From Genetic Feedback Control

to Al-Designed Biomolecular Networks

Maurice Filo

Assistant Professor, Department of Engineering

Division F Conference, October 2026




What is synthetic biology?

Maurice Filo == DivF Conference October, 2026



What is synthetic biology?

Goal:

Build an
electric
device to
perform a
function

October, 2026

DivF Conference

Maurice Filo



What is synthetic biology?

Goal: Parts Library

Build an
electric
device to
perform a
function

October, 2026

ESES
YR
4

DivF Conference

Maurice Filo



What is synthetic biology?

Circuit Theory

i

Goal:

Build an
electric
device to
perform a
function

Parts Library

Maurice Filo

DivF Conference

October, 2026



What is synthetic biology?

Goal: Parts Library Circuit Theory Electric Circuit

)

——(((E—
e —

‘ resistors‘

Build an
electric
device to
perform a
function

AU

diodes

B 2 B B8 05 (B 8

%.LLL el
-

DivF Conference October, 2026

Maurice Filo




What is synthetic biology?

Goal: Parts Library Circuit Theory Electric Circuit

)

Build an
electric
device to
perform a
function

it

——
LIt
Vi

Build an
biological
device
inside the
cell to
perform a
function

Maurice Filo mm  DivF Conference October, 2026




What is synthetic biology?

Goal: Parts Library Circuit Theory Electric Circuit

)

Build an
electric
device to
perform a
function

it
AU

—

Build an
biological
device
inside the
cell to
perform a
function

inteins|

Maurice Filo mm  DivF Conference October, 2026




What is synthetic biology?

Goal: Parts Library Circuit Theory Electric Circuit

)

Build an
electric
device to
perform a
function

%.LILL |

Build an
biological
device
inside the
cell to
perform a
function

inteins|

Maurice Filo s DivF Conference October, 2026




What is synthetic biology?

Goal:

Build an
electric
device to
perform a
function

Build an
biological
device
inside the
cell to
perform a
function

Parts Library

X3 + X4

S

Maurice Filo

Circuit Theory

Chemical Reaction Network

Electric Circuit

oL s an
i ! f

0 < TEADD o) _ W a (s}
UM (= 2~ —w{J R~ N -
'\%ﬁ.g -6 ( i & her | CGIFtRC
N =~ DIODES 4 a2 DNAARAANDA aw{f'i‘"
(A 3 = otz Pe ¥a A
- W= — 3 4 * ...
=| (3 h ] - ) 1 = EE =
¥ 1 — e ermvesa--
= < |l | ( i AR RKAN M
) - | \§ Pt 1
o
Wi
I DI
= W 1 ,
) i aléle]
® J ‘. :
= § | by (12 i il @ ) |
- 2 M (&= 4
& [ il ok
it - & ‘ IS =
e il
il ®

[ A 0 A& A 0 0
slelelols I=1e
AUAD WD S

G386 E00

Genetic Circuit

Theory
kl Q® °
» X1+ Ko i N QC//QZO
k ° @ 200 %o\\% e,
— i .9 e-0
2 Xo + X3 o o O~ o
o QQ O-olg @ o
k3 \ @ /CN \Q Q/ Q\ CP
’ Q”@\\Dw ° . (/)//Q o
S @ Q O \/ J/ . S | —
k v _ o
k ? X5 —+ X@ ..JiD\ .

October, 2026



What is synthetic biology?

Goal: Parts Library Circuit Theory Silicon
Build an \‘ h
electric
device to
perform a
function
I

S il - Chemical Reaction Network Genetic Circuit DNA

uild an £ —

: : < Theory Synthetic Biology
biological K, e i
device > X1+ Xo ---i@---@ S Q{;/POZQ Turning DNA into an
inside the ko °-, ° 00 ey 0%5\ engineering substrate

» Xo + X3 0 o O ° o
cell to \Q/Q 0 O e (0 -@
perform a K3 o o Q{ﬁ},\@ o 9o ¢
- Y0 09

function

%‘@@ k e O @Q%9 I B |
- X1+ Xy — X5+ X T

~

October, 2026

Maurice Filo



Programming cells enables bio-devices across domains

October, 2026



Programming cells enables bio-devices across domains

enetic parts enetic circuits cell behaviour
9

— __ DALY @

| < ?\Q?\ >Q‘ - A

G’ v ' o 220 M ' W
Ind Yo e
K% N R
e O

Maurice Filo mm  DijvF Conference October, 2026



Programming cells enables bio-devices across domains

genetic parts genetic circuits cell behaviour
c %o €™ |
€y —— S8 @> . —l R
5 — | \_//
o — O
o
) )
// : \\ \ 2 %1\
| /H / 7 :
i =
\[ ey
Zj / \‘EJ/
. . . . . Environmental Deeper
Agriculture Therapeutics Biomanutfacturing Biofuels . Understanding
Remediation of Biology

Maurice Filo == DivF Conference October, 2026



Cybergenetics: bringing control theory to synbio

Many genetic circuits fail outside the design environment.

