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biomanufacturing is translating strain performance achieved at the molecular scale into production that remains stable,
controllable, and competitive after scale-up. This review follows a sequence of generating design candidates, testing
them against process constraints, and feeding the results back into redesign. First, starting from standardized assembly
and host resource constraints, we examine how the design-build-test-learn (DBTL) cycle integrates multiplex genome
editing and genome-scale metabolic models to translate genetic designs into testable engineering variables, including
oxygen demand, cofactor balance, by-product formation, and genetic stability. We then connect these variables to the
interfaces among reaction, mixing, mass transfer, and separation. Spatial and temporal fluctuations in dissolved oxygen,
substrate, and pH during scale-up can alter metabolic fluxes and quorum-sensing regulation, with consequences for
feeding, oxygen supply, product recovery, and process-wide economic and environmental performance. Accordingly,
pathway and chassis designs provide candidates and their operating constraints; dynamic-exposure experiments and
whole-process evaluation test those candidates and return performance gaps to the next design cycle. Building on this
logic, a pathway - scale - data framework connects bioretrosynthesis, computational fluid dynamics and scale-down
experiments, process analytical technology, and model-assisted decision-making. The cases of 1,3-propanediol and 3
-farnesene illustrate two strategies for coupling cellular design with process engineering. Finally, engineering readiness
is evaluated using production metrics, scale-up performance retention, oxygen-supply margin, batch variability, model

error, and economic and environmental indicators assessed within consistent system boundaries.
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Table 1 Mixing time, power input per unit volume and aeration parameters of fermentors at different scales """
. P/V, atQ Superficial
Mixing time, . PV, ¢ Omax/ V" . Gas flow
Scale Design and N gas velocity,
. T . from (observed (vvm at number,
(nominal PV, . (observed . V=
Eq. 1 in water) . working R N,=
volume) (hp/1000 7) in water) . 40max/(zD ), 5
(s) (hp/1000 / at rpm) V. min™) 0,u/NoaDr
(hp/1000 / at Ipm) (cm/s)
301 3.4 50.0 NI NI 1.5 0.66 0.032 (R)
100/ 13.4 40.0 NI NI 1.6 1.5 0.050 (A)
2801/ 20.1 41.7 23.9 at 450 (R) 18.8 at 300 (R) 1.67 2.0 0.078 (R)
18.9 at 450 (M) 16.7 at 300 (M) 0.030 (M)
800/ 29.2 12.5 15.0 at 335 10 at 600 (R) 1.0 2.0 0.063 (R)
12.5 at 300 (R) 8.8 at 600 (M) 0.027 (M)
16.3 at 335* 7.8 at 600 (A) 0.027 (A)
12.1 at 300 (M)
11.2 at 335
8.7 at 300 (A)
1000 / 30.9 13.3 7.7 at 300 (R) 4.3 at 1200 (R) 1.6 3.4 0.140 (R)
5.1 at 300 (A) 4.9 at 600 0.079 (A)
3.5at 1200 (A)
4.6 at 600
1200 / 323 16.7 10.1 at 282 (A) 6.8 at 1200 (A) 1.33 3.0 0.044 (A)
7.1 at 600
1900 / 36.2 10.0 13.9 at 225 (R) 6.8 at 1500 (R) 1.0 2.8 0.088 (R)
10.0 at 225 (M) 8.0 at 1500 (M) 0.043 (M)
19000 / 53.7 4.0 4.4 at 142 (R) 2.0 at 15000 (R) 1.0 8.1 0.300 (R)
4.4 at 150 (M) 4.1 at 15000 (M) 0.130 (M)
4.4 at 150 (A) 3.2 at 15000 (A) 0.120 (A)

7£: Power measurements performed at 25°C in water and at ambient pressure. Unaerated conditions not maintainable at top speed for certain

fermentors marked with an asterisk due to drive overheating. No power measurement devices installed at 30 1 or 100 1 scales. R,

Maxflo T; A, A315.NI, Power measuring device not installed.

