
WA oy 7 I o 5 2 TR A AR AT N
R B G VA7 A AU R SR B0 1) 3 - A il R
SHLE 55 R B R 12 515 58K, Chen
G MR EPIRIER G E RSN E T E 5’
R ZE I PR K EEE N0, A M
BN EE KR T B IKER RO 2
ANGES AL R PGS 3 R K B s . 8
Ib A AR pH AT A ML R IR 2 Bk A, W ANIE
ST B 8 g L 28R B T R A D I S TS S e N
Pang %5 " i — PR ALER e oy T B A4S, SR A IMEDY
RS T LA, R NI B
g, PRI RAET TG, BaHE
B MG 2 FSCOl o X ThRe i, PR oCik FrE
WS K, il = 2 AL 2 B 5T 3 LA 4
P [A 58 B K /CL A ) 3 iz, B35 52 7 B8 5 5 4
W R et SRt (B 3e)). Yess P 4k
R - RE 57 AR, MRS A R
SR AR B AR, SRELES TS 5 UK AR
PRSI B G AT RO ST AR A BAR I T, B
O 2 B AR R . AR B R TR & Tt s
RCR M LE IR e 3R T 3 5 DA b, A4 T ST
2 H o FEZ5E S



$£7% www.synbioj.com 011

BTG TGS SR RRB T RIRE
Yooy v W g IR &1, R &7 it RG . il fs
Ve AR e tEIF SIS, TR B 5 3R E
[HKERER P IESC N L= 3 /IR I RSE D W EREE S
AWML ZHERAERNE T FAFE
RTRREM AR T, MR RFBHEANRE S
Wy TP PR 22 s 5 0 P A2 2 A D 2 1 R 5 fE
N R EETE s 8 & e T AR RS R
P9 R v AN B

3 FTHOREHIM NGNS 5%

T K 75 6 Mo 7 11 & 5,
BT AORFAR PR G5 B A R S5 TR |
LA RIB AL RE ) 5 2 RS SR NIRE J1. 2R
MBI, 24k R E 25 0 DNA 4K 4135
& B SERGURESLER VY PR,

3.1 DNAZRARF

I T DNA 4K AT B DNA 99K 20 3 48 4%
RS R dm AR M AR A TR T, AR
55 T IR NS A M A B T AR T4
P, SRILT MR S SR, B EAE S AL B i
WAE 5 RERBOR i AE A 3 2 . DNA HAH 3%
B DNA 9K FLEE ), 04 v] B ATP 45 S 4 i
FF 1 B DNA 44K 5L ™. 7 & K L 4% DNA 44K
FLOT BA R T B GoR AL Y &, Xl o g e e i ]
i S5 L 7K A U Al o PR BRI b, BRI B (S
ST ATP. DNA BB & IR, KRS
TH5/ANyFERIZH, K RAME S5 o
ARG B F15 5 . Peng 2 ™ 7F B 1 i JE v bt
R EZH 7w B4 ATP ) DNA 9K E, F8EE
T H A5 1¥) DNAzyme ffE b B HL . 59K 3 DNA 7 F
W5 R TR AR R R A TR
o, M T SERE T . A ATP B BT
JFHE F DNA 4 Ki83E, Mok Zn™ 4 DNA 44K 1818
H Y Hok NS, B0E DNAzyme fiE (LR
V) DNA B fift A2 R A5 A8 S-1; - S-142 DNA 43 118
PR EEAL N S-TT, 5 T A% IR G B A 3 A% DNA, T
WY MR R ES . EhRARE—IPEI AR

O, B 2N N ) DNA BE B # s N, B
JCBH W7 oy AR B K ALIA A, AIEE SRS,
Ui 4 B 20 KRR M MAS 5 R G0 MR 2 I 3 RRAE
Cochereau 55 " 75 B M 58 & W) % 3f vp 55 | 0 282
DNA 9K AL, AR 715 57 38658 € T 22 1 17
A, ESEHL T DNA B G BGHE Ab SR A HE 2
I8 I T B b oK AL E i mT LUK B 4 R A
WANEZ, A A SR B St R .
Ab, Zhan % U ¥ DNA KB [ 52 1 B AL AR 3¢
VLB b, dE I 5N Ah R B B e S N,
Y KT AR B AE 30°-1200 2 [R) DI 4, BN 2 2028 i 5K
71, AR IEZE K AN I DNA E 5 )5
IR 2 T A K R AR SE R I B 2 N AR A
ZIL AR B R a4, T ALAE /N T 10 nm Y 1%
B s LIE, RSN TR R EE S
7 (4@,

DNA GUKELAR R 1 A MEAE 55 TR
i, AT S N A 2 B I 2 A] ) R e T S
FE ST, MWEEREIREILEEE 5 ER
G5 KiEFH S, 16 H B R T A
DNA =R 78 G2 5k PN FFEV& AH
HREfRET, 28t DNA B B 6 SRR 5 DNA S
i, T B0 FEV ML F ¥ DNA 99K L, fill &
Ca” Wim FE = A 485(5 S p. (E4(b)), 58EER
TSI 1) A T 52 A A ELAE F SE LB 5 3 &