Maurice Filo mm  DijvF Conference October, 2026



Cybergenetics: bringing control theory to synbio

Many genetic circuits fail outside the design environment.

nonlinearity uncertainty degce)ztde;(;ce implementability

DA TTIRED: QT

stochasticity po(?;r;t;?;wlsclsent cross-talk \argsepgfglgn

sEmy
P 2 Yo,
.
) 4‘zllll')
D\
., os*

Maurice Filo mm  DijvF Conference October, 2026



Cybergenetics: bringing control theory to synbio

Many genetic circuits fail outside the design environment.

nonlinearity uncertainty degce)ztde;(;ce implementability

LS e, K eg?

stochasticity posgr;t;?gisésent cross-talk ‘args%gfg ign

sEmy
P 2 Yo,
.
) 4‘zllll')
D\
., os*
...-“

Theory & computation enable rational circuit design

Control theory + synthetic biology — =—lp Cybergenetics
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network o Species: X £ (X, Xy, -+, X}
actuated regulated Reactions: R = {Ri1,Ro, -+ ,Rn}
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A framework for biomolecular feedback controllers

regulatekd Questions:
networ % (1) What reaction network structure in the
actuated regulated controller achieves robust steady-state tracking?

mput .. output
Despite:

+ Disturbances
+ Unknown initial conditions
+ Uncertain regulated network
actuation sensing + Stochastic noise
%; 5 a.k.a. Robust Perfect Adaptation (RPA)

(2) What reaction network structure in the

controller enhances dynamic performance?
controller

hetwork
(3) What genetic parts can implement such network

inside the living cells?
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Can we design molecular PID controllers?

‘ nature

COMMUNICATIONS

ARTI C I_E '-) Check for updates ‘
https://doi.org/10.1038/541467-022-29640-7 OPEN

A hierarchy of biomolecular proportional-integral-
derivative feedback controllers for robust perfect
adaptation and dynamic performance

Maurice Filo 1, Sant Kumar® ! & Mustafa Khammash® 1%

Maurice Filo mm  DijvF Conference October, 2026



Can we design molecular PID controllers?

3 :*oq/\
‘ nature =

COMMUNICATIONS

A RTI C I_ E '.) Check for updates

A hierarchy of biomolecular proportional-integral-
derivative feedback controllers for robust perfect
adaptation and dynamic performance

Maurice Filo 1, Sant Kumar® ! & Mustafa Khammash® 1%

e Tailored control-theoretic tools to biology = g

i 5
YR
i

Maurice Filo

DivF Conference

family ot biological PIDs

- OO\-A@
@ OQ\@ L@@ %7
PR T
o 2 &@=" Q@\@
e T
, ? @—@T@
5
@—@Wh@

October, 2026




Can we de5|gn molecular PID controllers?

l] 1&116
COMMUNICATIONS

ARTICLE

") Check for updates

OPEN

A hlerarchy of biomolecular proportional-integral-
derivative feedback controllers for robust perfect
adaptation and dynamic performance

Maurice Filo 1, Sant Kumar® ! & Mustafa Khammash® 1%

e Tailored control-theoretic tools to biology = g

e Derived a topological hierarchy trading:
simplicity «— dynamic performance

e Showed noise attenuation properties

Maurice Filo

DivF Conference

family ot biological PIDs

" O@ ®
®€X OO\O L@e‘%@
L@_‘Lé: ° T} ° 00
& > e=" o
o QO\Q W
, o @—@T@
5

October, 2026



Can we de5|gn molecular PID controllers?

l] 1&116
COMMUNICATIONS

A RTI C L E M) Check for updates
https://doi.org/10.1038/s41467-022-29640-7 OPEN

A hierarchy of biomolecular proportional-integral-
derivative feedback controllers for robust perfect
adaptation and dynamic performance

Maurice Filo 1, Sant Kumar® ! & Mustafa Khammash® 1%

e Tailored control-theoretic tools to biology = family of biological PIDs

—x O-—g
g @

e Derived a topological hierarchy trading:
simplicity «— dynamic performance

e Showed noise attenuation properties @—’@Y@‘—L@

2,

C. Briat*, A. Gupta*, M. Khammash. Cell Systems (2016)
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Molecular integral feedback controller
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From the birth of Synbio to genetic feedback control

2000
4 2000 (O 2000 )
Birth of Synthetic Biology Integral Feedback in
Nature
Stimulus

e
Negative autoregulation ° o
> o o
\b Adaptation

A
_ ’_Lt
>
Repressilator
\_ L J
Programmable gene Chemotaxis reveals
circuits become real robust perfect
adaptation

Becskei & Serrano, Nature 2000
Gardner, Cantor & Collins, Nature 2000 Yi, Doyle et al. PNAS 2000
Elowitz & Leibler, Nature 2000 El Samad Khammash et al. JTB 2002
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https://pubs.acs.org/jpcbfk/article/116/18/5355/1703245/Robust-Adaptation-and-Homeostasis-by-Autocatalysis
https://www.sciencedirect.com/science/article/pii/S0006349509011667
https://www.nature.com/articles/35014651
https://www.nature.com/articles/35002131.pdf
https://www.nature.com/articles/35002125
https://www.sciencedirect.com/science/article/pii/S0006349509011667
https://www.nature.com/articles/43199
https://www.pnas.org/doi/10.1073/pnas.97.9.4649
https://www.sciencedirect.com/science/article/abs/pii/S0022519301924221
https://www.sciencedirect.com/science/article/pii/S0022519310003917?via=ihub
https://www.cell.com/fulltext/S2405-4712(16)00005-3
https://www.cell.com/fulltext/S2405-4712(16)00005-3
https://www.sciencedirect.com/science/article/pii/S2405471219303084
https://royalsocietypublishing.org/rsif/article/15/143/20180079/35812/Antithetic-proportional-integral-feedback-for
https://www.cell.com/fulltext/S2405-4712(16)00005-3
https://www.cell.com/cell-systems/fulltext/S2405-4712(25)00345-X
https://www.nature.com/articles/s41586-019-1321-1
https://www.nature.com/articles/s41586-019-1321-1
https://www.pnas.org/doi/10.1073/pnas.2122132119
https://www.biorxiv.org/content/10.64898/2026.01.16.699922v1.full
https://www.nature.com/articles/s41467-018-07899-z
https://www.nature.com/articles/s41467-019-13626-z

From the birth of Synbio to genetic feedback control

2000 2009
g 2000 \( 2000 [ 2009 A
Birth of Synthetic Biology Integral Feedback in Motifs for Robust
Nature Adaptation
Stimulus Motif 1: Negative feedback + buffer

e
Negative autoregulation ° o
@> | ~0—@—
\b Adaptation -|-_°4_|

Motif 2: Incoherent feedforward

Jk‘ -0 .?_.

