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A b str a ctA b str a ct   
 

I n t his w or k, w e bri efl y o utli n e a p ar a di g m f or pr o gr a m mi n g t h e gr o wt h a n d f u n cti o n of p h ysi c al 

m at eri als, usi n g c h e mi c al c o m p ut ers i m pl e m e nt e d wit h D N A. W e r e vi e w e x p eri m e nt al st u di es t h at 

e n a bl e p h ysi c al sti m u li, s u c h as li g ht, h e at, t e m p er at ur e, el e ctri cit y, a n d c h e mi c al c o n c e ntr ati o ns t o 

b e c o n v ert e d i nt o si g n als e n c o d e d i n str a n ds of D N A. W e als o r e vi e w st u di es t h at e n a bl e str a n ds of 

D N A  t o  c o ntr ol  t h e  gr o wt h  a n d  r e c o nfi g ur ati o n  of  a  li br ar y  of diff er e nt m ol e c ul es  a n d  m at eri als.  

T his  lit er at ur e  r e vi e w s u g g ests t h at  o n e  w a y  t o  pr o gr a m  m at eri als  is  t o  us e e m b e d d e d c h e mi c al 

c o m p ut ers t o r e a d i n e n vir o n m e nt al i nf or m ati o n e n c o d e d i n str a n ds of D N A, p erf or m i nf or m ati o n 

pr o c essi n g al g orit h ms, a n d o ut p ut str a n ds of D N A as c o m m a n ds t o d o w nstr e a m m at eri als.  N e xt, w e 

dis c uss  a  t h e or eti c al  fr a m e w or k  f or  b uil di n g  D N A  c o m p ut ers  t h at  c a n  r e p e at e dl y  r es p o n d  t o 

c h a n gi n g i n p ut si g n als, usi n g a c h e mi c al b uff eri n g r e a cti o n a n al o g o us t o a b att er y or p o w er s u p pl y. 

I n  t h es e  t h e or etic al  st u di es  w e  d e m o nstr at e  h o w  t h e  p o w er  s u p pl y  m otif  c o ul d  e n a bl e  D N A 

c o m p ut ers  t o  g e n er at e  s p ati ot e m p or al  p att er ns  of  c h e mi c al  c o n c e ntr ati o ns  t h at  r e m ai n  st a bl e  f or 

i n d efi nit el y l o n g p eri o ds of ti m e. W e t h e n dis c uss a n e x p eri m e nt al i m pl e m e nt ati o n of t h e b uff er e d 

p o w er s u p pl y m otif. Usi n g mi n or v ari ati o ns o n t his si m pl e m otif, w e g e n er at e s o m e st a bl e o n e - a n d 

t w o-di m e nsi o n al  s p ati al  c h e mi c al  gr a di e nts i n  vitro,  a n d  pr es e nt t e m p or al  cir c uits  t h at  r el e as e 

diff er e nt  c h e mi c al  si g n als  at  diff er e nt  ti m es.  C oll e c ti v el y,  t his  w or k  s u g g ests a  m e c h a nis m  f or 

pr o gr a m mi n g  el a b or at e s p ati ot e m p or al b e h a vi or i nt o s y nt h eti c m at eri als, i n cl u di n g gr o wt h, h e ali n g, 

a n d r e pli c ati o n.  
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A c k n o wl e d g e m e nt sA c k n o wl e d g e m e nt s   
 

T h a n k y o u t o m y m e nt or a n d P h D a d vis or R e b e c c a S c h ul m a n. I still r e c all t h e t hrill of r e a di n g 

y o ur  p a p er Si m ple  Evol utio n  of  Co m ple x  Cryst al  S pecies  i n  2 0 1 0,  a n d  m e eti ng  y o u  f or  t h e  first  ti m e 

s h ortl y t h er e aft er i n St a nl e y H all at U C B er k el e y.  I a m i n as m u c h a w e of y o ur i nt ell e ct n o w as I w as 

t h e n. Y o u p ai nt e d a  vis i o n in m y i m a gi n ati o n t h at d a y , a visi o n of e xt e n di n g  pr o gr a m mi n g o utsi d e of 

t h e c o m p ut er usi n g i nf o r m ati o n e n c o d e d  i n D N A. I t f elt li k e o p e ni n g m y e y es f or t h e v er y first ti m e. 

Y o u  t o o k  m e  u n d er  y o ur  wi n g , b el i e v e d  i n  m e, a n d  i n v est e d  i m m e as ur a bl e  a m o u nts  of  y o ur  ti m e 

a n d e n er g y i nt o m y a p pr e nti c es hi p . W hil e I c a n b e  st u b b or n, y o u  h a v e m e nt or e d m e  p ati e ntl y  f or 

t h e p ast s e v e n y e ars. I h o p e s o m e d a y t o i ns pir e ot h er p e o pl e  as m u c h as y o u h a v e i ns pir e d m e.  

T h a n k y o u als o t o all of t h e m e m b ers of S c h ul m a n l a b, w h o  ar e m y a c a d e mi c f a mil y. W e h a v e 

t a ug ht  a n d  l e ar n e d  fr o m  e a c h  ot h er,  d e b u g g e d  e a c h  ot h er’s  e x p eri m e nts,  a n d  c o -a ut h or e d  p a p ers 

t o g et h er.  W e h a v e als o c ar v e d p u m p ki ns, pl a y e d l as er t a g, j u m p e d o n tr a m p oli n es, dr u n k t e a, pl a y e d 

g o, a n d e at e n a l ot of f o o d t o g et h er. T h a n k y o u es p e ci all y t o A b d ul M o h a m m e d a n d A n k ur V er m a , 

w h o  s er v e d  as  m y  m e nt ors  i n  t h e  l a b ,  a n d als o  t o  t h os e  I  h a v e  c oll a bor at e d  cl os el y  wit h:  J os h u a 

F er n ,  J o h n  Z e n k,  A n g el o  C a n gi al osi,  P hilli p  Dors e y,  S a m u el  S h afft er ,  Qi  H u a n g,  S hi v a n g  S h ar m a, 

W e nl u W a n g, a n d Mis h a R u b a n o v.  

A n e n or m o us a m o u nt of t h e w or k c o nt ai n e d wit hi n t his diss ert ati o n w as p erf or m e d  b y t h e m a n y 

t al e nt e d u n d er gr a d u at e  a n d  m ast er’s  st u d e nts t h at I  h a v e  h a d  t h e  pri vil e g e  t o  m e nt or  i n  t h e 

l a b or at or y.  H e nri  B er g er,  H e e  W o n  P ar k,  K ai y u a n  W a n g,  Ari a n a  Cr u z,  Ji a y a o  W u,  D yl a n  H o wi e, 

L e o P ott ers, Nisit a D utt a, M a d eli n e N o bl e, J e n n a J a c o bs, Al e x B a c a, J o n Mill b ur n, a n d Xi n y u C ui.  

T h a n k y o u f or all of t h e l o n g h o urs, l at e ni g hts, a n d w e e k e n ds y o u s p e nt i n t h e l a b or at or y p urif yi n g 

a n d pi p etti n g D N A . T h a n k y o u als o f or l e n di n g y o ur o v er w h el mi n g cr e ati vit y a n d e nt h usi as m  t o o ur 

pr oj e cts . M ost of t h es e c h a pt ers w o ul d n ot e xist wit h o ut y o u.  
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J o h n  Z e n k,  S a m u el  S c h afft er,  H a n n a h  Zi er d e n,  a n d C o urt n e y  G o n z al e z ,  to g et h er  w e  f o u n d e d 

a n d p er p et u at e d  M atl a b  M a de  E asy . I  h av e b e c o m e  a  b ett er  t e a c h er  b y  o bs er vi n g  y o ur  u ni q u e  

t e a c hi n g st yl es, a n d fr o m wit n essi n g y o ur d e di c ati o n t o o ur st u d e nts. Y o u h a v e e a c h s er v e d b e y o n d 

t h e t w o-s e m est er t e a c hi n g r e q uir e m e nt  n e e d e d t o o bt ai n o ur d e gr e es, a n d  t a u g ht p ur el y f or t h e j o y 

of t e a c hi n g, e v e n at ti m es w h e n  t h e d e p art m e nt a p p e ar e d u n willi n g t o c o m p e ns at e y o ur h ar d w or k. 

T h a n k y o u t o K ar e n Fl e mi n g, J effr e y Gr a y, J e a n ni n e H e y n es , A n a C o u g hl a n, V al eri e H art m a n, 

J uli a Ko e hl er , K a yl a G h a nt o us , J o H a n d els m a n, Eri n Gl e es o n, As hl e y Ll or e ns , M o ni c a M o or e , a n d 

t h e m a n y ot h ers w h o h a v e h el p e d o p e n m y e y es t o t h e d e e p g e n d er a n d r a ci al i n e q uiti es t h at p ersist 

i n s ci e n c e a n d a c a d e mi a. T h es e b arri ers c o nti n u e t o di vi d e o ur c o m m u nit y, dil ut e o ur cr e ati vit y, a n d 

i m p e d e t h e p a c e of s ci e ntifi c i n n o v ati o n. O ur c o m bi n e d eff orts t o g e n er at e  c ult ur e c h a n g e, t hr o u g h 

pr oj e cts s u c h as Ac hievi ng  Ge n der  E q uity  i n  t he  Scie nces  a n d T he  Wo me n  of  Ho p ki ns , h a v e  e q ui p p e d m e 

wit h t h e e x p eri e n c e  a n d r e s ol v e t o c o nti n u e str u g gli n g f or e q u alit y . 

T o all of m y b el o v e d e xt e n d e d fa mil y , I c o ul d n ot h a v e s ur vi v e d wit h o ut y o ur l o v e a n d s u p p ort. 

D a d, y o u s h o w e d m e h o w t o t hi n k i n t er ms of f u n d a m e nt al pri n ci pl es, h o w t o g o t o w ar ds w h er e t h e 

p u c k is g oi n g t o b e, a n d t ol d m e t h at I c o ul d q uit  e v e n j ust b ef or e t h e e n d . N o m att er w h at h a p p e ns, 

I k n o w t h er e is s o m e o n e o ut t h er e w h o'll n e v er r ef us e m e a b o wl of s o u p. M o m , I r e m e m b er sitti n g 

w it h  y o u  r e a di n g  P et er  a n d  J a n e.  Yo u  h a v e n’t  st o p p e d t e a c hi n g  a n d n urt uri n g m e  s i n c e  t h e n. 

B utt erfl y  V all e y  t a u g ht  m e  t w o  of  t h e  m ost  i m p ort a nt  s kills  I’ v e  us e d  i n  gr a d u at e  s c h o ol,  

pr o gr a m mi n g  a n d 3 D m o d eli n g . I a d mir e y o ur a m biti o n, y o ur c o m p assi o n, a n d y o ur a bilit y t o f ar-

tr a nsf er. J essi,  I  cr e dit  y o u  wit h  m y  i m a gi n ati o n  a n d  a bilit y t o  str at e gi z e.  Y o u’ v e  c ast  m e  i n  pl a ys, 

r e a d H uc k  Fi n  o ut l o u d t o m e,  l et m e h el p o n y o ur fil m s ets, a n d s ust ai n e d m e t hr o u g h t h e e n d of 

gr a d s c h o ol wit h i nst all m e nts of y o ur b e a utif ul writ i n g. Y o u ar e als o t h e m ost f u n sp a d es p art n er . 

K ari n a, y o u h a v e al w a ys pr ot e ct e d m e a n d b e e n m y c o nfi d a nt.  Y o u ar e t h e o nl y p ers o n t o w ar n m e 

a b o ut  h o w  diffi c ult  gr a d u at e  s c h o ol  w o ul d  b e  b ef or e  I  st art e d.  D es pit e  t his,  w at c hi n g  y o u  p urs u e 
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s ci e n c e m a d e m e w a nt t o p urs u e it t o o, j ust as w at c hi n g y o u l e ar n Fr e n c h m a d e m e w a nt t o l e ar n 

Fr e n c h. Co m me nt t' a p pelles -Nic k . T o t h e Br o o k es a n d G otfri ds , I a m t h a n kf ul t h at t h e f a mil y I m arri e d 

i nt o  is  s o  w el c o mi n g,  w ar m, cr e ati v e,  a n d  f u n  t o  b e  ar o u n d. B ei n g  wit h  y o u  o n  h oli d a ys  al w a ys 

r ej u v e n at es  m e. U n cl e  Mi k e,  A u nt  L e a  A n n,  L a ur e n ,  E m m a,  a n d  S e a n,  t h e  o nl y e nj o y a bl e p art of  

b ei n g  h o m esi c k  h as  b e e n  g etti n g  t o  s p e n d  m or e  ti m e h er e  wit h  y o u  i n  M ar yl a n d. D o mi ni c,  I n e z, 

St a n a n d N a n c y, t h a n k y o u f or t e a c hi n g m e d eri v ati o n, d o u bl e -d e c k pi n o c hl e , c uri osit y a n d gr a c e. 

M ost  i m p ort a ntl y,  t h a n k  y o u  t o  m y  d arli n g  wif e  a n d  d e ar est  fri e n d  Ni c ol e S c alis e.  I a m  n ot 

el o q u e nt e n o u g h t o e x pr ess  j ust h o w d e e pl y I l o v e y o u , s o i nst e a d I d e di c at e t his diss ert ati o n t o y o u . 

Y o u h a v e  e dit e d  n e arl y  e v er yt hi n g  I’ v e  writt e n  i n  gr a d u at e  s c h o ol,  fr o m  m y  a p pli c ati o n  t o  m y 

diss ert ati o n . Y o u  m a d e m u g  aft er  m u g  of  m y  f a v orit e t e a f or  m e,  a n d y o u ar e n’t  u ps et  w h e n  I 

a c ci d e nt all y  l et  it  gr o w  c ol d .  Y o u h a v e  h el d  m e  a n d  b e e n  wit h  m e  t hr o u g h  e v er yt hi n g . I  l o v e  y o u 

m or e t h a n w h e n I first m et  y o u  w h e n w e w er e el e v e n y e ars o l d, m or e t h a n w h e n w e first kiss e d , a n d 

e v e n m or e t h a n  t h e d a y I m arri e d y o u. I c a n’t w ait t o gr o w v er y  ol d a n d v er y wri n kl y t o g et h er S mle h. 
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1 | 1 | I ntr o d u cti o nI ntr o d u cti o n  
 

T h e t ot al m ass of  c ar b o n  c o nt ai n e d  i n all lif e o n e art h is esti m at e d t o b e a b o ut 5 5 0 gi g at o ns 1 . 

T his  i m m e ns e bi o m ass  h as  b e e n  arr a n g e d  i nt o  di v ers e  f or ms  wit h  str u ct ur es  as  l ar g e  as  t h e  Gr e at 

B arri er R e ef, w hi c h str et c h es f or t h o us a n ds of kil o m et ers , a n d Se q uoi a se m pervire ns , w hi c h c a n s ur p ass 

1 0 0  m et ers  i n  h ei g ht . W hil e  t h es e  di m e nsi o ns  ar e  v ast,  bi ol o gi c al  c o m p o n e nts  r o uti n el y  e x hi bit 

r es ol uti o n o n t h e or d er of  a n gstr o ms, r o u g hl y t w o or d ers of m a g nit u d e s m all er t h a n t h e r es ol uti o n 

of  m ost  m o d er n  el e ctr o ni cs.  F urt h er m or e,  l i vi n g or g a nis ms  ar e  u bi q uit o usl y c a p a bl e  of  r e g ul ati n g  

t h eir o w n i nt er n al st at es, d et e cti n g a n d h e al i n g d a m a g e, h ar v est i n g e n er g y, r es p o n d i n g a n d a d a pt i n g 

t o sti m uli, a n d s elf-r e pr o d u ci n g. D es pit e  t his el a b or at e s o p histi c ati o n, all 5 5 0 gi g at o ns of c ar b o n  i n 

lif e f or ms o n e art h  b e c a m e i n c or p or at e d  i nt o t h es e c urr e nt lif e f or ms wit h o ut  a n y si g nifi c a nt h el p 

fr o m e xt er n al ass e m bl y li n es, cl e a n r o o ms, or t op -d o w n m a n uf a ct uri n g pr o c ess es . 

If  bi ol o g y  c a n  pr o gr a m at o ms  a n d m ol e c ul es  t o s elf-ass e m bl e  i nt o  s o m a n y  diff er e nt  f or ms  

wit h o ut t o p -d o w n m a n uf a ct uri n g , w h y c a n’t h u m a ns d o t h e s a m e  wit h n o n -bi ol o gi c al m at eri als ? 

N u m er o us  att e m pts  h a v e  b e e n  m a d e  t o  e n gi n e e r a ns w er s t o  t his  q u esti o n.  T h e y  g e n er all y  f all 

u n d er t h e u m br ell a t er m of progr a m m a ble m atter , or s y nt h eti c m at eri als t h at c a n c h a n g e t h eir f or m a n d 

f u n cti o n a c c or di n g t o pr o gr a ms of i nstr u cti o ns e n c o d e d wit hi n t h e m at eri al. H o w e v er, n o i nst a n c e 

of  pr o gr a m m a bl e  m att er  h as  y et  b e e n  d e v el o p e d  p ast  a n  e x p eri m e nt al  pr ot ot y p e  st a g e.  El e ctr o-

m e c h a ni c al  a p pr o a c h es  t o  pr o gr a m m a bl e  m att er  i n cl u d e  m o d ul ar  s w ar m  r o b oti cs  s u c h  as 

Cl a ytr o ni cs 2  a n d  Kil o b ots 3 , i n  w hi c h  r o b oti c  m o d ul es r e arr a n g e  i nt o  diff er e nt  s h a p es,  b ut t h es e 

m o d ul es h a v e  n ot  y et  b e e n  mi ni at uri z e d  d o w n  t o f u n cti o n al  mi cr os c o pi c  si z es.  A p pr o a c h es  t o 

c o nstr u cti n g  s ti m uli  r es p o nsi v e  m at eri als i n cl u d e  4-di m e nsi o n al  pri nti n g 4  a n d  t h er m o pl asti cs 5 ,  b ut 

t h es e m at eri als h a v e r el ati v el y li mit e d pr o gr a m m a bilit y t h at is oft e n h ar d c o d e d i nt o t h e str u ct ur e s of 

t h e m at eri als t h e ms el v es. 



	 2  

I n t his w or k w e f o c us o n a s u bs et of s y nt h eti c bi ol o g y, c all e d D N A n a n ot e c h n ol o g y, w hi c h us es 

t h e h y bri di z ati o n of D N A t o pr o c ess i nf or m ati o n a n d r e g ul at e s elf-ass e m bl y. D N A is a pr o misi n g 

m e di u m f or i m pl e m e nti n g c h e mi c al  pr o gr a m m a bl e m att er d u e t o ( 1) t h e si m pl e, pr e di ct a bl e r ul es of 

W ats o n -Cri c k  b as e  p airi n g  of  D N A,  a n d  ( 2)  t h e  r el ati v el y  di v ers e  li br ar y  of  ot h er  m at eri als  t h at 

D N A c a n i nt er a ct wit h a n d c o ntr ol. I n c h a pt er 2 of t his dis s ert ati o n, w e r e vi e w e x p eri m e nt al st u di es 

t h at all o w D N A-b as e d c o m p uti n g cir c uits t o s e ns e e xt er n al sti m uli i n t h e e n vir o n m e nt, a n d t o dir e ct 

t h e s elf-ass e m bl y  a n d r e c o nfi g ur ati o n of m a n y ot h er m ol e c ul es a n d m at eri als. I n t his m a n n er, D N A 

cir c uits c a n b e v i e w e d as a s c aff ol d f or pr o gr a m mi n g ot h er m att er.  

Fr o m  t his  p ers p e cti v e,  t h e p ur p os e  of  D N A  cir c uits  is t o r e a d i n p ut  str a n ds  of  D N A  t h at 

e n c o d e i nf or m ati o n fr o m t h e e n vir o n m e nt, p erf or m a s i nf or m ati o n-pr o c essi n g  al g orit h m u p o n t his 

i nf or m ati o n,  a n d  t h e n  rel e as e  o ut p ut  str a n ds  of  D N A  at  diff er e nt  p oi nts  i n  s p a c e  a n d  ti m e  t o 

pr o gr a m d o w nstr e a m m at eri als.  

C h a pt ers 3 -4 o utli n e a t h e or eti c al fr a m e w or k, b as e d ar o u n d t h e si m pl e b uff eri n g r e a cti o n m otif 

i n E q n. 1. 1, w hi c h c o ul d all o w D N A cir c uits t o r es p o n d d y n a mi c all y t o c h a n gi n g i n p ut si g n als. T his 

m otif  a cts  as  a  f or m  of c h e mi c al  b att er y  or  p o w er  s u p pl y, a ut o m ati c all y r est ori n g r e a ct a nts  wit hi n 

t h e  cir c uit  w h e n  t h e y  ar e  d e pl et e d.  Si m ul ati o ns  pr es e nt e d  i n  c h a pt ers  3-4  s h o w  h o w  t his  si m pl e 

m otif c o ul d t h e or eti c all y b e us e d t o g e n er at e st a bl e p att er ns of c h e mi c al c o n c e ntr ati o ns, w hi c h c o ul d 

f urt h er  b e  us e d  as  s p ati al  bl u e pri nts  t o  pr o gr a m  t h e  ass e m bl y  of  m at eri als.  C h a pt ers  5 -6  us e  t his 

s a m e  m otif  t o  g e n er at e  s p ati al  patt er ns  of  diff usi n g  c h e mi c als  t h at  ar e  n ot  o nl y  st a bl e, i.e. a bl e  t o 

r e m ai n  c o nst a nt  o v er  ti m e,  b ut  ar e  als o  c a p a bl e  of  d y n a mi call y  c h a n gi n g  b et w e e n  a  s eri es  of 

diff er e nt st a bl e st at es at diff er e nt ti m es . S p e cifi c all y, a  si m ul ati o n of a o n e -di m e nsi o n al  el e m e nt ar y 

c ell ul ar  a ut o m at o n  is  pr es e nt e d, c o nsis ti n g of  t h e  s ol uti o n  t o  a  s et  of  p arti al  diff er e nti al  e q u ati o ns 

t h at m o d el c h e mi c al r e a cti o ns a n d diff usi o n . I nt er esti n gl y, J o h n v o n N e u m a n n, w h o c o-i n v e nt e d t h e 

c o n c e pt of c ell ul ar a ut o m at a i n t h e 1 9 5 0’s, r e c or d e d t h at h e w as i n t h e pr o c ess of d e v el o pi n g c ell ul ar 
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a ut o m at a t h at r a n o n p arti al diff er e nti al e q u ati o ns “ of t h e diff usi o n t y p e ” s h ortl y b ef o r e his d e at h 

(s e e s e cti o n 6. 2). 

   ∅  
k !

⇌
k !

 X        ( 1. 1) 

C h a pt ers 7 -8 p r es e nt a n i n  vitro i m pl e m e nt ati o n of t h e c h e mi c al r e a cti o n m otif i n e q u ati o n 1. 1 . 

S p e cifi c all y, t his d e vi c e is a c h e mi c al b uff eri n g r e a cti o n t h at us es pr o p orti o n al f e e d b a c k t o h ol d t h e 

c o n c e ntr ati o n of a str a n d “ X ” of D N A at a t ar g et s et p oi nt c o n c e ntr ati o n . W e s h o w h o w t o t u n e t h e 

b uff er r e a cti o n t o g e n er at e diff er e nt s et p oi nt c o n c e ntr ati o ns, d e m o nstr at e t h at t h e s yst e m is c a p a bl e 

of p us hi n g t h e c o n c e ntr ati o n of X b a c k t o w ar ds t h e s et p oi nt aft er tr a nsi e nt e xt er n al dist ur b a n c es, 

a n d s h o w t h at s e v er al diff er e nt s e q u e n c es of D N A c a n b e b uff er e d i n d e p e n d e ntl y wit hi n t h e s a m e 

s ol uti o n.  C h a pt ers  9-1 0  pr es e nt  a  f e e d b a c k m otif t h at  us es  m e c h a ni c al  p u m ps  t o h ol di n g  t h e 

c o n c e ntr ati o n of str a n d X c o nst a nt, w hi c h  e m ul at es t h e s a m e f or m of ki n eti cs  as E q n. 1 b ut  us es  

m e c h a ni c al p u m ps i nst e a d of c h e mi c al r e a cti o ns. T h e c h e mi c al b uff eri n g r e a cti o n  c a n b e vi e w e d as 

a n al o g o us  t o  a  b att er y  t h at h ol ds  t h e  c o n c e ntr ati o n  of  X  c o nst a nt  f or  a  fi nit e  n u m b er  of 

dist ur b a n c es, u ntil t h e b uff er is d e pl et e d , w hil e t h e m e c h a ni c al d e vi c e  c a n b e vi e w e d as a n al o g o us t o 

a p o w er g e n er at or c a p a bl e of r e c h ar gi n g t h e b att er y i n d efi nit el y m a n y ti m es.  

C h a pt ers 1 1 -1 2 us e a  v ari ati o n of t h e c h e mi c al b uff er  m otif t o g e n er at e si m pl e st a bl e 1 - a n d 2 - 

di m e nsi o n al c o n c e ntr ati o n p att er ns  i n  e x p eri m e nts, w hi c h  d e m o nstr at es  t h e  s p ati al  as p e cts of  t his 

m otif as o utli n e d i n  t h e t h e or eti c al w or k i n c h a pt ers 3-6. C h a pt ers 1 3 -1 4 us e a f or w ar d -bi as e d f or m 

of  t h e b uff er  m otif  t o r el e as e  a  p uls e  of  X  at  a  t ar g et  ti m e,  w hi c h  c o ul d  b e  us e d  t o  pr o gr a m  a 

t e m p or al  c h e mi c al e v e nt  s u c h  as  o n e  st e p  i n  a  s elf -ass e m bl y  pr o c ess .  C h a pt er  1 5  e x p a n ds  o n 

c h a pt ers 1 3 -1 4 t o d e m o nstr at e h o w m ulti pl e diff er e nt p uls es c a n b e r el e as e d  c o n diti o n all y  at a s eri es 

of diff er e nt ti m es . 
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C h a pt er 1 5 . A v ersi o n of t his w or k is i n pr e p ar ati o n f or s u b missi o n f or p u bli c ati o n. 

D o mi ni c  S c alis e ,  L e o  P ott ers,  M a d eli n e  N o bl e  a n d  R e b e c c a S c h ul m a n  c o -a ut h or e d  t his 

e x p eri m e nt al  st u d y  t o g et h er . D o mi ni c  d esi g n e d  t h e  t h e or eti c al  b a c k gr o u n d  a n d  t h e  D N A  str a n ds. 

D o mi ni c, L e o, a n d M a d eli n e d esi g n e d a n d r a n t h e e x p eri m e nts. D o mi ni c r a n t h e si m ul ati o ns. 

22   | M a ni p ul ati n g M att er Wit h D N A| M a ni p ul ati n g M att er Wit h D N A  Cir c uit sCir c uit s   
 

S u m m ar y . A  di v ers e  s et  of  m e c h a nis ms  h as  b e e n  d e v el o p e d  t h at  all o w  D N A  str a n ds  wit h 

s p e cifi c  s e q u e n c es  t o  s e ns e  i nf or m ati o n  i n  t h eir  e n vir o n m e nt  a n d  t o  c o ntr ol  m at eri al  ass e m bl y, 

dis ass e m bl y a n d r e c o nfi g ur ati o n. T h es e s e q u e n c es c o ul d s er v e as t h e i n p uts a n d o ut p uts f or D N A 

c o m p uti n g  cir c uits,  e n a bli n g  D N A  cir c uits  t o  a ct  as  c h e mi c al  i nf or m ati o n  pr o c ess ors  t o  pr o gr a m 

c o m pl e x b e h a vi or i n c h e mi c al a n d m at eri al s yst e ms. T his c h a pt er  d es cri b es t h e r a n g e of pr o c ess es 

t h at c a n b e s e ns e d a n d c o ntr oll e d wit hi n s u c h a p ar a di g m. S p e cifi c all y, t h er e ar e i nt erf a c es t h at c a n 

r el e as e  str a n ds  of  D N A  i n  r es p o ns e  t o  c h e mi c al  si g n als,  w a v el e n gt hs  of  li g ht,  p H  or  el e ctri c al 

si g n als,  as  w ell  as  D N A  str a n ds  t h at  c a n  dir e ct  t h e  s elf -ass e m bl y  a n d  d y n a mi c  r e c o nfi g ur ati o n  of 

D N A  n a n ostr u ct ur es,  r e g ul at e  p arti cl e  ass e m bli es,  c o ntr ol  e n c a ps ul ati o n,  a n d  m a ni p ul at e  m at eri als 

i n cl u di n g  D N A  cr yst als,  h y dr o g els,  a n d  v esi cl es.  T h es e  i nt erf a c es  h a v e  t h e  p ot e nti al  t o  e n a bl e 

c h e mi c al cir c uits t o e x ert al g orit h mi c c o ntr ol o v er r es p o nsi v e m at eri als, w hi c h m a y ulti m at el y l e a d t o 

t h e d e v el o p m e nt of m at eri als t h at gr o w, h e al, a n d i nt er a ct d y n a mi c all y wit h t h eir e n vir o n m e nts. 

2 . 1 | I ntr o d u cti o n 

W hil e p u blis hi n g t h e w orl d’s first c o m p ut er al g orit h m, A d a L o v el a c e r e m ar k e d t h at c o m p ut ers 

“ mi g ht a ct o n  ot h er t hi n gs b esi d es n u m b er 1 . ” S h e n ot e d t h at c o m p ut er al g orit h ms c o ul d m a ni p ul at e 

a n yt hi n g t h at mi g ht b e r e pr es e nt e d as di git al i nf or m ati o n, w hi c h i n cl u d es n u m b ers, m usi c, i m a g es, 

a n d vi d e o. N o w, n e arl y t w o c e nt uri es aft er A d a’s i nsi g ht, c h e mi c al cir c uits ar e e n a bli n g al g orit h ms t o 
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o p er at e  o utsi d e  of  t h e  tr a diti o n al  c o m p ut er  a n d  dir e ctl y  m a ni p ul at e  t h e  b e h a vi or  of  p h ysi c al 

m at eri als.  

El e ctr o ni c  c o m p ut ers  o p er at e  o n  i nf or m ati o n  e n c o d e d  i n  el e ctr o ni c v olt a g es.  C h e mi c al 

c o m p ut ers 2 ,  i n  c o ntr ast,  ar e  r e a cti o n  n et w or ks  t h at  o p er at e  o n  inf or m ati o n  e n c o d e d  i n  t h e 

c o n c e ntr ati o ns of m ol e c ul es. T h e o ut p uts of t h es e c h e mi c al c o m p ut ers ar e m ol e c ul es, w hi c h c a n b e 

d esi g n e d t o i nt erf a c e wit h m at eri als. Usi n g c h e mi c al al g orit h ms t o dir e ct t h e b e h a vi or of m at eri als 

c o ul d e v e nt u all y l e a d t o t h e d e v e l o p m e nt of pr o gr a m m a bl e m att er i n w hi c h c h e mi c al cir c uits c o ntr ol 

s elf-ass e m bl y, d et e ct a n d h e al d a m a g e, or a d a pt d y n a mi c all y t o si g n als s e ns e d i n t h e e n vir o n m e nt.  

D N A cir c uits ar e a p arti c ul arl y pr o misi n g m e a ns f or c o m p uti n g wit hi n c h e mi c al s yst e ms. T h e y 

ar e c o m p os e d pri m aril y of D N A oli g o n u cl e oti d es ( i.e. s h ort str a n ds of D N A), b ut m a y als o c o nt ai n 

e n z y m es  s u c h  as  D N A  p ol y m er as e  or  e x o n u cl e as e 3 -5 .  D N A  cir c uits  c a n  p erf or m  t h e  s a m e 

f u n d a m e nt al  o p er ati o ns  as  el e ctr o ni c  tr a nsist or  cir c uits,  i n cl u di n g  B ool e a n  l o gi c  a n d  arit h m eti c6 -9 , 

g e n er ati n g os cill at i o ns a n d r e g ul ati n g ti m e1 0 -1 3 , a n d e x e c uti n g i nt er a cti v e al g orit h ms s u c h as pla yi n g a 

g a m e of ti c -t a c-t o e1 4 .  

