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Dur ing t he past  t went y years, t he f ield of  synt het ic biology has 
exper ienced a parabolic accelerat ion of  developm ent  and grow t h.  Wit hin 
it , new  t ypes of  cellu lar  sensors have been est ablished for  in vivo (in t he 
cell, body) applicat ions.  These biological sensors (biosensors) are now 
paired t o elect ronic com put er  chips, and t ransplant ed or  in ject ed in 
t issues for  m onit or ing, and com put at ions using logic-gat es (YES, NOT, 
INHIBIT, NOR, NAND and OR), and for  t arget ed drug delivery applicat ions 
such as vaccines.

These accelerat ed advancem ent s in synt het ic biology and t hus, 
biocom put at ion t ools have produced new genet ic circuit s operat ing as 
logic funct ions.  Digit al circuit s in cells are based on RNA regulat ors 
(r ibosw it ches, t oehold sw it ches, et c.) and recom binases.

Glucose Met er  a Logic-Gat e Responsive Device



Wit hin synt het ic biology, research has focused upon t he const ruct ion of  
circuit s of  biological com ponent s such as genes and t he prot eins t hey 
express.  Circuit s receive input  signals f rom  inside or  out side t he body.  
Encoded w it h in circuit s are so-called "rules" , m im ick ing t hose found in 
convent ional, classical com put ing based upon elect ronic logic circuit s.  In 
synt het ic biology, logic circuit s are der ived f rom  genes and t he cont rol of  
t heir  act ivit ies, or  t he silencing of  t hem .

These are bot h digit al and analog circuit s responding t o a var iet y of  
input s.  Genet ic circuit s process digit al-t o-analog, analog-t o-digit al 
conversions, while count ing, com par ing and processing quant it ies of  
input s.

The nat urally-der ived biosensors w it h in our  bodies em ploy elem ent s 
such as nucleic acids (DNA, RNA), prot eins, enzym es, and ant ibodies 
f rom  our  innat e and adapt ive im m une syst em s, as recognit ion layers.  
These layers t hen produce an out put  signal as found in st andard 
elect ronic logic circuit s. 





Over  t went y years ago, t he f ir st  synt het ic gene circuit s were 
developed in E. coli.  Biologist s have produced st andardized genet ic 
pieces and devices t hat  are t hen ar ranged int o m odules and syst em s 
for  reprogram m ing l iving organism s.  The f ield now is m ore apt ly 
viewed as bioengineer ing.

Bioengineer ing gave r ise t o biocom put ing using m olecular  par t s for  
t he hardware.  Biological syst em s have what  are refer red t o as 
hard-coded, pre-def ined "rules" .  Funct ional devices are built  f rom  
m olecular  t ools and biological m ot ifs.  This began w it h t he sm all 
m olecules of  genes, ar ranging (engineer ing) t hem  int o designed 
genet ic circuit s pat t erned af t er  elect ronic funct ions known as logic 
gat es.



There are t wo pr im ary cat egor ies work ing t oget her  in synt het ic 
biocom put ing. First , t he genet ic par t s, t he hardware and second, t he 
cellu lar  m et abolism .  Genet ic com ponent s work  in conjuct ion w it h 
t he rem aining m et abolic cellu lar  m achinery.  The result  is whole-cell 
biocom put ing ut i l izing bot h t he t ranscr ipt ional and t he m et abolic 
circuit s.  This increases t he volum e and t ype of  inform at ion 
processing, and t he im plem enat ion of  cont rol m echanism s.

Wit hin cells, genet ic and m et abolic syst em s work  t oget her .  There is 
a concept  known as het erot ic com put ing (i.e., t he coordinat ion 
bet ween dif ferent  t ypes of  com put ing), which is inherent  t o 
biological syst em s.  Met abolic net works operat e as conserved 
pr inciples t hat  can be im plem ent ed t o repurpose biochem ical nodes.



Wit hin t he present  cont ext  of  developing vaccines based upon 
DNA/RNA, RNA is now  encoded w it h synt het ic gene circuit s.  The RNA 
is regulat ed using program m able ant igen/adjuvant  circuit s.  These 
are designed so as not  t o st im ulat e t he innat e or  adapt ive im m une 
syst em  responses in such a m anner  t hat  works against  t he regulat ory 
com ponent s of  t hese circuit s.  At  least  t hat  is t he st at ed and 
published goal of  t he vaccine developers.  

The post inoculat ion repor t s indicat e ot herw ise, specif ically w it h 
respect  t o t he m ore severe side ef fect s such as anaphylaxis, Bell 's 
palsy, sepsis, m ajor  organ failure and sudden deat hs. 



These are designed as alt ernat ives t o t he m ore t radit ional vaccines 
em ploying an at t enuat ed virus.  This product ion and regulat ion of  
ant igen/adjuvant  expression is accom plished by deliver ing sm all 
m olecule drugs as t r igger ing m echanism s.

In si l ico m at hem at ical design of  RNA circuit s result s in t heir  assem bly 
in a t op-down m anner .  This has com plet ely changed t he m anner  in 
which vaccines t oday are designed.  In addit ion, program m able, 
individualized vaccines regulat ing t he ant igen/adjuvant  expression 
levels are being produced.  



Genet ic circuit s work  in a com plem ent ary fashion w it h sm all 
m olecule drugs.  These are oscil lat ors, t oggle sw it ches and cascades 
designed in sof t ware, in si l ico, m odeling logic-based net works.  
Work ing t op-down f rom  an exam inat ion of  a gent ic circuit , i t s 
h igh-level behavior  of  sensing-processing-act uat ion is used in t he 
design process of  const ruct ing genet ic circuit s.  While t he physical 
act ion of  t hese circuit s is facil i t at ed by t he bot t om -up assem bly of  
t he const it uent  biological par t s.  These logic circuit s funct ion as 
t ranscr ipt ional, t ranslat ional or  post t ranslat ional devices.