Rushton; M,

Ti =17.5log(V,) - 19.4(VL L Lit,10 L % 60,000 L;#? = 0.876) (Eq. 1)
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SRR AL I AR 48 s 5 HSE I 20 B I AN S Bk
BB . R — DEPORS R IE . &N
AT FAWE REEGIE, T A e 1t o

2.4 HapEEAEN: TIRSEEERZITIRENR

A i A B AE AT (ife cycle assessment, LCA)
W DI RE AL, RGEA T 3BTV R
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W EHEZE AR, R A AT B 2 B4
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Table 2 Comparison of aeration conditions and oxygen-transfer correlation terms for fermentors at different scales "

Scale Measured (Pl V) (V)P (Pg/ V)V )e
(nominal Voat Oy Qmax”_/{ P /P, at using Eq. 2aand 2b  using Eq. 2a and 2b
. . (cm/s) (vvm, min™") ¢ )
volume/designation) Omaxand N, and design P, and measured P,
3017 0.66 1.5 NA 31.1 NI
100 / 1.5 1.6 NA 15.5 NI
280/ 2.0 1.67 0.79 (R) 19.4 11.3 (R)
0.88 (M) 10.5 (M)
800/ 2.0 1.0 0.67 (R) 8.6 7.4 (R)
0.54 (M) 6.8 (M)
0.70 (A) 6.3 (A)
1000 / 3.4 1.6 0.55 (R) 12.8 6.0 (R)
0.69 (A) 53 (A)
1200/ 3.0 1.33 0.67 (A) 13.8 7.5 (A)
1900 / 2.8 1.0 0.49 (R) 9.3 7.2 (R)
0.80 (M) 8.0 (M)
19000 / 8.1 1.0 0.45 (R) 10.3 6.5 (M)
0.93 (M) 10.4 (M)
0.74 (A) 8.8 (A)

e R R2PTHID)ANE LR H 25 CKE R, TREBEHT KBRS TOM. R 2R RAIA R W 48— AL H) kLa FLI%
SCUAE, AN BE S B TR BB & 1R B LU AL 0 E AR B

KLa:fz(Pg/ VL)O‘95 VSO'67 for laboratory scale (8 7) vessels (5)(Eq. 2a)

KLa:fz(Pg/VL)O‘67 VSO 7 for pilot scale (400 /) vessels (5) (Eq. 2b)

Note: The 1000 1 scale fermentor was typically run at 600 lpm rather than at 1200 lpm maximum air flow rate which was used to obtain
calculated and measured values. Equation 2a used for 30 1 scale and Eq. 2b used for 100 1-19,000 I scales. Power measurements performed at 25°C in
water and atambient pressure. No power measurement devices installed at 30 1 or 100 1 scales. R, Rushton; M, Maxflo T; A, A315. NI, Power

measuring device not installed. NA, Calculation not applicable.

a Engineered pathway for B-farnesene production b Stoichiometric impact of pathway rewiring
in Saccharomyces cerevisiae A
o ——— - — = N Native central carbon metabolism Rewired pathway
V4 Glucose = NtienifotaS coreasio) | iR (oxygen-demanding route) (xPK | PTA | ADA | NADH-HMGr)
[ — Introduced enzyme
| P T 7.55 1.85
S7P RSP Cytoso
GBP i \ mol O, per mol mol O, per mol
m -1
¢ W %ﬁﬁ RL5P p-farnesene B-farnesene
FEP and Tki2 /
ATE ,_‘l XsP 0. Higher B-farnesene production
¢*PK +25 A) from the same amount of sugar
oo Acetyl P mff"& devoted to production
i Acetyl Co ’
GAP C Linking pathway design to oxygen transfer in bioprocesses
NADH J & ey, et ADA HMG CoA i _ Verify at
Pyruvate Acetaldehyde iNaDH-HMfGl (el Eatiway (ok.l:!Rm.xinq target scale
! Mevalonate oxygen demand Saation) - ' Maintain DO
* co, v eq 755185 P vs = v iaﬂi:;‘iﬂ
Farnesyl pyrophosphate mol O per mol
TCA cycle - OUR
{mitochondria) s q e I (from cell ¥ ﬁ:::r;r;)mce::l
\ )\/\/L\v\/]v / metabolism} conditions
\ B-Farnesene /'