T h e  i n p uts  t o  D N A  cir c uits  ar e  str a n ds  of  D N A  wit h  s p e cifi c  s e q u e n c es  t h at  c a n  c o n v e y 

i nf or m ati o n  a b out  a  m at eri al  or  e n vir o n m e nt  t o  t h e  cir c uit.  Li k e wis e,  t h e  o ut p uts  fr o m  a  D N A 

cir c uit  ar e  str a n ds  t h at  c a n  c o ntr ol  t h e  st at es  of  d o w nstr e a m  m at eri als  or  m ol e c ul es.  T h e 

i n p ut / o ut p ut str a n ds f or D N A cir c uits ar e t h us a n al o g o us t o U S B p orts f or el e ctr o ni c c o mp ut ers, 

i.e. a st a n d ar d i nt erf a c e t h at all o ws t h e cir c uit t o c o m m u ni c at e wit h p eri p h er al d e vi c es, i n t his c as e 

m ol e c ul es or m at eri als ( Fi g. 1). T h e us e of m o d ul ar i n p ut / o ut p ut i nt erf a c es is a k e y d esi g n pri n ci pl e 

t h at  all o ws  t h e  s a m e  t y p es  of  cir c uits  t o  int er a ct  wit h  a  di v ers e  s et  of  m at eri als.  A n  i n p ut  s e ns or 

c o ul d, i n pri n ci pl e, b e e x c h a n g e d f or a diff er e nt t y p e of s e ns or t o all o w t h e s a m e cir c uit t o r e c ei v e 

a n d  pr o c ess  i nf or m ati o n  a b o ut  a  diff er e nt  t y p e  of  e n vir o n m e nt al  sti m ul us.  Si mil arl y,  o ut p ut 

a ct u a t ors c o ul d b e e x c h a n g e d t o all o w t h e s a m e cir c uit t o dir e ct diff er e nt m at eri al r es p o ns es. 
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Fi g ur e 2. 1.  D N A cir c uit i nt erf a c e s.  ( a) E xt er n al sti m uli ar e c o n v ert e d i nt o si n gl e-str a n d e d D N A (ss D N A), 

w hi c h s er v es as a st a n d ar d i nt erf a c e b et w e e n sti m uli a n d t h e D N A cir c uit i n a si mil ar w a y t o h o w a U S B pl u g 

s er v es as a st a n d ar d i nt erf a c e b et w e e n p eri p h er al d e vi c es a n d a n el e ctr o ni c c o m p ut er. ( b) T h e D N A cir c uit 

r e a ds t h e i n p ut str a n ds, p erf or ms a pr e-pr o gr a m m e d tr a nsf or m ati o n, a n d r el e as es o ut p ut str a n ds of s s D N A. 

( c)  T h e  o ut p ut  str a n ds  c a n  dir e ct  d o w nstr e a m  m at eri al  pr o c ess es,  e n a bli n g  t h e  D N A  cir c uit  t o  pr o gr a m 

m at eri al b e h a vi or.  

2 . 2 | D N A Cir c uit s 

D N A cir c uits c a n b e c o n c e pt u ali z e d as bl a c k b o x es t h at a c c e pt D N A str a n ds as i n p uts, p erf or m 

a pr o gr a m m e d tr a ns f or m ati o n, a n d r el e as e or s y nt h esi z e str a n ds of D N A as o ut p uts. W e c oll e cti v el y 

t er m t h e i n p ut a n d o ut p ut str a n ds t h e “i nt erf a c e ” str a n ds t o disti n g uis h t h e m fr o m t h e r est of t h e 

D N A  cir c uit.  T h e  cir c uit  el e m e nts  wit hi n  t h e  c o n c e pt u al  bl a c k  b o x  c a n  i n cl u d e  (i)  D N A  str a n d-

dis pl a c e m e nt r e a cti o ns t h at r el y s ol el y o n t h e b as e -p airi n g of D N A str a n ds t o s e q u est er D N A str a n d 

i n p uts  or  r el e as e  D N A  o ut p uts  ( Fi g.  2 a),  (ii)  D N A z y m e  r e a cti o ns  t h at  us e  t h e  c at al yti c  a cti vit y  of 

D N A t o m a k e or br e a k t h e c o v al e nt b o n ds of  ot h er str a n ds of D N A ( Fi g. 2 b), a n d (iii) e n z y m ati c 

cir c uits  t h at  utili z e  pr ot ei ns,  s u c h  as  D N A  p ol y m er as e  or  e x o n u cl e as e,  t o  s y nt h esi z e,  m o dif y,  or 

d e gr a d e  str a n ds  of  D N A  ( Fi g.  2 c).  Cir c uits  c o m p os e d  of  t h es e  el e m e nts  c a n  p erf or m  m a n y  si g n al 
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pr o c essi n g  f u n cti o ns,  i n cl u di n g  B o ol e a n  l o gi c  ( Fi g.  2 a b),  n e ur al  n et w or k  c o m p ut ati o n 1 7, 1 8 ,  si g n al 

a m plifi c ati o n 1 9, 2 0 ,  t h e  g e n er ati o n  of  os cill ati o ns  a n d  ot h er  ti m e  d e p e n d e nt  si g n als  i n  t h e 

c o n c e ntr ati o n  of  o ut p ut  m ol e c ul es 1 1 -1 3  ( Fi g.  2 c),  a n d  t h e  g e n er ati o n  of  s p ati all y  p att er n e d  si g n als 

w h er e diff er e nt o ut p uts ar e r el e as e d at diff e r e nt s p ati al l o c ati o ns1 1, 2 1, 2 2  ( Fi g. 2 d). 

D esi g ni n g m o d ul ar i nt erf a c es b et w e e n D N A cir c uits a n d m at eri als oft e n r e q uir es t h e cir c uit t o 

b e i ns ul at e d fr o m t h e m at eri al, a n d vi c e v ers a, s o t h a t t h e cir c uit d o es n ot irr e v ersi bl y c o ns u m e t h e 

i n p ut  str a n ds  a n d  t h e  m at eri al  d o es  n ot  irr e v ersi bl y  c o ns u m e  t h e  o ut p ut  str a n ds.  I n  s o m e  c as es 

w h er e  t his  irr e v ersi bl e  c o ns u m pti o n , i.e. l o a di n g,  c a n n ot  b e  a v oi d e d,  a n  a d diti o n al  l o a d  dri v er 

m e c h a nis m m a y n e e d t o b e i ns ert e d t o f ull y i ns ul at e t h e cir c uit a n d m at eri al 1 5, 1 6 . A si mil ar c h all e n g e 

c a n  o c c ur  if  t h e  m at eri al  i m p os es  c o nfli cti n g  c o nstr ai nts  o n  t h e  e x a ct  s e q u e n c e  or  s e c o n d ar y 

str u ct ur e of t h e i nt erf a c e str a n ds. I n pri n ci pl e, t his s e q u e n c e d e p e n d e n c y c a n b e a d dr ess e d t hr o u g h 

t h e  us e  of  a d diti o n al  r e a cti o ns  t o  c o n v ert  t h e  i n p ut  str a n ds  i nt o  e ntir el y  i n d e p e n d e nt  s e q u e n c es 

b ef or e  t h e y  i nt er a ct  wit h  t h e  cir c uit,  a n d  t h e  o ut p ut  str a n ds  i nt o  diff er e nt  s e q u e n c es  b ef or e  t h e y 

i nt er a ct  wit h  t h e  m at eri al.  T his  c o nv ersi o n  st e p  is  g e n er all y  c all e d  “s e q u e n c e  tr a nsl ati o n ”.  W hil e 

us ef ul f or e ns uri n g m o d ul arit y, t h e us e of l o a d dri v ers a n d s e q u e n c e tr a nsl at ors oft e n c o m es at t h e 

c ost of a d diti o n al cir c uit c o m pl e xit y.   

F or  t h e  r e m ai n d er  of  t his  r e vi e w,  w e  will  f o c us  o n  m e c h a nis ms  t h at  c o n v ert  e n vir o n m e nt al 

sti m uli, s u c h as li g ht a n d h e at, t o a n d fr o m i nt erf a c e str a n ds t h at c a n i nt er a ct wit h D N A cir c uits. I n 

t his s c o p e, w e will r efr ai n fr o m f urt h er dis c ussi n g t h e i nt er n al w or ki n gs of D N A cir c uit bl a c k b o x es 

t h e ms el v es, w hic h h a v e b e e n c o v er e d m or e e xt e nsi v el y i n ot h er e x c ell e nt r e vi e ws 3 -5 . 

 



	1 0  

 

Fi g ur e 2. 2.  O v er vi e w of D N A cir c uit s . I n p ut str a n ds of D N A ar e s h o w n i n y ell o w a n d o ut p ut str a n ds ar e 

s h o w n  i n  r e d.  ( a)  A  D N A  str a n d-dis pl a c e m e nt  cir c uit,  w hi c h  pr o c ess es  i nf or m ati o n vi a c o m p etiti v e  D N A 

b as e -p airi n g. H er e a B o ol e a n l o gi c A N D g at e r el e as es a n o ut p ut str a n d (r e d) fr o m a c o m pl e x o nl y w h e n b ot h 

i n p ut  str a n ds  ( y ello w,  d ar k  y ell o w)  ar e  pr es e nt 6 .  Hi g h  fl u or es c e n c e  i n di c at es  a  hi g h  c o n c e ntr ati o n  of  t h e 

o ut p ut str a n d. ( b) A B o o l e a n l o gi c cir c uit1 4  b uilt ar o u n d t h e E 6 D N A z y m e ( bl a c k)  t h at cl e a v es a D N A str a n d, 

r el e asi n g  a n  o ut p ut  str a n d  (r e d)  o nl y  w h e n  b ot h  i n p ut  str a n ds  ( y ell o w,  d ar k  y ell o w)  ar e  pr es e nt.  A  cir c uit 

c o m p os e d of s u c h g at es c a n “ pl a y ti c -t a c-t o e ” if it r e c ei v es i n p ut str a n ds t h at e n c o d e i nf or m ati o n a b o ut t h e 

pr es e n c e of X’s pl a y e d b y t h e cir c uit, a n d O’s pl a y e d b y t h e h u m a n, a n d pr o d u c es a n o ut p ut c orr es p o n di n g t o 

t h e n e xt m o v e t o b e pl a y e d. Ri g ht, t h e fi n al st e p of a g a m e: t h e l ar g e r e d b ar i n di c at es t h e cir c uit’s dir e cti o n t o 

pl a y  i n  t h e  7 t h c ell  of  t h e  g a m e  b o ar d  t o  wi n  t h e  r o u n d.  ( c)  A  d y n a mi c  D N A  cir c uit  t h at  pr o d u c es  a n 

os cill at or y  o ut p ut  b e c a us e  of  c o u pl e d  D N A  p ol y m eri z ati o n  a n d  ni c ki n g  r e a ct i o ns,  c at al y z e d  b y  e n z y m es1 1 . 

T his p arti c ul ar cir c uit is a si g n al g e n e r at or  a n d  d o es  n ot  h a v e  a  d esi g n at e d  i n p ut  str a n d.  ( d)  A  D N A  e d g e-

d et e cti o n cir c uit. T w o r e a ct a nts A a n d B w er e i niti all y pr es e nt i n diff er e nt p arts of t h e p att er n. P h ot o cl e a v a g e 

of r e a ct a nts i n c ert ai n ar e as, all o w e d t h e r e a ct a nts t o diff us e a n d e n c o u nt er  o n e a n ot h er. T h e r es ulti n g s p ati al 

c o m p ut ati o n  pr o c ess  pr o d u c es  o ut p ut  str a n ds  o nl y  at  e d g es  w h er e  A  is  i niti all y  pr es e nt  o n  o n e  si d e  of  t h e 

e d g e a n d B is i niti all y pr es e nt o n t h e ot h er si d e 2 1 . 

2 . 3 | Tr a n s d u ci n g si g n al s fr o m  D N A t o ot h er f or m s. 

Tr a ns d u cti o n  is  t h e  c o n v ersi o n  of  i nf or m ati o n,  fr o m  o n e  si g n al  f or m  t o  a n ot h er.  I nf or m ati o n 
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e n c o d e d i n t h e c o n c e ntr ati o n of a str a n d of D N A c a n b e tr a ns d u c e d fr o m a n d t o m a n y ot h er f or ms, 

i n cl u di n g t h e c o n c e ntr ati o n of ot h er m ol e c ul es, i o ns or as p H, li g ht, t e m p er atur e or el e ctri c al si g n als. 

I n t his s e cti o n w e r e vi e w m et h o ds f or tr a ns d u ci n g t h es e si g n als i nt o i nt erf a c e str a n ds of D N A, t h us 

all o wi n g D N A cir c uits t o r e c ei v e i nf or m ati o n a b o ut sti m uli i n t h e s urr o u n di n g e n vir o n m e nt.  

2. 3. 1 | M ol e c ul e s-t o-D N A . D N A a pt a m e rs ar e s e q u e n c es of D N A t h at c a n bi n d s p e cifi c all y 

t o  m ol e c ul es  s u c h  as A T P 2 4 ,  c o c ai n e2 5 ,  m et al  i o ns2 6 ,  pr ot ei ns  a n d  p e pti d es2 7 -3 1 .  A pt as wit c h es  ar e 

n u cl ei c a ci d s e q u e n c es or c o m pl e x es t h at c a n bi n d t o a t ar g et m ol e c ul e a n d i n d oi n g s o c a n f urt h er 

i n d u c e  a c o nf or m ati o n al  c h a n g e  of  a n ot h er  p art  of  t h e  a pt as wit c h.  I n  m a n y  c as es  t his 

c o nf or m ati o n al  c h a n g e  c a n  r el e as e  a  str a n d  of  D N A 3 2 -3 5 ,  w hi c h  c a n  t h e n  s er v e  as  a  D N A  cir c uit 

i n p ut.  A pt as wit c h es  c a n  als o  e x p os e  a  to e h ol d  d o m ai n  i n  a  D N A  c o m pl e x 3 6 ,  w hi c h  c a n  all o w  a 

str a n d-dis pl a c e m e nt  r e a cti o n  t o  pr o c e e d.  A pt as wit c h es  c a n  als o  dis pl a c e  d o m ai ns  t h at  w o ul d 

ot h er wis e i n hi bit ot h er str a n ds  fr o m bi n di n g t o a D N A c o m pl e x3 7 .  

O ut p ut  str a n ds  r el e as e d  b y  D N A  cir c uits  c a n  als o  dir e ct  t h e  c a pt ur e  or  r el e as e  of  m ol e c ul es 

fr o m  a n  a pt a m er  b y  bi n di n g  t o  t h e  a pt a m er,  t h us  c h a n gi n g  t h e  a pt a m er’s  bi n di n g  affi nit y  f or  its 

t ar g et. B a h dr a a n d Elli n gt o n m o difi e d t h e fl u or es c e nt R N A S pi n a c h a pt a m er t o f ol d i nt o a n i n a cti v e 

st at e i n w hi c h it di d n ot ass o ci at e wit h its t ar g et m ol e c ul e ( D F H BI fl u or o p h or e). H y bri di z ati o n wit h 

a tri g g er str a n d of D N A r ef ol d e d t h e i n a cti v e a pt a m er i nt o a n a cti v e st at e i n w hi c h it  s u c c essf ull y 

b o u n d  its  t ar g et 3 8 .  Ll o y d et  al us e d  D N A  str a n ds  c o m pl e m e nt ar y  t o  a pt a m er  s e q u e n c es,  c all e d 

kl e pt a m ers, t o bi n d t o a n d dis pl a c e a pt a m ers fr o m t h eir t ar g ets. T his t e c h ni q u e w as d e m o nstr at e d 

wit h  b ot h  a  Br o c c oli  a pt a m er,  w hi c h  bi n ds  t o  D F H BI,  a n d  a n  a pt a m er  f or  a  R N A  p ol y m er as e, 

w hi c h  pr e v e nts  t h e  R N A  p ol y m er as e  fr o m  tr a ns cri bi n g  w hil e  b o u n d  t o  t h e  a pt a m er 3 9  ( Fi g.  3 b). 

A pt a m ers  h a v e  als o  b e e n  i nt e gr at e d  i nt o  r e c o nfi g ur a bl e  D N A  n a n ostr u ct ur es.  F or  e x a m pl e,  t h e y 

h a v e  b e e n  us e d  as  bi n di n g  sit es  f or  t ar g et  m ol e c ul es at  t h e  e n d  of  D N A  n a n ot w e e z ers 4 0 .  W h e n  a 
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tri g g er str a n d of D N A o p e ns t h e t w e e z ers, t h e t w o a pt a m er bi n di n g sit es at t h e e n ds of t h e t w e e z ers 

s e p ar at e.  B e c a us e  bi n di n g  of  t h e  t ar g et  pr ot ei n  r e q uir es  i nt er a cti o n  wit h  b ot h  bi n di n g  sit es,  t his 

c o nf or m ati o n al c h a n g e r el e as es t h e pr ot ei n t ar g et. T h e t w e e z ers n a n ostr u ct ur e t h us all o ws a str a n d 

of D N A t h at is n ot its elf a n a pt a m er bi n di n g s e q u e n c e t o dir e ct t h e r el e as e of a t ar g et m ol e c ul e.   

2. 3. 2  | I o n s a n d p H-t o-D N A . Str a n d -dis pl a c e m e nt r e a cti o ns c a n b e d esi g n e d t o r el e as e a n 

i nt erf a c e str a n d of D N A o nl y i n t h e pr es e n c e of t ar g et i o ns, w hi c h c a n t h e n s er v e as a n i n p ut stra n d 

t o c o m m u ni c at e t h e pr es e n c e of t h e t ar g et i o ns t o a D N A cir c uit. F or e x a m pl e, Li u a n d M a o us e d 

H o o gst e e n  tri pl e x  f or m ati o n,  i n  w hi c h  C G C  tri pl ets  f or m  u n d er  a ci di c  c o n diti o ns  w h er e  [ H + ]  is 

hi g h, t o c o -l o c ali z e a str a n d of D N A t o a c o m pl e x a n d i niti at e a str a n d -dis pl a c e m e nt r e a cti o n 4 1 . T h e 

r el e as e of t h e i nt erf a c e str a n d fr o m t his r e a cti o n t h us si g nifi es a hi g h H +  c o n c e ntr ati o n. A m o di o et al 

i m pl e m e nt e d  a  si mil ar  p H-r es p o nsi v e  str a n d-dis pl a c e m e nt  r e a cti o n  t h at  us es  C G C  tri pl ets  i n  a 

H o o gst e e n tri pl e x t o st a bili z e b ot h a cl a m p d o m ai n, w hi c h s u p pr ess es a D N A str a n d -dis pl a c e m e nt 

r e a cti o n, a n d a t o e h ol d d o m ai n, w hi c h i niti at es a str a n d -dis pl a c e m e nt r e a cti o n 4 2 .  

T a n g et  al s plit  t h e  s e q u e n c es  f or  a  p H-d e p e n d e nt  i -m otif  b et w e e n  a n  i n v a di n g  str a n d  a n d  a 

str a n d-d is pl a c e m e nt  c o m pl e x.  At  l o w  p H,  t h e  f or m ati o n  of  t h e  c o m pl et e  i-m otif  c o -l o c ali z es  t h e 

str a n d t o t h e c o m pl e x, i niti ati n g a str a n d -dis pl a c e m e nt r e a cti o n t h at r el e a s es a n i nt erf a c e str a n d of 

D N A 4 3 . T h e a ut h ors als o us e d a si mil ar m e c h a nis m b as e d o n t h e G-q u a dr u pl e x m otif, w hi c h f or m e d 

o n t h e a d diti o n of str o nti u m Sr + +  i o ns t o all o w a str a n d-dis pl a c e m e nt r e a cti o n t o o c c ur o nl y i n t h e 

pr es e n c e of Sr + +  i o ns. Di n g et al d e v el o p e d a D N A str a n d -dis pl a c e m e nt r e a cti o n t h at is tri g g er e d b y 

m er c ur y ( H g + + ) i o ns4 4 . T h e aut h ors us e d a t h y mi n e -t h y mi n e ( T-T) mis m at c h i n t h e t o e h ol d d o m ai n 

of  a  str a n d -dis pl a c e m e nt  c o m pl e x  t o  pr e v e nt  a n  i n v a di n g  str a n d  of  D N A  fr o m  bi n di n g  t o  t his 

t o e h ol d.  H o w e v er,  w h e n  m er c ur y  i o ns  ar e  a d d e d,  a  n o n-W ats o n -Cri c k  T -T  b as e  p air  is  st a bili z e d 

b et w e e n t h e i n v a di n g str a n d a n d t h e c o m pl e x, all o wi n g t h e t o e h ol d d o m ai n t o f ull y h y bri di z e a n d 
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i niti at e a str a n d-dis pl a c e m e nt r e a cti o n. ( Fi g. 3 c).  

T o t h e b est of o ur k n o wl e d g e, n o e x p eri m e nt al st u di es h a v e r e p ort e d t h e us e of a D N A str a n d 

t o  dir e ctl y  tri g g er t h e  r el e as e  or  s e q u estr ati o n  of  i o ns,  r at h er  t h a n  us e  of  i o ns  t o  r el e as e  D N A 

str a n ds. S u c h a D N A-t o-i o n i nt erf a c e mi g ht all o w D N A cir c uits t o d y n a mi c all y a dj ust t h e p H o v er 

ti m e, or c h a n g e p H s u d d e nl y i n r es p o ns e t o si g n als d et e ct e d i n t h e e n vir o n m e nt. 

2. 3 . 3 | El e ctri c al -t o-D N A  El e ctr o ni c d e vi c es c a n pr o vi d e i n p uts t o D N A cir c uits t hr o u g h 

el e ctr o d es t h at r el e as e or a cti v at e i nt erf a c e str a n ds of D N A. R a n all o et  al d e v el o p e d f o ur diff er e nt 

m e c h a nis ms  f or  a cti v ati n g  D N A  str a n d -dis pl a c e m e nt  r e a cti o ns  b y  usi n g  v olt a g e  t o  r el e as e  s p e cifi c 

i o ns fr o m g ol d el e ctr o d es. First, a g ol d el e ctr o d e w as c o at e d wit h a t hi n fil m of m er c ur y. W h e n a n 

o xi di zi n g p ot e nti al s c a n fr o m 0. 2 t o 0. 6 5 V w as a p pli e d t o t h e el e ctr o d e, t h e m er c ur y w as r el e as e d 

i nt o  s ol uti o n  as  H g+ +  i o ns.  Th e  r el e as e d  i o ns  f a cilit at e d  bi n di n g  of  t ar g et  p arti all y  c o m pl e m e nt ar y 

D N A d o m ai ns b y st a bili zi n g n o n -W ats o n -Cri c k T -T b as e p airs ( Fi g. 3 d. S e e als o s e cti o n 3. 2 o n t h e 

i o ni c a cti v ati o n of D N A). A p pli c ati o n of a r e d u cti v e p ot e nti al (-0. 3 V) r e v ers e d t h e st a bili z ati o n of 

t h e  T-T  b as e  p airs  b y  r e -d e p ositi n g  t h e  m er c ur y  b a c k  o nt o  t h e  el e ctr o d e.  T h e  a ut h ors  als o 

el e ctri c all y a cti v at e d ot h er D N A cir c uits b y (ii) r el e asi n g sil v er i o ns t o f a cilit at e n o n -W ats o n -Cri c k C -

C  b as e  p airs,  (iii)  r el e asi n g  i n p ut  str a n ds  of D N A  i niti all y  b o u n d  t o  t h e  el e ctr o d e  b y  t hi ol -g ol d 

b o n ds,  a n d  (i v)  r el e asi n g  c o p p er  i o ns  t o  a cti v at e  a  c o p p er -s e nsiti v e  D N A z y m e 4 5 .  T h es e  str at e gi es 

mi g ht b e us e d t o g et h er t o s el e cti v el y a cti v at e or r el e as e diff er e nt i nt erf a c e str a n ds of D N A wit hi n 

t h e s a m e s ol uti o n. Ot h er st u di es h a v e el e ctr o c h e mi c all y c o ntr oll e d t h e a cti vit y of D N A z y m e s usi n g 

i o ns  ot h er  t h a n  c o p p er4 6, 4 7 .  J e o n g et  al us e d  a n  e ntir el y  diff er e nt  t e c h ni q u e  t o  i m pl e m e nt  v olt a g e -

dir e ct e d  D N A  str a n d  a cti v ati o n  b y  f a bri c ati n g  D N A -i m pr e g n at e d  m ultil a y er  n a n ofil ms  o n  t h e 

s urf a c es  of  el e ctr o d es.  A p pli c ati o n  of  v olt a g e  t o  o n e  s u c h  el e ctr o d e  r e d u c e d  t h e  n a n ofil m  a n d 
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r el e as e d t h e i m pr e g n at e d str a n ds of D N A i nt o s ol uti o n w h er e t h e y i nt er a ct e d wit h a fl u or es c e ntl y 

l a b el e d D N A b e a c o n4 8 . 

D N A str a n ds c a n pr o d u c e or r e g ul at e v olt a g e or c urr e nt b y r e g ul ati n g t h e dist a n c e b et w e e n a n 

el e ctr o d e a n d a n el e ctri c all y a cti v e m ol e c ul ar t a g. T h e cl os e pr o xi mit y of t h e el e ctr o d e a n d t h e t a g 

g e n er at es a F ar a d ai c c urr e nt. F a n et  al a n d I m m o os et  al b ot h d e m o nstr at e d t his t e c h ni q u e usi n g a 

r e d o x  f err o c e n e-l a b el e d  D N A  h air pi n  im m o bili z e d  o n  a  g ol d  el e ctr o d e 4 9, 5 0 .  W h e n  n o  ot h er  D N A 

str a n ds w er e pr es e nt, t h e D N A h air pi n’s l o w est e n er g y c o nf or m ati o n k e pt t h e f err o c e n e cl os e t o t h e 

el e ctr o d e, g e n er ati n g c urr e nt. W h e n a D N A str a n d  wit h a s e q u e n c e c o m pl e m e nt ar y t o t h e h air pi n’s 

w as  a d d e d,  bi n di n g  b et w e e n  t his  i nt erf a c e  str a n d  a n d  t h e  i m m o bili z e d  h air pi n  o p e n e d  t h e 

i m m o bili z e d  h air pi n,  s e p ar ati n g  t h e  f err o c e n e  fr o m  t h e  el e ctr o d e  a n d  d e cr e asi n g  t h e  m e as ur e d 

c urr e nt.  Si mil ar  s c h e m es  i n v ol vi n g  el e ctr o d es  wit h  s urf a c e -i m m o bili z e d  D N A  h a v e  us e d  diff er e nt 

l a b els t o g e n er at e a c urr e nt, i ncl u di n g m et h yl e n e bl u e 5 1, 5 2  ( Fi g. 3 e), a n d c o nf or m ati o n al s wit c h es of 

D N A  m otifs  ot h er  t h a n  h air pi ns 5 3 .  El e ctr o c h e mi c al  D N A  s e ns ors  ar e  f urt h er  r e vi e w e d  i n 

Dr u m m o n d et al5 4 . 

2. 3. 4  | T e m p er at ur e -t o-D N A . M ost c urr e nt e x p eri m e nt al st u di es i n v ol vi n g D N A cir c uits 

h a v e  t e n d e d  t o  b e  d esi g n e d  t o  o p er at e  at  a  p arti c ul ar  s et  t e m p er at ur e,  r at h er  t h a n  t o  r es p o n d  t o 

t e m p er at ur e  as  a n  i n p ut.  H o w e v er,  s o m e  D N A  h air pi n  str u ct ur es  h a v e  b e e n  d esi g n e d  t o  s er v e  as 

t e m p er at ur e r es p o nsi v e t h er m o m et ers b y t u ni n g t h e str e n gt h, a n d t h er e b y t h e m elti n g t e m p er at ur e, 

of t h e st e m d o m ai ns  t h at h ol d t h e h air pi ns cl os e d5 5, 5 6 . W h e n t h e st e m m elts, t h e h air pi n o p e ns i nt o a 

si n gl e-str a n d e d co nf or m ati o n. F urt h er, G e hr els et al m o difi e d t h e t e m p er at ur e d e p e n d e n c e of D N A -

gr aft e d  c oll oi ds  t o  pr o gr a m  n o nli n e ar  a g gr e g ati o n  a n d  r e e ntr a nt  m elti n g  of  t h e  c oll oi ds,  w hi c h 

s u g g ests  a n  alt er n ati v e  a p pr o a c h  t o  pr o gr a m mi n g  t e m p er at ur e  s e nsiti v e  D N A  str a n d -d is pl a c e m e nt 

r e a cti o ns5 7, 5 8 . S p e cifi c all y, t h e a ut h ors st art e d wit h c oll oi d al ass e m bli es h el d t o g et h er b y D N A li n k ers 
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b et w e e n t h e c oll oi ds, a n d a d d e d c o m pl e m e nt ar y i nt erf a c e str a n ds of D N A t o bi n d t o a n d dis pl a c e 

t h e  li n k a g es  fr o m  e a c h  ot h er.  At  l o w  t e m p er at ur es,  e nt h al p y  f a v ors  disr u pti o n  of  t h e  li n k a g es  a n d 

m elti n g of t h e c oll oi d al ass e m bli es, b e c a us e m or e t ot al b o n ds c a n f or m w h e n t h e c o m p eti n g str a n ds 

s e q u est er  t h e  li n k a g es.  At  i nt er m e di at e  t e m p er at ur es,  e ntr o p y  f a v ors  f or m ati o n  of  t h e  li n k a g es, 

r el e as e of t h e i nt erf a c e str a n ds a n d st a bili z ati o n of t h e c oll oi d al ass e m bli es, b e c a us e t w o str a n ds ar e 

dis pl a c e d b y e v er y li n k a g e f or m ati o n. At hi g h t e m p er at ur es c o m pl et e t h er m al diss o ci ati o n of D N A 

h y bri di z ati o n  m elts  t h e  li n k a g es  a n d  t h e  c oll oi d al  ass e m bli es  ( F i g.  3f).  T his  r e a cti o n  s yst e m  s h o ws 

h o w D N A str a n ds c a n b e r el e as e d or s e q u est er e d at a t ar g et t e m p er at ur e, w hi c h c o ul d b e us e d t o 

c o m m u ni c at e i nf or m ati o n a b o ut t h e t e m p er at ur e of t h e e n vir o n m e nt t o a d o w nstr e a m D N A cir c uit.   

 T o t h e b est of o ur k n o wl e d g e , n o st u di es h a v e d e m o nstr at e d t h at a s p e cifi c D N A str a n d c a n 

dir e ctl y  alt er  t h e  t e m p er at ur e  of  t h e  s urr o u n di n g  s ol uti o n.  T his  cl ass  of  D N A -t o-t e m p er at ur e 

i nt erf a c e c o ul d b e us ef ul f or cr e ati n g pr o gr a m m a bl e t hr e e-di m e nsi o n al s p ati o -t e m p or al t e m p er at ur e 

gr a di e nts wit hi n s ol uti o ns. H o w e v er, r e g ul ati n g t e m p er at ur e wit h D N A str a n ds m a y pr o v e diffi c ult 

b e c a us e t h e a m o u nt of e n er g y t h at is r e q uir e d t o h e at w at er is l ar g e c o m p ar e d t o t h e e n er g y st or e d i n 

D N A h y bri di z ati o n. S u c h a c o ntr ol s yst e m m a y t h us n e e d t o h a r n ess a n e xt er n al e n er g y s u p pl y, s u c h 

as usi n g li g ht ill u mi n ati o n pl as m o n r es o n a n c e t o g e n er at e h e at fr o m g ol d n a n o p arti cl es 5 9 . Wit h s u c h 

a  s et u p,  i nt erf a c e  str a n ds  of  D N A  mi g ht  c o ntr ol  w h er e  t h e  g ol d  n a n o p arti cl es  ar e  p ositi o n e d  t o 

dir e ct l o c al h e ati n g.  