Over  t he past  year , SARS-CoV-2 RNA-based synt het ic vaccines have 
been developed and adm inist ered.  These are vaccines w it h 
program m able adjuvant  expression and pr im e-boost  im m unogen 
behavior .  Meaning, t hese vaccines are designed and m eant  t o be 
adm inist ered as one-shot  in ject ions, eit her  by syr inge and 
hypoderm ic needle, or  m icroneedle ar ray pat ches.



Wit hin synt het ic RNA circuit s, singular  input s and out put s can be 
l inked in producing com plex m odules.  To accom plish t h is, t he 
out put  of  t he f ir st  device m ust  be com pat ible and conver t able as 
t he input  for  a second device.  These can be int egrat ed int o syst em s 
of  m ore advanced operat ions, beginning w it h in si l ico m at hem at ical 
m odeling of  RNA circuit s.

A program m able logic device (PLD) is an elect ronic com ponent  

used t o build reconf igurable digit al circuit s.  Unlike int egrat ed 

circuit s which consist  of  logic gat es and have a f ixed funct ion, a 

PLD has an undef ined funct ion at  t he t im e of  m anufact ure.  

Before t he PLD can be used in a circuit  i t  m ust  be program m ed 

(reconf igured) by using a specialized program .  A device 

program m er  is used t o t ransfer  t he Boolean (a binary var iable, 

having t wo possible values called " t rue"  and " false" ) logic pat t ern 

int o t he program m able device. 

https://en.wikipedia.org/wiki/Programmable_logic_device


Today, engineered cells operat ing as biosensors are delivered by 

inoculat ion t o t he hum an body.  Using m essenger  RNA (m RNA) levels as 

input s, biosensors com bined w it h a com put at ional m odule, are able t o 

evaluat e logic expressions.  The relat ionship bet ween com put er  science 

and nat ural, biological com put ing is of t en synergist ic 1.

A biosensor  is a sm all circuit  t hat  t ransduces a specif ic input  signal int o a 

prescr ibed out put  according t o a pre-program m ed input / out put  relat ion.  

When com bined w it h an elect ronic nanoscale com put at ion m odule 

running Boolean sw it ching funct ions, a var iet y of  com put at ional m odels 

em erge leading t o t ypes of  cellu lar  feat ures exceeding t ransist or -based 

logic circuit s.  Deployed on a global scale, DNA and m RNA-based vaccines 

are act ing as m icro-scale drug precursor  product ion plant s and m init ur ized 

biosensors 1.



In addit ion t o drug product ion, nanoscale com put at ional unit s ut i l izing 

bot h genet ic m at er ials and m et abolic processes operat e in t andem  

w it h ar rays of  biological sensors 1.

Bioret rosynt hesis, a t echnique for  synt hesizing organic chem icals f rom  

inexpensive precursors and so-called 'evolved' enzym es, is an approach 

based on gener ic represenat at ions of  react ions, known as react ion 

rules.  These expand t he design space of  m et abolic circuit s by 

predict ing new synt heic pat hways connect ing m et abolism  and gene 

expression.  Ar t if icial int ell igence, known as m achine-learning, is 

applied by such ret rosynt hesis algor it hm s t o select  t he best  candidat e 

react ions 1.

As in m ost  com put er  archit ect ures, t he work ing relat ionship bet ween 

gene expression and m et abolism  is ak in t o m em ory syst em s.  For  

exam ple, DNA is relat ively st able, t hus operat ing as long-t erm  st at ic 

m em ory.  While m et abolism  is a shor t -t erm  volat i le m em ory syst em .



The cur rent  def in it ion of  digit al com put at ion is based on t he abst ract  

m odel def ined by Alan Tur ing in t he 1930s 2 and t he John von Neum ann 

archit ect ure 3 used t o im plem ent  t he t ypes of  com put at ions per form ed by 

t he Tur ing Machine 1.  Alt hough Tur ing's m odel provides a f ram ework  for  

answer ing fundam ent al quest ions about  com put at ion, " ...as soon as one 

leaves t he com for t  provided by t he abundance of  m at hem at ical 

m achinery used t o descr ibe digit al com put at ion, t he wor ld seem s t o be 

packed w it h pardoxes"  4. 

Alt hough genet ic circuit s m ay appear  t o behave digit al ly, i t  is only t he 

collect ive behavior  of  a large num ber  of  inherent ly analog com ponent s 

t hat  give r ise t o t h is proper t y 1.  The follow ing are exam ples of  cell-based 

com put at ion.

Tur ing Machine 



5  Horsman, D., Kendon, V., Stepney, S. & Young, J. P.W. Abstraction 
and representation in living organisms: when does a biological system 
compute? InRepresentation and Reality in Humans, Other Living 
Organisms and Intelligent Machines, 91?116 (Springer, 2017).

4  Konkoli, Z. et al. Philosophy of computation. 
InComputational Matter(eds Stepney, S., Rasmussen, S. & 
Amos, M.), 153?184 (Springer, 2018).

