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Briat, C., Gupta, A., & Khammash, M. (2016). Antithetic integral feedback ensures
robust perfect adaptation in noisy biomolecular networks. Cell systems, 2(1), 15-26.
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Alternative PIDs based on Different Integrators

Ni, X. Y., Drengstig, T., & Ruoff, P. (2009). The control of the controller: molecular mechanisms for robust perfect
adaptation and temperature compensation. Biophysical journal

Briat, C., Zechner, C., & Khammash, M. (2016). Design of a synthetic integral feedback circuit: dynamic analysis and
DNA implementation. ACS synthetic biology
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Filo, M., Kumar, S., & Khammash, M. (2022). A hierarchy of biomolecular
proportional-integral-derivative feedback controllers for robust perfect adaptation and
dynamic performance. Nature communications, 13(1), 1-19.
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ẋ = Sλ(x) + ue1
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ż3 =
α0

1 + (x6/κ0)n0
− γ0z3

u = kz1 − (δx6 + δ0z3)
x1

x1+κ1

d

H
yb

ri
d
4
th

O
rd
er

0 0.02 0.04 0.06 0.08 0.1
0

0.06

0.12

0.18

0.24

0.3

5

10

15

20

25

30

35

P
er

fo
rm

an
ce

 In
de

x

0   100 200 300 400 500 600 700 800 

Time10

12

14

16

18

20

22

24
O

ut
pu

t

P (P-Type) + ID (N-Type)

Controller
Dynamics




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ẋ2 = k1x1 − (γ2 + ∆)x2

PID-Controller Dynamics:
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Genetic Implementations: Anastassov, S., Filo, M. G., Chang, C. H., & Khammash,
M. (2022). Inteins in the Loop: A Framework for Engineering Advanced Biomolecular
Controllers for Robust Perfect Adaptation. bioRxiv.
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