 2. 3. 5  | Li g ht -t o-D N A . Li g ht c a n dir e ct t h e r el e as e of a s p e cifi c D N A s e q u e n c e b y 

c o ntr olli n g t h e d e gr a d ati o n or c o nf or m ati o n al c h a n g e of r e a g e nts t h at i niti all y bl o c k or s e q u est er a 

D N A  d o m ai n  fr o m  p arti ci p ati n g  i n  d o w nstr e a m  r e a cti o ns.  Pr o k u p et  al cr e a t e d  a  p h ot os e nsiti v e 

str a n d-dis pl a c e m e nt  r e a cti o n  b y  s u p pr essi n g  t h e  a bilit y  of  a  str a n d  t o  h y bri di z e  t o  its  c o m pl e m e nt 

usi n g  f o ur  N P O M  ( 6 -nitr o pi p er o n yl o x y - m et h yl e n e) -c a g e d  t h y mi di n e  gr o u ps  e v e nl y  distri b ut e d 
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al o n g  t h e  str a n d.  T h e  a ut h ors  f o u n d  t his  p h ot o -c a g e d  str a n d  di d  n ot  r e a ct  wit h  a  d o w nstr e a m 

str a n d-dis pl a c e m e nt cir c uit u ntil U V irr a di ati o n at 3 6 5 n m r e m o v e d t h e c a gi n g gr o u ps 6 0 . H u a n g et al 

s y nt h esi z e d D N A a h air pi n g at e wit h a p h ot o cl e a v a bl e li n k er i n t h e h air pi n b a c k b o n e. O n e x p os ur e 

t o 3 6 5 n m li ght, t h e h air pi n’s b a c k b o n e w as cl e a v e d, e x p osi n g a t o e h ol d d o m ai n wit hi n t h e h air pi n 

l o o p.  T his  e x p os e d  t o e h ol d  all o w e d  a  str a n d  wit h  a  c o m pl e m e nt ar y  t o e h ol d  t o  bi n d  a n d  i niti at e  a 

str a n d-dis pl a c e m e nt  r e a cti o n 6 1  ( Fi g.  3 g).  K o u et  al i ns ert e d cis-2 0, 6 0 -di m e t h yl a z o b e n z e n e  ( D M a z o) 

i nt o  a  str a n d  of  D N A,  w hi c h  f a v ors  d u pl e x  ass o ci ati o n  i n  its tr a ns st at e  a n d  diss o ci ati o n  i n  its cis 

st at e.  B y  t o g gli n g  t h e  D M a z o  i nt o  its tr a ns st at e  wit h  4 7 5  n m  li g ht,  t h e  a ut h ors  i niti at e d  a  str a n d -

dis pl a c e m e nt  r e a cti o n.  T o g gli n g t h e  D M a z o  b a c k  i nt o  its cis st at e  b y  e x p os ur e  t o  3 6 5  n m  li g ht 

i n d u c e d  diss o ci ati o n  of  D M a z o  str a n ds  fr o m  t h eir  c o m pl e m e nt ar y  s e q u e n c es,  dri vi n g  t h e  str a n d-

dis pl a c e m e nt r e a cti o n i n t h e r e v ers e dir e cti o n 6 2 . N a k a m ur a et al us e d a p h ot o -i niti at e d cr ossli n k er (3 -

c y a n o vi n yl c ar b a z ol e, C N V K)  t o f or m a c o v al e nt b o n d b et w e e n a n i n v a di n g str a n d of D N A c o nt ai ni n g 

C N V K  a n d  a  p yri mi di n e  b as e  i n  a  c o m pl e m e nt ar y  D N A  c o m pl e x,  aft er  e x p os ur e  t o  li g ht  at  a 

w a v el e n gt h  of  3 6 6  n m.  T his  c o v al e nt  b o n d  m a d e  a  str a n d -dis pl a c e m e nt  r e a cti o n  eff e cti v el y 

irr e v ersi bl e a n d s p e d u p its ki n eti cs b y a r e p ort e d f a ct or of 2 0 x b y i n hi biti n g t h e b a c k w ar d br a n c h -

mi gr ati o n st e p 6 3 . 

A st a n d ar d w a y t o tr a ns d u c e a D N A h y bri di z ati o n e v e nt i nt o a li g ht si g n al is t o us e a fl u or es c e nt 

m ol e c ul e c o nj u g at e d t o t h e e n d of a str a n d of D N A t o e mit diff er e nt i nt e nsiti es of li g ht at a t ar g et 

w a v el e n gt h, d e p e n di n g o n t h e st at e of t h e c o nj u g at e d D N A str a n d. E missi o n fr o m t h e fl u or o p h or e 

c a n b e a q u e n c h e d b y a n e ar b y q u e n c h er m ol e c ul e or tr a nsf err e d b y F R E T (fl u or es c e n c e r es o n a nt 

e n er g y  tr a nsf er)  t o  a  diff er e nt  fl u or o p h or e,  w hi c h  eff e cti v el y  c h a n g es  t h e  w a v el e n gt h  of  t h e 

fl u or es c e n c e  o ut p ut  si g n al.  A n  i nt erf a c e  str a n d  of  D N A  c a n  c h a n g e  t h e  dist a n c e  b et w e e n  t h es e 

diff er e nt fl u or o p h or e a n d q u e n c h er m o difi c ati o ns, b y o p e n i n g a fl u or o p h or e-m o difi e d h air pi n 6 4  ( Fi g. 

3 h ), or dis pl a ci n g a fl u or o p h or e-m o difi e d str a n d fr o m a c o m pl e x ( 6). T h e ki n eti cs of m a n y of t h e 
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d e vi c es  d es cri b e d  i n  t his  r e vi e w  ar e  m o nit or e d  b y  m e as uri n g  c h a n g es  i n  fl u or es c e n c e  fr o m 

fl u or es c e ntl y m o difi e d D N A c o m pl e x es.  

 

Fi g ur e 2. 3.  Tr a n s d u ci n g  si g n al s  t o  a n d  fr o m  D N A  s e q u e n c e s.  ( a)  A n  i nt erf a c e  t h at  c o n v erts  t h e 

c o n c e ntr ati o n of a t ar g et m ol e c ul e ( gr a y, pl at el et d eri v e d gr o wt h f a ct or P D G F -B B) i nt o t h e c o n c e ntr ati o n of 

a n i nt erf a c e str a n d of D N A ( y ell o w). T w o a pt a m er s e q u e n c es of D N A ( c y a n) bi n d t o t h e t ar g et m ol e c ul e a n d 

dis pl a c e  t h e  i nt erf a c e  str a n d.  A  d o w nstr e a m  fl u or es c e nt  r e p ort er  c o m pl e x  tr a c ks  t h e  c o n c e ntr ati o n  of  t h e 

y ell o w  str a n d 3 2 .  ( b)  A  kl e pt a m er  (r e d)  dis pl a c es  a n  a pt a m er  fr o m  T 7  R N A  p ol y m er as e. W hil e  T 7  R N A 

p ol y m er as e  is  b o u n d  b y  t h e  a p t a m er  it  c a n n ot  tr a ns cri b e  R N A3 9 .  ( c)  A n  H g+ + -d e p e n d e nt  D N A  str a n d -
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dis pl a c e m e nt ( D S D) r e a cti o n t h at r el e as es t h e i nt erf a c e str a n d ( y ell o w). A d o w nstr e a m fl u or es c e nt r e p ort er 

tr a c ks  t h e  c o n c e ntr ati o n  of  t h e  y ell o w  str a n d  o v er  ti m e.  Bl a c k  arr o w  m ar ks  ti m e  w h e n  H g+ +  i o ns  w er e 

a d d e d 4 4 . ( d) A g ol d el e ctr o d e is i niti all y c o at e d i n m er c ur y H g( 0). W h e n a n o xi d ati v e p ot e nti al is a p pli e d t o t h e 

el e ctr o d e, H g( 0) is o xi di z e d i nt o H g + +  w hi c h c a n pr o m ot e D N A h y bri di z ati o n usi n g t h e s a m e m e c h a nis m as 

i n p a n el ( c). A p pli c ati o n of a r e d u cti v e p ot e nti al r e v ers es t h e pr o c ess 4 5 . ( e) A h air pi n ( bl a c k) m o difi e d wit h a 

m et h yl e n e bl u e r e d o x m oi et y ( M B, c y a n) is a n c h or e d o n a n el e ctr o d e. Pr o xi mit y of t h e M B t o t h e el e ctr o d e 

g e n er at es a F ar a d i c c urr e nt. A c o m pl e m e nt ar y i nt erf a c e str a n d of D N A (r e d) o p e ns t h e h air pi n, a n d pr e v e nts 

t h e M B fr o m i nt er a cti n g wit h t h e el e ctr o d e, s u p pr essi n g t h e c urr e nt. D at a s h o ws hi g h c urr e nt f or t h e i niti al 

st at e wit h n o i nt erf a c e str a n d a d d e d ( i.e. s er u m o nl y), de cr e as e d c urr e nt w h e n t h e i nt erf a c e is a d d e d ( i.e. s er u m 

+  t ar g et),  a n d  hi g h  c urr e nt  a g ai n  w h e n  t h e  i nt erf a c e  is  r e m o v e d  b y  a  w as hi n g  r e g e n er ati o n  st e p  ( i.e. 

“r e g e n er at e d ”) 5 2 . (f) A t e m p er at ur e-s e nsiti v e D S D r e a cti o n t h at dir e cts D N A -m o difi e d ( bl a c k, gr a y)  p arti cl e 

ass e m bl y wit hi n a t ar g et t e m p er at ur e r a n g e. B el o w t h e t ar g et t e m p er at ur e, str a n ds of D N A ( y ell o w) bi n d t o 

t h e  li n k er  str a n ds  a n d  pr e v e nt  ass e m bl y.  At  t h e  t ar g et  t e m p er at ur e,  t h e  p arti cl es  bi n d  t o  f or m  a  s oli d 

ass e m bl y,  a n d  dis pl a c e  t h e  y ell o w  str a n ds  i nt o  s ol uti o n.  A b o v e  t h e  t ar g et  t e m p er at ur e,  all  str a n ds  ar e 

t h er m all y diss o ci at e d5 7 . ( g) A D N A h air pi n wit h a p h ot o cl e a v a bl e li n k er ( gr a y l o c k s y m b ol) pr es e nts a t o e h ol d 

d o m ai n ( c y a n) aft er e x p os ur e t o U V li g ht, w hi c h all o ws a str a n d -dis pl a c e m e nt r e a cti o n t o r el e as e t h e y ell o w 

str a n d 6 1 . ( h) A m ol e c ul ar b e a c o n ( M B, bl a c k) is a D N A h air pi n wit h t w o diff er e nt fl u or o p h or es at its e n ds. I n 

t h e  b e a c o n’s  i niti al  st at e,  t h e  fl u or o p h or es  ar e  cl os e  t o  e a c h  ot h er,  e n a bli n g  fl u or es c e nt  r es o n a nt  e n er g y 

tr a nsf er  ( FR E T)  t o  e x cit e  t h e  a c c e pt or  fl u or o p h or e  ( F A M) vi a e x cit ati o n  of  t h e  d o n or  fl u or o p h or e 

( c o u m ari n). Aft er a c o m pl e m e nt ar y str a n d of D N A is a d d e d (r e d) t h at bi n ds t o a n d o p e ns t h e h air pi n, t h e 

t w o fl u or o p h or es ar e s e p ar at e d a n d t h e i nt e nsit y of t h e a c c e pt or fl u oro p h or e d e cr e as es si g nifi c a ntl y 6 4 . 

2. 4  | C o ntr ol li n g D N A n a n o str u ct ur e a s s e m bl y  a n d r e c o nfi g ur ati o n . 

Str a n ds of D N A t h at ar e o ut p ut fr o m a D N A cir c uit c a n i nt er a ct wit h D N A n a n ostr u ct ur es b y 

s er vi n g (i) dir e ctl y as a b uil di n g bl o c k i n a s elf -ass e m bl y pr o c ess, (ii) as a tri g g er t h at a cti v at es o n e or 

m or e  b uil di n g  bl o c ks,  or  (iii)  as  a n  a g e nt  t h at  r e m o v es  D N A  str a n ds  or  s u b -ass e m bli es  fr o m  a n 
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i niti all y ass e m bl e d str u ct ur e. S u c h i nt er a cti o ns eff e cti v el y us e t h e s e q u e n c e i nf or m ati o n e n c o d e d i n a 

cir c uit’s o u t p ut str a n d t o dir e ct h o w a n ass e m bl y s h o ul d f or m or c h a n g e s h a p e.  

2. 4. 1  | S elf -a s s e m bl y.  D N A c a n s elf -ass e m bl e i nt o virt u all y a n y ar bitr ar y t w o - or t hr e e - 

di m e nsi o n al  s h a p e 6 5 -6 8  u p  t o  s e v e r al  h u n dr e d  n a n o m et ers  i n  si z e6 9 ,  a n d  i nt o  a  di v ers e  r a n g e  of 

p e ri o di c  l atti c es  a n d  cr yst als7 0, 7 1 .  D N A  n a n ostr u ct ur es  m a y  b e  br o a dl y  cl assifi e d  i nt o  eit h er 

s c aff old e d D N A ori g a mi n a n ostr u ct ur es 6 5 , i n w hi c h s h ort “st a pl e ” str a n ds f ol d a l o n g s c aff ol d str a n d 

i nt o a fi n al s h a p e, or u ns c aff ol d e d ass e m bli es i n w hi c h D N A bri c ks 6 6  or til es 7 2 -7 3  s elf-ass e m bl e i nt o 

or d er e d  l atti c es vi a a  cr yst al  gr o wt h  pr o c ess.  I n  b ot h  c as es,  t h e  s p e cifi c  s e q u e n c es  of  e a c h  str a n d 

d et er mi n e w hi c h c o m p o n e nts m a y bi n d t o w hi c h ot h ers a n d h o w str o n gl y a n d, i n t ur n, d et er mi n e 

w h at fi n al str u ct ur es s e lf-ass e m bl e d.   

I n  pri n ci pl e,  D N A  cir c uits  c o ul d  b e  us e d  t o  dir e ct  t h e  s elf -ass e m bl y  of  t h es e  str u ct ur es  b y 

pr es e nti n g o ut p uts t h at c o ntr ol w hi c h str a n ds ar e a v ail a bl e t o s elf -ass e m bl e 7 4 . D y n a mi c c o ntr ol o v er 

t h e  a v ail a bilit y  of  diff er e nt  D N A  str a n ds  mi g ht all o w  cir c uits  t o  dir e ct  el a b or at e,  hi er ar c hi c al 

ass e m bl y  pr ot o c ols,  or  t o  i n c or p or at e  f e e d b a c k  fr o m  t h e  e n vir o n m e nt  d uri n g  ass e m bl y.  O n e 

c h all e n g e  t o  t h e  d esi g n  of  s u c h  s yst e ms  is  t h at  D N A  n a n ostr u ct ur es  ar e  g e n er all y  f or m e d  b y 

a n n e ali n g: t h e t e m p er at ur e  of t h e ass e m bl y mi xt ur e is first r ais e d a b o v e t h e m elti n g t e m p er at ur e of 

t h e  D N A  a n d  t h e n  sl o wl y  c o ol e d.  Ass e m bl y  o c c urs  aft er  t h e  t e m p er at ur e  dr o ps  b el o w  t h e 

n a n ostr u ct ur e’s  m elti n g  t e m p er at ur e.  P ar a m et ers  ot h er  t h a n  t e m p er at ur e,  s u c h  as  d e n at ur a nt 

c o n c e ntr ati o n 7 5 ),  h a v e  als o  b e e n  us e d  f or  a n n e ali n g.  D uri n g  a n  a n n e ali n g  pr o c ess,  m ost  D N A 

cir c uits, w hi c h ar e h el d t o g et h er b y W ats o n -Cri c k b as e p airs, als o m elt a n d r ef or m. S u c h m elti n g a n d 

r ef or m ati o n of cir c uit c o m p o n e nts w o ul d i nt err u pt t h e f u n cti o n of t h e  m a n y t y p es of D N A cir c uits 

t h at ar e d esi g n e d t o b e gi n o p er ati o n i n a m et ast a bl e c o nfi g ur ati o n a n d c o ul d d e n at ur e e n z y m es or 

ot h er  c o -f a ct ors  n e e d e d  f or  t h e  o p er ati o n  of  ot h er  D N A  cir c uits.  B e c a us e  cir c uits  ar e  t y pi c all y 
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d esi g n e d  t o  o p er at e  is ot h er m all y,  t h es e  cir c uits  w o ul d  n e e d  t o  b e  r e d esi g n e d  t o  o p er at e  d uri n g  a n 

a n n e ali n g pr o c ess.  

A n  alt er n ati v e  a p pr o a c h  t o  c o ntr olli n g  s elf -ass e m bl y  wit h  D N A  cir c uits  is  t o  d e v el o p 

m e c h a nis ms  b y  w hi c h  D N A  n a n ostr u ct ur es  ass e m bl e  is ot h er m all y.  Is ot h er m al  n a n ostr u ct ur e 

a ss e m bl y pr o c ess es ar e g e n er all y m or e diffi c ult t o d esi g n t h a n ass e m bl y pr o c ess es t h at us e a n n e ali n g 

b e c a us e u n d er is ot h er m al c o n diti o ns t h e c o m p o n e nt str a n ds of D N A ass e m bli es c a n e asil y b e c o m e 

ki n eti c all y  tr a p p e d  i n  off -t ar g et  i nt er m e di at e  str u ct ur es.  I n pri n ci pl e,  t h es e  ki n eti c  tr a ps  c o ul d  b e 

a v oi d e d  b y  usi n g  D N A  cir c uits  t o  c o ntr ol  t h e  p at h w a y  i n  w hi c h  ass e m bl y  c o m p o n e nts  ar e  m a d e 

a v ail a bl e.  

A cti v ati o n  of n a n o str u ct ur e b uil di n g  bl o c k s.   O n e  str at e g y  f or  c o ntr olli n g  D N A 

n a n ostr u ct ur e  s elf -ass e m bl y  is  t o us e  D N A  str a n ds  t o  a cti v at e  t h e  b uil di n g  bl o c ks  of  a  t ar g et 

n a n ostr u ct ur e.  Z h a n g et  al us e d  D N A  str a n d -dis pl a c e m e nt  cir c uits  t o  c o ntr ol  t h e  s elf -ass e m bl y  of 

D N A n a n ot u b es c o m p os e d of D N A til es 7 6 . T h e a ut h ors c o nstr u ct e d i n a cti v e til es w h er e t w o of t h e 

i nt er-til e  “sti c k y  e n d ”  bi n di n g  sit es  o n  e a c h  til e  w er e  c o v er e d  b y  a  D N A  pr ot e ct or  str a n d,  w hi c h 

i n hi bit e d  n a n ot u b e  gr o wt h.  A  c o m pl e m e nt ar y  i nt erf a c e  str a n d,  r el e as e d  b y  a  D N A  cir c uit,  w as 

s h o w n t o s u c c essf ull y r e m o v e t h e pr ot e cti o n str a n d fr o m t h e i n a cti v e ti l es, t h us a cti v ati n g t h e til es 

a n d  all o wi n g  n a n ot u b e  ass e m bl y  t o  o c c ur  ( Fi g.  4 a).  Fr a n c o et  al d e m o nstr at e d  t h e  r e v ersi bl e 

ass e m bl y a n d dis ass e m bl y of si mil ar D N A n a n ot u b es b y r e p e at e dl y pr ot e cti n g a n d d e -pr ot e cti n g a 

til e’s  sti c k y  e n d  str a n ds i n  r es p o ns e t o  c h a n g es  i n  p H7 7 .  P a dill a et  al cr e at e d  D N A  til es  c o nt ai ni n g 

i n a cti v e  bi n di n g  d o m ai ns,  i n  w hi c h  t h e  bi n di n g  of  a  sti c k y  e n d  o n  o n e  si d e  of  t h es e  til es  p arti all y 

dis pl a c e d  a  c o v er  str a n d  of  D N A.    T his  c o v er  str a n d  c o ul d  t h e n  a cti v at e  a  sti c k y -e n d  o n  t h e 

o p p osit e  e n d  of  t h e  til e 7 8 .  A  D N A  cir c uit  mi g ht  pr es u m a bl y  tri g g er  a  c as c a di n g  ass e m bl y  pr o c ess 

i n v ol vi n g  s u c h  til es  b y  a cti v ati n g  a n  i niti al  til e,  w hi c h  t h e n  us es  its  n e wl y  a cti v at e d  sti c k y-e n d  t o 
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a cti v at e  a  c h ai n  of  a d diti o n al  til es.  Z h a n g et  al d e m o nstr a t e d  a n  a n al o g o us  s e q u e nti al  ass e m bl y 

c as c a d e i n w hi c h dr o pl ets, r at h er t h a n til es, ar e ass e m bl e d i nt o c h ai ns. Dr o pl ets w er e f u n cti o n ali z e d 

wit h  t w o  D N A  att a c h m e nt  str a n ds  t h at  w er e  i niti all y  h y bri di z e d  t o g et h er.  I nt er -dr o pl et  ass e m bl y 

w as i niti at e d b y a d di n g a n i nt erf a c e str a n d of D N A t h at bi n ds t o o n e of t h e att a c h m e nt str a n ds vi a a 

si n gl e-str a n d e d  t o e h ol d,  dis pl a ci n g  t h e  s e c o n d  att a c h m e nt  str a n d,  w hi c h  c o ul d t h e n  att a c h  t o 

a n ot h er dr o pl et 7 9 . 

W a n g et  al r e v ersi bl y a cti v at e d a n d d e a cti v at e d l ar g er D N A ori g ami b uil di n g bl o c ks t h at c o ul d 

f or m diff er e nt di m ers d e p e n di n g o n h o w t h e y w er e a cti v at e d 8 0  ( Fi g. 4 b,). T h e a ut h ors w er e a bl e t o 

r e v ersi bl y ass e m bl e f o ur diff er e nt til e t y p es (l a b el e d A, B, C, a n d D) i nt o diff er e nt p er m ut ati o ns of 

di m ers ( A B, C D, A D, B C) b y  a d di n g diff er e nt c o m bi n ati o ns of pr ot e ct or a n d d e pr ot e ct or str a n ds t o 

r e g ul at e  diff er e nt  bi n di n g  i nt erf a c es.  F o ur  c y cl es  of  r e v ersi bl e  di m eri z ati o n  w er e  r e p ort e d,  wit h 

di m eri z ati o n yi el ds ar o u n d 7 5 %. D N A cir c uits mi g ht pr es u m a bl y dir e ct ass e m bl y of ori g a m i til e wit h 

s u c h  i nt erf a c es  i nt o  l ar g er  str u ct ur es  b y  r el e asi n g  s e q u e n c es  of  t h e  r el e v a nt  pr ot e ct or  a n d 

d e pr ot e ct or str a n ds.  
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Fi g ur e 2. 4 . D N A str a n d -dir e ct e d s elf -a s s e m bl y.  I n e a c h e x a m pl e, t h e r e d str a n d of D N A r e pr es e nts t h e 

i nt erf a c e  str a n d,  w hi c h c o ul d  b e  t h e  o ut p ut  of  a  D N A  cir c uit,  t h at  dir e cts  t h e  s elf -ass e m bl y  of  a 

n a n ostr u ct ur e. ( a) A cti v at a bl e D N A til es 7 6 . E a c h til e st arts i n a n i n a cti v e st at e i n w hi c h t w o of its f o ur s elf-

c o m pl e m e nt ar y sti c k y e n ds ( c y a n) ar e c o v er e d b y pr ot e ct or str a n ds of D N A. A d e pr ot e ct or str a n d (r e d) bi n ds 

t o a si n gl e-str a n d e d t o e h ol d r e gi o n at t h e c e nt er of t h e til e a n d dis pl a c es t h e pr ot e ct or str a n ds, r es ulti n g i n a n 

a cti v e  or  d e pr ot e ct e d  til e.  D e pr ot e ct e d  til es  t h e n  pr o c e e d  t o  s elf -ass e m bl e  i nt o  n a n ot u b e  str u ct ur es.  TI R F 

fl u or es c e n c e mi cr os c o p y i m a g es s h o w (t o p) t h e til es i n t h eir pr ot e ct e d st at e, b ef or e d e pr ot e ct or str a n ds ar e 

a d d e d w h e n n o n a n ot u b es ar e e vi d e nt, a n d ( b ott o m) i n t h eir d e pr ot e ct e d st at e aft er d e pr ot e ct or str a n ds w er e 

a d d e d, w h er e n a n ot u b es h a v e gr o w n. ( b) S c aff ol d e d D N A ori g a mi til es w h os e bi n di n g sit es c a n b e a cti v at e d 

b y D N A i nt erf a c e str a n ds. A d e pr ot e ct or str a n d (r e d) bi n ds t o m o n o m er A a n d r e m o v es its pr ot e ct or str a n d, 

cr e ati n g a w ast e c o m pl e x a n d all o wi n g f or m ati o n of a di m er A B. I ntr o d u cti o n of a pr ot e ct or str a n d s e p ar at es 

t h e m o n o m ers b a c k i nt o t h eir i niti al st at e 8 0 . A d diti o n al s e q u e n c e-s p e cifi c bi n di n g sit es ( n ot s h o w n) f a cilit at e 

diff er e nt  p er m ut ati o ns  of  di m ers.  A F M  i m a g es  s h o w  ori g a mi  til es  i n  t h eir  m o n o m er  a n d  di m er  st at es.  ( c) 

R e g ul ati n g  s el f-ass e m bl y  t hr o u g h  t h e  r el e as e  of  D N A  li n k er  str a n ds  t h at  s er v e  as  bri d g es  b et w e e n  t w o 

str u ct ur es. H er e a li n k er str a n d (r e d) c o n n e cts t w o D N A tri a n g ul ar pris ms o n a gi a nt v esi cl e 8 1 . ( d) C at al yti c 

ass e m bl y  of  a  D N A  t etr a h e dr o n.  I niti all y,  a  s ol uti o n  w as  pr e p ar e d  t h at  c o nt ai n e d  ni n e  m et ast a bl e  h air pi ns 
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( c y a n,  bl a c k,  y ell o w),  w hi c h  c o m pris e  t h e  p arts  of  t h e  t etr a h e dr o n.  A  c at al yst  str a n d  (r e d)  o p e ns  t h e  A 1 

h air pi n,  i niti ati n g  a  c as c a d e  i n  w hi c h  t h e  t etr a h e dr o n  f or ms vi a a  s eri es  of  r e a cti o ns  t h at  f oll o w  a  d es i g n e d 

ass e m bl y p at h w a y. A F M i m a g es s h o w t h e i nt er m e di at e str u ct ur es: a t hr e e -ar m j u n cti o n, a cl os e d tri a n gl e, t w o 

cl os e d tri a n g l es, a n d t h e fi n al t etr a h e dr o n8 8 . 

R el e a si n g  li n k er  str a n d s .  D N A  s e q u e n c es  c a n  als o  dir e ct  t h e  s elf -ass e m bl y  of  D N A 

n a n ostr u ct ur es  b y  a cti n g  as  s e q u e n c e -s p e cifi c  bri d g es  b et w e e n  t w o  ot h er  D N A  str u ct ur es.  U nli k e 

t h e  us e  of  i nt erf a c e  str a n ds  t o  a cti v at e  n a n ostr u ct ur es  d es cri b e d  i n  t h e  pr e vi o us  s e cti o n,  usi n g 

i nt erf a c e str a n ds as dir e ct li n k ers h el ps s e p ar at e str u ct ur al b uil di n g bl o c ks fr o m t h e s e q u e n c es t h at 

d et er mi n e  c o n n e cti vit y,  all o wi n g  t h e  s a m e  b uil di n g  bl o c ks  t o  bi n d  t o  diff er e nt  p art n ers  d e p e n di n g 

o n w hi c h li n k er is a cti v at e d.  

P e n g et  al us e d li n k er str a n ds of D N A t o ass e m bl e m ulti pl e tri a n g ul ar wir efr a m e D N A pris ms 

a n c h or e d o n v esi cl es i nt o di m ers 8 1  ( Fi g. 4 c). Dis pl a c e m e nt str a n ds t h at w er e c o m pl e m e nt ar y t o t h e 

li n k er str a n ds w er e us e d t o r e v ers e t h e ass e m bl y pr o c ess. C a o et al us e d diff er e nt s e q u e n c es of li n k er 

str a n ds  of  D N A  t o  s el e cti v el y  c o ntr ol  t h e  ass e m bl y  of  D N A -f u n cti on ali z e d  A u  a n d  A g / A u 

n a n o p arti cl es  i nt o  a g gr e g at es,  w hi c h  w as  us e d  as  a  t w o -c ol or m e c h a nis m  f or  d et e cti o n  of  D N A 8 2 . 

Y a o et  al us e d  D N A  str a n d -dis pl a c e m e nt  cir c uits  t o  c o ntr ol  t h e  s elf -ass e m bl y  of  D N A -

f u n cti o n ali z e d  g ol d  n a n o p arti cl es  b y  usi n g  o ut p ut  str a n ds  fr o m  a  D N A  cir cuit  t o  li n k  p arti cl es 

t o g et h er8 3 .  Y a o et  al f urt h er  e x pl or e d  diff er e n c es  i n  r e a cti o n  ki n eti cs  f or  str a n d-dis pl a c e m e nt 

r e a cti o ns w h e n t h e r e a ct a nt str a n ds w er e c o nj u g at e d t o g ol d n a n o p arti cl es, as o p p os e d t o st a n d ar d 

str a n d-dis pl a c e m e nt ki n eti cs wit h o ut n a n o p arti cl e c o nj u g ati o ns 8 4 . F or a m or e d et ail e d dis c ussi o n o n 

h o w D N A str a n ds c a n c o ntr ol t h e a g gr e g ati o n of D N A -f u n cti o n ali z e d n a n o p arti cl es, s e e t h e r e vi e w 

b y T h a xt o n et al8 5  a n d t h e p ers p e cti v e arti cl e b y C utl er et al8 6 .  

G at e d c at al y st s a n d n u cl e ati o n sit e s.   Si n gl e -str a n d e d o ut p uts fr o m cir c uits h a v e als o b e e n 

us e d  t o  a cti v at e  sit es  f or  n a n ostr u ct ur e  n u cl e ati o n,  or  c at al ysts  f or  d o w nstr e a m  s elf -ass e m bl y 
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pr o c ess es.  T his  str at e g y  f or  usi n g  D N A  str a n ds  t o  c o ntr ol  s elf -ass e m bl y  eff e cti v el y a m plifi es  t h e 

si g n al, b e c a us e e a c h D N A i n p ut tri g g ers a m ulti pl e ass e m bl y st e ps. Yi n et al d e v el o p e d a m et ast a bl e 

h air pi n ass e m bl y ar c hit e ct ur e i n w hi c h a c at al yst i niti at es a c as c a d e of ass e m bl y st e ps t h at ass e m bl e 

D N A  h air pi ns  i nt o  l ar g er  str u ct ur es 8 7 .  Sa d o ws ki et  al us e d  t his  m et ast a bl e  h air pi n  ar c hit e ct ur e  t o 

ass e m bl e a t etr a h e dr o n i n r es p o ns e t o a c at al yst tri g g er 8 8  ( Fi g. 4 d). Z h a n g et  al us e d a D N A str a n d -

dis pl a c e m e nt a m plifi er cir c uit t o a cti v at e a m et ast a bl e h air pi n c h ai n r e a cti o n pr o c ess t h at tri g g er e d 

t h e  ass e m bl y  of  a  br a n c h e d  stru ct ur e 8 9 .  Kis hi et  al d e v el o p e d  is ot h er m al  pri m er  e x c h a n g e  ( P E R) 

c as c a d es, i n w hi c h D N A h air pi ns ar e t e m pl at es o n w hi c h D N A p ol y m er as e s y nt h esi z es str a n ds of 

D N A. E a c h h air pi n a d ds o n e s h ort s e q u e n c e d o m ai n t o a gr o wi n g s tr a n d i n a pr o gr a m m e d or d er s o 

t h at t h e s et of h air pi ns pr es e nt c o ntr ols w h at D N A str a n d is s y nt h esi z e d 9 0 . Usi n g t his m e c h a nis m, 

t h e a ut h ors f urt h er cr e at e d a P E R h air pi n t h at w as i niti all y i n a cti v at e d b y a pr ot e ct or str a n d bl o c ki n g 

t h e h air pi n’s t o e h ol d. W h e n a n i nt erf a c e str a n d c o m pl e m e nt ar y t o t h e pr ot e ct or str a n d w as a d d e d, 

t h e h air pi n’s t o e h ol d w as e x p os e d a n d D N A s y nt h esis pr o c e e d e d. 

2. 4. 2  | A ct u at or s.  B e y o n d dir e cti n g t h e s elf -ass e m bl y of str u ct ur es a n d m at eri als fr o m 

c o m p o n e nts, D N A c a n als o b e us e d t o c h a n g e t h e s h a p es of n a n ostr u ct ur es t h at h a v e alr e a d y b e e n 

ass e m bl e d. A  c o m m o n  m e c h a nis m  of  c h a n gi n g  t h e  s h a p e  of  a  D N A  n a n ostr u ct ur e  is  t o  a d d  or 

r e m o v e  str a n ds  of  D N A  t h at  c o nstr ai n  t h e  n a n ostr u ct ur e  i n  diff er e nt  c o nfi g ur ati o ns  fr o m  a 

n a n ostr u ct ur e . Y ur k e et al us e d t his t e c h ni q u e t o r e p e at e dl y o p e n a n d cl os e a p air of D N A t w e e z ers: 

a d di n g a cl osi n g str a n d c o nstr ai n e d t h e t w e e z ers i n a cl os e d c o nfi g ur ati o n, w hil e a n o p e ni n g str a n d 

dis pl a c e d t h e cl osi n g str a n d, t h er e b y r e -o p e ni n g t h e t w e e z ers 9 1  ( Fi g. 5 a ). T h e st at e of t h e t w e e z ers 

w as  m o nit or e d  b y  fl u or es c e n c e  e n er g y  r es o n a n c e  tr a nsf er  ( F R E T)  b et w e e n  t w o  fl u or o p h or es 

p ositi o n e d  at  t h e  e n d  of  t h e  t w e e z ers.  A  si mil ar  n a n o a ct u at or  w as  als o  d e v el o p e d  i n  w hi c h  a n 

i nt erf a c e str a n d of D N A c o nstr ai n e d t h e t w o e n ds of t h e a ct u at or i n a n o p e n st at e, r at h er t h e n i n a 
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cl os e d  st at e 9 2 .  F e n g et  al c o nstr u ct e d  a  li n e ar  a ct u at or,  i n  w hi c h  t h e  t w o  e n ds  of  t h e  d e vi c e  ar e 

p us h e d a w a y fr o m e a c h ot h er al o n g a str ai g ht tr a c k w h e n a n a ct u ati o n str a n d is a d d e d. T h e y t h e n 

i n c orp or at e d  t his  d e vi c e  i nt o  a  t w o -di m e nsi o n al  D N A  l atti c e  t o  a c t u at e  e x p a nsi o n  of  t h e  l atti c e9 3 . 