3  Von Neumann, J. First draft of a report on the EDVAC.IEEE Ann. 
Hist. Comput.15, 27?75 (1993).

2  Turing, A. M. On computable numbers, with an application to the 
Entscheidungsproblem.Proc. Lond. Math. Soc.s2?42, 230?265 (1937).
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The cell as a ?physical? com put er . A m odel of  com put at ion form ally 

def ines input s and out put s, as well as how an algor it hm  processes input s 

int o out put s. Though t he sam e t heoret ical m odel of  com put at ion can be 

physically im plem ent ed in m any dif ferent  ways, t he nat ure of  

com put at ion rem ains t he sam e 1.

Elect ronic im plem ent at ions receive elect ronic dat a for  input s/out put s, 

while cells are able t o sense/deliver  a w ide range of  physical, chem ical 

and biological input s/out put s. The encoding of  inform at ion int o input s 

can be done in dif ferent  ways. Tem perat ure, for  inst ance, can be encoded 

as t he height  of  m ercury in a t ube, t he volt age of  an elect ronic 

t herm om et er  or  t he st at e of  a DNA t herm osensor  1.



Mat hem at ical m odels of  com put at ion and t heir  proper t ies inform  t he 

engineer ing of  t heir  physical m anifest at ions . Many such 

im plem ent at ions m ay be possible, but  all inher it  t he charact er ist ics of  

t heir  abst ract  count erpar t s? bot h t heir  abil i t ies and t heir  l im it at ions. 

The fact  t hat  t he nat ure of  com put at ion w it h in a given m odel is 

independent  of  i t s im plem ent at ion allows t he applicat ion of  

t heoret ical com put er  science t o all k inds of  physical syst em s, including 

cells 1.



A var iet y of  com put at ional processes exist  w it h in cellu lar  syst em s 

exceeding t hat  of  t he Tur ing Machine.  Biosensors represent  only par t  of  

t he pict ure of  cellu lar  act ivit y.  Individual cells or  self -organized groups of  

cells per form  ext rem ely com plex fuct ions t hat  include sensing, 

com m unicat ion, navigat ion, cooperat ion and even fabr icat ion of  

synt het ic nanoscale m at er ials.  In nat ural syst em s, t hese capabil i t ies are 

cont rolled by com plex genet ic regulat ory circuit s.  Research ef for t s m im ic 

t he funct ionalit y of  m an-m ade inform at ion-processing syst em s w it h in 

whole cells 6.



At  t he sam e t im e, designs for  synt het ic biological sensing and com put ing 

t ake inspirat ion f rom  t hese sam e m an-m ade syst em s.  The relat ionship 

bet ween com put er  science and nat ural com put ing is of t en synergist ic.  

Yet , biological syst em s also consist  of  com put at ional feat ures t hat  are 

unavailable t o t hose based upon sil icon 1.

Inform at ion processing syst em s w t hin biology are qualit at ively dif ferent  

f rom  t hose of  classical com put ing.  The over laying of  digit al syst em s of  

logic is not  easily accom plished w it h in cells.  This involves t he m apping of  

sequent ial logic circuit s ont o seem ingly equivalent  genet ic circuit s.  

However , t hese sam e logic circuit s are over ly sim plist ic in com par ison t o 

t he of t en hidden com plexit ies of  biological syst em s 1.  



For  exam ple, i t  has becom e increasingly clear  t hat  a num ber  of  biological 

processes show quant um  m echanical proper t ies 7,8. In par t icular , t here is 

st rong exper im ent al evidence t hat  long-l ived quant um  coherence is 

involved in phot osynt hesis 9, and t hat  quant um  t unnell ing is act ive in 

enzym e cat alysis 10.



The m ore com m on form s of  com put at ion are digit al; t hat  is, inform at ion 

represent ed as a set  of  discret e values.  Wit hin elect ronic circuit s, t he 

cont inuous-value volt ages (elect ron f low) m ust  be broken int o discret e 

form s represent at ive of  digit al values (0,1).  While analog com put at ion 

allows for  cont inuous signals t o be used direct ly in t he com put at ional 

st eps of  an algor it hm , and for  represenat ion of  inform at ion as 

cont inuous values 1.

Since m ost  quant um  com put ing devices are built  and run under  st r ingent  

environm ent al condit ions (at  t em perat ures approaching absolut e zero), 

t he oppor t unit y t o cont rol quant um  ef fect s in a biological syst em  t hat  

?runs? at  room  t em perat ure, t hrough t he em ergence of  a ?quant um  

synt het ic biology?, could t urn out  t o be a gam e changer  in t he quant um  

suprem acy race. More t o t he point , realising m odels of  quant um  

com put at ion 11 using quant um  biology could yield a cellu lar  com put er  

capable of  a radically dif ferent  k ind of  com put at ion t han sil icon  1,9.



12  Vladimirov, N. & Sourjik, V. Chemotaxis: How bacteria 
use memory.Biol. Chem.390, 1097?1104 (2009).

11  David, D. & Roger, P. Quantum theory, the Church?Turing principle 
and the universal quantum computer.Proc. R. Soc. Lond. A. Math. Phys. 
Sci.400, 97?117 (1985).

10  R. K. Allemann & Scrutton, N.S.Quantum Tunnelling in 
Enzyme-Catalysed Reactions(Royal Society of Chemistry, 2009).

9  Engel, G. S. et al. Evidence for wavelike energy transfer through 
quantum coherence in photosynthetic systems.Nature446, 782?786 
(2007).