> _'e

Repressilator

\_ AN AN J
Programmable gene Chemotaxis reveals A search over small
circuits become real robust perfect 3-node networks

adaptation reveals adaptation
motifs

Becskei & Serrano, Nature 2000

Gardner, Cantor & Collins, Nature 2000 Yi, Doyle et al. PNAS 2000
Elowitz & Leibler, Nature 2000 El Samad Khammash et al. JTB 2002 Ma & El Samad, BioPhysical 2009

Maurice Filo s DivF Conference October, 2026



https://pubs.acs.org/jpcbfk/article/116/18/5355/1703245/Robust-Adaptation-and-Homeostasis-by-Autocatalysis
https://www.sciencedirect.com/science/article/pii/S0006349509011667
https://www.nature.com/articles/35014651
https://www.nature.com/articles/35002131.pdf
https://www.nature.com/articles/35002125
https://www.sciencedirect.com/science/article/pii/S0006349509011667
https://www.nature.com/articles/43199
https://www.pnas.org/doi/10.1073/pnas.97.9.4649
https://www.sciencedirect.com/science/article/abs/pii/S0022519301924221
https://www.sciencedirect.com/science/article/pii/S0022519310003917?via=ihub
https://www.cell.com/fulltext/S2405-4712(16)00005-3
https://www.cell.com/fulltext/S2405-4712(16)00005-3
https://www.sciencedirect.com/science/article/pii/S2405471219303084
https://royalsocietypublishing.org/rsif/article/15/143/20180079/35812/Antithetic-proportional-integral-feedback-for
https://www.cell.com/fulltext/S2405-4712(16)00005-3
https://www.cell.com/cell-systems/fulltext/S2405-4712(25)00345-X
https://www.nature.com/articles/s41586-019-1321-1
https://www.nature.com/articles/s41586-019-1321-1
https://www.pnas.org/doi/10.1073/pnas.2122132119
https://www.biorxiv.org/content/10.64898/2026.01.16.699922v1.full
https://www.nature.com/articles/s41467-018-07899-z
https://www.nature.com/articles/s41467-019-13626-z

From the birth of Synbio to genetic feedback control

2000

Programmable gene
circuits become real

Becskei & Serrano, Nature 2000

Gardner, Cantor & Collins, Nature 2000
Elowitz & Leibler, Nature 2000

Chemotaxis reveals
robust perfect
adaptation

Yi, Doyle et al. PNAS 2000

El Samad Khammash et al. JTB 2002
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A search over small
3-node networks
reveals adaptation
motifs

Ma & El Samad, BioPhysical 2009

2009 2012
g 2000 ([ 2000 \( 2009 N 2009-2012 A
Birth of Synthetic Biology Integral Feedback in Motifs for Robust Zero-Order & Autocatalytic
Nature Adaptation Integral Feedback
St|mu|us Motif 1: Negative feedback + buffer
Negative autoregulation
—~9—0— \’\ ( ™)
Adapta‘uon -|-—°4_|
__________________________________________ mﬂow O-order i outflow O-order
A Motif 2: Incoherent feedforward | | T s
k 00— O — O
_ : T \
- || —© 0o
**k/ ,,D
autocatalytic
Repressilator
- L AN AN J

Zero-Order degradation
reactions approximate
integrators; while
autocatalytic reactions
realize exact deterministic
integrators

Ni, Ruoff et al. BioPhysical 2009
Barkai & Leibler, Nature 2009

Ang, McMillen et al. JTB 2010

Drengstig, Ruoff et al. Phys Chem 2012
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Introducing GenAl-Net

[SCIENCE ADVANCES | RESEARCH ARTICLE

" SYNTHETIC BIOLOGY

'GenAl-Net: A generative Al framework for automated
| biomolecular network design

,: Maurice Filo't, Nicolo Rossi't, Zhou Fang®t, Mustafa Khammash'#

{ Biomolecular networks underlie both natural biological processes and engineered cellular technologies, from
{ intracellular regulation and ecological dynamics to biomanufacturing, smart therapeutics, and cell-based diagnostics.
t However, designing chemical reaction networks (CRNs) that implement a desired dynamical function remains a
f challenging task. Although candidate networks can be evaluated by simulation, the inverse problem of discovering
{ networks from behavioral specifications remains difficult. It requires navigating vast spaces of topologies and
} kinetic parameters governed by nonlinear and potentially stochastic dynamics. Here, we introduce GenAl-Net, a
generative artificial intelligence framework that automates CRN design by coupling reaction proposal to simulation-
! based evaluation defined by a user-specified objective. GenAl-Net efficiently produces topologically diverse solutions
f across design tasks, including dose-response shaping, complex logic gates, classifiers, oscillators, habituation,
{ robust perfect adaptation, and noise reduction in stochastic settings. By turning specifications into families of
§ circuit candidates, GenAl-Net provides a route to programmable biomolecular circuit design and accelerates transla-