Pathway redesign can ease an oxygen-transfer constraint under defined conditions, subject to scale verification.

B4 FRIEEERE BRI A 7 o b AR g S o R A TR R 2R 0
Fig. 4 Linking central-carbon rewiring to oxygen-transfer constraints in f-farnesene production by Saccharomyces cerevisiae.
B 53024 % . Hermann f1 Patel [f) £ R 255 70 #r WA S TR, M, BAR KT 0
UL, AR T AR — B TR AR L T AR (techno-economic analysis, TEA) 5 LCA N 43 7l

[70]
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Flux balance analysis

Stoichiometric flux analysis

Isotope-based flux analysis

(FBA) (MFA, DMFA) (3C-MFA, *C-NMFA, '3C-DMFA)
r ™ ' N ' 3
\ \
- R
f t

Large-scale model

(e.g. genome-scale) (simplified)
Maximize Vg, Minimize SSR
st Sxv=0 Sxy=0

LBzvzUB Rxy=r

Small-scale model

Medium-scale model
(central metabolism)

!

Minimize SSR
Sxyv=0

fisutopumer(x ,V) =0

!

Flux solution space

. J L &

Simplified
Metabolic flux map

Detailed and precise
\ Metabolic flux map ’

o

BS =IOl E T 7 VA O B Al S SR AR B AR B 22 FBATEAL 278 K S0 AR SREL A R 5068 I8 1 18 i 23
s e Aotk EiE R A A AR A R R B R A7 R RE R AT AR B 2R N i . DMFA &
RENAAEHEE 7 BT, NMFA RoR RN R ARRRAS 0, SSROVERZE T Jr Ao =A% S MR TIN5 Kodle S 3 (1 DX, ASRoR BT AT

JTiE PRSI AR L &

Fig. 5 Data requirements and solution objectives of three approaches to flux analysis ®”. Left: FBA estimates feasible fluxes under

stoichiometric and boundary constraints with a specified objective. Middle: stoichiometric flux analysis uses extracellular rates to

estimate fluxes in simplified networks. Right: isotope-based analysis uses labelling measurements to constrain intracellular fluxes.

DMFA, dynamic metabolic flux analysis; NMFA, isotopically non-stationary analysis; SSR, sum of squared residuals. These

approaches differ in prediction and data-inference tasks and do not all provide real-time flux measurements.

AR E GG AN, FFECA R B . A
BE R R o B 2 R BT o BRE VEAN AR R AE T
W T AR R A S R . 3R I R AT RE D Ry
A ERR R, AT ARG IO A A0 R B AR
JE 775 S b S E A 0] e CE AR PR s, R
BNV & Mz 4T . BT RTIR TEA 5 LCA 4
Fi b RS WAEAR R AR L RIS 4R

AN REA RN LLRT %8, I 20 0l SO BRIFAN S
LA G5 L [T M (A 70 75 o 55 AN Tl 5 S 8
277 AR R X SRR ORI, R AR T A T R
SERY AT T ARALSE B A R D0 A B R
Bto o 1 JC A I8 AT Jo i e 2, 1 R R AR
NP RS, AFEVE N C S TS .