8  Adriana, M. et al. The future of quantum biology.J. R. Soc. 
Interface15, 20180640 (2018).

7  Lambert, N. et al. Quantum biology.Nat. Phys.9, 10?18 
(2013).
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Alt hough m any cellu lar  com put at ions involving binary ?yes/no? decisions 

m ay be int erpret ed as digit al com put at ions, and digit al logic com put at ions 

are cer t ain ly suit ed t o applicat ions such as biosensors, cells of t en exhibit  

graded responses t o st im uli t hat  are m ore appropr iat ely viewed as 

analogue com put at ions 12,13.  Fur t herm ore, t he biochem ical processes 

responsible for  cellu lar  com put at ions involve discret e int eract ions of  

discret e m olecules, but  are also inherent ly st ochast ic. Cellu lar  com put ing 

m ay, t herefore, be viewed as bot h digit al and st ochast ic, or  as analogue 

com put at ion w it h noise 14.

There are physical connect ions bet ween chem ist ry and elect ronics 15, 

however , t he cellu lar  environm ent  is a radically dif ferent  com put ing 

subst rat e t han sil icon.  Aside f rom  gene regulat ion, which has been useful 

in engineer ing biological logic circuit s, a num ber  of  processes and feat ures 

exist  in nat ural syst em s which of fer  com put at ional capabil i t ies.  The 

follow ing are four  such resources 1.



Cellu lar  inform at ion-processing fundam ent als t hat  
go beyond com binat or ial logic circuit s.

a  Whole-cell com put at ions, m erging genet ic and m et abolic circuit s, 

could achieve m ore am bit ious goals t han genet ic circuit s alone. 

Cells have evolved int r icat e net works t hat  m ake sim ult aneous use 

of  t he var ied feat ures of  bot h genet ic and m et abolic processes. In 

t erm s of  inform at ion st orage, m et abolism  present s a volat i le 

m em ory, while DNA sequences are able t o st ore inform at ion in a 

m ore st able fashion. Coordinat ing t he use of  dif ferent  t ypes of  

m em ory is a fundam ent al aspect  of  com plex com put er  

archit ect ures. 

The dynam ic dif ference is also a pot ent ial source of  com plexit y if  

coupled; m et abolic react ions operat e on a fast er  t im escale relat ive 

t o genet ic regulat ory net works 1.



b  Mult icellu lar  com put ing (r ight ) is cur rent ly im plem ent ed by 

connect ing t he out put  of  one st rain t o t he input  of  anot her . 

Social int eract ions am ong cells (lef t ), such as cooperat ion, 

m ut ualism , com pet it ion or  com m ensalism , are not  considered in 

general. However , social int eract ions are fundam ent al in nat ural 

com m unit ies? t hey provide st able archit ect ures execut ing a 

desired com put at ion 1.



c  Gene expression noise is int r insic t o l iving syst em s; t he panel 

f igure shows dif ferent  pat t erns for  gene expression. Despit e t he 

fact  t hat  all are descr ibed as being on, t here are dif ferent  t ypes 

of  expression? t hus dif ferent  on/of f  st andards 1.



d  The cell as a general-purpose m achine. As t he basis for  a m odel 

of  com put at ion, t he cent ral dogm a of  m olecular  biology can be 

expanded t o include m et abolism . Evolut ionary processes m ay 

also be included as m ajor  forces guiding inform at ion-processing 

in cells, since t hey allow  t he purpose of  cellu lar  com put at ions t o 

adapt  over  t im e 1.



Nat ural cellu lar  com put ing operat es at  vast  scales, in a dist r ibut ed 

m anner , and in t he presence of  considerable noise 1 (st ochast ic).  

Consequent ly, biological m et aphors have served as inspirat ions for  

m odels of  am orphous com put at ion 1.

By using int r insic physical proper t ies of  t he com put at ional subst rat e t o 

?out source? par t s of  t he com put at ion, increasingly com plex 

com put at ions can be car r ied out  while m aint ain ing relat ively sim plist ic 

cont rol st ruct ures 1,17.

Robot ics has also drawn inspirat ion f rom  biological com put at ion, 

par t icular ly in relat ion t o m orphological com put ing, which t akes 

advant age of  t he physical proper t ies of  com put ing agent s in order  t o 

achieve m ore ef f icient  com put at ions 1,16.

In t he cont ext  of  em bodied ar t if icial int ell igence, m orphological 

com put at ion refers t o processes, which are conduct ed by t he body (and 

environm ent ) t hat  ot herw ise would have t o be per form ed by t he brain.



Living syst em s are an ideal im plem ent at ion t echnology for  

m orphological com put at ion (biological syst em s using t heir  bodies t o 

cont rol basic act ions) since t hey not  only (nat urally) com put e solut ions 

t o individual inst ances of  problem s, but  cont inuously com put e and 

adapt  in order  t o em body an ef f icient  general solut ion.  Convent ional 

si l icon com put ers have inf lexible archit ect ures by com par ison, which 

m ust  sacr if ice ef f iciency for  generalit y. These qualit at ive dif ferences 

bet ween cellu lar  and convent ional com put ing suggest  t hat  applicat ions 

such as t er raform ing and sm ar t  m at er ial product ion m ay rem ain 

beyond t he reach of  si l icon com put ers, but  in cont rast , st rat egies for  

bot h applicat ions based on l iving t echnologies have already been 

proposed 1,18,19.



16  Gordana D.-C. The info-computational nature of morphological 
computing (ed. Müller, V. C.),Philosophy and Theory of Artificial 
Intelligence, Studies in Applied Philosophy, Epistemology and Rational 
Ethics, 59?68 (Springer Berlin Heidelberg, Berlin, Heidelberg, 2013).

17  Umedachi, T., Takeda, K., Nakagaki, T., Kobayashi, R. & Ishiguro, A. 
Fully decentralized control of a soft-bodied robot inspired by true slime 
mold.Biol. Cybern.102, 261?269 (2010).