Copyright © 2026 The §
Authors, somerights |
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons |
Attribution License 4.0 §
(CCBY).

g

§ tion from desired function to implementable mechanisms. :
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Casting as a Reinforcement Learning problem

We can think of the process of building an I/O CRN, one reaction at a time, as a Markov

Decision Process characterised by the tuple (S, A, T,m, R, po)
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Casting as a Reinforcement Learning problem

We can think of the process of building an I/O CRN, one reaction at a time, as a Markov

Decision Process characterised by the tuple (S, A, T,m, R, po)

S is the state space of the environment. Any state s € Sis an I/O CRNs

A is the action space. Any action a € A is a chemical reaction

St Tt — R(Stv At)
Agent Environment
At ~J 7T(. ‘ St) St_|_1 — T(St, At)
So ~ pol.
A, T o~ pol.)
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GenAl-Net: how it works
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GenAl-Net: how it works
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GenAl-Net: the agent architecture
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GenAl-Net: the agent architecture
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GenAl-Net: the agent architecture
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GenAl-Net: the agent architecture
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GenAl-Net: the agent architecture
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GenAl-Net: the agent architecture
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GenAl-Net: the agent architecture
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GenAl-Net: the agent architecture
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GenAl-Net: the agent architecture
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Dose response shaping - ultra sensitivity
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Dose response shaping - ultra sensitivity
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Dose response shaping - ultra sensitivity
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Dose response shaping - ultra sensitivity
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Dose response shaping - ultra sensitivity
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Dose response shaping - ultra sensitivity
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Dose response shaping - ultrasensitive response
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Discovered new topologies across diverse applications