ﬂ%% [103]O

3.2 RMKEEH

WAKEFLEE (CNTPs) K 51 AE
JEEEUCHD, fAef% H R 4 N ALY I SO i i i
Geng 25 " ¥ YKAIE 2 CNTPs 1] 5 & 3 A\ g i XUZ
FE R — I Th g K fL (B 4(c)) . CNTPs 5 DL
LT BT T A B A N B R, B — i 5 R
JF S 3 5 [ 2 i R KB IE, RIEIE RS A
BBy —r, HRI R EE R BEAL]
PEAT 95 W Tty 1R B L A ) 67 FEL AR A, CNTPs
RO B FEMBH S TR, s Sk K .
Ca™ BT, Bt Ak 27 RS A S Ji P AT 3 531 )
T(5%5; FAK, CNTPsi& X ¥4 DNA S K0T
GG E, T NS RN ARG S



012 BRENE BT7E

P OO0
POCOTODY
POCTOOCK

\Oligomerizat,k’;n

(a) DNA oK SHFERIB M T 5 R BRIt 1102
(a) DNA origami pincer-mediated membrane permeability change and
intracellular fluorescence output(t%2

&I

Extrusion |=0

Sonication

4
48!
3
Bip
iy
%
X
;
OOC))
18@
e
U

,__4
00 Tta®
o'V,
70,9/

5

{7/
s
{2

were,

~e
)
7

'«

e
‘e,
*7,

C)
‘>,

-,
O
o

(b) DNA =N SRR A5 F508 R SO (5 S o

(b) DNA triangular prism-mediated intercellular recognition and calcium-

responsive fluorescence signal output(%!

(c) BIAKEILE AMBEFRAE#RA S sSDNA B izl
(c) Lipid membrane embedding of carbon nanotube porins and transmembrane ssDNA transport!1%4]

B4 ST YR I NS 54 G (oo

Fig.4 Artificial cell signal transduction based on nanostructure'

S (E4@) ™, Li%"™ it — R,
CNTPs 7E R $F =A@ &= K R, Bef% & 8cHk % CI
YERF PO B TR R E, NESH IR T
WE AL IR E) J . ¥ CNTPs 55 DNA 43 1 1l
P BRI R SRR LE S, ATAE AME T
FE BN D R R N ) SRS S s R B, ¥
CNTPs 5 & & T {&K #i '] DNAzyme #4 &, T SZH
ATP il (115 1545 5 i 5 5 B R Rk 4 ™
T YRR NEH G 57 AR RHFR
R, MR MEAKR NS ZHEERES
Mo B2 PE . DNA 42K 21 26 44 mT S2 A 23+ 18 ) 2]
B9 GBRPRE HE BT, SCRF NS 40 Mo 1) 1 4 S 1
W AR GKE FL R 8 B & A8 e 10 95 5 3 25 1)
HeErEE. HiZxEERTAFLELT &
DNA GK 451 5y WAL IR B PR fd, AR N AR EEA 2

102-104]

B R B AR R VS AFAE 3, T RE SR
BN SHHE R R e e BB S oy
ATAEHE R PR L RO, BRI 75 55 S 1 — k.

EARNFRETE SRR, & ANiE
MPLHESHIRIT T ik, RIMFETHRARFS
FIURNEMBRITIRER D . MR, F5
KA., PSRRI A F A SR RO S S
il AR Bt O DO RE B 155

4 BAGESHSIENGNE R AP
P HI

KIT LR Z e b5 55 SRR, Nid
i CZ P KB RRE 5 8T S i AR



%£7% www.synbioj.com 013

R1 NGEHRNESHS
Table 1 Signal transduction in artificial cells
2 L g s Ak Yo
g;i kR ZE N I Hﬁ;ﬁ/ S psserm i i S B4 5
K o-EIME EEEE4 A=F 2N Eil PO T7 RNA B FERRIA R R L 5O [21, 26,
¥ H L \DNA ANyl P E R L 28-34]
KRG FMRE VAR P WO AR A2 T7 RNA BAE RS R EE  [20,35-
U F Ca Wit BERURBEE 5 A 37]
GEAMEY: HEHEM MEXWMRHE L i AR AR AR AR R IR PR A T [22, 38-
2k Rz cAMP, il = 18 1% 1k, 40]
F417S
E APLRRSE A4 topH EEET EI: AL/ PR FOR(E S TR R [41, 44,
¥ ETEIE R34 49, 50-64]
JRREFE E4l LEET Ei: MAEFREE  FObESHH [43, 48,
18 {B/HPTS % 't R & 65-71]
] 7
WERAENM HiEEA REEH.Zo WY RS ZE RARREURE OGS HH AR NS (42,47,
B IR s T 7 MEEH /RS Zi| 72,76]
CERAAE A4 SRS F Y BEARES2E RANEATREE  SOWEMRLE SR AR [45,77-
JSZ A 274 YL RPAFHE R NS 87]
JREEMALS HEE4 pH.&BET 6 ZEERMRE  RAEKT LR TORE S A5 TR (46, 74,
A JEA SR R 88, 89]
e SR HEEgl St .pH RN TES  BESTHETE  SFESHE. hRLEE [75, 90-
B2 iz I 57 94]
gksE  DNAZK H41% ATP.DNA % ¥ DNAzyme fi# 1t ZObESHH [95,97-
¥ EEETEN Bk P K RAE E 103]
DNA 4 B 11 %
i
ACKE L EREE EEBET. ET1' TR EARA, BRI SO [96, 99,
S| HEEDNA # 4 DNAzyme f 104, 105]
R3S