G o o d m a n et  al us e d  a  si mil ar  li n e ar  a ct u at or  t o  r e v ersi bl y  c h a n g e  t h e  l e n gt h  of  a  si d e  of  a  D N A 

p ol y h e dr o n 9 4 ,  w hil e  S a c c à et  al us e d  li n e ar  a ct u at ors  t o  e xt e n d  a n d  c o ntr a ct  t h e  e d g es  of  a  c a vit y 

wit hi n a D N A ori g a mi til e 9 5 . C h e n et  al d e v el o p e d a s c h e m e i n w hi c h li n k er str a n ds bi n d al o n g t h e 

e d g e of a D N A ori g a mi til e t o dir e ct t h e f ol di n g of t h e ori g a mi i nt o a c yli n d er 9 6 .  

S e v er al r ot ar y d e vi c es h a v e als o b e e n d e v el o p e d, i n w hi c h a n i nt erf a c e str a n d c a n dir e ct a c h a n g e 

i n t h e r el ati v e a n gl e b et w e e n t w o p arts of a n a n ostr u ct ur e. Y a n et al cr e at e d a n a xi al r ot ati o n d e vi c e 

t h at r e v ersi bl y r ot at es 1 8 0°  b et w e e n a p ar a n e mi c cr oss o v er ( P X) m otif a n d its t o p ois o m er (J X 2 ) in 

r es p o ns e t o t w o s ets of a ct u ati o n str a n ds9 7 . T his m otif w as i ns ert e d as a m o d ul ar c o m p o n e nt o n a 

D N A arr a y, w hi c h pr o vi d e d a fi x e d fr a m e of r ef er e n c e f or i nt e gr ati n g m ulti pl e r ot ati o n al a ct u at ors  

t o g et h er i nt o t h e s a m e d e vi c e9 8 . M arr as et al d e v el o p e d a li br ar y of diff er e nt D N A ori g a mi j oi nts f or 

b ot h li n e ar a n d r ot ati o n al m oti o n, a n d us e d i nt erf a c e str a n ds of D N A t o c o ntr ol t h e o p e ni n g a n d 

cl osi n g of o n e of t h eir c o m p osit e d e vi c es 9 9 . G erli n g et  al us e d D N A str a n d -dis pl a c e m e nt t o a ct u at e 

t h e r ot ati o n al m ov e m e nt of a f o ur -ar m e d D N A n a n ostr u ct ur e, i n w hi c h bl u nt e n d st a c ki n g b et w e e n 

s h a p e-c o m pl e m e nt ar y  c o m p o n e nts  of  t h e  d e vi c e  pr o vi d e d  t h e  dri vi n g  f or c e  f or  c o nstr ai ni n g  t h e 

a ct u at or wit h t h e ar ms eit h er t o g et h er or a p art 1 0 0  ( Fi g. 5 b). 

2. 4. 3  | S u btr a cti v e m o d ifi c ati o n. Str a n ds of D N A c a n als o c h a n g e t h e s h a p e of a str u ct ur e 

b y r e m o v al or dis ass e m bl y of t ar g et e d c o m p o n e nts. H a n et al b uilt a D N A ori g a mi M ö bi us stri p a n d 

us e d str a n d -dis pl a c e m e nt pr o c ess es b y D N A i nt erf a c e str a n ds t o r e m o v e st a pl e str a n ds of D N A at 

t ar g et l o c ati o ns al o n g t h e str u ct ur e s u c h t h at t h e r e m o v al of t h e st a pl es a ct e d a ki n t o c utti n g 1 0 1 . T h e 

a ut h ors first a d d e d D N A str a n ds t o “ c ut ” al o n g t h e c e nt erli n e of t h e M ö bi us stri p t o cr e at e a l o n g er 
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l o o p wit h t w o f ull t wists, a n d t h e n a d d e d D N A str a n ds t o r e m o v e t h e st a pl es al o n g a li n e o n e -t hir d 

of  t h e  wi dt h  i nt o  t h e  M ö bi us  stri p  t o  cr e at e  t w o  i nt erl o c k e d  l o o ps.  Z h a n g et  al us e d  str a n d -

dis pl a c e m e nt  t o  b ot h  r e m o v e  a n d  r e pl a c e  st a pl e  str a n ds  i n  a n  ori g a mi  str u ct ur e,  tr a nsf or mi n g  a 

s q u ar e str u ct ur e i nt o a q u asifr a ct al p att er n of s q u ar es of d e cr e asi n g si z es 1 0 2 . W ei et al cr e at e d r e g ul ar 

s q u ar e a n d c u b oi d al D N A bri c k “ c a n v as es ” w h er e a n y c o m p o n e nt str a n d c o ul d b e r e m o v e d a d di n g 

a  c o m pl e m e nt ar y  str a n d 1 0 3  ( Fi g.  5 c).  T his  t e c h ni q u e  all o w e d  t h e  a ut h ors  t o c h a n g e  t h e  s h a p e  of  a 

g e n er al -p ur p os e s q u ar e or c u b oi d al c a n v as i nt o m a n y s h a p es, i n cl u di n g all t w e nt y -si x l ett ers of t h e 

al p h a b et.  

2. 4. 4  | D N A w al k er s a n d m ol e c ul ar tr a n s p ort.  D N A w al k ers ar e m o bil e n a n ostr u ct ur es 

t h at  bi n d  t o  a n d  tr a v ers e  a  l ar g er  fr am e -of -r ef er e n c e  s urf a c e,  s u c h  as  a  D N A  ori g a mi  til e  s urf a c e. 

T h es e  t y p es  of  d e vi c es  c a n  b e  us e d  t o  tr a ns p ort  c ar g o  m ol e c ul es  t o  diff er e nt  l o c ati o ns o n  t h e 

ori g a mi s urf a c e 1 0 4, 1 0 5  ( Fi g. 6 b). W al k ers c a n b e t h o u g ht of as s p e cifi c t y p es of r e c o nfi g ur a bl e D N A 

n a n ostr u ct ur es.  D N A  f u el  str a n ds  c a n  dri v e  w al k er  m oti o n,  a n d  c a n  als o  a ct  as  d e cisi o n  m a ki n g 

si g n als t h at i n di c at e t o t h e w al k er w hi c h p at h t o t a k e a m o n g a s et of o pti o n br a n c h es b y s el e cti v el y 

r e m o vi n g bl o c k er str a n ds fr o m t h e t ar g et p at h w a y 1 0 6  ( Fig. 5 d ). N u m er o us D N A w al k ers h a v e b e e n 

d esi g n e d,  a n d  m a n y  w al k ers  w h os e  m oti o n  c a n  b e  c o ntr oll e d  b y  D N A  str a n ds  ar e  dis c uss e d  i n 

f urt h er d et ail i n t h e r e vi e w b y W ei et al1 0 7 .  
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Fi g ur e 2. 5.  R e c o nfi g ur ati o n  of  D N A  n a n o str u ct ur e s  dir e ct e d  b y  D N A  i nt erf a c e  str a n d s.  I n  e a c h 

e x a m pl e, t h e r e d str a n d of D N A is t h e i nt erf a c e str a n d t h at c a n f a cilit at e c o m m u ni c ati o n b et w e e n a cir c uit 

a n d  a  r e c o nfi g uri n g  str u ct ur e.  ( a)  A  p air  of  D N A  t w e e z ers  ( bl a c k)  wit h  t w o  diff er e nt  fl u or o p h or es  at  t h e 

e n ds 9 1 .    T h e  t w e e z ers  ar e  i niti aliz e d  i n  a n  o p e n  st at e  w h er e  t h e  T E T  fl u or o p h or e  ( c y a n)  c a n  b e  e x cit e d 

wit h o ut F R E T. A f u el str a n d of D N A (r e d) bi n ds t o a n d c o nstr ai ns t h e t w e e z ers i nt o a cl os e d st at e, bri n gi n g 

t h e  fl u or es c e nt  e n ds  of  t h e  t w e e z ers  cl os e  t o g et h er  a n d  f a cilit ati n g  F R E T  b et w ee n  t h e  T E T  a n d  T A M R A 

( y ell o w) fl u or o p h or es. A n a nti-f u el str a n d (f u el *) dis pl a c es t h e f u el str a n d, r et ur ni n g t h e t w e e z ers t o a n o p e n 

st at e. Fl u or es c e n c e i nt e nsit y of T E T e missi o n s h o ws m ulti pl e c y cl es of o p e ni n g a n d cl osi n g t h e t w e e z ers. ( b)  

A  r ot ar y  D N A  o ri g a mi  a ct u at or1 0 0  dri v e n  b y  s h a p e -c o m pl e m e nt ar y  bl u nt  e n d  st a c ki n g.  I nt erf a c e  str a n d  A 

(r e d) bi n ds t o c o m pl e m e nt ar y d o m ai ns o n t h e ori g a mi a ct u at or t o disr u pt t h e bl u nt e n d st a c ki n g a n d o p e n t h e 

a ct u at or. T E M i m a g es s h o w t h e a ct u at or i n its cl os e d a n d o p e n st at es. ( c) S u btr a cti v e m o difi c ati o n of D N A 

bri c k  str u ct ur es.  T ar g et e d  str a n ds  ( c y a n)  ar e  r e m o v e d  fr o m  a n  i niti al  bl a n k  c a n v as  b y  c orr es p o n di n g 

s u btr a cti o n i nt erf a c e str a n ds (r e d). T h e a d diti o n of diff er e nt s ets of r e m o v al str a n ds l e a ds t o diff er e nt fi n a l 

s h a p es. A F M i m a g es s h o w l ett er str u ct ur es f a bri c at e d b y t his s u btr a cti v e pr o c ess 1 0 3 . ( d) A D N A w al k er ( c y a n) 

o n  a n  ori g a mi  s urf a c e  ( bl a c k)  is  bl o c k e d  fr o m  tr a v ersi n g  a  t ar g et  p at h  b y  a  bl o c k er  str a n d  ( y ell o w).  A n 

i nstr u cti o n  str a n d  (r e d)  dis pl a c es  t h e  blo c k er  str a n d  fr o m  t h e  ori g a mi,  cr e ati n g  a  p at h w a y  t h e  w al k er  c a n 

m o v e a cr oss 1 0 6 . Fl u or es c e n c e m o nit ori n g s h o ws a w al k er m o vi n g o n a tr a c k wit h t w o g at e d p at h w a ys, aft er 

t h e ri g ht-h a n d p at h w a y is a cti v at e d b y a n i nstr u cti o n str a n d. T h e w al k er tr a ns p orts a q u e n c h er m o difi c ati o n 

t o a fl u or o p h or e at t h e e n d of t h e ri g ht-h a n d p at h w a y, d e cr e asi n g t h e fl u or es c e n c e i nt e nsit y.  
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2. 5 |  D N A -dir e ct e d c o ntr ol of ot h er m at eri al s  

D N A c a n als o s er v e as a t e m pl at e f or c o ntr olli n g m a n y ot h er m ol e c ul es b esi d es D N A. I n t his 

s e cti o n  w e  will  dis c uss  i nt erf a c es  t h at  e n a bl e  str a n ds  of  D N A  t o  c o ntr ol  t h e  pl a c e m e nt  of 

n a n o p arti cl es o n l ar g er str u ct ur es a n d s urf a c es, e n c a ps ul ati o n a n d r el e as e of p a yl o a ds fr o m ori g a mi 

b o x es a n d c a g es, t e m pl ati n g of r e a cti o ns b et w e e n ot h er m ol e c ul es, a n d  m a ni p ul ati n g b ul k m at eri als 

s u c h as v esi cl es a n d h y dr o g els. 

2. 5. 1  | P arti cl e pl a c e m e nt.  I n pri n ci pl e, a n y c o m p o n e nt t h at is c o nj u g at e d t o a str a n d of 

D N A,  or  b o u n d  b y  a n  a pt a m er  s e q u e n c e,  c a n  b e  p ositi o n e d  at  a  s p e cifi c  sit e  o n  ot h er  D N A 

n a n ostr u ct ur es vi a h y bri di z ati o n.  L o w et h et  al m o difi e d  g ol d  n a n o p arti cl es  wit h  D N A  t a gs,  a n d 

e x pl oit e d  t h e  s e q u e n c e -s p e cifi c  bi n di n g  of  D N A  t o  ass e m bl e  t h es e  g ol d  p ar ti cl es  i nt o  di m ers  a n d 

tri m ers1 0 8 .  H a z ari k a et  al f urt h er  d e m o nstr at e d  t h at  n a n o p arti cl e  ass e m bli es  c o uld  b e  r e v ersi bl y 

dis ass e m bl e d  wit h  D N A  str a n d-dis pl a c e m e nt  r e a cti o ns 1 0 9 .  Si mil ar  t e c h ni q u es  h a v e  b e e n  us e d  t o 

ass e m bl e  cl ust ers  of  ot h er  D N A -f u n cti o n ali z e d  c o m p o n e nts,  i n cl u din g  pl ati n u m -g ol d 

n a n o p arti cl es 1 1 0 ,  q u a nt u m  d ots1 1 1 ,  a n d  c ar b o n  n a n ot u b es1 1 2 .  F u n cti o n ali z ati o n  of  c ell  s urf a c es  b y 

St a u di n g er li g ati o n t o p h os p hi n e -c o nj u g at e d D N A str a n ds h as b e e n us e d t o dir e ct t h e ass e m bl y of 

c ell -c ell  c o nt a cts  t o  b uil d  t hr e e -di m e nsi o n al  mi cr otiss u es  wit h  d efi n e d  i nt er c o n n e cti viti es  b et w e e n 

c ells 1 1 3 . W hil e i n m a n y of t h es e st u di es t h e p ositi o ns of D N A str a n ds o n t h eir h ost p arti cl es w er e n ot 

s p e cifi c all y c o ntr oll e d, Ki m et al d e v el o p e d a m et h o d f or c o ntr olli n g t h e pr e cis e n u m b er a n d r el ati v e 

p ositi o n of D N A str a n ds o n g ol d n a n o p arti cl es 1 1 4 . L e et  al f or m e d l ar g er t w o-d i m e nsi o n al arr a ys of 

g ol d n a n o p arti cl es usi n g a D N A til e l atti c e as a t e m pl at e. Arr a ys w er e f or m e d vi a t h e h y bri di z ati o n 

of  D N A  str a n ds  c o nj u g at e d  t o  g ol d  n a n o p arti cl es  t o  D N A  str a n ds  o n  t h e  l atti c e 1 1 5  ( Fi g.  6 a).  A 

si mil ar  str at e g y  of  D N A  t a g  h y bri di z ati o n  t o  a  D N A  t e m pl at e  h as  als o  b e e n  us e d  t o  dir e ct  t h e 

as s e m bl y of pr ot ei ns i nt o arr a ys 1 1 6 . Er e z et  al us e d D N A t a gs i m m o bili z e d o n t h e s urf a c es of g ol d 
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el e ctr o d es  t o  dir e ct  t h e  att a c h m e nt  of  a  l o n g  d o u bl e  str a n d e d  D N A  b et w e e n  t w o  el e ctr o d es, 

s e p ar at e d b y 1 2 µ M. T h e d o u bl e -str a n d e d D N A w as m et alli z e d wit h sil v er n a n o p arti cl es t o cr e at e a 

c o n d u cti v e  wir e  wit h  diff er e nti al  r esist a n c es  o n  t h e  or d er  of  7 -3 0  M Ω 1 1 7 .  H a z a ni et  al us e d  si mil ar 

g ol d  el e ctr o d e  i m m o bili z e d  oli g o n u cl e oti d es  t o  dir e ct  t h e  att a c h m e nt  of  a  D N A -m o difi e d  c ar b o n 

n a n ot u b es  b et w e e n  t w o  el e ctr o d es  o n  a  g ol d  s urf a c e 1 1 8 .  M a u n e et  al ass e m bl e d  t w o -di m e nsi o n al 

cr oss -s h a p e d  j u n cti o ns  of  c ar b o n  n a n ot u b es  o n  D N A  ori g a mi,  w hi c h  t h e y  f o u n d  e x hi bit e d  fi el d -

e ff e ct tr a nsist or-li k e b e h a vi or1 1 9 . 

I m p ort a ntl y,  p arti cl es  b o u n d  t o  D N A  n a n ostr u ct ur es  c a n  als o  m o v e  w h e n  t h e  u n d erl yi n g 

n a n ostr u ct ur e  m o v es.  K u z u y k et  al d e m o nstr at e d  t his  b y  p ositi o ni n g  g ol d  n a n or o ds  o n  a  r ot ati n g 

D N A ori g a mi a ct u at or, a n d us e d t h e a ct u at or t o d y n a mi c all y t u n e t h e a n gl e b et w e e n t h e t w o r o ds. 

T h e a ut h ors us e d t h es e d e vi c es as r e c o nfi g ur a bl e pl as m o ni c m et a m ol e c ul es 1 2 0 . F or a m or e d et ail e d 

o v er vi e w of usi n g D N A t o p ositi o n ot h er n a n o p arti cl es, s e e t h e r e c e nt r e vi e w b y R o g ers et al1 2 1 .  

2. 5. 2  | E n c a p s ul ati o n a n d dr u g d eli v er y.  D N A n a n ostr u ct ur es c a n b e us e d as c o nt ai n ers 

f or ot h er m ol e c ul es. A n d ers e n et al d e v el o p e d a D N A ori g a mi b o x m e as uri n g 4 2 x 3 6 x 3 6 n m 3 , a n d 

us e d  str a n ds  of  D N A  as  s e q u e n c e -s p e cifi c  k e ys  t o  o p e n  t h e  li d 1 2 2 ,  alt h o u g h  e n c a ps ul ati o n  of  a 

p a yl o a d  wit hi n  t h e  b o x  w as  n ot  s p e c ifi c all y  d e m o nstr at e d.  Gr ossi et  al cr e at e d  a  D N A  ori g a mi 

“ n a n o v a ult ” t h at c o nt ai n e d a n e n z y m e wit hi n a f ull y e n cl os e d c a vit y, h el d cl os e d b y d o u bl e str a n d e d 

D N A “l o c ks ”. A d diti o n of “ k e y ” str a n ds of D N A c o m pli m e nt ar y t o t h e l o c k d o m ai ns o p e n e d t h e 

n a n o v a u lt1 2 3  ( Fi g.  6 c).  I n  t h e  cl os e d  st at e,  t h e  e n z y m e  w as  i n hi bit e d  b y  t h e  n a n o v a ult  fr o m 

i nt er a cti n g wit h s u bstr at e m ol e c ul es i n s ol uti o n, wit h i n cr e as e d e n z y m e a cti vit y m e as ur e d w h e n t h e 

n a n o v a ult  w as  i n  a n  o p e n  st at e.  S u n et  al us e d  D N A  ori g a mi  b o x es  as  m ol d s  f or  gr o wi n g  m et al 

n a n ostr u ct ur es  wit h  d efi n e d  g e o m etri es.  T h e y  b e g a n  wit h  a  h oll o w  D N A  ori g a mi  b arr el,  a d d e d  a 

str a n d of D N A t h at w as c o nj u g at e d t o a m et al n a n o p arti cl e t o t h e i nsi d e of t h e b o x t o a ct as a s e e d 
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f or gr o wt h, a n d t h e n att a c h e d li ds t o t h e barr el. T h e m et al s e e ds wit hi n t h e b o x w er e t h e n gr o w n i n 

a mi xt ur e of sil v er nitr at e a n d as c or bi c a ci d u ntil t h e y c o nf or m e d t o t h e si z e a n d s h a p e o f t h eir D N A 

b arr el c o nt ai n ers 1 2 4 . 

2. 5. 3  | T e m pl ati n g c h e mi c al r e a cti o n s.  B y c o ntr olli n g t h e eff e cti v e l o c al  c o n c e ntr ati o ns of 

r e a cti v e m ol e c ul es c o nj u g at e d t o t h eir c o m p o n e nt str a n ds, D N A c o m pl e x es a n d n a n ostr u ct ur es c a n 

r e g ul at e t h e r at es of s o m e c h e mi c al r e a cti o ns. C al d er o n e et  al c o nj u g at e d diff er e nt r e a cti v e gr o u ps, 

i n cl u di n g m al ei mi d es, al d e h y d es, a n d a mi nes t o D N A str a n ds. T h es e “t e m pl at e ” str a n ds w er e t h e n 

mi x e d  t o g et h er  i n  t h e  s a m e  s ol uti o n,  wit h  c o m pl e m e nt ar y  str a n ds  of  D N A  bi n di n g  t o g et h er  a n d 

i niti ati n g r e a cti o ns b et w e e n t h eir att a c h e d r e a g e nt m ol e c ul es. T his t e c h ni q u e all o w e d t h e a ut h ors t o 

pr o gr a m d iff er e nt c h e mi c al r e a cti o n p at h w a ys wit hi n t h e s a m e s ol uti o n, w hi c h w o ul d ot h er wis e h a v e 

e x hi bit e d  si g nifi c a nt  cr oss -re a cti vit y  b et w e e n  t h e  p at h w a ys 1 2 5 .  K a n a n et  al e x p a n d e d  o n  t his 

t e c h ni q u e  f or  D N A-t e m pl at e d  r e a cti o n  dis c o v er y,  t esti n g  1 6 8  diff er e nt  p ossi bl e  r e a cti o ns  b et w e e n 

2 4  diff er e nt  r e a ct a nts  b o u n d  t o  t e m pl at e  str a n ds  of  D N A  i n  a  o n e -p ot  mi xt ur e 1 2 6 .  Us a n o v et  al 

f urt h er  e x p a n d e d  t his  t e c h ni q u e  t o  pr o d u c e  a  v ast  li br ar y  of  2 5 6, 0 0 0  diff er e nt  s m all -m ol e c ul e 

m a cr o c y cl es f or i ns uli n -d e gr a di n g e n z y m e affi nit y 1 2 7 . 

Wil n er et  al us e d  c o nj u g at e d  str a n ds  of  D N A  t o  pl a c e  t h e  e n z y m es  gl u c os e  o xi d as e  a n d 

h ors er a dis h p er o xi d as e cl os e t o g et h er o n a t e m pl at e str a n d of D N A, f or mi n g a bi o c at al yti c c as c a d e  

t h at  pr o d u c e d  A B T S•- ( Fi g.  6 d)1 2 8 .  K e et  al us e d  a  D N A  ori g a mi  t il e  t o  ass e m bl e  t w o  diff er e nt 

e n z y m e  r e a cti o n  p at h w a ys  o n  t h e  s a m e  n a n ostr u ct ur e,  usi n g  “ a n c h or ”  str a n ds  of  D N A  o n  t h e 

ori g a mi s urf a c e t o p ositi o n t h e e n z y m es, a n d t h e n us e d str a n ds of D N A t o r e v ersi bl y c o ntr ol w hi c h 

of t h e t w o p at h w a ys w as a cti v at e d at a n y o n e ti m e b y bl o c ki n g o r u n bl o c ki n g t h e a n c h or p oi nts1 2 9 . 

S e v er al r e vi e ws e xist t h at c o v er t h e t o pi c of D N A t e m pl at e d r e a cti o ns i n f urt h er d et ail 1 3 0, 1 3 1 . 
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Fi g ur e 2. 6.  P o siti o ni n g  i n di vi d u al  c o m p o n e nt s.  ( a)  G ol d  n a n o p arti cl es  w er e  p ositi o n e d  i n  a  t w o-

d i m e nsi o n al  arr a y  b y  att a c hi n g  t h e m  first  t o  i nt erf a c e  str a n ds  of  D N A  (r e d)  t h at  ar e  c o m pl e m e nt ar y  t o 

att a c h m e nt sit es o n a l ar g e pr ef or m e d D N A s c aff ol d ( bl a c k). T E M i m a g e s h o ws t h e ass e m bl e d arr a y, w h er e 

t h e g ol d n a n o p arti cl es ar e s e e n as bl a c k d ots1 1 5 . ( b) A D N A w al k er ( c y a n) o n a n ori g a mi s urf a c e ( gr a y) pi c ks 

u p  a n d  c ol o c ali z es  s e v er al  g ol d  n a n o p arti cl e  c ar g os 1 0 4 .  T his  t y p e  of  c ar g o-m a ni p ul ati n g  w al k er  c o ul d 

p ot e nti all y  b e  g at e d  b y  a  str a n d  of  D N A  usi n g  a  m e c h a nis m  si mil ar  t o  Fi g.  5 d.  ( c)  A  D N A  ori g a mi 

n a n o v a ult 1 2 3  wit h a n e n z y m e ( b o vi n e al p h a -c h y m otr y psi n, pi n k) att a c h e d t o its i n n er c a vit y. T h e v a ult is h el d 

cl os e d  b y  l o c k  d o m ai ns  of  D N A  ( c y a n)  al o n g  its  o ut er  e d g es.  W h e n  c o m pl e m e nt ar y  k e y  str a n ds  of  D N A 

(r e d)  ar e  i ntr o d u c e d  t h e y  dis pl a c e  t h e  l o c ks  a n d  op e n  t h e  n a n o v a ult,  e x p osi n g  t h e  e n c a ps ul at e d  e n z y m e  t o 

s u bstr at e i n t h e e xt er n al m e di u m. F R E T tr a nsf er b et w e e n t w o diff er e nt fl u or o p h or es p ositi o n e d o n t h e si d e 

of  t h e  n a n o v a ult  i n di c at es  o p e n  a n d  cl os e d  c o nfi g ur ati o ns  of  t h e  n a n o v a ult.  ( d)  A  t e m pl at e  str a n d 

( bl a c k + gr a y)  ass e m bl es  e n z y m es  wit h  D N A  t a gs  (r e d) i nt o  a  l o c al  r e a cti o n  c as c a d e1 2 8 .  H er e  t h e  c as c a d e 

c o nsists  of  gl u c os e  o xi d as e  ( G O x,  c y a n),  w hi c h  o xi di z e d  gl u c os e  t o  yi el d  gl u c o ni c  a ci d  a n d  H 2 O 2 ,  a n d 

h ors er a dis h  p er o xi d as e  ( H R P,  y ell o w),  w hi c h  us e d  t h e  g e n er at e d  H 2 O 2  t o  o xi di z e  A B T S2 - i nt o  A B T S•-. 

A bs or b a n c e  r e a di n gs  m o nit or  t h e  a c c u m ul ati o n  of  A B T S •- pr o d u ct  o v er  ti m e.  A  n e g ati v e  c o ntr ol  t h at  is 

missi n g t h e t e m pl at e str a n d s h o ws n o si g nifi c a nt pr o d u cti o n.  

2. 5. 4  | V e si cl e s.  Li pi d v esi cl es c a n e n cl os e s m all v ol u m es of li q ui d, a n d c o ul d b e us e d t o cr e at e 

artifi ci al c ells wit hi n w hi c h diff er e nt D N A cir c uits o p er at e. D N A n a n ostr u ct ur es h a v e b e e n us e d as 
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t e m pl at es t o c o ntr ol t h e st ati c si z e, s h ap e, a n d dis p ersit y of v esi cl es 1 3 2 -1 3 6 . D N A ori g a mi n a n o p or es 

h a v e  f urt h er  b e e n  a d d e d  t o  f a cilit at e  tr a ns p ort  a cr oss  m e m br a n es 1 3 7 - 1 3 9 .  M or e  r e c e ntl y,  Z h a n g et  al 

d e m o nstr at e d  t h at  i nt erf a c e  str a n ds  of  D N A  c a n  c h a n g e  t h e  s h a p e  of  t h es e  t e m pl at e  v esi cl es 

d y n a mi c all y i n a c o ntr oll e d m a n n er b y r e c o nfi g uri n g t h eir t e m pl a ti n g n a n ostr u ct ur es1 4 0  ( Fi g. 7 a). S at o 

et  al us e d  D N A  i nt erf a c e  str a n ds  t o  r e v ersi bl y  r e g ul at e  t h e  ass e m bl y  of  ki n esi n  m ot ors  al o n g  t h e 

i n n er s urf a c es of v esi cl es t o i n d u c e l o c al c ur v at ur e of t h e v esi cl e’s s h a p e1 4 1  ( Fi g. 7 b). 

2. 5. 5  | D N A h y dr o g el s a n d cr y s t al s. H y dr o g els ar e m at eri als c o m p os e d of cr ossli n k e d 

h y dr o p hili c p ol y m er c h ai ns i n w at er. B y i n c or p or ati n g D N A i nt o t h e h y dr o g el as cr ossli n ks 1 4 2 , t h e 

m at eri al pr o p erti es of t h e h y dr o g el c a n b e m a ni p ul at e d d y n a mi c all y b y a d di n g D N A str a n ds t o alt er, 

br e a k, or cr e at e cr ossli n ks. Li n et  al d e v el o p e d D N A cr ossli n ks t h at c o ul d b e r e v ersi bl y diss o ci at e d 

b y  a d di n g  a  str a n d  c o m pl e m e nt ar y  t o  o n e  of  t h e  cr ossli n k  str a n ds 1 4 3 .  H y dr o g els  wit h  D N A 

cr ossli n ks  c a n  als o  b e  stiff e n e d  or  s oft e n e d  b y  a d di n g  D N A  t h at  s wit c h es  t h e  c o nf or m ati o n  of 

cr ossli n ks  b et w e e n  a  d o u bl e -str a n d e d  st at e  or  a  p arti ally  si n gl e -str a n d e d  c o nf or m ati o n 1 4 4  vi a D N A 

str a n d-dis pl a c e m e nt  r e a cti o ns.  Li n et  al r e p ort e d  t h at  t h es e  D N A  cr ossli n k e d  h y dr o g els  h a d  b ul k 

el asti c m o d uli r a n gi n g fr o m t e ns of P as c als ( P a) t o a b o ut t e n k P a, a n d t h at t h es e h y dr o g els s w ell e d 

u p o n s oft e ni n g, wit h v ol u m etri c s w elli n g r ati os u p t o a b o ut 2 5 % b et w e e n t h e stiff a n d s oft st at es. 

C a n gi al osi et al us e d p h ot olit h o gr a p hi c p att er ni n g t o f or m m ulti -d o m ai n D N A -cr ossli n k e d h y dr o g el s 

w h er e e a c h d o m ai n c o ul d b e s w oll e n i n d e p e n d e ntl y b y t h e a d diti o n of diff er e nt h air pi n f u el str a n ds 

of  D N A  t o  t h e  s urr o u n di n g  m e di u m;  diff er e nti al  s w elli n g  of  d o m ai ns  wit hi n  t h e  h y dr o g el  c a us es 

b e n di n g  or  c urli n g  of  t h e  d e vi c e,  s u g g esti n g  h o w  s u c h  a  s yst e m  c o ul d  b e  us e d  f or  m e c h a ni c al 

a ct u ati o n.  T h e  a ut h ors  e m pl o y e d a  h y bri di z ati o n  c h ai n  r e a cti o n 1 4 5  t o  e x p a n d  t h e  si z e  of  t h e 

cr ossli n ks  b y  i n c or p or ati n g  m a n y  f u el  str a n ds  of  D N A  i nt o  e a c h  cr ossli n k  t o  dri v e  s u bst a nti all y 

hi g h er s w elli n g r ati os t h a n i n pr e vi o us w or k. Li n e ar e x p a nsi o n ( Δ L / L 0 ) d u e t o s w elli n g w as r e p ort e d 
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o n t h e or d er of s e v er al h u n dr e d p er c e nt 1 4 6  ( Fi g. 7 b). D N A str a n d-dis pl a c e m e nt r e a cti o ns h a v e als o 

b e e n  s h o w n  t o  o p er at e  wit hi n  t hr e e -di m e nsi o n al  D N A  cr yst als,  f or  i nst a n c e  b y  usi n g  str a n ds  of 

D N A wit h diff er e nt fl u or es c e nt m o difi c ati o ns t o c h a n g e t h e c ol or of a cr yst al 1 4 7  ( Fi g. 7 d). 

