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Abstract: Understanding how a fertilized egg develops from a single cell into complex tissues and organs remains a
central question in developmental biology. However, in mammals, especially in humans, technical and ethical
constraints limit in utero investigation of the post-implantation development and ex utero culture beyond organogenesis
as well. As a result, the molecular and cellular mechanisms underpinning spatiotemporal regulation during these stages
remain poorly understand. This knowledge gap underscores the urgent need for high-fidelity in vitro models that not
only recapitulate in vivo developmental processes but also allow for precise experimental perturbations. Recent
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advances in stem cell-based embryo models and organoids leverage the developmental potential and intrinsic self-
organizing capabilities of pluripotent stem cells to mimic aspects of early embryonic and organ development, offering
new platforms for studying those complex processes. Concurrently, synthetic biology provides powerful tools, such as
programmable gene circuits, optogenetics, and engineered signaling pathways, to control gene expression, cell
differentiation, intercellular communications, and tissue patterning with unprecedented precision. This review
highlights recent progress in integrating synthetic biology with in vitro models to dissect and reconstitute fundamental
mechanisms of embryonic development. By harnessing synthetic biology tools, researchers can now modulate specific
pathways with temporal and spatial precision, enabling a deeper understanding of processes such as signal transduction
dynamics, cellular adhesion networks, symmetry breaking, and the establishment of polarity. This bottom-up “build-to-
learn” approach shifts the paradigm from observational to predictive developmental biology. Such innovations have
collectively given rise to the emerging field of synthetic developmental biology. This field not only provides
mechanistic insights into developmental events that were previously inaccessible but also opens new avenues for
building artificial tissues and structures with tailored functions. We also discuss current limitations in mimicking the
morphology and function of natural embryonic structures, emphasizing the need for robust evaluation systems and
refined strategies to precisely control cell behavior. Finally, we explore how synthetic developmental biology can

elucidate key principles of embryogenesis and accelerate future applications in regenerative medicine.
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VMG B 2 R X7, W T4l i ia vl 38 1
(plasticity) « #1# (polarity) FJZE . AWK X
(biological patterning) ) ¥ i J 20 21 ¥ & K &
(morphogenesis) %51% /0 &K & 2 1 =LA . 1@
TIXTBE . de . R, R AEMTT,
ZAIRAE A K EZ (morphogen) £ E i 4]
AR M ST A 1 R R L 4B R (RIS S A 0 DL % ik
AT 425 0 28 50k 40 1 iy 35 R 5 1R IR 2 30 448 45 77 T B
3 7 EEGERRE. R, BEE DI A ) Sk 1
I, HETKE Y R SR I SR, E e
W 3L 2 V0 IR i R B B v R 4 R I R S A
T BB A F A 0 U N R O AR OB A
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(phenotypic compensation) Ll {5 £5 FH fiy 5L 11t 26 4
R C R AL T R E R 3, AKIRIR
W2 BME T 5 HOR I HIZy, A LASEAT B S
S IIE

Z HetE T4 (pluripotent stem cell, PSC), fi
FEMEJR T 4082 (embryonic stem cell, ESC) Al i
P20 M B g A2 SRS 5 5 2 R T 40 0 (induced
pluripotent stem cell, iPSC), AMUFE#EIER AL
P 2 A B A ) R S AT, B W AE A NS IR
ek B B ARARSMEEY . SR, fRa T4k 7
HIBEKEZ P RIES, WA MEKET, S
SRR dHMRAE AR R M (heterogeneity)
FEME AR ILIR G R 8 BN A5 5 Z IR G5 ok
MIBAIRAS . TR, ETTMRAEEAE (stem
cell-based embryo model, SCBEM) 5 & &% &
(organoid) BEAYK il . @i =4EEE 7R 5KNg, T
AR AT 5 LU S H AR IR B3 B 7240 Hu S8 Y
M G5k EARRIRIRETY, At SRR A0 &8 B 1 IR 5
LR ENREME T EE T A,

SR, RRA R B R J A LLsE 4 W R B
ML FEMRE . RS ] DAl X — ik B AT Ak
ik 50t ? £ FREEHIE =T, SRAEYD
5 5 5 TR S BT R SRR KB AR SR A Y
B, G EAEYIS (synthetic biology) K H TR
BYE, HAEY RGN mIEEE, st
FER Rk, SCHON AR o S O B id
FERFEH], k2 “ @ (build-to-learn)
FIE s, BILLE Rk (bottom-up) 77 =M HT A