18  Solé, R. Bioengineering the biosphere?Ecol. Complex.22, 
40?49 (2015).

19  Armstrong, R. Systems architecture: A new model for 
sustainability and the built environment using nanotechnology, 
biotechnology, information technology, and cognitive science with 
living technology.Artif. Life16, 73?87 (2010).
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Cont roll ing gene expression w it h sophist icat ed logic gat es has been and 

rem ains one of  t he cent ral aim s of  synt het ic biology. 

However , convent ional im plem ent at ions of  biocom put ers use cent ral 

processing unit s (CPUs) assem bled f rom  m ult iple prot ein-based gene 

sw it ches, l im it ing t he program m ing f lexibil i t y and com plexit y t hat  can be 

achieved w it h in single cells.  A CRISPR/Cas9-based dual core processor  

t hat  enables dif ferent  set s of  user -def ined guide RNA input s t o program  a 

single t ranscr ipt ional regulat or  (dCas9-KRAB).  It  is able t o per form  a w ide 

range of  bit w ise com put at ions, f rom  sim ple Boolean logic gat es t o 

ar it hm et ic operat ions such as t he half  adder  (a com binat ional logic circuit  

which is designed by connect in on EX-OR gat e an one AND gat e.  The half  

adder  circuit  has t wo input s: A and B, which add t wo input  digit s and 

generat es a car ry and a sum ) 20.



In t he physiological cont ext , cells sense environm ent al input s, such as 

m et abolit es, grow t h fact ors, or  bact er ial t oxins, and respond t hrough 

out put s, such as developm ent , dif ferent iat ion, or  an im m une response. 

These out put s are m odulat ed via t he regulat ion of  specif ic gene sw it ches 

by int r insic program m ed gene circuit s.  This int roduces synt het ic gene 

circuit s int o cells t o achieve a range of  desired nonphysiological out put s 

including t he use of  suit ably engineered cells t o conduct  com put at ional 

operat ions.  Gene circuit s per form ing basic Boolean logic operat ions in 

m am m alian cells are already available 20,21.

Est ablishing a dual-core CPU w it h Boolean logic gat e applicat ions 21.



Synt het ic biology devices and circuit s for  
RNA-based ?sm ar t  vaccines?: a proposit ional review

Oliw ia Andr ies?1, Tasuku Kit ada?2 , Kat ie Bodner2 , Niek  N. Sanders§* 1 and 

Ron Weiss§* 2 1Laborat ory of  Gene Therapy, Depar t m ent  of  Nut r it ion, 

Genet ics and Et hology, Facult y of  Vet er inary Medicine, Ghent  Universit y, 

Heidest raat  19, B-9820 Merelbeke, Belgium  2Synt het ic Biology Cent er , 

Depar t m ent  of  Biological Engineer ing, Massachuset t s Inst it ut e of  

Technology, Cam br idge, MA 02139, USA

Abst ract /Sum m ary 

Nucleic acid vaccines have been gaining at t ent ion as an alt ernat ive t o t he 

st andard at t enuat ed pat hogen or  prot ein based vaccine. However , an 

unrealized advant age of  using such DNA or  RNA based vaccinat ion 

m odalit ies is t he abil i t y t o program  w it h in t hese nucleic acids regulat ory 

devices t hat  would provide an im m unologist  t he power  t o cont rol t he 

product ion of  ant igens and adjuvant s in a desirable m anner  by 

adm inist er ing sm all m olecule drugs as chem ical t r iggers. Advances in 

synt het ic biology have result ed in t he creat ion of  h ighly predict able and 

m odular  genet ic par t s and devices t hat  can be com posed int o synt het ic 

gene circuit s w it h com plex behaviors. Wit h t he recent  advent  of  m odif ied 

RNA gene delivery m et hods and developm ent s in t he RNA replicon 

plat form , we foresee a fut ure in which m am m alian synt het ic biologist s 

w il l  creat e genet ic circuit s encoded exclusively on RNA. Here, we review  

t he cur rent  reper t oire of  devices used in RNA synt het ic biology and 

propose how program m able ?sm ar t  vaccines? w il l  revolut ionize t he f ield 

of  RNA vaccinat ion.

Ar t icle in  Exper t  Review  of  Vaccines · January 2015 DOI: 
10.1586/14760584.2015.997714 · Source: PubMed

https://www.researchgate.net/publication/270661402_Synthetic_biology_devices_and_circuits_for_RNA-based_'smart_vaccines'_A_propositional_review


Excerpt s

Synt het ic biology is a radically new  st yle of  genet ic engineer ing in which 

l iving organism s are ?program m ed? using genet ic circuit s t o 

syst em at ically engineer  novel and useful biological proper t ies. The 

ear l iest  accom plishm ent s in t he f ield included t he const ruct ion of  sim ple 

genet ic circuit s such as oscil lat ors [1] and t oggle sw it ches [2] in bact er ial 

species using m at hem at ical m odeling and rat ional net work  design. Since 

t hen, increasingly m ore com plex circuit s have been engineered in 

prokaryot es as well as in m am m alian syst em s using pr inciples of  

synt het ic biology [3-13].

This process t ypically involves t he t op-down decom posit ion of  t he 

high-level behavior  (sensing-processing-act uat ion) of  a genet ic circuit  

fol lowed by t he physical im plem ent at ion of  t he circuit  via bot t om -up 

assem bly of  cat egor ized or  novel biological devices w it h st andardized 

funct ions [14,15]. 