 

Fi g ur e 2. 7. D N A -str a n d dir e ct e d m at eri al c h a n g e.  ( a) A D N A ori g a mi fr a m e s er v es as a c a g e t o c o ntr ol 

t h e si z e a n d s h a p e of a li p os o m e. Li pi d at e d D N A h a n dl es i m m obili z e d o n t h e i n n er s urf a c e of t h e ori g a mi 

fr a m e  s er v e  as  att a c h m e nt  p oi nts  t o  p ositi o n  t h e  li p os o m e  wit hi n  t h e  D N A  fr a m e.  H er e  t h e  D N A  fr a m e 

dir e cts  t h e  f or m ati o n  of  a  li pi d  t u b ul e.  R e c o nfi g uri n g  t h e  fr a m e  str u ct ur e  b y  r e m o vi n g  ri gi d  pill ars vi a a n 

i nt erf a c e  str a n d  of  D N A  (r e d)  c h a n g es  t h e  s h a p e  of  t h e  c a g e d  li p os o m e.  Ri g ht  i m a g es  s h o w  el e ctr o n 

mi cr o gr a p hs  of  t h e  c a g e d  li p os o m e  i n  t h e  t u b ul e  a n d  c url e d  st at es 1 3 9 .  ( b)  A  gi a nt  li p os o m e  i n  w hi c h  t h e 

att a c h m e nt  of  a  ki n esi n  m ot or  b y  a n  i nt erf a c e  str a n d  of  D N A  (r e d)  i n d u c es  li pi d  s urf a c e  mi cr ot u b ul e 

tr a ns p ort, w hi c h i n t er m c a us es l o c ali z e d dy n a mi c b e n di n g of t h e li p os o m e 1 3 8 . Ri g ht, t h e st a n d ar d d e vi ati o ns 

of  t h e  r a di us  b et w e e n  t h e  c e nt er  of  m ass  a n d  t h e  p eri p h er y  of  t h e  li p os o m e  w h e n  t h e  ki n esi n  m ot or  is 

i n a cti v e vs. a cti v e. ( c) A D N A-cr ossli n k e d h y dr o g el r o b ot wit h c o m p o n e nts t h at s w ell i n r es p o ns e t o i nt erf a c e 

h air pi n  str a n ds  of  D N A  (r e d).  S el e cti v e  s w elli n g  of  d o m ai ns  c a n  dri v e  a ct u ati o n.  Fl u or es c e n c e  mi cr os c o p y 

s h o ws  a  D N A -cr ossli n k e d  h y dr o g el  cr a b  i n  i niti al  (t o p )  a n d  a ct u at e d  ( b ott o m)  st at es1 4 6 .  ( d)  Str a n d-
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dis pl a c e m e nt  r e a cti o ns  wit hi n  a  t hr e e-di m e nsi o n al  D N A  cr yst al 1 4 7  i n v ol vi n g  C y 3- a n d  C y 5 -m o difi e d  D N A 

str a n ds  (r e d)  c a n  c h a n g e  w h at  m ol e c ul es  ar e  pr es e nt  wit hi n  t h e  cr yst al  l atti c e,  s wit c hi n g  t h e  c ol or  of  t h e 

cr yst al b et w e e n t hr e e st at es.  

2. 6 |  Di s c u s si o n  

I n t his r e vi e w w e e x pl or e d m e c h a nis ms t h at all o w D N A cir c uits t o s e ns e e n vir o n m e nt al sti m uli 

a n d t o c o ntr ol t h e ass e m bl y or r e c o nfi g ur ati o n of d o w nstr e a m m at eri als. W e d efi n e d D N A cir c uits 

as  bl a c k  b o x  i n f or m ati o n  pr o c essi n g  d e vi c es  i n  w hi c h  t h e  i n p uts  a n d  o ut p uts  t a k e  t h e  f or m  of 

str a n ds of D N A, w hi c h w e d efi n e d as t h e “i nt erf a c e ” str a n ds. I n pri n ci pl e, t h es e m o d ul ar i nt erf a c es 

all o w  D N A  cir c uits  t o  b e  d e v el o p e d  i n d e p e n d e ntl y  fr o m  t h e  m at eri al  s yst e ms  t h e y  s e ns e  a n d 

c o ntr ol,  a n al o g o usl y  t o  h o w  st a n d ar di z e d  el e ctri c al  i nt erf a c es  all o w  g e n er al -p ur p os e  el e ctr o ni c 

c o m p ut ers t o i nt er a ct wit h a di v ers e s et of p eri p h er al d e vi c es. Alt h o u g h w e f o c us e d h er e o n D N A, a 

si mil ar p ar a di g m c o ul d a p pl y t o cir c uits c o m p os e d  of ot h er n u cl ei c a ci ds, s u c h as R N A, L N A 1 4 8 , or 

P N A 1 4 9 .  T hr o u g h  st a n d ar di z e d  i nt erf a c es,  c h e mi c al  cir c uits  wit h  diff er e nt  i nf or m ati o n  pr o c essi n g 

f u n cti o ns c o ul d t h e or eti c all y c o ntr ol a c o m bi n at ori al v ari et y of ot h er m at eri als a n d sti m uli.  

W hil e e x pl ori n g  m e c h a nis ms b y w hi c h i nt erf a c e str a n ds of D N A c o ul d f a cilit at e c o m m u ni c ati o n 

b et w e e n  m at eri als  a n d  D N A  cir c uits,  w e  i d e ntifi e d  s e v er al  i nt er esti n g  u n e x pl or e d  dir e cti o ns  f or 

p ot e nti al  f ut ur e  r es e ar c h.  First,  if  m e c h a nis ms  w er e  d e v el o p e d  t o  all o w  i nt erf a c e  s tr a n ds  of  D N A 

r e g ul at e  l o c al  t e m p er at ur es,  D N A  cir c uits  c o ul d  p ot e nti all y  b e  us e d  g e n er at e  el a b or at e 

s p ati ot e m p or al t e m p er at ur e gr a di e nts i n t hr e e di m e nsi o ns. Si mil arl y, m e c h a nis ms t h at all o w o ut p ut 

str a n ds t o r e g ul at e t h e c o n c e ntr ati o n of i o ns c o ul d b e us ef ul f or pr o gr a m mi n g fl u ct u ati o ns i n p H i n 

r es p o ns e  t o  e v e nts  d et e ct e d  i n  t h e  e n vir o n m e nt,  s u c h  as  t h e  pr es e n c e  of  a  vir us  or  b a ct eri a. 

R e g ar di n g b ul k m at eri als, m e c h a nis ms t h at all o w i nt erf a c e str a n ds t o r e g ul at e fl u x a cr oss m e m br a n es 

c o ul d  f a cilit at e  c o m m u ni c ati o n  b et w e e n  n et w or ks  of  is ol at e d  D N A  cir c uits  wit hi n  n ei g h b ori n g 

v esi cl es, w hil e m e c h a nis ms t o i niti at e di visi o n of v esi cl es or h y dr o g els c o ul d b e us ef ul f or cr e ati n g 
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s y nt h eti c m at eri als t h at c a n r e pli c at e a n d e v ol v e. W hil e t h er e is a gr o wi n g lit er a t ur e o n usi n g D N A 

i nt erf a c e str a n ds t o i nt er a ct wit h s oft m a cr os c o pi c m at eri als, i nt erf a c e m e c h a nis ms t h at all o w D N A 

t o r e g ul at e bi o mi n er ali z ati o n pr o c ess es c o ul d e xt e n d t his c o ntr ol t o h ar d er or stiff er m at eri als t h at 

h a v e  str u ct ur al  i nt e grit y  at  l ar g er  s c al es  a n d  u n d er  si g nifi c a nt  m e c h a ni c al  str ess es.  Fi n all y, 

m e c h a nis ms t h at all o w D N A cir c uits t o d y n a mi c all y c o ntr ol t h e st at e a n d p ositi o n of  D N A ori g a mi 

lit h o gr a p h y  m as ks1 5 0, 1 5 1 ,  p ot e nti all y  b y  r e c o nfi g uri n g  ori g a mi  t o  fit  s h a p e-d e p e n d e nt  s urf a c e 

att a c h m e nt  sit es 1 5 2, 1 5 3 ,  c o ul d  assist  i n  t h e  f a bri c ati o n  of  s oli d  st at e  el e ctr o ni cs  a n d  l e a d  t o  D N A 

c o m p ut ers t h at c o ul d cr e at e el e ctr o ni c c o m p ut ers, w hi c h c o ul d cr e at e a d diti o n al D N A c o m p ut ers, et 

ceter a. 
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3  | 3  | D e si g ni n g  M o d ul ar  R e a cti o nD e si g ni n g  M o d ul ar  R e a cti o n -- Diff u si o n  Pr o gr a m s Diff u si o n  Pr o gr a m s 
f or C o m pl e x P att er n F or m ati o n f or C o m pl e x P att er n F or m ati o n   
 

S u m m ar y.  C ells  us e  s o p histi c at e d,  m ultis c al e  s p ati al  p att er ns  of  c h e mi c al  i nstr u cti o ns  t o  c o ntr ol 

c ell f at e a n d tiss u e gr o wt h. W hil e s o m e t y p es of s y nt h eti c p att er n f or m ati o n h a v e b e e n w ell st u di e d 1 -

6 ,  it  r e m ai ns  u n cl e ar  h o w  t o  d esi g n  c h e mi c al  pr o c ess es  t h at  ca n  r e pr o d u ci bl y  cr e at e  si mil ar  s p ati al 

p att er ns.  H er e  w e  d es cri b e  a  s c al a bl e  a p pr o a c h  f or  t h e  d esi g n  of  pr o c ess es  t h at  g e n er at e  s u c h 

p att er ns,  w hi c h  c a n  b e  i m pl e m e nt e d  usi n g  s y nt h eti c  D N A  r e a cti o n -diff usi o n  n et w or ks 7, 8 .  I n  o ur 

m et h o d, bl a c k -b o x m o d ul es ar e  c o n n e ct e d t o g et h er i nt o i nt e gr at e d pr o gr a ms f or ar bitr aril y c o m pl e x 

p att er n f or m ati o n. T h es e pr o gr a ms c a n r es p o n d t o i n p ut sti m uli, pr o c ess i nf or m ati o n, a n d ulti m at el y 

pr o d u c e st a bl e o ut p ut p att er ns t h at diff er i n si z e a n d c o n c e ntr ati o n fr o m t h eir i n p uts.  T o b uil d t h es e 

pr o gr a ms,  w e  br e a k  a  t ar g et  p att er n  i nt o  a  s et  of  p att er ni n g  s u bt as ks,  d esi g n  m o d ul es  t o  p erf or m 

t h es e  s u bt as ks  i n d e p e n d e ntl y,  a n d  c o m bi n e  t h e  m o d ul es  i nt o  n et w or ks.  W e  d e m o nstr at e  i n 

si m ul ati o n h o w pr o gr a ms d esi g n e d wit h o ur m et h o d ol o g y c a n g e n er at e c o m pl e x p att er ns, i n cl u di n g 

a Fr e n c h fl a g a n d a sti c k fi g ur e.  

C urr e nt m et h o ds f or c o ntr olli n g s p ati al v ari ati o n i n t h e c o n c e ntr ati o n of bi o m ol e c ul es,  i n cl u di n g 

mi cr o c o nt a ct  pri nti n g 9  a n d  c o m p osit e  h y dr o g el  ass e m bl y 1 0 ,  c a n  pr o d u c e  eit h er  p att er ns  of 

i m m o bili z e d  m ol e c ul es  w h os e  a cti vit y  is  li mit e d,  or  s p ati al  p att er ns  t h at  ar e  n ot  s elf-s ust ai ni n g, 

d y n a mi c  or  c a p a bl e  of  r es p o n di n g  t o  e n vir o n m e nt al  si g n als.  I n  vi v o,  r e gi o ns  of  hi g h  a n d  l o w 

c o n c e ntr ati o ns  of  diff usi n g  m ol e c ul es  aris e  b e c a us e  of  t h e  c o ntr oll e d  i nt er pl a y  of  m ol e c ul ar 

diff usi o n  a n d  c h e mi c al  r e a cti o ns.  T h e  r es ulti n g  t w o - a n d  t hr e e -di m e nsi o n al  p att er ns  c a n  r e m ai n 

st a bl e  o v er  l o n g  ti m e  p eri o ds  or  e v ol v e  i n  a  c o ntr oll e d  f as hi o n,  a n d  c a n  f or m  i n  r es p o ns e  t o  a 

di v ers e  arr a y  of  c h e mi c al  a n d  p h y si c al  sti m uli 1 1 .  H er e  w e  s u g g est  a  m et h o d  t o  d esi g n  r e a cti o n-

diff usi o n  s yst e ms  t o  pr o d u c e  si mil arl y  w ell -d efi n e d,  c o m pl e x  a n d  pr o gr a m m a bl e  c o n c e ntr ati o n 
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p att er ns i n vitr o. T his m et h o d c o ul d g e n er at e s p ati al c o n c e ntr ati o n p att er ns t h at c a n n ot b e pr o d u c e d 

us i n g  e xisti n g  d esi g n  m et h o ds,  i n cl u di n g  st a bl e  p att er ns  of  diff usi n g  m ol e c ul es,  t hr e e-di m e nsi o n al 

p att er ns  a n d  d y n a mi c  p att er ns  t h at  pr o gr a m m a bl y  f or m  i n  r es p o ns e  t o  c h e mi c al  si g n als  i n  t h e 

e n vir o n m e nt.  

3. 1  | I ntr o d u cti o n 

D uri n g Droso p hil a e m br y o g e n esis, i niti all y i d e nti c al s e g m e nts of a fr uit fl y e m br y o a ut o n o m o usl y 

o bt ai n  t h eir  i d e ntiti es  ( i.e. h e a d,  t h or a ci c,  a b d o mi n al  a n d  t er mi n al)  fr o m  t h e  diff er e nt  l o c al 

c o n c e ntr ati o ns  of  m R N A  at  diff e r e nt  l o c ati o ns  wit hi n  t h e  e m br y o1 1 .  P att er ns  of  c h e mi c al 

c o n c e ntr at i o ns  ar e  als o  t h o u g ht  t o  pl a y  i m p ort a nt  r ol es  i n  mit oti c  s pi n dl e  f or m ati o n1 2  a n d  i nt er -

c ell ul ar  si g n ali n g 1 3 .  S y nt h eti c  c h e mi c al  p att er ni n g  s yst e ms  t h at  c o ul d  pr o d u c e  a n d  m a ni p ul at e 

si mil arl y c o m pl e x gr a di e nts mi g ht b e u s ef ul f or i nt er a cti o n wit h c ells 1 4 , for e x erti n g d y n a mi c s p ati al 

c o ntr ol o v er c h e mi c al s yst e ms, a n d f or o pti mi zi n g r e a ct or t hr o u g h p ut 6 .  

T h e  i d e a  t h at  r e a cti o n -diff usi o n  ( R D)  s yst e ms  c a n  pr o d u c e  p att er ns  of  c o n c e ntr ati o ns  w as 

ori gi n all y pr o p os e d b y Al a n T uri n g, w h o i n a m at h e m ati c al st u d y of r e a cti o n a n d diff usi o n d y n a mi cs 

f o u n d  m e c h a nis ms  b y  w hi c h  p att er ns  of  hi g h  a n d  l o w  c h e mi c al  c o n c e ntr ati o ns  c o ul d  f or m  i n  a n 

e n vir o n m e nt  w h er e  c h e mi c al  c o n c e ntr ati o ns  ar e  i niti all y  h o m o g e n e o us  e x c e pt  f or  o c c asi o n al  l o c al 

fl u ct u ati o ns  i n  c o n c e ntr ati o n1 .  S u bse q u e nt  m at h e m ati c al  st u di es  of  c h e mi c al  p att er n  f or m ati o n 2, 4 -6  

h a v e  s u g g est e d  a  f a mil y  of  r e a cti o n -diff usi o n  pr o c ess es  c a p a bl e  of  pr o d u ci n g  a  di v ers e  r a n g e  of 

p att er ns i n cl u di n g s p ots, stri p es a n d s pir al w a v es, a n d s u c h p att er ns h a v e b e e n o bs er v e d i n c h e m ic al 

s yst e ms  i n  t w o 3, 1 5  a n d  t hr e e 1 6  di m e nsi o ns.  H o w e v er,  b e c a us e  t h e  f e at ur es  of  t h es e  p att er ns  aris e 

w h e n  r a n d o m  fl u ct u ati o ns  ar e  a m plifi e d,  t h e  p att er ns  t h e y  pr o d u c e  diff er  q u alit ati v el y  fr o m  t h e 

r o b ust  p att er ns  of  si g n ali n g  m ol e c ul es  o bs er v e d  i n  bi ol o gi cal  s yst e ms.  T h e  r es ulti n g  f e at ur es  ar e 

oft e n tr a nsi e nt, a n d t h eir e x a ct s h a p e a n d p ositi o n ar e diffi c ult t o c o ntr ol r e pr o d u ci bl y.  
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A n alt er n ati v e a p pr o a c h is t o tr a nsf or m a si m pl e p att er n of i niti al c h e mi c al s p e ci es i nt o a m or e 

c o m pl e x  o ut p ut  p att er n.  T his  s e p ar at es  t h e  t as k  of  g e n er ati n g  c o m pl e x  p att er ns  fr o m  t h e 

c o m pl e m e nt ar y  t as k  of  br e a ki n g  s y m m etr y.  R e p e at a bl e  pr o c ess es  t h at  p erf or m  p att er n 

tr a nsf or m ati o ns c o ul d r o b ustl y pr o d u c e s p e cifi e d p att er ns wit h w ell-c o ntr oll e d f e at ur es o n m ulti pl e 

si z e  s c al es. P att er n  tr a nsf or m ati o n  pr o c ess es  h a v e  b e e n  c o nstr u ct e d  usi n g  bi ol o gi c al  tr a ns cri pti o n 

fa ct ors a cti v e d uri n g d e v el o p m e nt 1 7 -1 9 , a n d m or e r e c e ntl y, d esi g n e d r e a cti o n- diff usi o n n et w or ks of 

s y nt h eti c D N A m ol e c ul es 2 0, 2 1 . W hil e t h es e s yst e ms c a n g e n er at e pr e di cta bl e p att er ns, t h e v ari et y a n d 

c o m pl e xit y of g e o m etri es t h e y c a n e x hi bit r e m ai ns s e v er el y li mit e d, a n d i n m a n y c as es t h e p att er ns 

t h at aris e ar e tr a nsi e nt, s u c h t h at t h e p att er n e d s p e ci es b e c o m e w ell mi x e d o v er ti m e.  

 

Fi g ur e  3. 1.  R e a cti o n -diff u si o n  pr o gr a m s  f or  p att er n  g e n er ati o n .  ( a) S y nt h eti c D N A “i n p ut ” m ol e c ul es 

( y ell o w, c y a n, m a g e nt a, a n d gr e e n) ar e fi x e d at p arti c ul ar l o c ati o ns i nsi d e of a h y dr o g el s u bstr at e. M a n y ot h er 

s p e ci es of D N A “i nt er m e di at e ” m ol e c ul es ( gr a y) ar e h o m o g e n e o usl y distri b ut e d t h r o u g h o ut t h e h y dr o g el. ( b) 

T h e i nt er m e di at e m ol e c ul es c o m pris e a m o d ul ar r e a cti o n -diff usi o n “ pr o gr a m ”, w h er e e a c h m o d ul e ( b o x e d) 

e n c o d es  a  s p e cifi c  p att er ni n g  i nstr u cti o n.  T h e  s h a d e d  cir cl es  r e pr es e nt  diff er e nt  c h e mi c al  s p e ci es,  a n d  t h e 

li n es  c o n n e cti n g  t he  cir cl es  r e pr es e nt  d esi g n e d  r e a cti o ns  b et w e e n  t h es e  s p e ci es.  I nt er m e di at e  m ol e c ul es  ar e 

d esi g n e d t o r e a ct o nl y wit h ot h er i nt er m e di at e m ol e c ul es i nsi d e of t h eir p ar e nt m o d ul e, f a cilit ati n g t h e d esi g n 

( a) ( b) ( c)

H y dr o g el S u b str at e

I n p ut 1

I n p ut 2
I n p ut 3

I n p ut 4

I nt er m e di at e s

O ut p ut

B L U R

C O P Y  S H A R P E N

A N D
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of  n e w  p att er ns  si m pl y  b y  r e arr a n gi n g  t h e  c o n n e cti o ns  b et w e e n  m o d ul es.  ( c)  T h e  c ol or e d  i n p ut  m ol e c ul es 

i nt er a ct wit h t h e c h e mi c al r e a cti o n-diff usi o n n et w or k t o pr o d u c e a t ar g et p att er n of D N A o ut p ut m ol e c ul es 

( bl u e).  

H er e  w e  d es cri b e  a  st a g e d  p att er n  f or m ati o n  str at e g y  i n  w hi c h  s p e cifi e d  p att er ns  ar e  gr a d u all y 

d e v el o p e d  fr o m  si m pl e  i niti al  p att er ns  t hr o u g h  a  s eri es  of  m o d ul ar  tr a nsf or m ati o n  st a g es.  T his 

str at e g y  b uil ds  u p o n  t h e  r o b ust  r e p e at a bilit y  of  p att er n  tr a nsf or m ati o ns,  e x p a n di n g  t h e  c o m pl e xit y 

a n d  di v ersit y  of  att ai n a bl e  o ut p ut  p att er ns.  E a c h  st a g e  p erf or ms  a  r el ati v el y  si m pl e  tr a nsf or m ati o n 

u p o n  its  i n p ut  p att er n,  or c h estr at e d  b y  a  r e a cti o n -diff usi o n  n et w or k  “ m o d ul e ”,  pr o d u ci n g  a n 

i n cr e m e nt all y  m or e  el a b or at e  o ut p ut.  M o d ul es  i nt er a ct  wit h  e a c h  ot h er  o nl y vi a t h eir  i n p ut  a n d 

o ut p ut p att er ns, e n a bli n g l ar g e c o m p osit e n et w or ks t o b e fl e xi bl y ass e m bl e d b y a d di n g m o d ul es or 

m o difi e d  b y  r e arr a n gi n g  t h e  c o n n e cti o ns  b et w e e n  m o d ul es.  Vi e wi n g  e a c h  m o d ul e  as  a  s e m a nti c 

c o m m a n d  ( i.e. C O P Y,  B L U R  or  S H A R P E N),  st a g e d  n et w or ks  r e pr es e nt  al g orit h mi c  lists  of 

p att er ni n g  i nstr u cti o ns,  or re actio n-diff usio n  progr a ms ,  t h at  g e n er at e  c o m pl e x  p att er ns  a ut o n o m o usl y 

( Fi g. 1).  

3. 2 |  A m ol e c ul ar l a n g u a g e f or s p ati al pr o gr a m mi n g  

A  c h e mi c al  R D  s yst e m  c o nsists  of  m ol e c ul ar  s p e ci es  t h at  c a n  diff us e  a n d  i nt er a ct  t hr o u g h  a 

d esi g n e d  s et  o f  c o u pl e d  c h e mi c al  r e a cti o ns.  T h e de  novo c o nstr u cti o n  of  a  s et  of  m ol e c ul es  t h at 

i nt er a ct vi a a  s p e cifi c  s et  of  a  d esi g n e d  r e a cti o ns  c a n  b e  c h all e n gi n g  b e c a us e  of  t h e  diffi c ult y  i n 

fi n di n g or d esi g ni n g c h e mi c al s p e ci es t h at r e a ct as i nt e n d e d wit h o ut cr osst al k a n d t h e c h all e n g e of 

i n d e p e n d e ntl y  c o ntr olli n g  t h e  diff usi o n  c o effi ci e nts  of  diff er e nt  s p e ci es.  T h e  n u m b er  of  t e c h ni c al 

c h all e n g es  i n v ol v e d  i n  s u c h  a  d esi g n  pr o c ess  i n cr e as es  q ui c kl y  as  t h e  si z e  of  t h e  d esir e d  n et w or k 

gr o ws.  

R e c e ntl y,  it  h as  b e e n  pr o p os e d  t h at  t h e  us e  of  s y nt h eti c  D N A  as  m ol e c ul ar  s p e ci es  i n  R D 
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s yst e ms  c o ul d  a d dr ess m a n y  of  t h es e  d esi g n  c h all e n g es 2 0 .  A d v a n c es  i n  t h e  d e v el o p m e nt  of  D N A-

b as e d  str a n d -dis pl a c e m e nt  c as c a d es  h a v e  e n a bl e d  t h e  d esi g n  of  l ar g e  r e a cti o n  n et w or ks  si mil ar  t o 

bi ol o gi c a l si g n al-tr a ns d u cti o n n et w or ks1 5, 2 2, 2 3 . T h e c o m p o n e nts of t h es e c as c a d es ar e s h ort, s y nt h eti c 

D N A str a n ds t h at ar e e as y t o s y nt h esi z e a n d ar e bi o c o m p ati bl e. D N A str a n d -dis pl a c e m e nt c as c a d es 

h a v e  b e e n  us e d  t o  i m pl e m e nt  r o b ust  l o gi c al  o p er ati o ns  a n d  c o n c e ntr ati o n  a m plifi c ati o n  a n d 

t hr es h ol di n g.  Str a n d-dis pl a c e m e nt  c as c a d es  ar e  pr o gr a m m e d  t o  p erf or m  t h es e  a n d  ot h er  s p e cifi c 

f u n cti o ns  b y  a p pr o pri at el y  d esi g ni n g  t h eir  n u cl e oti d e  s e q u e n c es.  C h e mi c al  r e a cti o n  n et w or ks 

i n v ol vi n g u p t o 1 3 0 u ni q u e s p e ci es of D N A str an ds h a v e b e e n d e m o nstr at e d 7, 2 4 . W hil e n et w or ks of 

t his si z e ar e s o m e w h at s m all c o m p ar e d t o t h e si z e of t h e r e a cti o n n et w or ks wit hi n a c ell, w hi c h m a y 

c o nsist  of  t h o us a n ds  of  si g n ali n g  m ol e c ul es  a n d  tr a ns cri pti o n  f a ct ors 2 5 ,  t h er e  is  n o  f u n d a m e nt al 

o bst a cl e t o t h e d esi g n of l ar g er s y nt h eti c D N A str a n d -dis pl a c e m e nt n et w or ks. Str a n d -dis pl a c e m e nt 

m et h o ds  als o  off er  u n pr e c e d e nt e d  fl e xi bilit y  of  d esi g n:  m et h o ds  s u m m ari z e d  i n  Fi g.  2  h a v e  b e e n 

d e v el o p e d  wit h  t h e  g o al  of  d esi g ni n g  a  s et  of  D N A  m ol e c ul es  t h at  c a n  e m ul a t e  a n y  c h e mi c al 

r e a cti o n  n et w or k8, 2 6 .  W hil e  q u a ntit ati v e  c o ntr ol  o v er  r e a cti o n  r at e  c o nst a nts  wit hi n  t h es e  net w or ks 

c a n still b e a c h all e n g e 8, 2 7 , r e a cti o n n et w or ks c a n b e d esi g n e d t h at o nl y d e p e n d q u alit ati v el y o n t h e 

r el ati v e  r at es  (i.e. f ast  or  sl ow)  b et w e e n  diff er e nt  r e a cti o ns.  T h e  v ers atilit y  of  str a n d -dis pl a c e m e nt 

r e a cti o ns, al o n g wit h a gr o wi n g n u m b er of c o m p ut ati o n al t o ols t h at ar e a v ail a bl e f or t h e d esi g n of 

t h es e n et w or ks2 8, 2 9 , s u g g ests t h at t h e d esi g n of l ar g e -s c al e D N A-b as e d r e a cti o ns n et w o r ks is f e asi bl e. 

T h e  diff usi o n  c o effi ci e nts  of  D N A  m ol e c ul es  ar e  si mil arl y  pr o gr a m m a bl e.  I n  s ol uti o n,  si n gl e - a n d 

d o u bl e - str a n d e d D N A diff usi o n c o effi ci e nts v ar y p ol y n o mi all y wit h s e q u e n c e l e n gt h 3 0  b e c a us e t h eir 

eff e cti v e  St o k es  r a di us  is  a  f u n cti o n  of  p o l y m er  c h ai n  l e n gt h.  I n  pri n ci pl e,  t h er ef or e,  a d di n g 

a d diti o n al  b as es  t o  t h e  str a n d  or  c o m pl e x  c o ul d  sl o w  d o w n  t h e  diff usi o n  c o effi ci e nt  of  a  s p e ci es. 

M or e  pr e cis e  r efi n e m e nt  of  eff e cti v e  D N A  diff usi o n  r at es  is  att ai n a bl e  wit hi n  a  p or o us  s u bstr at e 

s u c h  as  a h y dr o g el.  B y  c o v al e ntl y  att a c hi n g  s h ort  D N A  str a n d  s e g m e nts  t o  t h e  s u bstr at e, 
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c o m pl e m e nt ar y  D N A  m ol e c ul es  diff usi n g  n e ar b y  c a n  tr a nsi e ntl y  bi n d  t o  t h e  att a c h e d  s e g m e nts, 

sl o wi n g  d o w n  t h eir  tr a ns p ort  i n  a  s e q u e n c e-d e p e n d e nt  m a n n er 3 1, 3 2 .  T h e  ti m e  s p e nt  b o u nd  is 

c o ntr oll e d  b y  t u ni n g  t h e  d e nsit y  of  bi n di n g  sit es  a n d  t h e  e n er g y  of  str a n d  i nt er a cti o n,  w hi c h  c a n 

g e n er all y b e pr e di ct e d i n silico usi n g effi ci e nt al g orit h ms 2 8, 3 3 . W hil e t h es e i nt er a cti o ns c a us e diff usi o n 

t o  b e c o m e  a n o m al o us,  if  t h e  d e nsit y  of  bi n di n g sit es  is  s uffi ci e ntl y  l ar g e,  t h e  diff usi o n  of  D N A 

s p e ci es w o ul d b e e x p e ct e d t o b e g e n er all y u nif or m a n d c o nti n u o us o v er l e n gt h s c al es gr e at er t h a n a 

f e w h u n dr e ds of n a n o m et ers, a n d t h us w o ul d o b e y t h e st a n d ar d diff usi o n e q u ati o n. B ot h of t h es e 

m et h o ds f or  sl o wi n g diff usi o n c a n b e us e d t o i n d e p e n d e ntl y s et t h e diff usi o n c o effi ci e nt of diff er e nt 

s p e ci es  i n  t h e  n et w or k.  M et h o ds  f or  b uil di n g  c o m pl e x,  ar bitr ar y  n et w or ks  of  c o u pl e d  c h e mi c al 

r e a cti o ns  wit h  s y nt h eti c  D N A,  a n d  f or  i n d e p e n d e ntl y  c o ntr olli n g  t h e  diff usi o n  c o effi ci e nt  of  e a c h 

D N A str a n d c o ul d b e c o m bi n e d t o d esi g n a n d b uil d c o m pl e x r e a cti o n -diff usi o n s yst e ms i n vitro wit h 

s y nt h eti c D N A. T h e oli g o n u cl e oti d es i n t h es e s yst e ms mi g ht als o i nt er a ct wit h ot h er m ol e c ul es i n 

t h e e n vir o n m e nt i n a s e q u e n c e- s p e cifi c f as hi o n t hr o u g h t h e us e of a pt a m ers, n u cl ei c a ci d s e q u e n c es 

t h at bi n d s p e cifi c all y t o a t ar g et li g a n d. M ol e c ul es f or w hi c h a pt a m er s e q u e n c es ar e kn o w n i n cl u d e 

m a n y  gr o wt h  f a ct ors 3 4  a n d  s m all  m ol e c ul es 3 5 -3 7 ,  a n d  s u c h  c o n n e cti o ns  h a v e  b e e n  g e n er at e d 

pr e vi o usl y as c o m p o n e nts of D N A str a n d -dis pl a c e m e nt n et w or ks 3 8 .  
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Fi g ur e  3. 2.  N et w or k s  of  D N A  m ol e c ul e s  c a n  e m ul at e  ar bitr ar y  c h e mi c al  r e a cti o n  d y n a mi c s . 

( Ar c hit e ct ur e  fr o m8 ). ( a)  A  t y pi c al  bi m ol e c ul ar  c h e mi c al  r e a cti o n.  T his  r e a cti o n  is  e m ul at e d  i n  t h e  r e acti o n 

pr o c ess s h o w n i n b -d. ( b) S p e cifi c si n gl e -str a n d e d D N A m ol e c ul es r e pr es e nt e a c h r e a ct a nt a n d pr o d u ct i n t h e 

r e a cti o n.  T h es e  m ol e c ul es  c o nsist  of  a  s h ort  “t o e h ol d ”  d o m ai n  a n d  a  l o n g er  “r e c o g niti o n ”  d o m ai n.  ( c) 

D o m ai ns ar e u ni q u e s e q u e n c es of b as e p air s ( A, G, C a n d T). ( d) A s et of i nt er m e di at e s p e ci es i nt er a cts wit h 

t h e  r e a ct a nts.  T h e  c oll e cti v e  r e a cti o ns  e x e c ut e d  b y  t h e  i nt er m e di at es,  r e a ct a nts  a n d  pr o d u cts  e m ul at e  t h e 

d y n a mi cs  of  t h e  r e a cti o n  i n  a.  ( e)  T h e  r e a ct a nts  A  a n d  B  i nt er a ct  dir e ctl y  wit h  t h e  i nt er m e di at e  s p e ci es, 

i niti ati n g  a  s eri es  of  r e a cti o ns  t h at  ulti m at el y  r el e as e  t h e  pr o d u ct  s p e ci es  C  a n d  D.  A  r e a cti o n  wit h  f e w er 

r e a ct a nts  or  pr o d u cts  c a n  b e  e m ul at e d  b y  m a ki n g  si m pl e  alt er ati o ns  t o  t h e  i nt er m e di at e  c o m pl e x es 8 .  (f) 

M ulti pl e s u c h r e a cti o ns c a n b e c h ai n e d t o g et h er t o f or m l ar g e r e a cti o n n et w or ks t h at e m ul at e t h e d y n a mi cs of 

ar bitr ar y n et w or ks of c o u pl e d c h e mi c al r e a cti o ns.  