MARGHIBATHLEL . W], &Y FRIT R 3
LR TREM RS, B, 16K 3w EEF
ENTHER R FYRARET . T
PR% %5 (repressilator), i8I TR0 3 5% H 1) 4
O B R AR R G L E T AR A HF K (toggle
switch) , S 3 41 i £E P B g IR A 1) 19 W] 45 D)
e B XGRS B T A Ak R R A T )
fith, I 9 J5 SR AR AL B WD 40 I T & 2 A AR &R
()R R4 T BB SCRF . TR, AR BN
(synthetic developmental biology) 1N & B4 W) 2
5RE A58 XU R e . B AT A
£ B Notch % #& (synNotch) . J i 1 % T. A
(optogenetics) 5 & B4 2 oot , EM FL3h ¥4
O RS B R s S DR R I AN AR AT, AR N T A
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A R B 23 B A S N T AT (] 3% 0K 50 - 40 it T R o
YL R B X MR R I R IETE W R
TAT Z AR IR IR, et T
AR BB RS . SRR, 2T
RIERGIVE AT FRYESE, a0 R 22 A S S
T RS B A g B Ak,
T A A 1% R A CRISPR A1 5 11 410 ff i & 38 i
(lineage tracing) ¢ R¥& /5 K & 13 & B2 A,
BT Z Rt T4n A M R i, and FH 2 se
TR K BT Re AN B BRI, JEd T R IR
A (B F Ak e =4E3E 57D WA TR A N4 i
K b5 BIRIEIR S B R R SMER, DL %L
SRR HLAS A o) BRI SR DR R N 4% (GRIND
A& KE (morphogenesis) [zl fi2Eid i, Xt
BT RANG TRAL XS R R FE A S 3R 43 7 WL 10
UNSIE

A SRR I A AE B T A0 ) A A IR G 5 A
HREEMI AT RE G RENE S EREY Y
Tkt R, FRERDT HAE AR RS & B IR 5
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IR BT ZAE N 502, B 5k ik o=
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JRZ (epiblast) AFEAE A IESE  (primitive endoderm,



672 BRENE H6B

N BRI JZ hypoblast) o F IR E44 5 & BUITA A4
MOZEAY, TG FRAMIER 2 AR IR JZ 43750 53wk T 1 25 A
RN K. ERBHEANGE, EWZEEHIE KR
% (primitive streak), _IFZ 0@ R %2R,
JERRHFIE)E  (mesoderm) FIERINIEZE (definitive
endoderm), M B4 7E R JZ 140 Ml i 2 B MR
= Cectoderm) [ 1(a) ], X—it R A7z
3)) (gastrulation), J&4Hiffria ke I KA R K
BODIR, AN, BT HEARFMRIERE], WiX—KE
KRB A K B2 B, S EUHE SN B B
PR TR — R, BTN 01X AR S i gt ]
7. A R AR, DUBCL R IR G K E
o i LHERKRE, BExE 7 AAAR
KRB PSC, QHEEIHE (naive). TIAIE/TE
%7 (intermediate/formative) F4H K7 (primed),
XA AE ] 5 R AL T AR ARG K &
DB RSAAN f fivis E AL R R T E TR B
HUARE SR, HEE A ESCIE B SRR (RIIR
JRAK, embryoid bodies), HIRGELH Z FhIEIHAH
g, ERALdGMESaRKRBIAEBRKZER""".
Warmflash 25 " 7F A2 2 700 wm FE 5 A 1l e 28 [X 35
bR ARG T (hESC), Jfilid BMP4 15
S FAEMBPNKE IR (embryonic dise)
HI4H iz B 5 (cell fate patterning), 78 | £ 6E
PETYIfAE 48 2D) REFesE N E A2 fe