TP & R DB M BT 5 A oy R S



%74 www.synbioj.com

011

. BioSTEAM MRS BRIl . &4 RS
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FU . IR 1 5t e i AR o R ST % AT

EJGﬁW#HEWﬁﬂMm%ﬁ%%EW%ﬁ,
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BLHREE S A AR SR 55 ik 2 B Sk
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N2 s He BT 2% A

r /?'\

BEUIH 1 — ML) 7 ™. BL LuxI/LuxR AR E 1
&5 A S R H T TREA R BlelllE
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Tk E S, REREE SRR RS MR
Al AR ) BB, DT QS 2 8 /5 B AR AH B SN 4%
I 78 Sk N ARE
Doong. Gupta fl Prather /£ KT H 456 Q

SMEWV%@%,%%ﬁEmﬁﬂ&WOE7
Ji& 7 G rp LR A% SRR A 1) 45 4 5 e S RRAE, TR 5
B QS 5 HE RG . H TR K40 %
FEfE 5 5 R G4 &, H S5 R 78 5% 1k m)
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2.5 BARNmESEE: SHXIREFNNENE
Ll

FEARIE N, (quorum sensing, QS) AHEW K 41 iy
B AR T O S, R ST AN B Y

3-oxo-C12-HSL
O

C4-HsL
(\ \)

, Al

Spatial e ecueseetbtes

gradients rﬂ I ijz:“’[ ]%% Outer membrane (OM)
'y)—‘j-’ = . o0, &

ﬁiﬂm::“d .48 ; ”' o x ,[ ]_ :uan' Inner membrane (IM)
z ¢ .. I T‘ A‘ .. \; Cytoplasm
/:’S/ufbstrate QJ fL m /—\ @ /-\ -‘?é(
i ee e HE
Wen | doant | /)
\\\ Mixing 1;.) b Las regulon m J_-",_\ é?'

roposed exposure-matched
rocess validation

T

Mimic
spatial gradients
in fed-batch

Measure Compare with
signal accumulation |process expasure
and Las-Rhl switching conditions

_____________________________________________________________________________________

Ble AN IIAAE-IE AR T AR A S R AR R R B B R A TR () 7 () 2 R A AR 5 4 Y
F % Las-Rhl AR . @B T G SR KRR R, PR EY — X QS R4
Mi; LasURhll: {5577 & M, LasR/RhIR: Fesgififs s H

Fig. 6 Schematic of Quorum sensing at the cell-process interface ",Spatial variations in dissolved oxygen, substrate concentration, and
mixing within fed-batch bioreactors affect signal molecule accumulation and Las-Rhl quorum-sensing regulation. By simulating process-
related environmental gradients and measuring signal accumulation and gene regulatory responses, the effects of environmental

heterogeneity on the QS system can be evaluated;LasI/Rhll: autoinducer synthases; LasR/RhIR: transcriptional regulators..
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1. Sensor architecture (P;,,,-based)
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" . No GFP
2. Ml relieves IpsA repression (control)

HO., OH
HO OH
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Myo-inositol (MI) 6
Pcon / P hybrid

=

t .~

Dissolved
oxygen (DO)

3. Sensor configurations and reported response

GFP / Biomass (a.u.)

5. Calibration and disturbance compensation
Calibrate for process shifts

pH

6. Dynamic considerations

Responsa delay
(sensor + expression)

Reported response (qualitative)

4. Bioprocess interface

ey

Sample :

(atline/onlin) Measure | |
—mly- | GFP and
biomass

[
'

M| feed (qualitative, log scale)

" 7. Proposed online loop i

1 ({for estimation and control validation) :

|

i Mi state estimate H

' [from calibrated bicsensor) 1

'

! i
| o

! [ Compare with feed setpoint
(cantrol validation)

Corrected Ml estimate

L~

Feed
compasition

- | Miestimate

| twith uncertainty) | A
i " Adjust fe

i us
\‘_. Signal drift e (ot de
| R i ki

(long-term operation)

L AL
coptual)
trated) I :