3. 3 |  S elf -s u st ai ni n g p att er n f or m ati o n pr o c e s s e s  

Wit h o ut  a  c o nti n u o us  s u p pl y  of  e n er g y,  h et er o g e n e o us  distri b uti o ns  of  c h e mi c al  s p e ci es  will 

b e c o m e  w ell  mi x e d  o v er  ti m e,  m a ki n g  t h e  c o nstr u cti o n  of  st e a d y -st at e  h et er o g e n e o us  p att er ns 

i nf e asi bl e. I n c ells a n d tiss u es, pr ot ei ns a n d ot h er si g n ali n g m ol e c ul es ar e c o nst a ntl y pr o d u c e d a n d 

( e) E m ul ati o n

t ba
t a a

trb tr r

t a* t b* tr* t q*

t a tr t qb ra

a* b* r*

t qr

t a* t b* tr* t q*

t a t qra t b b

a* b* r* t a* t b* tr* t q*

t a a t b b tr r

a* b* r*

t qr

t q*i* t d* t c* tr*

t d d t c c tr r

d* c* r*

i

trc tr rt cdt di

t d* t c* tr* t q*

t d d t c c

d* c* r*i*

i t qr

t d* t c* tr* t q*

t d d

d* c* r*i*

i t qrtrc

t d d

t d* t c* tr* t q*d* c* r*i*

i t qrtrct cd

i

t d* t c* tr* t q*d* c* r*i*

t qrtrct cdt di

t a* t b* tr* t q*

t b tr t qa b r

a* b* r*S
T

A
R

T

D

A

t b b

B

t c c

C

trc

t cd

t di

( a) ( b) ( c)

( d) I nt er m e di at e s:

(f) R e a cti o n N et w or k s

= =A  +   B  →  C   +  D

A +  B  →  C  +  D

D  →  E

t a a t b b t c c t d c
A B C D : T G A T A G T A A G T A A G G

: A G T A G

a

t a

: T G T T G A T A T T A A G A Gb

: T A G G Tt b

: A T A G G A T T A A G T T A Ac

: G T A G At c

: A T A T G A G A A T A A T G Gd

: T A G T Gt d

A

B

t a* t b* tr* t q*

t b tr t qa b r

a* b* r*

t d* t c* tr*

t d d t c c tr r

d* c* r*

C

D

E

tr r
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d e gr a d e d, pr o vi di n g a s o ur c e of e n er g y wit h w hi c h t o m ai nt ai n h et er o g e n e o us p att er ns of c h e mi c al 

s p e ci es  i n  s pit e  of  t h e  eff e cts  of  diff usi o n.  A n al o g o us  pr o d u cti o n  a n d  d e c a y  r e a cti o ns  t h at 

c o nti n u o usl y  pr o d u c e  n e w  s p e ci es  fr o m  hi g h -e n er g y  pr e c urs ors  a n d  d e gr a d e  ol d  s p e ci es  i nt o  i n ert 

w ast e c o ul d li k e wis e pr o d u c e st a bl e p att er ns of c o n c e ntr ati o ns i n vitro. H er e w e us e t his t e c h ni q u e t o 

pr o d u c e st a bl e, st ati c p att er ns of c h e mi c al c o n c e ntr ati o ns.  

Str a n d  dis pl a c e m e nt  s yst e ms  c a n  e m ul at e  st a bili zi n g  pr o d u cti o n  a n d  d e gr a d ati o n  r e a cti o ns 

p o w er e d  b y hi g h  c o n c e ntr ati o ns  of  pr e c urs or  m ol e c ul es 2 6 .  Pr o d u cti o n  c a n  o c c ur vi a t h e  sl o w 

c o n v ersi o n  of  a n  i n ert  pr e c urs or  pr es e nt  at  hi g h  c o n c e ntr ati o n  i nt o  t h e  a cti v e  s p e ci es,  a n d 

d e gr a d ati o n  c a n  o c c ur vi a t h e  sl o w  c o n v ersi o n  of  t h e  a cti v e  s p e ci es  i nt o  a  l o w er  e n er g y  w ast e 

s p e ci es.  

3. 4 |  M o d ul ar r e a cti o n -diff u si o n pr o gr a m s  

W e  d efi n e  a  m o d ul e  as  a  c o u pl e d  s et  of  c h e mi c al  r e a cti o ns  t h at  p erf or m  a  d esi g n e d 

tr a nsf or m ati o n  of  a  p att er n  of  i n p ut  m ol e c ul es.  M o d ul es  ar e  c o n n e ct e d  t o g et h er  s u c h  t h at 

“ u pstr e a m ” m o d ul es pr o d u c e a n o ut p ut s p e ci es t h at “ d o w nstr e a m ” m o d ul es a c c e pt as i n p ut s p e ci es. 

Hi er ar c hi c al  m o d ul es,  c o nsisti n g  of  m ulti pl e  s u b m o d ul es,  c a n  p erf or m  m or e  s o p histi c at e d  p att er n 

tr a nsf or m ati o ns. T o pr o d u c e s elf-s ust ai ni n g p att er ns, m o d ul es i n cl u d e  pr o d u cti o n  a n d  d e gr a d ati o n 

r e a cti o ns t h at r es u p pl y c o m p o n e nt s p e ci es, a n d m ai nt ai n h et er o g e n e o us p att er ns at st e a d y st at e.  

M o d ul ar  e n gi n e eri n g  m a k es  it  p ossi bl e  t o  d esi g n  l ar g e,  c o m pl e x  n et w or ks  b y  first  d esi g ni n g 

si m pl e,  r e us a bl e  m o d ul es,  a n d  t h e n  arr a n gi n g  t h e m  i nt o  n et w or ks.  E a c h  m o d ul e  i m pl e m e nts  a 

s e m a nti c  p att er ni n g  i nstr u cti o n  ( e.g. C O P Y  or  B L U R  a  p att er n),  w hi c h  c a n  b e  c o n n e ct e d  t o g et h er 

wit h o ut w orr yi n g a b o ut t h e d et ails of h o w t h es e i nstr u cti o ns ar e i m pl e m e nt e d wit hi n e a c h m o d ul e. 

T h e m o d ul ar i nstr u cti o ns w e us e i n t his p a p er ar e d et ail e d i n Fi g ur e 3.  

A r e a cti o n -diff usi o n pr o gr a m is a s et of c o n n e ct e d m o d ul es t h at or c h estr at e a p att er n f or m ati o n 
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pr o c ess. T o v erif y t h at t h e n et w or ks w e d esi g n will f or m t h eir t ar g et p att er ns, w e us e a m at h e m ati c al 

m o d el  of  e a c h  m o d ul e’s  d y n a mi cs  c o nsisti n g  of  a  s et  of  c o u pl e d  p arti al  diff er e nti al  e q u ati o ns  t h at 

g o v er ns  t h eir  d y n a mi c s,  ass u mi n g  m ass  a cti o n  ki n eti cs 3 9 .  T o  e v al u at e  t h e  f u n cti o n  of  t h e  n et w or k, 

t h es e e q u ati o ns c a n b e i nt e gr at e d n u m eri c all y usi n g m e as ur e d r e a cti o n r at e co nst a nts a n d diff usi o n 

c o effi ci e nts e xisti n g lit er at ur e 2 7, 4 0 . F or i nst a n c e, gi v e n a n R D pr o gr a m c o nsisti n g of t h e e q u ati o ns: 

  A + B
! !

 C    ( 3. 1) 

  C
! !

 w a st e   ( 3. 2) 

t h e c orr es p o n di n g p arti al diff er e nti al e q u ati o n d es cri bi n g t h e c o n c e ntr ati o n of C o v er s p a c e a n d ti m e 

is: 

 
! [! ]( ! ,! ,! )

! "
= 𝐷 ! ∇

! 𝐶 𝑡 ,𝑥 ,𝑦 + 𝑘 ! 𝐴 𝑡 ,𝑥 ,𝑦 𝐵 𝑡 ,𝑥 ,𝑦 − 𝑘 ! [𝐶 ]( 𝑡 ,𝑥 ,𝑦 ) ,   ( 3. 3) 

w h er e 𝐷 !  is t h e diff usi o n c o effi ci e nt f or s p e ci es C. Si mil ar e q u ati o ns g o v er n t h e b e h a vi or of s p e ci es 

A a n d B. D et ails c o n c er ni n g o ur m o d eli n g pr o c ess, i n cl u di n g b o u n d ar y c o n diti o ns, p ar a m et er v al u es 

a n d n u m eri c al i nt e gr ati o n t e c h ni q u es, a r e pr o vi d e d i n S u p pl e m e nt al I nf or m ati o n S e cti o n 1.  

3. 4. 1  | A “ D R A W  F R E N C H  F L A G ”  p att er ni n g  pr o gr a m . A  c e ntr al  h y p ot h esis  of 

d e v el o p m e nt al  bi ol o g y  is  t h at  s p ati al  p att er ns  of  m or p h o g e ns  c a n  i nstr u ct  gr o u ps  of  c ells  t o 

diff er e nti at e  i nt o  s p e ci ali z e d  r ol es. T h es e  m or p h o g e n  c o n c e ntr ati o ns  oft e n  e n c o d e  i nf or m ati o n  i n 

t h e f or m of eit h er hi g h or l o w l o c al c o n c e ntr ati o ns. A c o n c e ntr ati o n c a n t h us b e a B o ol e a n v al u e, i.e. 

a v ari a bl e wit h o nl y t w o p ossi bl e v al u es: hig h or lo w. I n t h e Fr e n c h fl a g m o d el1 9 , a o n e-di m e n si o n al 

li n e ar  gr a di e nt  of  a n  i n p ut  m or p h o g e n  is  tr a nsl at e d  i nt o  t hr e e  dis cr et e  r e gi o ns  of  g e n e  e x pr essi o n 

wit h t h e s a m e g e o m etr y as t h e tri -c ol or e d Fr e n c h fl a g, s u c h t h at e a c h of t hr e e s p e ci es h as eit h er a 

hi g h or l o w c o n c e ntr ati o n i n e a c h of t h e disti n ct r e gi o ns. I n t his e x a m pl e, c ells i n t h es e t hr e e r e gi o ns 

c o ul d t h e n a d o pt s p e ci ali z e d i d e ntiti es d e p e n di n g o n w hi c h of t h e B o ol e a n bl ue , w hite or re d r e gi o ns 

t h e y o c c u p y. W hil e t his m o d el is br o a dl y a c c e pt e d as o n e e x pl a n ati o n of p att er n f or m ati o n d uri n g 
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d e v el o p m e nt 2 5, 4 1 , a p h ysi c al r e a cti o n-diff usi o n n et w or k c a p a bl e of r e c a pit ul ati n g t his p att er n i n  vitro 

h as  n ot  b e e n  d es cri b e d.  H er e  w e  d esi g n  a  m o d ul ar  r e a cti o n -diff usi o n  pr o gr a m  t h at  g e n er at es  a 

Fr e n c h -fl a g p att er n ( Fi g. 4) fr o m a li n e ar i n p ut gr a di e nt.  

W e  ass u m e t h at t h e i n p ut t o t h e s yst e m is a st a bl e li n e ar gr a di e nt of a “ m or p h o g e n ” I,   

𝐷 𝐶 = 𝑡  
!  ! "

! "  ! !
,  ( 3. 4) 

w h er e  x:  [ 0  m m,  1 0  m m].  T h e  o ut p ut  t h at  r es ults  is  a  st a bl e  Fr e n c h -fl a g  p att er n  i n  w hi c h  t hr e e 

diff er e nt l a b el e d o ut p ut s p e ci es, bl ue ( B), w hite ( W) a n d re d ( R) ar e pr es e nt i n t h e l eft, mi d dl e a n d ri g ht 

t hir d r e gi o ns res p e cti v el y at a p pr o xi m at el y 1  µ M. T h e c o n c e ntr ati o ns of t h es e s p e ci es ar e cl os e t o 

z er o  els e w h er e.  T o  d e m o nstr at e  o ur  pr o c ess  of  R D  pr o gr a m  d esi g n,  w e  c o nstr u ct  t his  p att er ni n g 

pr o gr a m i n st a g es. W e first c o nsi d er h o w t o pr o d u c e a si n gl e r e d stri p e usi n g t h e r e a cti o n n et w or ks. 

W e t h e n a d d m o d ul es ( Fi g ur e 3) t o o ur cir c uit u ntil t h e cir c uit als o pr o d u c es w hit e a n d bl u e stri p es 

as o ut p uts.  

T h e  c h all e n g e  i n  g e n er ati n g  a  Fr e n c h  fl a g  p att er n  fr o m  a  li n e ar  i n p ut  gr a di e nt  is  t h at  s m all 

diff er e n c es  i n  t h e  c o n c e ntr ati o n  of  t h e  i n p ut  s p e ci es  al o n g  t h e  gr a di e nt  m ust  b e  tr a nsf or m e d  i nt o 

l ar g e diff er e n c es i n t h e c o n c e ntr ati o n of t h e o ut p ut s p e ci es i n t h e fi n al o ut p ut p att er n. F or e x a m pl e 

(s e e Fi g. 4), j ust t o t h e ri g ht of t h e r e d-w hit e b o u n d ar y, [ R] at st e a d y st at e s h o ul d b e hi g h a n d [ W] 

s h o ul d b e l o w. A n ar bitr aril y s m all dist a n c e t o t h e l eft, o n t h e ot h er si d e of t h e b o u n d ar y, [ R] s h o ul d 

b e l o w a n d [ W] s h o ul d b e hi g h. Y et b et w e e n t h es e p oi nts t h e i n p ut c o n c e ntr ati o n [I] c h a n g es o nl y 

li n e arl y wit h dist a n c e. As s h o w n i n Fi g ur e 3 a, a S H A R P E N m o d ul e c a n pr o d u c e a n o ut p ut s p e ci es 

t h at is hig h e v er y w h er e t h e i n p ut s p e ci es e x c e e ds a t hr es h ol d c o n c e ntr ati o n a n d lo w e v er y w h er e els e. 

A S H A R P E N m o d ul e wit h a t hr es h ol d c o n c e ntr ati o n of 2 / 3 𝑥 𝑦  o p er ati n g o n t h e i n p ut gr a di e nt 

c o ul d t h us pr o d u c e a n i nt er m e di at e s p e ci es S o nl y i n t h e r e gi o ns w h er e 𝑘  > 2 / 3 𝐴 𝑡 , i.e. i n t h e ri g ht 

t hir d of t h e s u bstr at e, cr e ati n g a l ar g e c h a n g e i n [ S1 ] a cr oss t h e r e d -w hit e b o u n d ar y ( Fi g. 4 a).  
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A  s e c o n d  S H A R P E N m o d ul e  wit h  a  t hr es h ol d v al u e  of 1 / 3 𝐷 𝐶  c o ul d  pr o d u c e  a  diff er e nt 

i nt er m e di at e s p e ci es [ S2 ] i n a n ar e a t h at c o v ers t w o-t hir ds of t h e wi dt h of t h e s u bstr at e, i.e. w h er e 

b ot h t h e r e d a n d w hit e stri p es s h o ul d e xist i n t h e fi n al p att er n. T o g et h er, S , w hi c h is pr es e nt o nl y i n 

t h e  ri g ht m ost  t hir d  of  t h e  s p a c e,  a n d S 2 w o ul d  di vi d e  t h e  s p a c e  i nt o  t hr e e  dis cr et e  r e gi o ns  t h at 

c orr es p o n d  t o  t h e  t hr e e  d esir e d  Fr e n c h  fl a g  stri p es:  o n e  w h er e [ S2 ] a n d [ S1 ] ar e  b ot h  hi g h,  o n e 

w h er e [ S2 ] is hi g h a n d [ S1 ]  is  lo w, a n d o n e w h er e t h e c o n c e ntr ati o ns of b ot h s p e ci es ar e l o w ( Fi g. 

4 b).  

H o w e v er, b e c a us e t h e S H A R P E N m o d ul e d e pl et es t h e c o n c e ntr ati o n of its i n p ut s p e ci es, if t w o 

diff er e nt S H A R P E N m o d ul es b ot h h a v e t h e s a m e i n p ut I, t h e y w o ul d c o m p et e wit h e a c h ot h er f or 

I. B e c a us e b ot h m o d ul es w o ul d d e pl et e I d uri n g t h e c o urs e of t h eir o p er ati o n, I w o ul d e n d u p b ei n g 

b el o w  t h e  t hr es h ol d  v al u e  f or  a m plifi c ati o n  e v er y w h er e.  As  a  r es ult,  n eit h er S 1 n or S 2 w o ul d  b e 

pr o d u c e d a n y w h er e. T his pr o bl e m w o ul d b e a d dr ess e d if t h e t w o S H A R P E N m o d ul es us e d as t h eir 

r es p e cti v e i n p uts t w o diff er e nt s p e ci es I1 a n d I2 t h at e a c h h a v e t h e s a m e c o n c e ntr ati o n as I i n all 

l o c ati o ns. T o pr o d u c e t h es e s p e ci es, w e d esi g n e d a C O P Y m o d ul e ( Fi g. 3 b) t h at t a k es a n i n p ut I a n d 

pr o d u c es a n o ut p ut O t h at h as t h e s am e c o n c e ntr ati o n as I e v er y w h er e wit h o ut d e pl eti n g t h e i n p ut I. 

W e i n cl u d e a C O P Y m o d ul e t h at pr o d u c es a c o p y of I wit h t h e s a m e c o n c e ntr ati o ns as I u pstr e a m 

of e a c h S H A R P E N m o d ul e t o pr e v e nt t h e t w o S H A R P E N m o d ul es fr o m c o m p eti n g f or t h e s a m e 

i n p ut s p e ci es. T h e r es ulti n g cir c uit ( Fi g. 4 b) pr o d u c es a p att er n w h er e S 1 is pr es e nt i n t h e ri g ht m ost 

t hir d of t h e s p a c e a n d S 2 is pr es e nt e v er y w h er e b ut t h e l eft m ost t hir d of t h e s p a c e.  

T o  pr o d u c e  t h e  Fr e n c h  fl a g  p att er n,  o ut p ut  s p e ci es R s h o ul d  b e  pr o d u c e d  w h er e [S 1 ] is hig h , 

o ut p ut s p e ci es W s h o ul d b e pr o d u c e d w h er e [ S2 ] is hig h b ut [ S1 ] is lo w, a n d o ut p ut s p e ci es B s h o ul d 

b e pr o d u c e d w h er e b ot h [ S1 ] a n d [ S2 ] ar e lo w. A N D a n d N O T m o d ul es ( Fi g. 3 c-d) c a n dir e ct t h e 
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pr o d u cti o n of e a c h of t h es e s p e ci es b y pr o d u ci n g t h e o ut p ut m ol e c ul e o nl y w h er e t h e c orr es p o n di n g 

B o ol e a n f u n cti o n of t h e i n p ut c o n c e ntr ati o ns is s atisfi e d ( Fi g. 4 c).  

T h e Fr e n c h fl a g p att er ni n g cir c uit i n Fi g. 4 c is a c oll e cti o n of c o n n e ct e d m o d ul es, e a c h of w hi c h 

c o nt ai ns a s m all R D pr o gr a m c o m pris e d of a bstr a ct c h e mi c al s p e ci es (s u c h as I, A, T a n d O i n t h e 

S H A R P E N m o d ul e). T his a bstr a ct c h e mi c al r e a cti o n n et w or k c a n b e tr a nsl at e d i nt o a s et of str a n d -

dis pl a c e m e nt  r e a cti o ns  t h at  i m pl e m e nt  t h e  s a m e  d y n a mi cs  as  t h e  r e a cti o n -diff usi o n  n et w or k  w e 

d esi g n e d. T h er e m a y b e m a n y diff er e nt w a ys t o tr a nsl at e a n a bstr a ct c h e mi c al r e a cti o n n et w or k i nt o 

a  s et  of  D N A  str a n d -dis pl a c e m e nt  r e a cti o ns  usi n g  a  m et h o d  s u c h  as  t h at  s h o w n  i n  Fi g.  2.  I n  t h e 

S u p pl e m e nt al  I nf or m ati o n,  w e  pr o p os e  a  p ot e nti al  str a n d -dis pl a c e m e nt  n et w or k  f or  e a c h  of  o ur 

m o d ul es.  O n e  m e as ur e  of  t h e  c o m pl e xit y  of  t h e  r es ulti n g  n et w or k  is  t h e  n u m b er  of  s p e ci es  it 

c o nt ai ns. O ur n et w or k (s h o w n i n S u p p. I nf o. 2) c o nsists of 7 7 u ni q u e i niti al D N A str a n d ass e m bli es 

c o nt ai ni n g a t ot al of 1 0 8 c o m p o n e nt D N A str a n ds. T h e si z e of t h e n et w or k is t h er ef or e s m all er t h a n 

str a n d-dis pl a c e m e nt n et w or ks t h at h a v e b e e n e x p eri m e nt all y d e m o nstr at e d 7 .  

T o t est t h at t h e n et w or k w e d esi g n e d pr o d u c es t h e t ar g et p att er n, w e n u m eri c all y i nt e gr at e d t h e 

p arti al diff er e nti al e q u ati o ns f or t h e R D s yst e m c o nsisti n g of t h e a bstr a ct c h e mi c al s p e ci es (I, A, T, 

… ). T h e r es ults ( Fi g. 4 c,f) s h o w t h at t h e n et w or k is e x p e ct e d t o pr o d u c e t h e d esi g n e d p att er n, t a ki n g 

o n t h e or d er of a n h o ur t o r e a c h st e a d y st at e. Cl os e t o t h e b o u n d ari es b et w e e n t h e  bl u e, w hit e a n d 

r e d  r e gi o ns,  t h er e  ar e  tr a nsiti o n  ar e as  w h er e  eit h er  t h e  bl u e  a n d  w hit e,  or  t h e  w hit e  a n d  t h e  r e d 

s p e ci es ar e b ot h pr o d u c e d.  

T h es e tr a nsiti o n r e gi o ns aris e b e c a us e of t h e diff usi o n of t h e o ut p ut s p e ci es, w hi c h a cts t o bl ur 

t h e p att er n, a nd b e c a us e of w h at w e t er m “l e a ks ” i n o ur r e a cti o ns, i n w hi c h a sl o w r e a cti o n us es a 

s m all a m o u nt of t h e pr o d u ct t h at is ot h er wis e d e pl et e d v er y q ui c kl y b y a m u c h f ast er r e a cti o n.  

T h e Fr e n c h fl a g p att er ni n g pr o gr a m d e m o nstr at es t h at w e c a n d esi g n R D pr o gr a ms t h at us e t h e 

g e o m etri c  i nf or m ati o n  pr o vi d e d  b y  a  h et er o g e n e o usl y  distri b ut e d  i n p ut  s p e ci es  t o  pr o d u c e  a n 
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i n cr e m e nt all y  m or e  c o m pl e x  h et er o g e n e o us  distri b uti o n  of  o ut p ut  s p e ci es  o v er  a  si n gl e  s p ati al 

di m e nsi o n. W hil e mi cr ofl ui di c d e vi c es c a n alr e a d y b e u s e d cr e at e a v ari et y of gr a di e nt p att e r ns wit h 

1 - di m e nsi o n al f e at ur es 4 2  si mil ar t o t h e Fr e n c h fl a g p att er n, pr o d u ci n g a n al o g o us p att er ns i n 2 - a n d 

3 -di m e nsi o ns is c o nsi d er a bl y m or e c o m pl e x.  
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Fi g ur e 3. 3. A li br ar y of r e a cti o n -diff u si o n m o d ul e s f or b uil di n g p att er n -f or m ati o n pr o gr a m s. 

( b) C O P Y

- 1 0 - 5 0 5 1 0
x ( m m)

0. 2

0. 4

0. 6

0. 8

1. 0

[ ] ( u M)

- 1 0 - 5 0 5 1 0
x ( m m)

0. 2

0. 4

0. 6

0. 8

1. 0

[ ] ( u M)

C O P Y
I O

Ta k es i n p ut p att er n I a n d pr o d u c es a c o p y of t his p att er n i n O , wit h o ut d e pl eti n g I. If diff usi o n is m u c h sl o w er t h a n t h e c h e mi c al r e a cti o ns t h e n
                         , w hi c h is t h e e q u ati o n f or a pr o p orti o n al c o ntr oll er. T h us a C O P Y m o d ul e c o nti n u o usl y r est or es [ O]  t o t h e s et p oi nt [I]
e v er y w h er e. B e c a us e I is a c at al yst, it is n ot c o ns u m e d r e g ar dl ess of w h at h a p p e ns t o O . T h e C O P Y m o d ul e b uff ers I fr o m d o w nstr e a m l o a di n g,
all o wi n g m o d ul es t o d e pl et e [ O]  wit h o ut aff e cti n g [I] . T his b uff er is a cr u ci al t o ol f or a d di n g a n d r e arr a n gi n g m o d ul es wit h o ut aff e cti n g t h e u pstr e a m cir c uit.

( e) B L U R

B L U R

- 1 0 - 5 0 5 1 0
x ( m m)

0. 2

0. 4

0. 6

0. 8

1. 0

[ ] ( u M)

- 1 0 - 5 0 5 1 0
x ( m m)

0. 2

0. 4

0. 6

0. 8

1. 0

[ ] ( u M)

I O

Ass e m bl es a s m o ot h gr a di e nt O c e nt er e d ar o u n d a fi x e d r ef er e n c e p oi nt I. T his m o d ul e us es t h e s a m e r e a cti o ns as t h e C O P Y m o d ul e, b ut
pl a c es diff er e nt c o nstr ai nts o n t h e c o nst a nts. T h e dist a n c e fr o m t h e r ef er e n c e t o a n y p oi nt p  c a n b e c al c ul at e d as a f u n cti o n of [ O] at  p,
pr o vi d e d t h e r e a cti o n r at e c o nst a nts a n d diff usi o n c o effi ci e nts ar e k n o w n. I c at al y z es t h e l o c al pr o d u cti o n of O  at t h e r ef er e n c e. O  diff us es
a w a y fr o m t his p oi nt a n d als o d e gr a d es sl o wl y. At st e a d y st at e, [ O]  at a dist a n c e r fr o m t h e r ef er e n c e is:

( d) N O T

- 1 0 - 5 0 5 1 0
x ( m m)

0. 2

0. 4

0. 6

0. 8

1. 0

[ ] u M

- 1 0 - 5 0 5 1 0
x ( m m)

0. 2

0. 4

0. 6

0. 8

1. 0

[ ] u M

N O T
I O

Ta k es a B o ol e a n i n p ut p att er n I, a n d pr o d u c es a n i n v ert e d B o ol e a n o ut p ut O . [ O]  is hi g h w h er e [I]  is l o w, a n d l o w
w h er e [I]  is hi g h . Sl o w c y cli n g r e a cti o ns c o nti n u o usl y p us h [ O]  hi g h , s o i n t h e a bs e n c e of I, [ O]  is hi g h. I  a n d O
r a pi dl y a n ni hil at e e a c h ot h er, s o [ O]  is s wit c h e d t o l o w i n t h e pr es e n c e of I.

( c) A N D

- 1 0 - 5 0 5 1 0
x ( m m)

0. 2

0. 4

0. 6

0. 8

1. 0

[ ] ( u M)

- 1 0 - 5 0 5 1 0
x ( m m)

0. 2

0. 4

0. 6

0. 8

1. 0

[ ] ( u M)

A N D
I1

I2

O

Ta k es B o ol e a n i n p ut p att er ns I1  a n d I2 , a n d pr o d u c es o ut p ut p att er n O t h at is hi g h o nl y w h er e b ot h i n p uts ar e hi g h . First,
[I 1 ]  a n d [I 2 ]  ar e s u m m e d i nt o a n i nt er m e di at e p att er n N . [ N] = 2 β  w h er e b ot h i n p uts ar e hi g h , [ N] = β  w h er e o nl y o n e i n p ut is
hi g h , a n d [ N] = 0  els e w h er e. A S H A R P E N m o d ul e wit h τ = 1. 3 β  t a k es N as i n p ut, pr o d u ci n g t h e d es cri b e d o ut p ut p att er n O .

( a) S H A R P E N

τ

- 1 0 - 5 0 5 1 0
x ( m m)

0. 2

0. 4

0. 6

0. 8

1. 0

[ ] ( u M)

- 1 0 - 5 0 5 1 0
x ( m m)

0. 2

0. 4

0. 6

0. 8

1. 0

[ ] ( u M)

S H A R P E N

τ= 0. 5
I O

C o n v erts I i nt o a dis cr et e o ut p ut of hi g h/l o w  st at es. Hi g h  r e gi o ns ar e pr o d u c e d w h er e [I]  is gr e at er
t h a n t hr es h ol d τ , a n d l o w r e gi o ns ar e pr o d u c e d els e w h er e. First, a r a pi d t hr es h ol di n g r e a cti o n
d e pl et es [I]  b y τ , s o [I]  is z er o e x c e pt w h er e [I] > τ  i niti all y. A n y r e m ai ni n g I sl o wl y c at al y z es
t h e c o n v ersi o n of i n ert a m plifi er A i nt o o ut p ut O, at [ O] = α . At st e a d y st at e, O is hi g h o nl y
w h er e [I] > τ  i niti all y.
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Fi g ur e  3. 4.  A n  R D  pr o gr a m  t h at  pr o d u c e s  a  Fr e n c h  fl a g  p att er n  fr o m  a  li n e ar  i n p ut  gr a di e nt.  ( a)  A 

si m pl e n et w or k t h at g e n er at es a si n gl e stri p e of i nt er m e di at e s p e ci es S 1 ( pi n k) as o ut p ut w h e n t h e i n p ut is a 

li n e ar i n p ut gr a di e nt ( gr e e n). T h e stri p e a p p e ars i n r e gi o ns w h er e [𝐷 ] > 2 / 3 𝐶 𝑡 . T h e si m ul at e d st e a d y-st at e 

pr ofil e  of S 1 is  s h o w n  i n  t h e  o ut p ut  b u b bl e.  ( b)  A  n et w or k  t o  pr o d u c e  t w o  stri p es.  T w o c o p y  m o d ul es 

pr o d u c e  t w o  c o pi es I1 a n d I2 of  t h e  i n p ut  s p e ci es I. I1 a n d  I2 s er v e  as  i n p uts  t o  t w o  t hr es h ol d  a m plifi er 

m o d ul es  t h at  pr o d u c e  stri p es  of S 1 a n d S 2 ( gr a y).  T h e  C O P Y  m o d ul es  pr ot e ct  t h e  i n p ut  si g n al  fr o m 

d o w nstr e a m l o a di n g, e ns uri n g t h at t h e S H A R P E N m o d ul es d o n ot aff e ct o n e a n ot h er. T h e si m ul at e d st e a d y 

st at e pr ofil es of S 1 a n d S 2 ar e s h o w n i n t h e t o p a n d b ott o m o ut p ut b u b bl es r es p e cti v el y. ( c) T h e c o m pl et e 

n et w or k t o pr o d u c e a Fr e n c h fl a g p att er n fr o m a li n e ar gr a di e nt i n p ut. T his n et w or k is a n e x p a n d e d v ersi o n 

of t h e n et w or k i n ( b). A r e d stri p e of R is pr o d u c e d w h er e [ S1 ] is hig h . A w hit e stri p e of W is pr o d u c e d w h er e 

[ S2 ] is hig h b ut [ S1 ] is lo w. A bl u e stri p e of B is pr o d u c e d w h er e b ot h [ S1 ] a n d [ S2 ] ar e lo w. T h e si m ul at e d 

st e a d y st at e pr ofil es of B,  W a n d R ar e s h o w n i n t h e o ut p ut b u b bl es, a n d ar e s u p eri m p os e d  t o g et h er i n t h e 

i m a g e t o t h e ri g ht. ( d) Si m ul at e d c o n c e ntr ati o ns of s p e ci es i n t h e Fr e n c h-fl a g R D pr o gr a m 2 0 0 s e c o n ds aft er 

i ntr o d u ci n g  t h e  i n p ut  gr a di e nt,  as  t h e y  w o ul d  a p p e ar  if  b uff er e d  a g ai nst  a  l o a d  b y  a  C O P Y  m o d ul e 

i m m e di at el y d o w nstr e a m. S p e ci es are c ol or c o d e d t o m at c h t h e b u b bl es i n ( c). ( e) Si m ul at e d c o n c e ntr ati o ns of 

s p e ci es  aft er  7 0 0  s e c o n ds.  (f)  Si m ul at e d  c o n c e ntr ati o ns  of  s p e ci es  cl os e  t o  st e a d y  st at e.  Si m ul ati o n  d et ails 
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i n cl u di n g r e a cti o n r at es, diff usi o n c o effi ci e nts, P D Es a n d i niti al c o n diti o ns ar e pr o vi d e d i n t h e S u p pl e m e nt al 

I nf or m ati o n S e cti o n 2. 1.  