XAy R FE I (2D-gastruloid) . 5
BE[AEF, Martinez Arias U 4L — R VI LR A,
fE=4E 3D) #HFRFM T, ZRetET40 414 Wnt
5T WO JE TR BRYE (symmetry breaking), B
%l T B P Caxial polarity) M, BT IX BB HF 5T,
BREFATE— DR R T BAETY (somite) K H
R JAHEAY (partial embryo modeD) M2, iX LE A
BB H FHh i 2B (axial elongation) « AR5 & 4=
(somitogenesis) A7 15 i} £ (segmentation clock)
IR IT . deAh, T8 A MR BOR B s &
(neural tube) A5HY 1 Th F- 3L 1 FL R0 22 K 5 1R 9K
B, O R R AE AR I PR R P A
KA (neural patterning) . & E LA KA ik R EF
fk (lineage specification) ™, [ ik & J§i iz JIE K 56
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SMRRRSRAY, PRI e iR B JE S R A 2R A
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75 R E oy A B2 R g 4 A P2, 4k, Rivron
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RBEIR L4 P9 IR AR, ARSI R AR L Al
DhE I T I AR (peri-implantation) FITEA KA
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(a) A timeline of early human embryonic development
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(b) Representative stem cell-based embryo models and organoids

B FRHURIG K E MRS RS B R
NEERE B TEIEEIRT T EEE, BEIY R EIEZEANR IR ZE M SRS Z IR 8. S5 I TE SOl fek A A A = IR R S5 AMIER
RN, RS B R AR S . PR R LR 28 T LA B AR IR T A0 M SRR B, BB BN IR AT BRI F
JE IR Bl b R B R A SRR B B, AN R R T R AR IR B I TR IR IR, R BEYICR A FAR G A,
D
Fig.1 Early embryonic development models and organoids

(Human embryonic development begins with the blastocyst implanting into the uterine wall, followed by the formation of the bilaminar disc
composed of the epiblast and hypoblast. Gastrulation then transforms the disc into a trilaminar structure: ectoderm, mesoderm, and endoderm, laying
the foundation for early organogenesis. Here are representative stem cell-based embryo models selected by the authors, which recapitulate key
developmental stages ranging from pre-implantation and peri-implantation to gastrulation and early organogenesis. Due to space constraints, we

regret that not all relevant studies could be included.)
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SRR A E I A& KA F (morphogen) ¢ B 5
SR g N A A A BT R, 2 A AR e 7 A A A
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e W) S TR 25 R A DR 3R AR A T 7 AR AN ] 234k
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HI AN B 5 51 GFP 4K HLi A fl &, 8 1 e
M. GFP /) 324 o« Bt 70 3 38 3k 1 45 40 i B b 4 o 1)
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B4 BOBE B, 32E T 15 2 U M Dpp {5 5 18 2% 19
o IXAFEANMU AT LALE Dpp SR 2% 1175 00 K Ab 2 155
KB, WONER S Dpp 15 5 86 B 1Y i -5 Wi B
RA T A [K2b) . 5H—F & s T 5L
b3/ Wk Ol R B N [ s e e 7
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N-fah R4, s KRR B e N UR TS S T,
MR F e @i [ 2(0]. fltn, ERKE
LFEH, Notch{E 5 HEEX T AR KR KLE
B AT 4 R T R A A& 5 Noteh 52 14 45 &
Ja, SIRMAERRERN RSBk, &%
e Sanir A X JHE, Morsut % Yy
1 A i Notch 3244 (synthetic Notch, synNotch) .
AR A B e S MR i GFP 43 BRI BT 44
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T ¥ GFP 5 mCherry %5 85 H 80& N & UL & K AE
A ¥, B4 GFP 8 mCherry % %€ & 1 5 synNotch
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EARWF IR, B R T RO BLAE SRR
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77 ¥ (synthetic cell adhesion molecule, synCAM)
TR T o] HIRA RN A A4 (synthetic
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N =4fa R EIRIG K EH “Ai-J57
RYANNRINYIIRE o -3 AT YA R EA I NS B a1 )
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(a) Morphogen concentration gradients induce gradient-dependent cellular responses

Dpp gradient induces normal wing formation
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(b) Synthesized GFP concentration gradient replaces the Dpp gradient,
rescuing wing development defects in fruit flies
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(c) Construction of a synthetic Notch receptor system
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(d) Engineering the synNotch system to design positive and negative feedback loops for mimicking cell fate partitioning
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(e) Mediating 3D self-organization of cells using synthetic systems

Synthetic organizer cells generate morphogen gradient
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(f) Design and construction of “synthetic organizer cells™ to emulate spatial and temporal
gradients of morphogens, guiding axial development
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Fig.2 Synthetic morphogen gradient control of cellular patterning and 3D structure