Bl7  IpsA WURE ML F L R 0 7, FIALEE (MD 583005 A IpsA FRe R tEas &, LIS ORIGER (GFP)
(sha&RIE . MIAR R FTRER IpsA Xt 2% & 8 3 7 (8 s, AFREZNT (P1-P5) T 75 IpsA Ik KT 238 % 14 X i
L5 FE S HAR AR . S5 5 BV BLE T AR pH SANERAFIOIEIN, AT — D IR B AR A R . SRR A2 AL

A 1] SRS

Fig. 7 Structure and response characteristics of an IpsA-based inositol biosensor ", The system utilizes the specific interaction

between myo-inositol (MI) and the transcriptional regulator IpsA to dynamically control green fluorescent protein (GFP) expression.

MI accumulation relieves IpsA-mediated transcriptional repression of the hybrid promoter, while different promoters (P1-P5)

modulate sensor response and activation thresholds by regulating IpsA expression. Integration with bioreactor monitoring of

dissolved oxygen, pH, and feeding conditions provides a potential framework for sensor calibration, disturbance compensation, and

online feedback control.

AR QSJE TAMI P, B drd: WA
PRI BB PAT, EATERE, EHARE

VRIS AUESE - BhaS T i A BRE A
MM L . Zhang S5 F 5B A ] fAC £ i A4
SR RS, DL R K AT 3 IR T R AT
AP R s Dahl S5 U MEE A o ) 4R 51
SR NG E R BT, I T VA E R AR R X A 2O F
SRR A Y R, G S
& B, AR BN S S T 2R
AL AR R . B W/ IEML R RE . Ri&
JEIR AN BB 4H . 2 AV AP Eh PR e i
AR N S N o RS €Y 6 i3 ) &y FR A NV S
R AR 32 PR BT 5 AM AN, T A2 R
SESE N — A A AR R RT I BRI B8 2K o

3 BAE - R EE - Bod B By 1) L 5 56 Gk
ke

3.1 BREE: RRBEEESREER
B A 2 R L SR AE i 305 B 2k 5 R A A R I [ 2D

FRILZMF . R RIS 0 BT BEAE T
b R A2 B A R A I Bl B ) S A PR
DRl L e R 4 R 5 T 2 IR IE 7 XA S st AR
G AR I i AR, I REMI RS
PERE 22 1 0 T R B R B AR 7 . E LR
R E MR L ik 32k B 2 E A RSB BRI, T AN B AR

IEFLAEH UK
3011 #HAME RSB AT B R BRI
Wk

T AW E A BT RSP AR P 1 A B Ok O )
Bt ZL TR, HAZ 4R T A HLAL 5 iy i
G MWEARTI R, B A R A H
ARV S R, B 2R R 2 1 1 R AR
W AR . X JNEAMH TR, AT
P2 R AR B0 B TE S Ak B Al D S AR o, ik e BB 2k AE
FEVALIA M . AR F T B 2RI R T T AT
RetroPath2.0 | FH S5 I R0 A4 g2 fige ade A= ) 6 B8 A%
RetroPath RL #f — B ¥ i 0 2% 2] 5l NS IR &,
BNICE M| 5 F A= 4k J B R0 0 % 22 X i % 12
4 8 Ji£ 718 RetroPath2.0 1% A 5 J5 82 1 45 4 o 3%
T H OB &R IR TE S8, Rk 7 id



%£7% www.synbioj.com 013

A
Source compounds
—
O

Reaction rules
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RetroPath2.0

Sink compounds

Candidate reaction network
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< Jy 7
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energy balance demand and toxicity
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separation and rank sensitivity
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Experimental validation and techno-economic analysis

a " m H ]|

Scale-down
exposure testing Pilot data TEA[LCA

Feedback to pathway and chassis design I

B8 RetroPath2.0 [t N5 57 M 44 7R i s
Fig. 8 Inputs and reaction-network output of RetroPath2.0 ™.
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Fig. 9 Data exchange in a digital model and a digital shadow
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