3 . 4. 2 | A “ D R A W  S TI C K  FI G U R E ”  p att er ni n g  pr o gr a m . T o  s h o w  t h at  o ur  p att er ni n g 

m et h o d c a n g e n er at e 2 - di m e nsi o n al p att er ns, w e us e t h e s a m e st e p -wis e m o d ul ar d esi g n pr o c ess t o 

c o nstr u ct a pr o gr a m t h at pr o d u c e a sti c k fi g ur e p att er n t h at c o nsists of a h e a d, t ors o, ar m a n d l e g 

s e g m e nts ( Fi g. 5 a). I n a 1-di m e nsi o n al pr o gr a m li k e t h e Fr e n c h -fl a g g e n er at or, a S H A R P E N m o d ul e 

a cti n g o n a li n e ar gr a di e nt cr e at e d a li n e ar hig h /lo w st e p f u n cti o n. I n t w o di m e nsi o ns, a r a di al gr a di e nt 

is g e n er at e d w h e n a s p e ci es is pr o d u c e d at a si n gl e p oi nt a n d t h e n sl o wl y d e gr a d es as it diff us es a w a y 

fr o m its p oi nt of pr o d u cti o n. W h e n t h e B L U R m o d ul e ( Fi g. 3 e) t a k es a n i n p ut t h at is pr o d u c e d at a 

si n gl e p oi nt, it pr o d u c es s u c h a gr a di e nt. A S H A R P E N m o d ul e a cti n g o n a r a di al gr a di e nt cr e at es a 

r a di al st e p f u n cti o n, i.e. a cir cl e. T h e r a di us of t his cir cl e is s p e cifi e d b y t h e t hr es h ol d c o n c e ntr ati o n 

of t h e S H A R P E N m o d ul e c orr es p o n di n g t o t h e c o n c e ntr ati o n of t h e r a di al gr a d i e nt al o n g t h e e d g e 

of  t h e  cir cl e.  T h e  S H A R P E N  m o d ul e  will  pr o d u c e  a hig h o ut p ut  si g n al  o nl y  i n  r e gi o ns  w h er e  t h e 

r a di al gr a di e nt is a b o v e t h e t hr es h ol d c o n c e ntr ati o n, i nsi d e of t h e r a di us of t h e cir cl e. T h e c e nt er  

of t h e cir cl e is s et b y t h e l o c ati o n of t h e i n p ut p oi nt t o t h e B L U R m o d ul e. T o g et h er, t h e B L U R 

a n d  S H A R P E N  m o d ul es  e n c o d e  a  D R A W  CI R C L E  p att er ni n g  i nstr u cti o n,  w hi c h  its elf  c a n  b e 

c o nsi d er e d  a  m o d ul e.  Usi n g  t h e  D R A W  CI R C L E  i nstr u cti o n  r e p e at e dl y  al o n g  wit h  t h e  A N D 

m o d ul e,  it  is  p ossi bl e  t o  pr o d u c e  a  c o m pl et e  sti c k  fi g ur e  p att er n  fr o m  a n  i n p ut  c o nsisti n g  of  f o ur 

p arti c ul ar i n p uts pr o d u c e d o nl y at f o ur p arti c ul ar p oi nts ( Fi g. 5 b).  

A  v ari et y  of  t e c h ni q u es  mi g ht  b e  e m pl o y e d  t o  p att er n  t h e  i n p ut  p oi nts  f or  t h e  sti c k  fi g uri n g, 

i n cl u di n g  mi cr o-c o nt a ct pri nti n g 9  or  lit h o gr a p h y 2 1 .  B e c a us e  t h e  i n p ut  p att er ns  w o ul d  b e  c o v al e ntl y 

b o u n d t o t h e s u bstr at e, t h e y w o ul d r e m ai n st a bl e o v er ti m e r at h er t h a n diff usi n g a w a y, e v e n t h o u g h 

t h es e i n p uts ar e n ot r e pl e nis h e d. Alt er n ati v el y, w e c o ul d e xt e n d e xisti n g str a n d-d is pl a c e m e nt s yst e ms 

t o  a cti v el y  g e n er at e  a n d  m ai nt ai n  t h e  i n p ut  p att er n  fr o m  r es er v oirs  att a c h e d  t o  t h e  s u bstr at e 
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b o u n d ari es 4 3 , a n al o g o us t o t h e a cti v el y g e n er at e d i n p ut gr a di e nt i n t h e Fr e n c h Fl a g pr o gr a m.  

 

Fi g ur e 3. 5.  A n R D pr o gr a m t h at pr o d u c e s a sti c k fi g ur e  w h e n t h e i n p ut p att er n  is a s et of i n p ut s p e ci es 

fi x e d at t h e ill ustr at e d l o c ati o ns. ( a) T h e n et w or k of R D m o d ul es t h at i nt er pr ets t h e si g n als fr o m t h e i n p ut 

s p e ci es a n d pr o d u c es t h e sti c k fi g ur e s h a p e as o ut p ut. T h e m a g nit u d es of t h e t hr es h ol d c o n c e ntr ati o ns τ  f or 

e a c h  of  t h e  S H A R P E N  m o d ul es  s et  t h e  r es p e cti v e  si z es  of  t h e  cir cl es  i n  d.  ( b -e)  Si m ul at e d  sti c k  fi g ur e 

f or m ati o n. ( b) T h e i n p ut, f o ur s p e ci es (s h o w n i n diff er e nt c ol ors) t h at ar e e a c h fi x e d at t h eir c orr es p o n di n g 

ill ustr at e d  l o c ati o ns.  ( c)  B L U R  m o d ules  t a k e  t h e  f o ur  i n p ut  s p e ci es  as  i n p uts,  pr o d u ci n g  gr a di e nts  ar o u n d 

t h e m  of  c o ntr oll e d  si z e.  A  s et  of  C O P Y  m o d ul es  pr o d u c es  s p e ci es  wit h  t h e  s a m e  s p ati al  e xt e nt  a n d 

c o n c e ntr ati o n as t h e ori gi n al i n p uts. T h e s p e ci es pr o d u c e d b y t h e C O P Y m o d ul es ar e us e d as  b uff er e d i n p uts 

t o t h e d o w nstr e a m m o d ul es. ( d) A s et of S H A R P E N m o d ul es pr o d u c e cir cl es wit h d efi n e d r a dii ar o u n d t h e 

i n p ut  p oi nts.  T h e  i nt ers e cti o ns  of  t h es e  cir cl es  d efi n e  t h e  r e gi o ns  w h er e  t h e  sti c k  fi g ur e  s e g m e nts  s h o ul d 

a p p e ar: t h e m a g e nt a a n d y ell o w  cir cl es i nt ers e ct at t h e sti c k -fi g ur e’s t ors o, t h e y ell o w a n d c y a n at t h e l eft l e g, 

t h e m a g e nt a a n d c y a n at t h e ri g ht l e g, t h e t w o li g ht-gr a y cir cl es at t h e ar ms, a n d t h e bl a c k si g n al d efi n es t h e 

sti c k-fi g ur e’s h e a d. ( e) A N D m o d ul es t a k e e a c h p air of s p e ci es i n ( d) as i n p uts a n d pr o d u c e t h e o ut p ut s p e ci es 

( bl a c k)  w h er e  b ot h  i n p uts  ar e  pr es e nt  at  hi g h  c o n c e ntr ati o n.  Si m ul ati o n  d et ails,  i n cl u di n g  r e a cti o n  r at es, 

diff usi o n c o effi ci e nts, P D Es a n d i niti al c o n diti o ns ar e pr o vi d e d i n S u p pl e m e nt al I nf or m ati o n S e ct i o n 2. 2.  

Si n c e t h e sti c k fi g ur e’s h e a d is a cir cl e, w e c a n p att er n t h e h e a d wit h a si n gl e D R A W CI R C L E 

m o d ul e. T o b uil d t h e r est of t h e sti c k fi g ur e, w e n e e d a m e c h a nis m t o pr o d u c e li n e s e g m e nts f or t h e 

A N D

H e a d

Ar m s

C O P Y S H A R P E N  τ= 0. 3 5

A N D T or s o

A N D L eft L e g

A N D Ri g ht L e g

C O P Y S H A R P E N  τ= 0. 0 7
T o p I n p ut B L U R

L eft I n p ut B L U R

Ri g ht I n p ut B L U R

B ott o m I n p ut B L U R

S H A R P E N  τ= 0. 0 1C O P Y

S H A R P E N  τ= 0. 1 8C O P Y

S H A R P E N  τ= 0. 1 8C O P Y

S H A R P E N  τ= 0. 0 3C O P Y

S H A R P E N  τ= 0. 0 3C O P Y

S H A R P E N  τ= 0. 0 3C O P Y

S H A R P E N  τ= 0. 0 3C O P Y

( a) ( b) ( c)

( d) ( e)
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ar ms, t ors o, a n d l e gs. O n e c o n v e ni e nt w a y t o pr o d u c e a n a p pr o xi m at e li n e s e g m e nt is t o pr o d u c e a 

s p e ci es at t h e i nt ers e cti o n of t w o l ar g e cir cl es: If t w o cir cl es ar e s e p ar at e d b y sli g htl y l ess t h a n t h e n 

s u m of t h eir r a dii, t h e i nt ers e cti o n is a li n e -li k e r e gi o n. W e c a n r e p e at e dl y us e t h e c o m p osit e D R A W 

CI R C L E  i nstr u cti o n  t o  p att er n  p airs  of  cir cl es  t h at  i nt ers e ct  at  t h e  d esir e d  l o c ati o ns  f or  e a c h 

s e g m e nt, a n d a n A N D m o d ul e t o pr o d u c e o ut p ut s p e ci es w h er e t h es e cir cl es i nt ers e ct. As wit h t h e 

D R A W F R E N C H F L A G pr o gr a m, w e i n cl u d e C O P Y m o d ul es w h er e n e e d e d t o pr e v e nt m o d ul es 

fr o m d e pl eti n g t h e c o n c e ntr ati o ns of t h eir i n p ut p att er ns a n d aff e cti n g u pstr e a m m o d ul es.  

T h e c o m bi n e d pr o gr a m pr o d u c es a sti c k fi g ur e p att er n fr o m a n i n p ut p att er n c o nsisti n g of f o ur 

p oi nts.  T h e  p att er n  is  e x p e ct e d  t o  t a k e  o n  t h e  or d er  of  a d a y  t o  r e a c h  st e a d y  st at e  usi n g  t h e  r at e 

p ar a m et ers esti m at e d f or o ur D N A s p e ci es, pr o vi d e d i n t h e S u p pl e m e nt al I nf or m ati o n. T h e li miti n g 

f a ct or pr e v e nti n g t h e s p e e d u p of f or m ati o n is t h e diff usi o n r at e of t h e D N A.  

It  is  str ai g htf or w ar d  t o  r e arr a n g e  c o m p on e nts  or  a d d  m o d ul es  t o  t his  s yst e m  t o  c h a n g e  t h e 

g e o m etr y of t h e o ut p ut p att er n. O n e c o ul d i m a gi n e usi n g s u c h a pr o gr a m t o g e n er at e a n y p att er n 

t h at c o nsists of a s et of li n e s e g m e nts. W hil e w e w er e a bl e t o r e-us e s o m e of t h e i n p ut si g n als i n t h e 

D R A W  S TI C K  FI G U R E  pr o gr a m  b y  c ar ef ul  us e  of  t h e  C O P Y  m o d ul e,  i n  g e n er al  e a c h  li n e -

s e g m e nt  f e at ur e  r e q uir es  t w o  i n p ut  si g n als  a n d  s e v e n  m o d ul es.  O n e  i nt er esti n g  g o al  f or  f ut ur e 

st u di es  is  t o  g e n er at e  a  l ar g e  n u m b er  of  p att er n  f e at ur es  usi n g  o nl y  a  fi x e d  n u m b er  of  i n p uts  a n d 

m o d ul es.  

3. 5  | Di s c u s si o n  

I n  t his c h a pt er  w e  h a v e  d es cri b e d  a  m et h o d  f or  t h e  d esi g n  of re actio n-diff usio n  progr a ms ,  s ets  of 

m o d ul ar  i nstr u cti o ns  e n c o d e d  i nt o  a ut o n o m o us  c h e mi c al  p att er n  g e n er at ors.  E a c h m o d ul e  t a k es 

si m pl e i n p ut p att er ns a n d g en er at es i n cr e m e nt all y m or e c o m pl e x o ut p ut p att er ns. El a b or at e, st a bl e 

p att er ns  of  s ol u bl e  m ol e c ul es  e m er g e  t hr o u g h  t h e  c o m bi n e d  eff e cts  of  e a c h  m o d ul ar  st a g e. W hil e 
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t h e r e a cti o n-diff usi o n pr o gr a ms w e d es cri b e ar e l ar g e, it is pl a usi bl e t o i m a gi n e i m pl e m e nt i n g t h e m 

i n  vitro usi n g  e xisti n g  t e c h ni q u es  f or  d esi g ni n g  m ol e c ul es  wit h  pr es cri b e d  r at es  of  r e a cti o n  a n d 

diff usi o n:  s y nt h eti c  D N A  str a n d - dis pl a c e m e nt  n et w or ks  of  si mil ar  si z es  h a v e  alr e a d y  b e e n 

d e m o nstr at e d. T h e c o nti n u e d gr o wt h i n c o m pl e xit y a n d r o b ust n ess of d e vi c es t h at c a n b e d esi g n e d 

wit h D N A str a n d -dis pl a c e m e nt n et w or ks s u g g ests t h at t h e r a n g e of d esi g n e d R D pr o gr a ms t h at ar e 

e x p eri m e nt all y  r e ali z a bl e  will  e x p a n d. F urt h er,  w e  c a n  i m a gi n e  a  “ c o m pil ati o n ”  pr o c ess  t h at 

a ut o m ati c all y tr a nsl at es ar bitr ar y p att er ni n g pr o gr a ms i nt o a n et w or k of c h e mi c al s p e ci es t h at c a n b e 

i m pl e m e nt e d  usi n g  str a n d-dis pl a c e m e nt  r e a cti o ns.  S p e cifi c  s ets  of  m ol e c ul es  c a n  i m pl e m e nt  e a c h 

m o d ul e,  a n d  c o m pil ati o n  c a n  pr o c e e d  b y  d esi g ni n g  t h e  r e a cti o ns  f or  e a c h  m o d ul e  s u c h  t h at  t h e  

i n p uts a n d o ut p uts f or e a c h m o d ul e i nt er a ct, b ut t h e s p e ci es wit hi n diff er e nt m o d ul es d o n ot r e a ct at 

si g nifi c a nt r at es. C o ntr ol o v er p att er ni n g c o ul d b e e xt e n d e d fr o m t w o i nt o t hr e e di m e nsi o ns usi n g 

t h e e xisti n g r e a cti o n m o d ul es i n 3- di m e nsi o n al s u bstr a t e b y usi n g a n i nt ers e cti o n of s p h er es i nst e a d 

of  cir cl es  i n  t h e  sti c k  fi g ur e  e x a m pl e,  wit h  t h e  i n p ut  p oi nts  pri nt e d  o n,  or  g e n er at e d  fr o m  t h e 

b o u n d ar y s urf a c es of t h e 3 -di m e nsi o n al s u bstr at e.  

E v e nt u all y  r e a cti o n -diff usi o n  pr o gr a ms  m a y  b e  d esi g n e d  t h at  i n cl u d e  t e m p or al  c o ntr ol  of 

n et w or k  d y n a mi cs,  c a p a bl e  of  g e n er ati n g  p att er ns  t h at  c h a n g e  s h a p e  o v er  ti m e,  s u c h  as  B e l o us o v 

Z h a b oti ns k y -t y p e  d y n a mi cs3  or  c ell ul ar  a ut o m at a 4 4 .  Ot h er  p ot e nti al  e xt e nsi o ns  t o  o ur  m et h o ds 

i n cl u d e pr o gr a ms t h at c a n g e n er at e m or e effi ci e ntl y pr o d u c e a wi d e v ari et y of p att er n f e at ur es, a n d 

pr o gr a ms t h at pr o d u c e p att er ns wit h m or e gr a d e d a n al o g r es p o ns es i nst e a d of o nl y di git al hig h or lo w 

v al u es.  

W hil e l ar g e D N A str a n d -dis pl a c e m e nt n et w or ks h a v e b e e n i m pl e m e nt e d pr e vi o usl y, t h e y t e n d  t o 

b e  “ o n e -ti m e- us e ”  cir c uits,  w hi c h  c al c ul at e  a  si n gl e  o ut p ut  b ef or e  r e a c hi n g  a  st at e  i n  w hi c h 

c o m p o n e nts n o l o n g er r e a ct wit h o n e a n ot h er. T his str at e g y is eff e cti v e f or w ell -mi x e d s ol uti o ns, b ut 

r e a cti o n-diff usi o n p att er ns r e q uir e a c o nst a nt s u p pl y of  e n er g y t o m ai nt ai n a st a bl e st e a d y st at e. T o 
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pr o vi d e t his e n er g y w e d esi g n n et w or ks f or w hi c h hi g h - e n er g y i n p ut s p e ci es ar e c o nst a ntl y s u p pli e d 

a n d  l o w - e n er g y  w ast e  s p e ci es  ar e  r e m o v e d  or  d e gr a d e d.  S u c h  a  s u p pl y  c o ul d  b e  pr o vi d e d  b y  a 

r es er v oir  c o nt ai nin g  hi g h  c o n c e ntr ati o ns  of  t h e  n e c ess ar y  r a w  m at eri als  c o n n e ct e d  t o  o ur  s yst e m 

dir e ctl y, or if n e e d e d, t hr o u g h a m e m br a n e t o c o ntr ol w hi c h m ol e c ul es c a n p ass t hr o u g h.  

O ur  m o d ul es  ar e  d esi g n e d  ar o u n d  a bstr a ct  c h e mi c al  r e a cti o ns  t h at  ar e  n ot  s p e cifi c all y 

c o n str ai n e d  t o  a n y  si n gl e  i m pl e m e nt ati o n  m e di u m.  I n  t h e  S u p pl e m e nt al  I nf or m ati o n,  w e  pr o vi d e 

d et ail e d  d es cri pti o ns  of  D N A  str a n d - dis pl a c e m e nt  s p e ci es  t h at  e m ul at e  e a c h  pr o p os e d  r e a cti o n, 

i n cl u di n g t h e pr o d u cti o n a n d d e gr a d ati o n r e a cti o ns t h at s u p pl y e n er g y to o ur s yst e m. H o w e v er, t h e 

s a m e  a bstr a ct  r e a cti o ns  c o ul d  b e  c o m p ati bl e  wit h  a  v ari et y  of  ot h er  e xisti n g  m e c h a nis ms 4 5 -4 7 . 

M e c h a nis ms  t h at  e m pl o y  e n z y m ati c  a cti vit y  c o ul d  pr o vi d e  a  hi g h er  e n er g y  d e nsit y  p er  m ol e c ul e, 

c o ns u mi n g e n er g y -s o ur c e m ol e c ul es at a l ow er r at e c o m p ar e d t o str a n d dis pl a c e m e nt n et w or ks.  

A n i m p ort a nt f e at ur e of o ur m o d ul ar d esi g n pr o c ess is t h at p att er ns ar e pr o d u c e d t hr o u g h st a g es 

of  it er ati v e  r efi n e m e nt.  C h e mi c al  cir c uits  f o u n d  i n  w ell -st u di e d  bi ol o gi c al  d e v el o p m e nt  n et w or ks, 

s u c h  as  t he  s e a  ur c hi n  n et w or k  f or  e n d o d er m al -m es o d er m al  diff er e nti ati o n 4 8, 4 9  a n d  t h e Droso p hil a 

mel a nog aster s e g m e nt  p ol arit y  n et w or k 1 2 ,  e x hi bit  m a n y  of  t h e  s a m e  b asi c  d esi g n  pri n ci pl es  t h at  w e 

e m pl o y h er e, i n cl u di n g t h e eff e cti v e di visi o n of t h e n et w or k i nt o m o d ul es b as e d o n t h eir f u n cti o n, 

a n d t h e us e of B o ol e a n o n / off si g n als t o r e ctif y c o n c e ntr ati o n fl u ct u ati o ns, u n c ert ai nt y i n r e a cti o n 

r at e  c o nst a nts  a n d  diff usi o n  c o effi ci e nts,  or  i m p erf e ctl y  s y nt h esi z e d  c o m p o n e nt  m ol e c ul es. 

H o w e v er, t h es e bi ol o gi c al cir c uits a ls o a p p e ar t o i n cl u d e f e e d b a c k l o o ps a n d r e d u n d a nt “f ail-s af e ” 

l a y ers of cir c uitr y, i n w hi c h p ar all el tr a ns cri pti o n p at h w a ys e ns ur e n or m al o p er ati o n e v e n w h e n o n e 

p at h w a y f ails, m a ki n g t h e m e v e n m or e r o b ust t h a n t h e n et w or ks w e d es cri b e. W e e x p e ct t h at if w e 

w er e t o i n cl u d e si mil ar m e c h a nis ms i n o ur s y nt h eti c s yst e ms, o ur R D pr o gr a ms c o ul d b e c o m e m or e 

r o b ust. Li k e n et w or ks t h at c o ntr ol b o d y pl a n f or m ati o n i n bi ol o g y, o ur p att er n f or m ati o n n et w or ks 

c a n pr o d u c e m ultit u d es of p att er n v ari ati o ns wit h a li mit e d s et of c o m p o n e nts, eit h er b y c h a n gi n g 
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t h e  arr a n g e m e nt  of  m o d ul es,  or  b y  a d di n g  a n d  r e m o vi n g  m o d ul es.  B e c a us e  o ur  n et w or ks  ar e 

or g a ni z e d i nt o m o d ul es wit h s p e cifi c, w ell  u n d erst o o d f u n cti o ns, pr o d u ci n g a d esir e d n e w p att er n is 

str ai g htf or w ar d.  S m all  p orti o ns  of  t h e  p att er n  c a n  b e  c h a n g e d  b y  c h a n gi n g  m o d ul es  t h at  ar e 

d o w nstr e a m  of  m ost  ot h ers  i n  t h e  n et w or k,  w hil e  l ar g e  c h a n g es  t o  t h e  p att er n  c a n  b e  m a d e  b y 

c h a n gi n g t h e m o d ul es i n t h e n et w or k t h at f u n cti o n at t h e b e gi n ni n g of t h e p att er ni n g pr o c ess. B y 

m o dif y i n g j ust a f e w c o n n e cti o ns or m o d ul es i n a n et w or k, w e c o ul d m a k e eit h er of t h es e t y p es of 

c h a n g es.  

If r e a cti o n-diff usi o n pr o gr a ms c a n b e r e a dil y i m pl e m e nt e d i n t h e l a b or at or y, t h e y c o ul d b e c o m e 

a  fl e xi bl e  pl atf or m  f or  d eli v eri n g  t ar g et  m ol e c ul es  t o  d efi n e d  p orti o ns  of  a  s u bstr at e.  W e  vi e w 

d eli v er e d D N A as a n i nf or m ati o n -c arr yi n g d e vi c e; t his i nf or m ati o n c a n tr a nsl at e d i nt o t h e f or m of 

m ol e c ul es ot h er t h a n D N A t hr o u g h t h e us e of a pt a m ers 5 0 . I n t his c o nt e xt, R D pr o gr a ms r e pr es e nt 

s p ati all y i nt elli g e nt pr o c ess ors t h at c o ul d or c h estr at e c o m pl e x b e h a vi ors i n a gr o wi n g v ari et y of n e xt 

g e n er ati o n bi o m at eri als.  

A c k n o wl e d g e m e nt s  

T h e a ut h ors w o ul d li k e t o t h a n k P a ul R ot h e m u n d, G e or g S e eli g, J os h F er n, A b d ul M o h a m m e d, 

A n k ur V er m a, J o h n Z e n k, a n d t h e a n o n y m o us r ef er e es f or i nsi g htf ul r e a di n g a n d c o m m e nts. T his 

w or k w as s u p p ort e d b y N S F -C C F -1 1 6 1 9 4 1 a n d a gr a nt t o t h e T uri n g C e nt e n ar y Pr oj e ct b y t h e J o h n 

T e m pl et o n F o u n d ati o n.  
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4  |  S u p pl e m e nt ar y  I nf or m ati o n: 4  |  S u p pl e m e nt ar y  I nf or m ati o n: D e si g ni n g  M o d ul ar D e si g ni n g  M o d ul ar 
R e a cti o nR e a cti o n -- Diff u si o n  Pr o gr a m s  f or  C o m pl e x  P att er n Diff u si o n  Pr o gr a m s  f or  C o m pl e x  P att er n 

F or m ati o nF or m ati o n   
 

4. 1 |  M o d ul e D et ail s  

4. 1. 1  | S H A R P E N M o d ul e A h o m o g e n e o usl y pr o d u c e d t hr es h ol d s p e ci es T r a pi dl y r e a cts wit h a n 

i n p ut I, r e d u ci n g [I] t o z er o w h er e I is pr o d u c e d m or e sl o wl y t h a n T . A h o m o g e n e o usl y pr o d u c e d 

a m plifi c ati o n  s p e ci es A r e a cts  m or e  sl o wl y  wit h  e x c ess I l eft o v er  fr o m  t h e  t hr es h ol di n g  r e a cti o n, 

pr o d u ci n g O . T h e c o n c e ntr ati o n of O is st a bili z e d b y a d e gr a d ati o n r e a cti o n.  

B el o w  ar e  t h e P D Es t h at  g o v er n  h o w  s p e ci es  ar e  aff e ct e d  b y  t his  m o d ul e.  T h es e  ar e  o nl y  t h e 

t er ms  t h at  r es ult  fr o m  t h e  m o d ul e’s  i nt er a cti o n  wit h  e a c h  s p e ci es.  F or  s p e ci es  o n  t h e  m o d ul e’s 

i nt erf a c e  (i.e. i n p ut  a n d  o ut p ut  s p e ci es),  a d diti o n al  e xt er n al  t er ms  m a y  aff e ct  t h e  b e h a vi or  of  t h e 

s p e ci es, a n d m ust b e a d d e d t o t h es e e q u ati o ns i n c o nt e xt. S p e cifi c all y, w e d o n ot i n cl u d e pr o d u cti o n 

or d e gr a d ati o n r e a cti o ns o n t h e i n p ut si g n al P D Es , ass u mi n g t h at t h es e r e a cti o ns ar e h a n dl e d b y t h e 

u pstr e a m cir c uit.  

𝐷 [𝐶 ]( 𝑡 ,𝑥 ,𝑦 )

𝑘 𝐴
= 𝑡 ! ∇

! 𝑥 𝑦 ,𝐵 ,𝑡 − 𝑥 ! " # $ % ,! 𝑦 𝑘 ,𝐶 ,𝑡 𝑥 𝑦 ,𝐷 ,𝑦  

𝜕 [𝑇 ]( 𝑡 ,𝑥 ,𝑦 )

𝜕 𝑡
= 𝐷 ! ∇ ! 𝑇 𝑡 ,𝑥 ,𝑦 + 𝑘 ! " # $ ,! − 𝑘 ! " # $ % ! " ,! 𝑇 𝑡 ,𝑥 ,𝑦 − 𝑘 ! " # $ % ,! 𝐼 𝑡 ,𝑥 ,𝑦 𝑇 𝑡 ,𝑥 ,𝑦  

𝜕 [𝐴 ]( 𝑡 ,𝑥 ,𝑦 )

𝜕 𝑡
= 𝐷 ! ∇ ! 𝐴 𝑡 ,𝑥 ,𝑦 + 𝑘 ! " # $ ,! − 𝑘 ! " # $ % ! " ,! 𝐴 𝑡 ,𝑥 ,𝑦 − 𝑘 ! " # $ % ,! 𝐼 𝑡 ,𝑥 ,𝑦 𝐴 𝑡 ,𝑥 ,𝑦  

𝜕 [𝑂 ]( 𝑡 ,𝑥 ,𝑦 )

𝜕 𝑡
= 𝐷 ! ∇ ! 𝑂 𝑡 ,𝑥 ,𝑦 − 𝑘 ! " # $ % ! " ,! 𝑂 𝑡 ,𝑥 ,𝑦 + 𝑘 ! " # $ % ,! 𝐼 𝑡 ,𝑥 ,𝑦 𝐴 𝑡 ,𝑥 ,𝑦  

I niti al c o n diti o ns:  

𝑇 0 ,𝑥 ,𝑦 = 𝐴 0 ,𝑥 ,𝑦 = 𝑂 0 ,𝑥 ,𝑦 = 0  𝜇 𝑀  

M ai n T e xt Fi g. 3 a us es p eri o di c b o u n d ar y c o n diti o ns a n d a 2 4 ho ur si m ul ati o n ti m e. I n a d diti o n 
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t o  t h e P D Es d efi n e d  a b o v e,  t h e  f oll o wi n g  e q u ati o n  d et er mi n es  h o w  w e  m o d el e d  t h e  u pstr e a m 

b e h a vi or of t h e i n p ut si g n al I f or t h e s p e cifi c c o nt e xt i n M ai n T e xt Fi g. 3 a. T his e q u ati o n m ust b e 

a d d e d  t o g et h er  wit h  t h e  t er ms  t h at  d es cri b e  h o w  t h e  m o d ul e  aff e cts  t h e  i n p ut  si g n al  i n  or d er  t o 

m o d el t h e f ull b e h a vi or of t h e i n p ut si g n al i n M ai n T e xt Fi g. 3 a.  

𝐷 [𝐶 ]( 𝑡 ,𝑥 ,𝑦 )

𝑘 𝐴
= 𝑡 ! " # $ ,! 𝑥 𝑦 ,𝐵 ,𝑡 − 𝑥 ! " # $ % ! " ,! 𝑦 𝑘 ,𝐶 ,𝑡  

𝑥 0 ,𝑦 ,𝐷 = 0  𝑦 𝜕  

wit h  st ati c s o ur c e s p e ci es S g o v er n e d b y  

𝑇 [𝑡 ]( 𝑥 ,𝑦 ,𝜕 )

𝑡 𝐷
= 0  

𝑇 0 ,𝑡 ,𝑥 = 𝑦 !
! ! ! ! !

!  𝑘 𝑘  

Als o i n t his si m ul ati o n, k pro d, A  = α k degr a de, A a n d k pro d, T = τ  k degr a de, T , w h er e t h e t hr es h ol di n g 

s et  p oi nt τ= 0. 5 ,  a n d  t h e  a m plifi c ati o n  s et  p oi nt α = 1. All  ot h er  c y cli n g  ( i.e. pr o d u cti o n  a n d 

d e gr a d ati o n)  r e a cti o ns  us e k cycli ng= 0. 0 0 2 s
-1

. T hr es h ol di n g  r e a cti o n  r at e  c o nst a nts  ar e 

k t hres hol di ng= 2 0 M
-1 

s
-1

,  a n d  all  r e m ai ni n g  r e a cti o n  r at e  c o nst a nts  ar e  kr e a ct= 0. 2  M
-1 

s
-1

. T h e 

diff usi o n  c o effi ci e nt  f or  all  diff usi n g  s p e ci es  is D = 0. 0 0 0 1 5 0 m m
2 

s
-1

.  W e  s el e ct e d  all  of  t h e 

diff usi o n r at es us e d i n o ur si m ul ati o ns t o b e t h e s a m e or d er of m a g nit u d e as  e x p eri m e nt all y d eri v e d 

d at a fr o m t h e lit er at ur e
1, 2

.  

T h e  D N A  str a n d -dis pl a c e m e nt  n et w or k  o utli n e d  i n Fi g. 4. 1  i m pl e m e nts  t his  m o d ul e.  T his 

n et w or k  us es  1 1  i niti al  s p e ci es  c o m pl e x es,  c o nsisti n g  of  1 4  u ni q u e  str a n ds  of  D N A  (i n cl u di n g  t h e 

i n p ut str a n d).  
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Fi g ur e 4. 1.  S H A R P E N  M o d ul e tr a n sl at e d i nt o str a n d -di s pl a c e m e nt r e a cti o n s.  B o x es c o nt ai n d o m ai n -

l e v el  d efi niti o ns  of  e a c h  D N A  s p e ci es  i n v ol v e d  i n  t h e  r e a cti o n  n et w or k.  S p e ci es  t h at  ar e  d efi n e d  i n  t h e 

a bstr a ct  c h e mi c al  r e a cti o n  d efi niti o n  f or  t his  m o d ul e  h a v e  b ol d  li n e  w ei g hts  o n  t h eir  b o x es,  w hil e  all  ot h er 

s p e ci es  ar e  i nt er m e di at e  s p e ci es  n e c ess ar y  t o  e m ul at e  t h e  d esi g n e d  a bstr a ct  c h e mi c al  r e a cti o n.  Arr o ws 

c o n n e cti n g  t h e  i n v ol v e d  s p e ci es  r e pr es e nt  r e a cti o ns  b et w e e n  s p e ci es.  Bl a c k  arr o w h e a ds  d esi g n at e  f or w a r d 

r e a cti o ns, a n d w hit e arr o w h e a ds d esi g n at e r e v ers e r e a cti o ns.  