The const ruct ion of  synt het ic gene circuit s has been great ly facil i t at ed 

by drast ic im provem ent s in our  abil i t y t o assem ble large DNA 

const ruct s as well as by t he increase in t he num ber  of  well 

charact er ized devices f rom  which we can build such circuit s.

More recent ly, m RNA-based approaches have becom e increasingly 

popular  as an alt ernat ive t o DNA-based m et hods. We have previously 

shown t hat  unlike DNA, which needs t o ent er  t he nucleus, m RNA of fers 

im m ediat e expression of  a prot ein of  int erest  even in non-dividing cells 

[23].  (Edit or 's not e:  See evidence t o t he cont rary specif ic t o t he 

alt erat ion of  host  DNA w it h in past  issues of  t h is m agazine).

Fur t herm ore, t he t ransient  nat ure of  t he vect or  and t he ext rem ely low  

r isk  of  inser t ional m ut agenesis m ake RNA a safer  alt ernat ive t o DNA. 

Wit h t he recent  developm ent  of  m odif ied RNA-based expression 

st rat egies [24] and rapid advances in replicat ing RNA t echnologies 

[25-27], we ant icipat e t he ar r ival of  a new era of  m am m alian synt het ic 

biology in which synt het ic gene circuit s w il l  be encoded on RNA rat her  

t han DNA.



An at t ract ive area of  applicat ion for  such RNA circuit s is t he em erging 

f ield of  RNA vaccinat ion. While RNA-based vaccines are com plet ely 

synt het ic, provide com posit ional cont rol, and cost  f ive t o t en t im es 

less t o m anufact ure t han prot ein-based t herapeut ics [24], t he creat ion 

of  ef fect ive and universal nucleic acid-based prophylact ic solut ions is 

st i l l  challenging. 

Addit ionally, researchers aim  t o creat e vaccines t hat  would sim plify 

t he process of  im m unizat ion and increase accessibil i t y around t he 

globe by of fer ing ef fect ive one-shot  in ject ions, as boost er  in ject ions 

can pose a challenge t o com m unit ies w it h l im it ed m eans of  access t o 

vaccinat ion clin ics. We propose here t hat  ?sm ar t  vaccines? w it h 

program m able adjuvant  expression and pr im e-boost  behavior  could 

provide a solut ion t o t hese problem s.



Wit h t h is in m ind, t he purpose of  t h is review  is t o accom plish t he 

follow ing t wo object ives. First , we would l ike t o int roduce t o t he 

vaccine com m unit y t he concept  of  synt het ic gene circuit s and how t hey 

could help creat e m ore ef fect ive vaccines w it h sophist icat ed 

program m able behavior . Second, we would l ike t o challenge t he 

m am m alian synt het ic biology com m unit y t o engineer  sophist icat ed 

gene circuit s for  vaccinat ion by using t he em erging m odif ied or  

replicat ing RNA t echnologies.

Towards t h is aim , we begin t h is review  by providing a br ief  overview  of  

t he rapidly developing t herapeut ic m RNA plat form s. Then, in t he rest  of  

t he review , we exam ine t he dif ferent  cat egor ies of  regulat ory devices 

t hat  can be used t o creat e RNA encoded gene circuit s.

Finally, af t er  a br ief  discussion of  how  regulat ory devices can be 

com posed int o genet ic circuit s, we conclude by proposing specif ic ideas 

for  ?sm ar t  vaccines? w it h program m able RNA circuit s inside.



We hope t h is review  w il l  help est ablish a new paradigm  for  vaccine 

developm ent  in which im m unologist s w il l  conceive ideas for  ?sm ar t  

vaccinat ion? st rat egies, and synt het ic biologist s w il l  im plem ent  t hem  in 

t he form  of  gene circuit s using t he rat ional design pr inciples of  synt het ic 

biology (as concept ualized in FIGURE 1). While a com prehensive 

discussion of  t he basic concept s of  im m unology or  vaccine/adjuvant  

design is beyond t he scope of  t h is review , for  t hose readers t hat  are not  

specialist s in t hese f ields, we recom m end t he follow ing ar t icles t hat  

m et hodically cover  t hese issues: [28- 30].

Figure 1. The RNA ?sm ar t  vaccine? paradigm . Com posable devices 
for  post -t ranscr ipt ional gene regulat ion can be assem bled int o 
synt het ic gene circuit s in t he form  of  RNA. Such RNA circuit s m ay 
be used t o cont rol t he expression k inet ics of  ant igens and 
adjuvant s using sm all m olecule drugs t o creat e pot ent  RNA ?sm ar t  
vaccines.? m 7G: 7-m et hyl-guanosine; AAAn: poly(A) t ai l ; RBP: RNA 
binding prot ein; DD: dest abil izing dom ain.



Modif ied m RNA and replicat ing m RNA are t wo of  t he m ost  prom ising 

plat form s on which t herapeut ic circuit s m ay be encoded. One of  t he 

challenges t hat  m ust  be overcom e when using such m RNAs for  gene 

expression in m am m alian cells is t he ant iviral innat e im m une response.  

The innat e im m une response is par t icular ly problem at ic when car r iers 

such as cat ionic l iposom es or  polym ers are used for  t he delivery of  

m RNAs int o cells.