Dose Response Shaping Robust Controllers Classifiers

dose response of top 40 I/0 CRNs transient dynamics of top 40 I/0 CRNs A. RPAin the deterministic setting, process: 1 species, controller: 2 species A. Classifiers: fate decisions from initial conditions
1.00 1.00 +— — — _2.0—. /O CRN 1 1/0 CRN 4 1/0 CRN 8 starter /O CRN transient dynamics of top 100 I1/0 CRNs 1/0 CRN 1 I/0 CRN 19 1/0 CRN 28 art %) %) transient dynamics of top 40 topologically unique 1/0O CRNs
u=2. @ , starter 1.25 1.25 -
[%) 2.5 1/0 CRN — I/OCRN 1
0.75 A 0.75 X3 X3 X3 ’ — I/OCRN 1 1.00 - 1.00 jl P c
) ' disturbance —— IJOCRN 19 0.75 —  IJOCRN1 0.75 1.00 —— I/OCRN 11
- E . : . —— |/O CRN 14,
5 m |/O CRN 1 X 2.0 —— 1/O CRN 28 add up to 6 reactions X —— I/OCRN 11 @
£0.50 1 e /O CRN 4 0.50 - 1 --- setpoint o class(L0) 0.50 —— IJ/OCRN 14 0.50 dess 1| 075
<> > ~ . / ' : 25 A )
© s 1/0 CRN 8 X X X X X X o o2z () 5 o class (0, 1) 0.25 0-25 94 cestt 0] @
0.25 - s 0.25 1 2 1 2 1 2 @\ & 1) T2/ j=3 1.2 o . 0.00 0.00 :
--- target ;—— o B 3104 “ee o 7 0 10 100 0 10 100
Pt setpoint ’ 1.0 722 T e time (log) time (log) 0.25
0.00 T T T 1 0.00 T T T T T T 0.8 .‘ ,/’ .‘ 1/0 CRN 1 1/0 CRN 11 1/0 CRN 14
00 05 10 15 20 0 10 100 0.5 7 py— 06 (%) o e 2
input time (lo 04— e 7 o
p (log) " o us € {0.5, 105} 8 10 e e QxY & N
. . pro uc S . T LA B | T T Trrrrr B & . ’ ° eoe
performance under different numbers of appended reactions 0 10 100 g os 8 0.0 I,z Pe )f' eel s p4
time (log) 2
- 0.00.20.40.60.81.01.2 . .
oile A o o 32 initial conditions, 2 classes POSt-deSIQn analySIS
-1 ] . P . . . b . ) (A = ¢
107 4 it . B. RPA in the deterministic setting, process: 1 species, controller: 1 species 21(0), 22(0) € [0,2] /O CRN 1
] . starter I/O CRN transient dynamics of top 100 I/O CRNs 1/0 CRN 2 1/0 CRN 4 1/0 CRN 9 l‘ﬁgtu"!l%tfkd %disturbance 90 initial conditions 1) 2 2 —— WOCRN11,
0 ] * Tosrecisonisd Ssnsmens K I 1%} _ closer to the separation line —7 OCRNA4
) 1 : e u, 4 — 1/OCRN 2 ﬂ W
2 1 1 K ’ € (%] @ k —— I/OCRN 4 = 7N regulated : :
¢ oasshetiee 0 I 8 / j 1/0 CRN 9 %] ( X1 )\‘/l\_._,_ PO output 0.08 4 —@— seen conditions during design
] . g ﬁ @ 2 disturbance 3 -—- setpoint . Xy —~®— unseen conditions during design
0
p . ) 0.06 4 !
102 4 E = “/Z\‘*"" sensing + actuation 1
T T T T T T ‘g_ , N (via converS|on)/ 8 | 2 004 :
5 o K 3 0.04 A
1 2 3 4 5 6 @@ 8 gtz S !
) controller .
@\ e 14 products setpoint 0.02 :
setpoint e §§N |
+ _
——————— _ protease protease 0.00
uy € {O5MOmE o« /% ° GXNXXN x10-2 inhibitor S
0 - — T T T T — T T T 7 I Z+Z .
& — 0, 2 - S.
0 10 100 T/ E Xtz i oHF25 /O CRN # 000 025 050 075 1.00 1.25 1.50 1.75 2.00
time (log) e *g z _? 20 & | @
¢ o X —.4 . 15 )
O —fs7 °F degradation
tag
I I I I O I I I C I I N l l L I G
B. Oscillators with input-tunable frequenc i i i i i i - i - i i H H H p p p p 1 p
aosclllato Y, VO CRNs frequency response of top 60 /G CRINS C. R%-\ClF?Nthe stochastic setting w(:th n_0|sfe suH/%rg:Nswn, process: 2 species, controller: 3 species tha;rter4 input logic circuit (ui Auz2) V (u2 Auz) V (us A ua)
20 4 6.0 ., 100 S CRN S T=0 o055 starter transient dynamics of top 40 s ) _
3% — vocan o 28 o5 —— MO CRN 35.f = 0.097 10 /O CRN 1 /O CRN 31 /O CRN 34 Vo CRN@ 2 olfansient dynamics of top 29 I/O CRNs
X —_— == 7 —— I/O CRN 51, f = 0.100 g o — 1/0 CRN 1 /0 CRN 2 /0 CRN 4
? 15 4 ég . Lo RN S S —=—=— target frequency @ @ | — WOCRNL1 ____________ . \/X\\ \/ 4\\ @ —_ :;g Ei:;
5 _ =] ) —— 1/O CRN 31 o u TV T8y, 15 4 —— I/OCRN 4
PN \X'D 2 10 4 = disturbance 8 - /O CRN 34 ) //x\ /X\\g -=- setpoint
u> g £= _ . SN VAN,
24'()(1) = b} -=- setpoint PO 7N
@ — s 2 A Q u, I I u
desired =] 1.00 o E 64---——-—"—-"-----ZF - —_ : 3
freq K] - = I/O CRN 3, f = 0.067 <‘> - - 2 \ ®_A> 1%} 1z
o 4 28 o.75 ~——— I/O CRN 39, f = 0.067 /= \ / \ - p- —\ : _
T T T T T T 53 —— I/OCRN 51, f = 0.069 @ —>&Z &Z o (2Z.) (Z.) H N\ add up to 6 reactions
o 20 40 60 80 100 %é 0.50 : ——— target frequency @\ _V _2/ § 4 — 1 3/ [/ﬁ?} T
=7 o025 - i setpoint 5 S [ N 7N 7 0 10
/0 CRN 3 /0 CRN 39 /0 CRN 51 s 0.00 4 : 3/ g 2 4 /i\ A > time (log)
: o T T T | &,?/ u; | o 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
3 1.00 —— I/O CRN 3, f = 0.049 u> 0 (o] 0 0 1 1 1 1 0 [¢] [¢] 0 1 1 1 1
22 ——— I/O CRN 39, f = 0.050 0 T T T T TTTT T T T T T T
22 o0.75 - products us | o 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1
Y o —o= target frequency 0 10 100 RO R R R VO CRN T us| o 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
(X, )—* X, E% ' time (log) S e e e i e Vs Target  0.00 000 0.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00
- E> 0° < 967 I/0 CRN 1 SXNNNXXXXNNNNNN -, 0-1 Output | 0.00 0.00 0.00 1.00 0.00 0.00 0.99 0.99 0.00 0.00 0.00 1.00 0.99 0.99 1.00 1.01
2 600 4 | | . \ J 3 i 1/0 CRN 31 o zs+z3_|||||||||||||||
0.0 0.1 0.2 0.3 0.4 0.5 Z .‘\ 1/0 CRN 34 Z,+2Z5 4°.° b b ... LCR . 2.1 ujz 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
Post-design analysis frequency -(% \ — == Poisson (1/y/f) ® 52152 1. P . “rele 21 uz | o o 0 0 il 1 1 i o o 0 0 i il 1 1
time horizon = 500 freg:::reol:cy % > (‘fC 5 = {i ocs g L} [e4| = 100 % 0.4 \\ Zi"'zz -’ '}' . Ol r . I/0 CRN 2 5 ° ° L : ° ° L : ° ° L : 0 ° L .
K= 20 10 2 AN v Zi+Zi o 51 us | o 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
frequency precision input rate to ouput frequency mapping S \\\ % Xi+Z3 w Target 0.00 0.00 0.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00
) [ 8 - oS % . . n
. < =een conditions during desion_ | 010 o ny target ) S ¢ ‘~\\ o 212 ] s & 1 21 ©° Output | 0.00 0.00 0.00 1.00 0.00 0.00 0.99 0.99 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.02
_ —e— unseen conditions during design oo seen frequencies S ~_ 8 T, .
R g e g 0.2 LI ST ¢ o x1+)z(; 1R : Re 20 u.[ o 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
2 g © 8 e gg - Z, - e * e u | o 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1
s 32 £ 0.07 avg. rel. freq. error (%) S L ) .
§ 5 3 o.06 — = I/O CRN 3: 0.8% )z(l n> -3 2.0 /O CRN 4 usz (o] (o] 1 1 (o] (o] 1 1 (o] (o] 1 1 (o] (o] 1 1
s 81 2 oos e R o DAt ! ! 5 _&. 77 < us | o 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
£ 4 . . == 1/O CRN 51: 3.2% 20 40 o .U T t
T T T T T T l T T T T T T 0.00 0.00 0.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00
1 10 20 30 40 50 60 0.05 0.06 0.07 0.08 0.09 0.10 mean Copy number arge
/O CRN # /l> @ Output | 0.00 0.00 0.00 0.99 0.00 0.00 0.99 0.99 0.00 0.00 0.00 0.99 0.99 0.99 0.99 1.00