PR, R 3 5t W EE Gl AR W B ) B 9 S A
AR 2 AUk A HAE 5 ERABE .
i A A DA RS X S AL SR i ) oy 7 IR S AR
B OL %, RAESH3IRE R N IE 40 0 ok
G AR I BORR T T AR U BRI
FURME T AW TT R, RN O A YA 1 AR
TR R RGUIT K BE 1A s

4.1 BERBEEVER

B G ) S 1 e A SRR AL 3 A A T
VA DAL 3153 N S 7/ K7 ge o9 L v L T T 41 i
PRI ) 2 R2RFE BT, I Hogk /b 40 i i i 3t
(53 7oy X R B R 1O o NI A0 P Ak 2R ol L 3
DR 4 5 2 RS g P AR R AL AT AR IR S, )

IS 0 5 B 5 1 52 2 A L G P T RE 5 5 5 e I %
REWS 12 B % 8 PR BE 1 A2 E S8 IS 5 B S
N R AR g8 ) AR RS T A ST SR O AR
UE

T ZHNE S SHLS, KITaHL, &
JS R A AE T e T A, NG AR S BN /N )
T G DL F B R B R R A . AR /D
Oy T S AN AR OIS, 2 M3k D 4 6 10 N 3 A i
e B A T AR ERAE S TR, R I R R
IPTG 2 "' M0 A i ™7 0 T Tt 2y 22 TR A
fig " A KAL) Lentini 55 M KT oHL MR T
A U 2 Bk PR N A0 P A% SR AR R s A R B AE D
UNERINVN=N:Ehs$vid 0 iE SOV S DD =221 i
8, FEUL PN T B T A P - AR AR R
Wi J52 74 A% 0 T 9% 4% ) oHL & A, DA RO/ 7



014 BRENE BT7E

TIPTG; W45 G R E T 5038 Fe 48 8 B X A
G5 &AL R, R 3h oHL MR RIE, B
R b B AU s AL T, (2 A8 A I AT
I IPTG BN AL,  HE— 2B BaE K AT B ) lac 1
Yoyl Eg, T NI REEERE, RERYHIKR
Bl A5 5 e A R ARG T (R AR BN, SEBILRT e i
RIRLI . FEHUMR . BB S AR I U, Sude M A
NI G A A S B T OS2 AR I S A S B S A%
AT R 2, K BGFR [ #1558 25 Ay 31 O i e o
Fe o, AR b 2 5 8 AR 7Y B- 1 4 W i R Al

A

Tag-specific
Antibody

(@) ARZHBEEESESNNESTURESRNM

(a) Quantitative detection of antibodies and antigens via synthetic receptor

transmembrane signal transduction(*°l

Substrate

(GUS) AR ARG Msb A duik& B 7+
i E AN, HRELEWAMEEREAER, £
B N GUS = BEAR L XS 2H 2% 9 A i 3% 1) DU R A,
N WS 5 15 Bl SpyTag-SpyCatcher 3£
M A 16 5 70 A B 4 B AR RO T, R R A A
SCHL T P Hisy $THA FHT Myce Fudk LB IT it
Pl Z 2R P E A, KRR 2 10 nM
(E5Ca)); HE— 2 5P KR = g oK sl &
Ja, AT SEPL/N G PR o DR A, R A
AP L WMME S LA R R A R Y

\*) 7
p—

L-Arg

- ST
488} f/‘ '\ib‘m g! NADQ?]:;‘»ADP:\,
.—>§ .\‘i’.c _"g "\ 7{‘ J{

) "/ N/

e, NO

|/—\cry20llg-IDRs @ iNOs* == Melittin ® Melanoma Conl

(b) NEHILIESHEYBEERNEESHSATREREZ
(b) Dual signal transduction of photoinduction and transmembrane
substrate transport in artificial cells for melanoma therapy (231

OH On

& B-Galactosidase
® GOx

NAND

Lactose (O
Oxygen (O

©) RBARD BN L ESEANED T RIBE TGRS

=ERNTT TR R L S i R

Fig. 5 Biomedical applications of signal transduction in artificial cells
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