RNAi m odulat ion 

Since it s or iginal discovery over  t wo decades ago, RNA int er ference as a 

t echnology has t ransform ed int o one of  t he m ost  predict able and 

ef fect ive t ools t o si lence gene expression (reviewed in [112]). Most  

com m only, RNAi based silencing is induced by eit her  delivery of  sm all 

int er fer ing RNA (siRNA) duplexes which consist  of  ~20-30 nucleot ide 

long RNAs charact er ized by per fect  base-pair ing or  in t he form  of  

pr im ary m iRNAs (pr i-m iRNAs; long single RNA m olecules which cont ain 

charact er ist ic st em  loop st ruct ures) or  shor t  hairpin RNAs (shRNAs; 

engineered single RNA m olecules which consist  of  m inim al st em  loop 

st ruct ures t hat  resem ble eit her  pr i-m iRNAs or  precursor  m iRNAs 

[pre-m iRNAs] w it h per fect ly base-paired st em s) expressed f rom  a 

vect or .



Sensor  m odules 

Biological sensor  m odules sense endogenous or  environm ent al signals 

such as sm all m olecules, prot eins, m iRNAs (m icroRNAs), m RNAs, or  

enzym at ic act ivit y and relay inform at ion t o ot her  devices w it h in a 

circuit . Thus, sensor  m odules are t he int er faces bet ween input  signals 

and insulat ed processing m odules of  a circuit .

The concept  of  using RNAi for  com plex Boolean logic evaluat ion was 

dem onst rat ed by Benenson and colleagues in collaborat ion w it h our  

group [135].



In t he st udy, logic gat es were creat ed by incorporat ing up t o f ive 

dif ferent  siRNA (sm all int er fer ing RNA) t arget  sit es int o 3?UTRs of  t wo 

repor t er  m RNAs or  alt ernat ively, by incorporat ing siRNA t arget  sit es 

int o lacI or  lacI-KRAB fusion repressor -encoding m RNA(s) which in t urn 

repressed a repor t er  m RNA. Subsequent ly, Benenson and colleagues 

dem onst rat ed t hat  such Boolean logic gat es can sim ilar ly be 

im plem ent ed in m am m alian cells using ar t if icial m iRNAs em bedded 

w it h in t he int rons of  genes regulat ed by t ranscr ipt ional act ivat ors or  

repressors [136]. Finally, Benenson and colleagues and our  group 

creat ed a m iRNA-classif ier  circuit  which ?senses? t he dist inct  m iRNA 

expression pat t ern of  cer t ain t ypes of  cells and ident if ies t hem .



RNA circuit s The RNA devices discussed t hus far  w it h single input s and 

out put s can be connect ed w it h one anot her  t o creat e m odules w it h 

m ore com plex behavior . A key aspect  t o consider  when connect ing 

devices is t heir  ?com posabil i t y.? For  inst ance, in order  t o direct ly connect  

device 1 (which operat es in t he form  of : input  1 - > device 1-> out put  1) 

w it h device 2 (input  2 -> device 2-> out put  2), out put  1 of  device 1 m ust  

be able t o becom e input  2 of  device 2. Thus, only devices w it h 

com pat ible input s/out put s are considered com posable. 

In over  a decade, researchers in t he f ield of  synt het ic biology have used 

com posable devices t o creat e num erous circuit  m odules including 

oscil lat ors, t oggle sw it ches, and cascades. These m odules can be 

assem bled fur t her  int o int egrat ed syst em s w it h m ore sophist icat ed 

funct ions.



There are t wo com plem ent ary approaches by which devices can be 

assem bled int o m odules and m odules int o syst em s: t he f ir st  approach 

involves t he rat ional m at ching of  par t s based on m at hem at ical 

m odeling and t he ot her  involves exper im ent al t est ing of  m any circuit  

conf igurat ions by screening var iat ions of  individual par t s. In act ualit y, 

gene circuit  opt im izat ion cannot  be accom plished solely by m odel-based 

m et hods and st i l l  involves a signif icant  am ount  of  exper im ent al t r ial 

and er ror .



Synt het ic gene circuit  ideas for  ?sm ar t  vaccinat ion? 

Over  t he years, m RNA and replicat ing RNA have becom e well 

est ablished as plat form s for  vaccinat ion and im m unot herapy (reviewed 

in [25-27,141,142]). RNA based devices such as apt am ers or  apt azym es 

have also been used for  im m unom odulat ion ([110] and reviewed in 

[143]), cell specif ic t arget ing of  ant igens [144] and present at ion of  de 

novo ant igens [145]. However , such ef for t s t o im prove 

vaccines/ im m unot herapies using RNA-based t ools have t hus far  been 

l im it ed t o t he use of  st andalone devices. Here, we propose how 

RNA-based ?sm ar t  vaccines? w it h com plex regulat ory gene circuit s 

inside m ay be used t o solve unm et  needs in t h is area, h ighlight ing t heir  

pot ent ial as an enabling t echnology.



?One-shot ? vaccinat ion

The developm ent  of  one-shot  vaccines t hat  do not  require boost er  

shot s would be par t icular ly benef icial in com m unit ies w it h l im it ed 

m eans of  t ranspor t at ion. Chadam buka et  al. repor t ed t hat  a 

signif icant  num ber  of  children (~35%) drop-out  f rom  vaccinat ion 

program s in rural Zim babwe due t o t ranspor t at ion bar r iers [146]. Here 

we propose a ?sm ar t  vaccine? solut ion t o t h is problem  in which 

pr im e-boost  expression of  an ant igen can be achieved using a sm all 

m olecule drug rat her  t han a fol low  up in ject ion of  t he ant igen.



Edit or 's Not e:  The above-cit ed paper , Synthetic biology devices and circuits 
for RNA-based ?smart vaccines?: a propositional review, does not  ref lect  t he 
viewpoint  and conclusions of  t he publishers of  Ent angled Magazine.  It  is 
present ed as evidence of  t he cur rent  research int o and developm ent  of  
so-called "sm ar t  vaccines" .  The publishers do not  endorse, nor  prom ot e 
t he use of  such vaccines.