Maurice Filo Conference October, 2026




Robust molecular controllers

Dose Response Shaping Robust Controllers Classifiers
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Robust molecular controllers

A. RPA In the deterministic setting, process: 1 species, controller: 2 species
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Classifiers

Dose Response Shaping Robust Controllers Classifiers
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Classifiers

A. Classifiers: fate decisions from initial conditions
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Molecular oscillators

Dose Response Shaping Robust Controllers Classifiers
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S ——— I/O CRN 39, f = 0.050 0 T T T T T T T T T TTT
£2 o0.75 1 O CRN o1 T = 0’023 . 110 1(1)0 products /O CRN 1 us | o 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1
EL o050 pic= faroctirequency . 3NN NN NN us| o 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
(X, )—* X, S time (log) T e e e el e Vs Target  0.00 000 0.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00
B gz 02° S 0.6 ‘i 1/0 CRN 1 ?’T’T’T":’f’f’f"l"l”‘l"“:"l‘”:’“: x10~1 Output | 0.00 0.00 0.00 1.00 0.00 0.00 0.99 0.99 0.00 0.00 0.00 1.00 0.99 0.99 1.00 1.01
= 0.00 : : y ! ) &) 1/0 CRN 31 Z1+Z+
0.0 0.1 0.2 0.3 0.4 0.5 = g\, 1/O CRN 34 ° z;+z§ Jeo el B R 2.1 up | o 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
Post-design analysis frequency -(% \ — == Poisson (1/y/f) ® §21§2 1. P . ~le ° 21 uz | o o 0 0 il 1 1 i o g (1) (1) ; cl) i i
) N frequency _1_ 1£ C c N 1 B = 04 4 \ 174 LR, s L . : us | o 0 1 1 0 0 1 1 0
time horizon = 500 quency. Z0 % ( {% e, ﬁ} j¢| = 100 3 0.4 3\\ . %1:%? -+ % - 1/0 CRN 2 u, o . o N o . o N o . o 1 o . o N
frequency precision input rate to ouput frequency mapping S ° \\ % Xi+Z3 o« b w Target 0.00 0.00 0.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00
&~ seen conditions during design | 0.10 o e target S L DN 5 XitZz Sow e N “ 21 8 Output | 0.00 0.00 0.00 1.00 0.00 0.00 0.99 0.99 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.02
a —@— unseen conditions during design > seen frequencies S ‘ ~So o Xi+Z; |
2 £ i 5 2% T 0.2 $ Te-al o S XX 4 @ . pe u.[ o 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
s 5 3 $ o.08 o : LI Sm——— ‘/ Z; - . o 2.0 2
g8 g 5] $ 6 gqa TTm--- Z, e © e u| o o 0 0 1 1 1 1 0 0 0 0 1 1 1 1
R £ o.07 avg. rel. freq. error (%) See ¢ z, 4 J
L 5 — - I/O CRN 3: 0.8% 1 ® 2.0 us | o 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1
L g 0= = — \/O ERN 39: 0.4% ' ! X 2 VO CRN 4 u 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
= E 2 S o.o0s \ == 1/O CRN 51: 3.2% 20 40 o 4 a
T T T T r T ] T T T T T T mean copy number Target | 0.00 0.00 0.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00
' e e vodhn # 10 =0 0 e-os o-ee 0% @\0'08 09 oo Output | 0.00 0.00 0.00 0.99 0.00 0.00 0.99 0.99 0.00 0.00 0.00 0.99 0.99 0.99 0.99 1.00
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Molecular oscillators