%£6% www.synbioj.com 677

2.3 ERRERSHERDREEMES L

IR IR K & 77 EEAE 2 Re M 4E+e 5 dH i iz
I TIE il 8 P AT . Al A IE A0S FOE &R
R S P R TR PR A, T X A R ) R AR TE AN [R] P ol
ZIAIAEE R 225, O R N BRIV BRI AR
M 2 REE I I 26 1K 7 [|], 69T 98 % M CRISPR-
Cas9 4L 1] i br N R R 1 ) POUSFI (OCT4), K
HLNANOG. GATA2 1 GATA4 W 323K 18 5% 7™ B 52101,
/N R IR ZE FIRE AL ER R el Rk B SR, %
W OCT4 5 NANOG Wy ifi#5 I 2 N R AN BRI i o
FaERERETY ., FRUIFEI T CRISPR 2 K 4
WAL K E PRI, SR CRISPR /R
R R T BT NSRRI L, FHERS
AT TE At S oM Rl 22 B, R A AR 1)
iR ] FECR AT R AR R AR, T 5] R Rz )
2SN, HATA ZRFiIkETH, CRISPR-
Cas9 & [Hgm 53t B 7 DNA B RS %, ¥ TR H
()3 DR A0 S R e e sl ERLHE P87, b Ab, B R RN
W — N EE Bk Y.

CRISPR A1 5 ) 7 S5 Wi sl Bt S IR - 3 R ik ]
75T 2 Be Pk T4 H BL 4 4 A i B AR H 2R AL T
FER WAL R T, 35 PR AT IR 20T 40 f 25 1Y
WEEFR)E T4 (trophoblast stem cell, TS), JR#f
PV 2 40 P R A o DA 3o 355 9% 26 5 10 7 3R
13, RS OE 1) 7 AnT DAE— @ FE R b i
ANl B, Zernicka-Goetz [4] B\ & 8L 45 & /N BRI i T
M, WIFRET M, LLRRAN IR E T 40 B
[ extra-embryonic endoderm (XEN) stem cells] fE %
TSR 45 #, FRZ NETX (ESC + TS + XEN)
JEfG 7 ETX R G 5 /0 R I I 2 A5 5 5% A Ao
P, AT B I R AE /D B W R TR 1 i) 52 4%
AR, BB\ JGE 8201 50 K I ETX G 1
REWRERZIW T XENGI. BAmE, ¥HE
ETX I A i) XEN 2 2% 46 972 mESC A B i i 32
ik ¥ 6 R GATA4 3k #3 1) iXEN  (induced XEN)
YA, AR iETX (induced ETX) IR G AH L
THIRETX B EA IR BERE, Rescllif%
AR R B RIS RS, (EARIMRE AR
PRk, k-REES RIEHRZEEHE T EIFRT
B FE NI RR R AR e b, WF 90 R I E

SEANZRETHRYERES N EEGEANRE
A0 A A A AH OC B R B R Sk [ GATAG6,  tHAEEIRTS 5
HANMERE T, 5 EIRZ40 0 B 20 567 A A
N HE PRI 2 B,

WAL, G Rk DA B 72 S IR R A5 Y A 7 IR
MREEZEER . R ad e & ss, T4
iNEAl S EEREATIAn W= 0] i s E e oy AP e ey AT A K
FAT B FRYE TE T SR AIR G B A%k . SR, 7RGk
Z AN AUE B SRS LT, HARXTARYETE i
41 fd i ds WA LRI A IE R . RS X — A,
McNamara %5 "™ R T —F&E L “E 5057 JEH
[, FHTSERbB R IR R § i Wntf5 5
T8 R A0 AT 2 5 AR Rl AR 1 8 N R AR L A . BEFEN D
FE/N BRI T4Ef A A 8 T Wt {5 5 /K08 1 & A br
RS, HTIEERERIES WntfE 5 80E 140
B, WREKE M E B HLIE G-, PLA
SEERUMTS5X— . SR RER, WatiE ik
B EIBEPCR A, Bl S AR A TE R — 1) 2 g
Mo X—dREFEBAME L (cell sorting) K3,
M AR 48 #Lf Je -9 B (reaction-diffusion) ALl
X RN, S i I PR A St AR A2 T L 1 PT
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Fig. 3 Applications of optogenetic tools in developmental biology

(Dimerization mediated by the light-oxygen-voltage (LOV) sensing domain regulates intracellular tyrosine kinase activity, leading to SMAD1/5

phosphorylation and their translocation into the nucleus to initiate downstream BMP target gene expression. Optogenetically activated Shroom3

drives apical constriction through ROCK recruitment at apical junctions.)
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