MICROSOFT, 2016: ?WE CAN PROGRAM COMPLEX 
BEHAVIORS USING DNA?. 3-STRAND DNA CONFIRMED

by Silviu "Silview "  Cost inescu  March 1, 2021

Excerpt s:

To m e, t he m ost  st r ik ing par t  in t h is video is t he conf irm at ion t hat  t hey 
are af t er  t he t hree-st randed DNA t echnology Ant hony Pat ch brought  up 
in t hat  sensat ional 2014 int erview, which also earned us a ban f rom  
Yout ube.

?Im agine a biological com put er  t hat  operat es inside a 
l iving cell?

? Dr .Andrew  Phil l ips, head of  bio-com put at ion at  Microsof t  
Research.

?The problem  we?re t rying t o solve is really t rying t o have 

a m ore sophist icat ed diagnosis t hat  can happen 

aut om at ically inside cells?  In t h is project , we?re t rying t o 

use DNA as a program m able m at er ial? according t o 

Dr .Neil Dalchau, a scient ist  at  Microsof t  Research.

?[Microsof t ] are essent ial ly t rying t o sense, analyze 

andcont rol m olecular  inform at ion?

Georg Seelig, Associat e Professor  at  t heGat es-funded 
Universit y of  Washingt on.

https://silview.media/author/onemanmall/
https://silview.media/author/onemanmall/
https://silview.media/author/onemanmall/
https://silview.media/2021/03/01/microsoft-2016-we-can-program-complex-behaviors-using-dna-3-strand-dna-confirmed/
https://silview.media/2021/02/24/latest-youtube-ban-man-made-coronavirus-and-people-begging-for-dna-altering-vaccines-in-mind-bending-2014-interview/
https://silview.media/2021/02/24/latest-youtube-ban-man-made-coronavirus-and-people-begging-for-dna-altering-vaccines-in-mind-bending-2014-interview/
https://silview.media/2021/02/24/latest-youtube-ban-man-made-coronavirus-and-people-begging-for-dna-altering-vaccines-in-mind-bending-2014-interview/
https://silview.media/2021/02/24/latest-youtube-ban-man-made-coronavirus-and-people-begging-for-dna-altering-vaccines-in-mind-bending-2014-interview/
https://silview.media/2021/02/24/latest-youtube-ban-man-made-coronavirus-and-people-begging-for-dna-altering-vaccines-in-mind-bending-2014-interview/
https://silview.media/2021/02/24/latest-youtube-ban-man-made-coronavirus-and-people-begging-for-dna-altering-vaccines-in-mind-bending-2014-interview/
https://silview.media/2021/02/24/latest-youtube-ban-man-made-coronavirus-and-people-begging-for-dna-altering-vaccines-in-mind-bending-2014-interview/
https://silview.media/2021/02/24/latest-youtube-ban-man-made-coronavirus-and-people-begging-for-dna-altering-vaccines-in-mind-bending-2014-interview/
https://silview.media/2021/02/24/latest-youtube-ban-man-made-coronavirus-and-people-begging-for-dna-altering-vaccines-in-mind-bending-2014-interview/
https://globalhealth.washington.edu/news/2017/01/25/seattle-times-gates-foundation-gives-279-million-university-washington
https://globalhealth.washington.edu/news/2017/01/25/seattle-times-gates-foundation-gives-279-million-university-washington
https://globalhealth.washington.edu/news/2017/01/25/seattle-times-gates-foundation-gives-279-million-university-washington
https://globalhealth.washington.edu/news/2017/01/25/seattle-times-gates-foundation-gives-279-million-university-washington


Moderna descr ibed m RNA as ?aninform at ion m olecule? 

and even t radem arked t he nam e ?m RNA OS? ? m eaning 

?operat ing syst em ?, according t obigt echt opia.com

We have Moderna?s head honcho ?on t ape? descr ibing t he 

m RNA vaccine as ?inform at ion t herapy?:

?Molecular  devices m ade of  nucleic acids show great  pot ent ial for  

applicat ions ranging f rom  bio-sensing t o int ell igent  

nanom edicine. They allow  com put at ion t o be per form ed at  t he 

m olecular  scale, while also int er facing direct ly w it h t he 

m olecular  com ponent s of  l iving syst em s. They form  st ruct ures 

t hat  are st able inside cells, and t heir  int eract ions can be precisely 

cont rolled by m odifying t heir  nucleot ide sequences. However , 

designing cor rect  and robust  nucleic acid devices is a m ajor  

challenge, due t o high syst em  com plexit y and t he pot ent ial for  

unwant ed int er ference bet ween m olecules in t he syst em .

http://bigtechtopia.com/


To help address t hese challenges we have developed t he 

DNA St rand Displacem ent  (DSD) t ool, a program m ing 

language for  designing and sim ulat ing com put at ional 

devices m ade of  DNA. The language uses DNA st rand 

displacem ent  as t he m ain com put at ional m echanism , 

which allows devices t o be designed solely in t erm s of  

nucleic acids. DSD is a f ir st  st ep t owards t he developm ent  

of  design and analysis t ools for  DNA st rand displacem ent , 

and com plem ent s t he em ergence of  novel 

im plem ent at ion st rat egies for  DNA com put ing.?

Microsoft Research

https://www.microsoft.com/en-us/research/project/programming-dna-circuits/
https://www.microsoft.com/en-us/research/project/programming-dna-circuits/


For more information, please visit: https://www.anthonypatch.com 
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