Maurice Filo

B. Oscillators with input-tunable frequency
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Molecular logic gates

Dose Response Shaping Robust Controllers Classifiers

dose response of top 40 I/0 CRNs transient dynamics of top 40 I/0 CRNs A. RPAin the deterministic setting, process: 1 species, controller: 2 species A. Classifiers: fate decisions from initial conditions
1.00 1.00 +— — — | —— /0 CRN 1 I/0 CRN 4 1/0 CRN 8 starter /O CRN transient dynamics of top 100 I1/0 CRNs 1/0 CRN 1 I/0 CRN 19 1/0 CRN 28 art %) %) transient dynamics of top 40 topologically unique 1/0O CRNs
u=20 @ ) starter 1.25 1.25 .
2.5 7 1/0 CRN —_—
X X X & —— I/OCRN 1 1.00 . 1.00 I/0 CRN 1
3 3 3 - / —— OCRN11
0.75 A 0.75 1 disturbance 1/O CRN 19 0.75 —— I/OCRN 1 0.75 1.00 /0 2RN 14
5 m= |/0 CRN 1 % 2.0 —— /O CRN 28 add up to 6 reactions X 0.50 —— I/OCRN11 @0 50 ]
o 1 ——— i : — . 0.75
£ 0.50 s 1JO CRN 4 0.50 f setpoint o class (1, 0) 0s I/0 CRN 14 0 c:ass (?’ (1)) P
° = |/0 CRN 8 X X X X X X o @<> 7 (7)) =+ o class (0, 1) : 25 cestt 0] @
0251 target u 025 7 1 ? 1 ? 1 ? © &J/ 28 1.2 ° o0 0 10 100 0 0 10 100
- —_— ) o | [ X} [ ] ,/
05+t setpoint 1.0 10 e R it time (log) time (log) 0.25
4
0.00 - 0.00 =TT T 0.8 e s .° 1/O CRN 1 1/0 CRN 11 I/0 CRN 14
T T T 1 T 1 x o 1.7
00 05 10 15 20 0 10 100 057 =05 0.6 15, 7, 2
. . 0.4 ° ’ °
s tme (o) 0.0 va € {05 A0 g 1.0 o P e@ 'e$ qe @’
. . prOdUCtS . LI LR | T T T T < & . , Iy ode
performance under different numbers of appended reactions 0 10 100 g os 8 0.0 I,z Pe )f' eel s p4
time (log) 2
* 0.5 0.00.20.40.60.81.01.2 Post . .
- " -design analysi
o ot Al . L . i .o ] 32 initial conditions, 2 classes ost-design analysis - - A
107 4 ey . B. RPA in the deterministic setting, process: 1 species, controller: 1 species o - 21(0), 22(0) € [0,2] —7 VOLRN X
1 starter I/O CRN transient dynamics of top 100 I/O CRNs 1/0 CRN 2 1/0 CRN 4 1/0 CRN 9 regulated disturbance 90 initial conditions 2 2 —— VOCRN11,
1 H) network
0 ] * Tosrecisonisd Ssnsmens K I 1%} _ closer to the separation line —7 OCRNA4
2 1 - . & 9 4 ‘ — /O CRN 2 —O-
= 1 % L <;> { —— I/OCRN 4 < N U regulated : .
$ ouitiee 0 E 8 @ / j N I;O CRN 9 o (/X:)\‘/l\_,_.. - gutput 0.08 4 —©— seen conditions during design
] . g ﬁ @ 2 disturbance 3 -—- setpoint Xy —~®— unseen conditions during design
0 11
| . . 0.06
= ¢ = (). sensing + actuation 1
107 < : 5 (Z) (via conversion) | ]
T T T T T T 25 N P 200441
1 2 3 4 5 6 @ .~ 3 gtz 27T
& I ¢ '
] )
/ controller .
@\ e 14 products setpoint 0.02 :
setpoint e §§N |
——————— - rotease rotease 0.00
uy € (O5MOE « /% ° OXNXXN 1072 P nhibitor
0 ——— e ) . zvz S 15 10 15 20 25 30 35 40 )
0 10 wo | P AT £ XtZ g e 25 /O CRN # 0.00 0.25 050 0.75 1.00 1.25 1.50 1.75 2.00
time (log) e - © z 7 20 & | @
- g X B > 15
o {2 ¢ degradation %
tag
I I I I O I I I C I I N l l L I G t
B. Oscillators with input-tunable frequenc i i H i i i . i - i i H H H p p p 1 1 1
L Dscillato P e ey, 1o oRNs frequency response of top 60 /G CRINS C. RPAin the stochastic setting with noise suppression, process: 2 species, controller: 3 species tha;rter4 input logic circuit (ui Auz2) V (u2 Auz) V (us A ua)
20 0 o cRN S o 200 S CRN S T=o055 starter /O CRN transient dynamics of top 40 I/O CRNs /O CRN transient dynamics of top 29 /0 CRN
i3 T /o chn 3o £s .. —— /O CRN 35, = 0.097 10 - /0 CRN 1 /O CRN 31 /O CRN 34 @ - 201" a
_ o3 / Aot eS o —— VO CRN 51,1 = 0.300 o @ 7O CRN 1 /)—(\ ) © — VoCNT 1/0 CRN 1 1/0 CRN 2 10 CR
(i 10 § é DEe TEeY | JOoCRN31 e u, ‘\;,,7,1/‘ \;,,,“/\ul, 15 4 —— IIOCRN 4
P <= E 10 - = disturbance 8 4 — /O CRN 34 Q ) g/(@ (@ > —-- setpoint
<u > . E] g s
Z‘L'KXD = o --- setpoint 2\
@ 5 £ S Q u, I I S
desired =] 1.00 o E 64+---——"—-"-----ZF - —_ : 3
freq K] = I/O CRN 3, f = 0.067 <‘> - - 2 \ ®_A> 1%} 1z
o - 28 595 ——— I/O CRN 39, f = 0.067 ye \ ye \ - ez —\ ! )
r " " " r r §c5 —— 1I/O CRN 51, f = 0.069 @ —\>&Z1 &Zz 8. ( Z1 ) ( 23 ) W add up to 6 reactions
o 20 40 . 60 80 100 gé 0.50 - : —=—=— target frequency @ 4 _2 g 4 1 N 4 [/Z ] [ ?} |
=7 o025 - i setpoint 5 S [ N 7N 7 0 10
/0 CRN 3 /O CRN 39 /O CRN 51 s 0.00 IA i 3/ g 2 4 (Z \ ¥ p time (log)
: T T T T ] “2) ui [ o 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
N 1.00 —— I/O CRN 3, f = 0.049 u> 0 (o] 0 0 1 1 1 1 0 [¢] [¢] 0 1 1 1 1
S ——— I/O CRN 39, f = 0.050 0 T T T T T T T T T TTT
£2 o0.75 1 O CRN o1 T = 0’023 . 110 1(1)0 products /O CRN 1 us | o 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1
EL o050 pic= faroctirequency . 3NN NN NN us| o 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
(X, )—* X, S time (log) T e e e el e Vs Target  0.00 000 0.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00
B gz 02° S 0.6 ‘i 1/0 CRN 1 ?’T’T’T":’f’f’f"l"l”‘l"“:"l‘”:’“: x10~1 Output | 0.00 0.00 0.00 1.00 0.00 0.00 0.99 0.99 0.00 0.00 0.00 1.00 0.99 0.99 1.00 1.01
= 0.00 : : y ! ) &) 1/0 CRN 31 Z1+Z+
0.0 0.1 0.2 0.3 0.4 0.5 = g\, 1/O CRN 34 ° z;+z§ Jeo el B R 2.1 up | o 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
Post-design analysis frequency -(% \ — == Poisson (1/y/f) ® §21§2 1. P . ~le ° 21 uz | o o 0 0 il 1 1 i o g (1) (1) ; cl) i i
) N frequency _1_ 1£ C c N 1 B = 04 4 \ 174 LR, s L . : us | o 0 1 1 0 0 1 1 0
time horizon = 500 quency. Z0 % ( {% e, ﬁ} j¢| = 100 3 0.4 3\\ . %1:%? -+ % - 1/0 CRN 2 u, o . o N o . o N o . o 1 o . o N
frequency precision input rate to ouput frequency mapping S ° \\ % Xi+Z3 o« b w Target 0.00 0.00 0.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00
&~ seen conditions during design | 0.10 o e target S L DN 5 XitZz Sow e N “ 21 8 Output | 0.00 0.00 0.00 1.00 0.00 0.00 0.99 0.99 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.02
a —@— unseen conditions during design > seen frequencies S ‘ ~So o Xi+Z; |
2 £ i 5 2% T 0.2 $ Te-al o S XX 4 @ . pe u.[ o 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
s 5 3 $ o.08 o : LI Sm——— ‘/ Z; - . o 2.0 2
g8 g 5] $ 6 gqa TTm--- Z, e © e u| o o 0 0 1 1 1 1 0 0 0 0 1 1 1 1
R £ o.07 avg. rel. freq. error (%) See ¢ z, 4 J
L 5 — - I/O CRN 3: 0.8% 1 ® 2.0 us | o 0 1 1 0 0 1 1 0 0 1 1 0 0 1 1
L g 0= = — \/O ERN 39: 0.4% ' ! X 2 VO CRN 4 u 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
= E 2 S o.o0s \ == 1/O CRN 51: 3.2% 20 40 o 4 a
T T T T r T ] T T T T T T mean copy number Target | 0.00 0.00 0.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00
' e e vodhn # 10 =0 0 e-os o-ee 0% @\0'08 09 oo Output | 0.00 0.00 0.00 0.99 0.00 0.00 0.99 0.99 0.00 0.00 0.00 0.99 0.99 0.99 0.99 1.00
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Molecular logic gates

B. 4-input logic circuit (ui1 Awuz) V (uz Aus) V (ug A uy)
starter
/0 CRN @ , ,fransient dynamics of top 29 I/O CRNs

—— I/OCRN 1 /O CRN 1 /O CRN 2 /O CRN 4
X)X, ®
u1 u4 1.5 - —— 1/O CRN 4

@/@ ®\@ -== setpoint
o] T ,,

u
&) &)

add up to 6 reactions

0 10 100

time (log)
Uj 0 0 0] 0] 0] 0 0 0 1 1 1 1 1 1 1 1
u> 0 0 0 0] 1 1 1 1 0 0] 0] 0] 1 1 1 1
Uus 0] 0] 1 1 0] 0] 1 1 0] 0 1 1 0] 0] 1 1
/O CRN 1
Ug 0] 1 0] 1 0] 1 0 1 0 1 0] 1 0 1 0 1
Target 0.00 0.00 0.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 000 1.00 1.00 1.00 1.00 1.00
Output 0.00 0.00 0.00 1.00 0.00 0.00 0.99 0.99 0.00 0.00 0.00 1.00 0.99 0.99 1.00 1.01
Uuj 0 0 0] 0] 0] 0] 0] 0] 1 1 1 1 1 1 1 1
Uu> 0] 0 0] 0] 1 1 1 1 0 0] 0] 0] 1 1 1 1
us 0] 0] 1 1 0] 0] 1 1 0 0] 1 1 0 0 1 1
/O CRN 2
Ug 0] 1 0) 1 0] 1 0] 1 0] 1 0 1 0] 1 0] 1
Target 0.00 0.00 0.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.00
Output 0.00 0.00 0.00 1.00 0.00 0.00 0.99 0.99 0.00 0.00 0.00 1.00 1.00 1.00 1.00 1.02
Uj 0 0 0] 0] 0] 0 0 0 1 1 1 1 1 1 1 1
U> 0 0 0] 0 1 1 1 1 0] 0] 0] 0] 1 1 1 1
Uus 0] 0 1 1 0] 0 1 1 0 0] 1 1 0 0 1 1
/O CRN 4
Ug 0 1 0] 1 0] 1 0 1 0 1 0] 1 0] 1 0] 1

Target 0.00 0.00 0.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 000 1.00 1.00 1.00 1.00 1.00
Output 0.00 0.00 0.00 0.99 0.00 0.00 0.99 0.99 0.00 0.00 0.00 0.99 0.99 0.99 0.99 1.00
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Conclusion & Outlook

e Control theory provides a principled framework for engineering biological feedback
systems

https://maurice-filo.github.io/
* Al can help speed up the design and motivate new theory. @i

 How to tailor the search space to make the CRNs genetically ‘;
implementable by construction? @535
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