4. 1. 2  | C O P Y M o d ul e  A n i n p ut s p e ci es I c at al y z es t h e pr o d u cti o n of a n o ut p ut s p e ci es O . T h e 

i n p ut  s p e ci es  is  n ot  pr o d u c e d,  c o ns u m e d,  or  si g nifi c a ntl y  aff e ct e d  b y  t his  m o d ul e.  T o  pr o d u c e  a 

sta bl e st e a d y st at e, O als o is d e gr a d e d.  

P D Es t h at g o v er n h o w s p e ci es ar e aff e ct e d b y t his m o d ul e:  

t 21

O ut p ut

t 10

I n p ut

t 5

pr o m ot or

1

W a st e

t* 5* t* 1*

1t5

T hr e s h ol d (i n a cti v e)

t* 5* t* 1*

1t 5

T hr e s h ol d ( a cti v e)

t* 5* t* 1*

t 5 t 1

0

W a st e

t* 3* t* 1* t*

t3 t 41

W a st e

t* 3* t* 1* t*

t 41t 3

W a st e

t* 3* t* 1* t*

t 3 t 1

0

A m plifi er (r e a ct e d)

t5

i n hi bit or

t* 3* t* 1* t*

t 21t 3

A m plifi er ( a cti v e)

t* 3* t* 1* t*

t3 t 21

A m plifi er (i n a cti v e)

t3

i n hi bit or

t 3

pr o m ot er

t 41

F u el

t 4

pr o m ot er

t4

i n hi bit or

t* 4* t* 2*

2t 4

D e c a y ( a cti v e)
2

W a st e

t* 4* t* 2*

t 4 t 2

1

W a st e

t* 4* t* 2*

2t4

D e c a y (i n a cti v e)
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𝐷 [𝐶 ]( 𝑡 ,𝑥 ,𝑦 )

𝑘 𝐴
= 𝑡 ! ∇ ! 𝑥 𝑦 ,𝐵 ,𝑡 + 𝑥 ! " # $ ,! 𝑦 𝑘 ,𝐶 ,𝑡 − 𝑥 ! " # $ % ! " ,! 𝑦 𝐷 ,𝑦 ,𝜕  

I niti al co n ditio ns:  

𝑇 0 ,𝑡 ,𝑥 = 0  𝑦 𝜕  

T h e  pr o d u cti o n  a n d  d e gr a d ati o n  r at es  of O ar e  e q u al,  s o  if  t h e  ti m e  s c al e  of  diff usi o n  is 

s uffi ci e ntl y  sl o w er  t h a n  t h e  ti m e  s c al e  of  t h e  r e a cti o n  ki n eti cs,  t h e  e q u ati o n  g o v er ni n g [ O] is  w ell 

a p pr o xi m at e d b y  

𝑡 [𝐷 ]( 𝑇 ,𝑡 ,𝑥 )

𝑦 𝑘
≈ 𝑘 ! " !#$ % & ,! 𝑇 𝑡 ,𝑥 ,𝑦 − 𝑘 𝐼 ,𝑡 ,𝑥

 

a n d  at  st e a d y st at e, [ O](t, x,y) =[I](t, x,y). M ai n  T e xt  Fi g.  3 b  us es  p eri o di c  b o u n d ar y  c o n diti o ns,  a 2 4 

h o ur si m ul ati o n ti m e, a n d  

𝑦 𝑇 ,𝑡 ,𝑥 = 𝑦 !
! ! ! ! !

!  𝜕 𝐴  

wit h  r e a cti o n  r at e c o nst a nts k pro d, O =  0. 0 0 2 s
-1 

a n d k degr a de, O =  0. 0 0 2 s
-1

,  a n d  diff usi o n 

c o effi ci e nts D I= D O = 0. 0 0 0 1 5 0 m m
2 

s
-1

.  

T h e  D N A  str a n d -di s pl a c e m e nt  n et w or k  o utli n e d  i n Fi g. 4. 2  i m pl e m e nts  t his  m o d ul e.  T his 

n et w or k us es 6 i niti al s p e ci es c o m pl e x es, c o nsisti n g of 8 u ni q u e str a n ds of D N A (i n cl u di n g t h e i n p ut 

str a n d).  

 

t* 1* t*

t 21

Pr o d u cti o n

t 31

F u elt* 1* t*

t 31

W a st e

t 4

pr o m ot er

t4

i n hi bit or

t* 1* t*

t 10

t 21

O ut p ut

t* 4* t* 2*

2t 4

D e c a y ( a cti v e)

2

W a st e

t* 4* t* 2*

t 4 t 2

1

W a st e

t* 4* t* 2*

2t4

D e c a y (i n a cti v e)

t 10

I n p ut
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Fi g ur e 4. 2.  C O P Y M o d ul e  tr a n sl at e d i nt o str a n d-di s pl a c e m e nt r e a cti o n s.  

4. 1. 3  | A N D M o d ul e . T h e P D Es t h at g o v er n h o w s p e ci es ar e aff e ct e d b y t his m o d ul e ar e:  

𝐷 [𝐶! ]( 𝑡 ,𝑥 ,𝑦 )

𝑘 𝐴
= 𝑡 !! ∇ ! 𝑥! 𝑦 ,𝐵 ,𝑡 − 𝑥 ! " # $ % ,! 𝑦! 𝑘 ,𝐶 ,𝑡 [𝑥 ] 𝑦 ,𝐷 ,𝑦  

𝜕 [𝑇! ]( 𝑡 ,𝑥 ,𝑦 )

𝜕 𝑡
= 𝐷 !! ∇ ! 𝑇! 𝑡 ,𝑥 ,𝑦 − 𝑘 ! " # $ % ,! 𝑘! 𝑇 ,𝑡 ,𝑥 [𝑦 ] 𝑘 ,𝐼 ,𝑡  

𝑥 [𝑦 ]( 𝑇 ,𝑡 ,𝑥 )

𝑦 𝜕
= 𝐴 ! ∇ ! 𝑡 𝑥 ,𝑦 ,𝜕 + 𝑡 ! " # $ ,! − 𝐷 ! " # $ % ! " ,! 𝐴 𝑡 ,𝑥 ,𝑦 − 𝑘 ! " # $ % ,! 𝑘! 𝐴 ,𝑡 ,𝑥 [𝑦 ] 𝑘 ,𝐼 ,𝑡

− 𝑥 ! " # $ % ,! 𝑦! 𝐴 ,𝑡 ,𝑥 [𝑦 ] 𝜕 ,𝑂 ,𝑡  

𝑥 [𝑦 ]( 𝜕 ,𝑡 ,𝐷 )

𝑂 𝑡
= 𝑥 ! ∇ ! 𝑦 𝑘 ,𝑂 ,𝑡 − 𝑥 ! " # $ % ! " ,! 𝑦 𝑘 ,𝐼 ,𝑡 + 𝑥 ! " # $ % ,! 𝑦! 𝐴 ,𝑡 ,𝑥 𝑦 𝑇 ,𝑥 ,𝑦

+ 𝐴 ! " # $ % ,! 𝑥! 𝑦 ,𝑂 ,𝑥 [𝑦 ] 𝜇 ,𝑀 ,𝑦  

I niti al c o n diti o ns: 𝑀 0 ,𝑥 ,𝑦 = 𝑁 0 ,𝑥 ,𝑦 = 0  𝜇 𝑀  

S u m m e d s p e ci es N is t h e n p ass e d t hr o u g h a S H A R P E N m o d ul e wit h t hr es h ol d c o n c e ntr ati o n τ  =  

1. 3 a n d a m plif y c o n c e ntr ati o n α  = 1 . 

M ai n T e xt Fi g. 3 c us es p eri o di c b o u n d ar y c o n diti o ns, a 2 4 h o ur si m ul ati o n ti m e, a n d  

𝜕 [𝐼! ]( 𝑡 ,𝑥 ,𝑦 )

𝜕 𝑡
= 𝑘 ! " # $ ,! 𝑆 ! 𝑡 ,𝑥 ,𝑦 − 𝑘 ! " # $ % ! " ,! 𝐼! 𝑡 ,𝑥 ,𝑦  

𝜕 [𝐼! ]( 𝑡 ,𝑥 ,𝑦 )

𝜕 𝑡
= 𝑘 ! " # $ ,! 𝑆 ! 𝑡 ,𝑥 ,𝑦 − 𝑘 ! " # $ % ! " ,! 𝐼! 𝑡 ,𝑥 ,𝑦  

st arti n g fr o m 𝐼! 0 ,𝑥 ,𝑦 = 𝐼! 0 ,𝑥 ,𝑦 = 0  𝜇 𝑀 , wit h s o ur c e s p e ci es S1 a n d S 2 g o v er n e d b y  

𝜕 [𝑆 ! ]( 𝑡 ,𝑥 ,𝑦 )

𝜕 𝑡
=

𝜕 [𝑆 ! ]( 𝑡 ,𝑥 ,𝑦 )

𝜕 𝑡
= 0  

𝑆 ! 0 ,𝑥 ,𝑦 =
1  𝜇 𝑀 , 𝑖 𝑓 𝑥 + 1 .5 ! + 𝑦 ! < 3 !

0  𝜇 𝑀 , 𝑜 𝑡 ℎ 𝑒 𝑟 𝑤𝑖 𝑠 𝑒 .
 

𝑆 ! 0 ,𝑥 ,𝑦 =
1  𝜇 𝑀 , 𝑖 𝑓 𝑥 − 1 .5 ! + 𝑦 ! < 3 !

0  𝜇 𝑀 , 𝑜 𝑡 ℎ 𝑒 𝑟 𝑤𝑖 𝑠 𝑒 .
 

Als o i n t his si m ul ati o n k pr o d, M = 2 β k d e gr a d e, M , w h er e t h e s et p oi nt β  = 1. All ot h er c y cli n g 

(i. e.  pr o du cti o n  a n d  d e gr a d ati o n)  r e a cti o ns  us e  k c y cli n g = 0. 0 0 2  s
-1

.  T hr es h ol di n g  r e a cti o n  r at e 
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c o nst a nts ar e k t hr es h ol di n g= 2 0 M
- 1

s
-1

, a n d all r e m ai ni n g r e a cti o n r at e c o nst a nts ar e kr e a ct= 0. 2 M
-

1 
s
-1

. T h e diff usi o n c o effi ci e nt f or all diff usi n g s p e ci es is D = 0. 0 0 0 1 5 0 m m
2 

s
-1

.  

T h e  D N A  str a n d -dis pl a c e m e nt  n et w or k  o utli n e d i n Fi g. 4. 3  i m pl e m e nts  t his  m o d ul e.  T his 

n et w or k  us es  1 4  i niti al  s p e ci es  c o m pl e x es,  c o nsisti n g  of  1 9  u ni q u e  str a n ds  of  D N A  (i n cl u di n g  t h e 

i n p ut str a n d).  

 

Fi g ur e 4. 3.  A N D  M o d ul e  tr a n sl at e d i nt o str a nd -di s pl a c e m e nt r e a cti o n s.  

4. 1. 4  | N O T M o d ul e . T h e P D Es t h at g o v er n h o w s p e ci es ar e aff e ct e d b y t his m o d ul e:  

𝐷 [𝐶 ]( 𝑡 ,𝑥 ,𝑦 )

𝑘 𝐴
= 𝑡 ! ∇

! 𝑥 𝑦 ,𝐵 ,𝑡 − 𝑥 ! " # $ % 𝑦 𝑘 ,𝐶 ,𝑡 [𝑥 ] 𝑦 ,𝐷 ,𝑦  

𝜕 [𝑇 ]( 𝑡 ,𝑥 ,𝑦 )

𝜕 𝑡
= 𝐷 ! ∇ ! 𝑇 𝑡 ,𝑥 ,𝑦 + 𝑘 ! " # $ ,! − 𝑘 ! " # $ % ! " ,! 𝑇 𝑡 ,𝑥 ,𝑦 − 𝑘 ! " # $ % 𝐼 𝑡 ,𝑥 ,𝑦 [𝑇 ] 𝑡 ,𝑥 ,𝑦  

I niti al c o n diti o ns: 𝜕 0 ,𝐴 ,𝑡 = 0  𝑥 𝑦  

M ai n T e xt Fi g. 3 d us es p eri o di c b o u n d ar y c o n diti o ns, a 2 4 h o ur si m ul ati o n ti m e, a n d  

t* 1* t*

t 21

S u m m ati o n 1

t 10

I n p ut 1

t* 1* t*

t 10

W a st e

t 21

O ut p ut 1

t* 1* t*

t 21

S u m m ati o n 1

t 10

I n p ut 1

t* 1* t*

t 10

W a st e

t 21

O ut p ut 1

I n p ut t o S H A R P E N
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𝐷 [𝐶 ]( 𝑡 ,𝑥 ,𝑦 )

𝑘 𝐴
= 𝑡 ! " ! " ,! 𝑥 𝑦 ,𝐵 ,𝑡 − 𝑥 ! " # $ % ! " ,! 𝑦 𝑘 ,𝐶 ,𝑡  

st arti n g fr o m 𝑥 0 ,𝑦 ,𝐷 = 0  𝑦 𝜕  wit h s o ur c e s p e ci es S g o v er n e d b y  

𝑇 [𝑡 ]( 𝑥 ,𝑦 ,𝜕 )

𝑡 𝐷
= 0  

𝑇 0 ,𝑡 ,𝑥 =
1  𝑦 𝑘 , 𝑘 𝑇 𝑡 ! + 𝑥 ! < 4 !

0  𝑦 𝑘 , 𝐼 𝑡 ℎ 𝑥 𝑦 𝑇𝑡 𝑥 𝑦 .
 

Als o i n t his si m ul ati o n k pr o d, O = α  k d e gr a d e, O , w h er e α  = 1. All ot h er c y cli n g (i. e. pr o d u cti o n 

a n d  d e gr a d ati o n)  r e a cti o ns  us e  k c y cli n g = 0. 0 0 2  s
-1

.  T hr es h ol di n g  r e a cti o n  r at e  c o nst a nts  ar e 

k t hr es h ol di n g= 2 0 M
-1 

s
-1

, a n d t h e i n v ersi o n r e a cti o n r at e c o nst a nt b et w e e n I a n d O is kr e act = 0. 2 

M
- 1

s
-1

. T h e diff usi o n c o effi ci e nt f or all diff usi n g s p e ci es is D = 0. 0 0 0 1 5 0 m m
2 

s
-1

.  

T h e  D N A  str a n d -dis pl a c e m e nt  n et w or k  o utli n e d  i n  Fi g. 4. 4  i m p l e m e nts  t his  m o d ul e.  T his 

n et w or k  us es  8  i niti al  s p e ci es  c o m pl e x es,  c o nsisti n g  of  1 2  u ni q u e  str a n ds  of  D N A  (i n cl u di n g  t h e 

i n p ut str a n d).  
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Fi g ur e 4. 4.  N O T M o d ul e tr a n sl at e d i nt o str a n d -di s pl a c e m e nt r e a cti o n s.   

4. 1. 5  | B L U R M o d ul e . I n p ut s p e ci es I c at al y z es t h e pr o d u cti o n of a n o ut p ut s p e ci es O . T h e i n p ut 

s p e ci es  is  n ot  pr o d u c e d,  c o ns u m e d,  or  ot h er wis e  aff e ct e d  b y  t his  m o d ul e. O diff us es  a w a y  fr o m 

l o c ati o ns  w h er e  it  is  pr o d u c e d,  a n d  is  d e gr a d e d  t o  pr o d u c e  a  bl urr e d  c o p y  of  t h e  i n p ut  p att er  at 

st e a d y-st at e c o n c e ntr ati o n.  

P D Es t h at gover n ho w s pecies are affecte d by t his mo d ule:  

𝐷 [𝐶 ]( 𝑡 ,𝑥 ,𝑦 )

𝑘 𝐴
= 𝑡 ! ∇ ! 𝑥 𝑦 ,𝐵 ,𝑡 + 𝑥 ! " # $ ,! 𝑦 𝑘 ,𝐶 ,𝑡 − 𝑥 ! " # $ % ! " ,! 𝑦 𝐷 ,𝑦 ,𝜕  

I niti al co n ditio ns: 𝑇 0 ,𝑡 ,𝑥 = 0  𝑦 𝜕  

If t h e i n p ut p att er n is a si n gl e r ef er e n c e p oi nt of hi g h c o n c e ntr ati o n I, c e nt er e d at ( x0 , y0 ) wit h 

r a di us r, w h er e  

t 1

C at al y st

t* 1* t*

t 21

Pr o d u cti o n

t 31

F u elt* 1* t*

t 31

W a st e

t 4

pr o m ot er

t4

i n hi bit or

t* 1* t*

t 1

t 21

O ut p ut

t* 4* t* 2*

2t 4

D e c a y ( a cti v e)

2

W a st e

t* 4* t* 2*

t 4 t 2
1

W a st e

t* 4* t* 2*

2t4

D e c a y (i n a cti v e)

t* 6* t* 2*

2t6

I n v er si o n (i n a cti v e)

t* 6* t* 2*

2t 65

I n v er si o n ( a cti v e)

t6

i n hi bit or

t 65

I n p ut

t* 6* t* 2*

t 2

1

t 65

I n v er si o n (r e a ct e d)

2

W a st e
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𝐷 0 ,𝐶 ,𝑡 =
1  𝑥 𝑦 , 𝑘 𝐴 𝑡 − 𝑥 !

! + 𝑦 − 𝐵 !
! < 𝑡 !

0  𝑥 𝑦 , 𝑘 𝐶 ℎ 𝑡 𝑥 𝑦𝐷 𝑦 𝜕 .
 

t h e n t h e r es ulti n g o ut p ut p att er n is a gr a di e nt w h er e [ O] dr o ps off m o n ot o ni c all y wit h r a di al dist a n c e 

fr o m t h e fi x e d r ef er e n c e p oi nt.  

M ai n T e xt Fi g. 3 e us es p e ri o dic b o u n d ar y c o n diti o ns, a 2 4 h o ur si m ul ati o n ti m e, r = 0. 5 m m, x 0 

=  0 m m, y0 =  0 m m,  r e a cti o n  r at e  c o nst a nts k pro d, O =  1 s
-1 

a n d k degr a de, O =  0. 0 0 1 s
-1

,  a n d 

diff usi o n c o effi ci e nt D O = 0. 0 0 0 1 0 0 m m
2 

s
-1

.  

 

Fi g ur e 4. 5.  B L U R m o d ul e p ar a m et er s p a c e.  F or t h e B L U R m o d ul e si m ul ati o n  i n t h e M ai n T e xt Fi g. 3 e: 

B y  h ol di n g k pro d, O = 1 s-1 a n d  t u ni n g  t h e  v al u es  of k degr a d, O a n d D O ,  a  di v ers e  r a n g e  of  o ut p ut  si g n al 

a m plit u d es a a n d h alf -a m plit u d e r a dii r ar e pr o d u c e d.  

T h e  D N A  str a n d -dis p l a c e m e nt  n et w or k  o utli n e d  i n Fi g. 4 .6  i m pl e m e nts  t his  m o d ul e.  T his 

n et w or k us es 6 i niti al s p e ci es c o m pl e x es, c o nsisti n g of 8 u ni q u e str a n ds of D N A (i n cl u di n g t h e i n p ut 

str a n d).  

r = 0. 1 2 5 m m

r = 0. 1 0 0 m m

r = 0. 0 7 5 m m

r = 0. 0 5 0 m m

a = 0. 1 μ M

a = 1 μ M

D 0

[ m m/s ]

k d e c a y, O

[ s  ]- 1

2
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Fi g ur e 4. 6.  B L U R M o d ul e tr a n sl at e d i nt o str a n d -di s pl a c e m e nt r e a cti o n s.   

4. 2 |  Pr o gr a m D et ail s ! 

4. 2. 1  | Fr e n c h F l a g Pr o gr a m. T h e si m ul ati o ns f or t h e Fr e n c h fl a g pr o gr a m ( M ai n T e xt S e cti o n 

3. 1) w er e si m ul at e d o v er 2 4 h o urs o n 𝐷 : 0, 1 0 m m wit h r efl e cti v e b o u n d ar y c o n diti o ns. T h e i n p ut 

p att er n I f or t his pr o gr a m is a li n e ar gr a di e nt,  

𝐶 0 ,𝑡 =
𝑥

1 0
 𝑦 𝑘  

C y cli n g (i.e. pr o d u cti o n a n d d e gr a d ati o n) r e a cti o ns us e k cycli ng= 0. 0 0 2 s
-1

. T hr es h ol di n g r e a cti o n 

r at e c o nst a nts ar e k t hres hol di ng= 2 0 M
-1 

s
-1

, a n d all ot h er r e a cti o n r at e c o nst a nts ar e s et t o kr e a ct = 

0. 2 M
-1 

s
- 1

. T h e diff usi o n c o effi ci e nt f or all diff usi n g s p e ci es is D = 0. 0 0 0 1 5 0 m m
2 

s
-1

.  

T h e  t hr es h ol d  c o n c e ntr ati o n τ =  0. 6 6 7 f or  t h e  hi g h  c o n c e ntr ati o n S H A R P E N m o d ul e  t h at 

pr o d u c es  s p e ci es S 1 .  T h e  t hr es h ol d  c o n c e ntr ati o n τ =  0. 3 3 3 f or  t h e m e di u m  c o n c e ntr ati o n 

S H A R P E N m o d ul e t h at pr o d u c es s p e ci es S 2 . All “ o n ” r ef er e n c e c o n c e ntr ati o n p ar a m et ers (α , β ) ar e 

s et t o 1 M.  

O n e w a y t o m e as ur e t h e c o m pl e xit y of a pr o gr a m is t o c o u nt t h e n u m b er of D N A str a n ds or 

t 1

I n p ut

t* 1* t*

t 21

Pr o d u cti o n

t 31

F u elt* 1* t*

t 31

W a st e

t 4

pr o m ot er

t4

i n hi bit or

t* 1* t*

t 1

t 21

O ut p ut

t* 4* t* 2*

2t 4

D e c a y ( a cti v e)

2

W a st e

t* 4* t* 2*

t 4 t 2
1

W a st e

t* 4* t* 2*

2t4

D e c a y (i n a cti v e)
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i niti al c o m pl e x es it r e q uir es f or i m pl e m e nt ati o n. T h e Fr e n c h fl a g pr o gr a m us es o n e i n p ut s p e ci es ( 1 

str a n d or 1 c o m pl e x), si x C O P Y m o d ul es ( 6 str a n ds or 8 c o m pl e x es e a c h) , t w o S H A R P E N m o d ul es 

( 1 1 str a n ds or 1 4 c o m pl e x es e a c h), t w o N O T g at es ( 8 str a n ds or 1 2 c o m pl e x es), a n d a n A N D g at e 

( 1 4 str a n ds or 1 9 c o m pl e x es e a c h), h o w e v er w e n e e d t o s u btr a ct t h e i n p ut s p e ci es ( 1 f or t h e C O P Y , 

1  f or  t h e S H A R P E N ,  1  f or  t h e N O T ,  a n d  2  f or  t h e A N D )  si n c e  t h e y  ar e  alr e a d y  c o u nt e d  as  t h e 

o ut p ut of t h e u pstr e a m m o d ul e. T his r es ults i n a c o u nt of 7 7 i niti al c o m pl e x es or 1 0 8 c o m p o n e nt 

D N A str a n ds f or t h e Fr e n c h fl a g pr o gr a m.  

4. 2. 2  | Sti c k Fi g ur e Pr o gr a m . T h e si m ul ati o ns f or t h e sti c k fi g ur e p r o gr a m ( M ai n T e xt S e cti o n 

3. 2)  w er e  si m ul at e d  o v er  2 4  h o urs  o n 𝐷 : − 1 0, 1 0  m m , 𝐶 : − 1 0,  1 0  m m wit h  r efl e cti v e  b o u n d ar y 

c o n diti o ns. S H A R P E N m o d ul es us e d pr o d u cti o n r at e c o nst a nt k pro d, S H A R P E N = 0. 2 / 3 0 0 s
-1 

a n d 

k degr a de, S H A R P E N = 0. 2 / 5 0 0 0 s
-1

. All ot h er c y cli n g (i.e. pr o d u cti o n a n d d e gr a d ati o n) r e a cti o ns us e 

k cycli ng= 0. 0 0 2 s
-1

. T hr es h ol di n g  r e a cti o n  r at e  c o nst a nts  ar e k t hres hol di ng= 2 0 M
-1 

s
-1

,  a n d  all  ot h er 

r e a cti o n  r at e  c o nst a nts  ar e  s et  t o  kr e a ct= 0. 2  M
-1 

s
-1

. T h e  diff usi o n  c o effi ci e nt  f or  all  diff usi n g 

s p e ci es is D = 0. 0 0 0 1 5 0 m m
2 

s
-1

.  

T h e i n p uts f or t his si m ul ati o n w er e f o u r p oi nts wit h r a di us r = 0. 5 m m, of t o p, b ott o m, l eft or 

ri g ht i n p ut s p e ci es at [s pecies]  =  1 M. T h es e p oi nts w er e l o c at e d 4 m m a w a y fr o m t h e ori gi n i n t h e 

p ositi v e -x,  n e g ati v e -x,  n e g ati v e -y  a n d  p ositi v e -y  dir e cti o ns,  r es p e cti v el y.  T h e  r ef er e n c e  t hr es h ol d 

c o n c e ntr ati o ns  f or  t h e S H A R P E N m o d ul es  ar e  as  f oll o ws  (t h es e  ar e  t h e  r es ult  of  fr a cti o n al 

a p pr o xi m ati o ns a n d d o n ot r e q uir e t his l e v el of pr e cisi o n):  

T o p cir cl e us e d f or h e a d p att er ni n g : τ = 0. 3 4 6 5 2 5    

T o p cir cl e us e d f or ar ms p att er ni n g : τ = 0. 0 7 0 4 9 7 4   
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B ott o m cir cl e us e d f or ar ms p att er ni n g : τ = 0. 0 0 7 4 6 5 1 3   

L eft a n d ri g ht cir cl es us e d f or t ors o a n d l e gs p att er ni n g : τ = 0. 0 2 9 6 5 7 2   

B ott o m cir cl e us e d f or l e gs p att er ni n g : τ = 0. 1 8 3 4 6 9   

All “ o n ” r ef er e n c e c o n c e ntr ati o n p ar a m et ers (α , β ) ar e s et t o 1 M. T h e sti c k fi g ur e pr o gr a m us es 

f o ur i n p ut s p e ci es ( 1 str a n d or 1 c o m pl e x e a c h), f o ur B L U R  m o d ul es ( 6 str a n ds / 8 c o m pl e x es e a c h), 

ni n e C O P Y m o d ul es ( 6 str a n ds or 8 c o m pl e x es e a c h), ni n e S H A R P E N ( 1 1 str a n ds or 1 4 c o m pl e x es 

e a c h),  a n d  f o ur A N D g at e  ( 1 4  str a n ds  or  1 9  c o m pl e x es  e a c h).  S u btr a cti n g  t h e  i n p uts  ( 2 

str a n ds /s p e ci es f or t h e A N D m o d ul e a n d 1 str a n d /s p e ci es f or all ot h er m o d ul es), t his r es ults i n a 

c o u nt of 2 0 7 i niti al c o m pl e x es or 2 8 0 c o m p o n e nt D N A str a n ds f or t h e sti c k fi g ur e pr o gr a m.  

R ef er e n c e s  

1. L u k a cs , G. L., H a g gi e, P., S e ks e k, O., L e c h ar d e ur, D., Fr e e d m a n, N., V er k m a n, A S, Si z e-d e p e n d e nt D N A m o bilit y i n 
c yt o pl as m a n d n u cl e us, J o ur n al of Bi ol o gi c al C h e mistr y 2 7 5, 1 6 2 5 ( 2 0 0 0).  
2. St ell w a g e n, E., L u, Y., a n d St ell w a g e n, N. C., U nifi e d d es cri pti o n of el e ctr o p h or esis a n d diff usi o n f or D N A a n d ot h er 
p ol yi o ns, Bi o c h e mistr y, 4 2, 1 1 7 4 5 ( 2 0 0 3).   
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5  | 5  | E m ul ati n g  C ell ul ar  A ut o m at a  i n  C h e mi c al E m ul ati n g  C ell ul ar  A ut o m at a  i n  C h e mi c al 
R e a cti o nR e a cti o n -- Diff u si o n N et w or k sDiff u si o n N et w or k s   

 

S u m m ar y.  C h e mi c al  r e a cti o ns  a n d  diff usi o n  c a n  pr o d u c e  a  wi d e  v ari et y  of  st ati c  or  tr a nsi e nt 

s pati al  p att er ns  i n  t h e  c o n c e ntr ati o ns  of  c h e mi c al  s p e ci es.  Littl e  is  k n o w n,  h o w e v er,  a b o ut  w h at 

d y n a mi c al  p att er ns  of  c o n c e ntr ati o ns  c a n  b e  r eli a bl y  pr o gr a m m e d  i nt o  s u c h  r e a cti o n -diff usi o n 

s yst e ms.  H er e  w e  s h o w  t h at  gi v e n  si m pl e,  p eri o di c  i n p uts,  c h e mi c al  r e a cti o ns  a n d  diff usi o n  c a n 

r eli a bl y  e m ul at e  t h e  d y n a mi cs  of  a  d et er mi nisti c  c ell ul ar  a ut o mat o n,  a n d  c a n  t h er ef or e  b e 

pr o gr a m m e d  t o  pr o d u c e  a  wi d e  r a n g e  of  c o m pl e x,  dis cr et e  d y n a mi cs.  W e  d es cri b e  a  m o d ul ar 

r e a cti o n-diff usi o n  pr o gr a m  t h at  or c h estr at es  e a c h  o f  t h e  f u n d a m e nt al  o p er ati o ns  of  a  c ell ul ar 

a ut o m at o n: st or a g e of c ell st at e, c o m m u ni c ati o n b et w e e n n ei g h b ori n g c ells, a n d c al c ul ati o n of c ells’ 

s u bs e q u e nt  st at es.  St arti n g  fr o m  a  p att er n  t h at  e n c o d es  a n  a ut o m at o n’s  i niti al  st at e,  t h e 

c o n c e ntr ati o n of a “st at e ” s p e ci es e v ol v es i n s p a c e a n d ti m e a c c or di n g t o t h e a ut o m at o n’s s p e cifi e d 

r ul es.  T o  s h o w  t h at  t h e  r e a cti o n-diff usi o n  pr o gr a m  w e  d es cri b e  pr o d u c es  t h e  t ar g et  d y n a mi cs,  w e 

si m ul at e  t h e  r e a cti o n-diff usi o n  n et w or k  f or  t w o  si m pl e  1 -di m e nsi o n al  c ell ul ar  a ut o m at a  usi n g 

c o u pl e d p arti al diff er e nti al e q u ati o ns. R e a cti o n -diff usi o n b as e d c ell ul ar a ut o m at a c o ul d p ot e nti all y b e 

b uilt  i n  vitr o  usi n g  n et w or ks  of  D N A  m ol e c ul es  t h at  i nt er a ct  vi a  br a n c h  mi gr ati o n  pr o c ess es  a n d 

c o ul d  i n  pri n ci pl e  p erf or m  u ni v ers al  c o m p ut at i o n,  st ori n g  t h eir  st at e  as  a  p att er n  of  m ol e c ul ar 

c o n c e ntr ati o ns,  or  d eli v er  s p ati ot e m p or al  i nstr u cti o ns  e n c o d e d  i n  c o n c e ntr ati o ns  t o  dir e ct  t h e 

b e h a vi or of i nt elli g e nt m at eri als.  

5. 1  | I ntr o d u cti o n 

A  f u n d a m e nt al  q u esti o n  i n  m at eri als  d esi g n  is  h o w  w e  mi g ht  pr o gr a m  m at eri als  t o  s e ns e  a n d 

r es p o n d t o d y n a mi c si g n als a cr oss ti m e a n d s p a c e. Bi ol o gi c al m at eri als r o uti n el y e x hi bit t his c a p a cit y, 
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as c ells a n d tiss u es s e ns e a n d r es p o n d t o a c o m pl e x arr a y of s p ati al a n d t e m p or al c u es. F or e x a m pl e, 

d uri n g c h e m ot a xis , m a n y c ells ca n d et e ct gr a di e nts of c h e m o at tr a ct a nts a n d m o v e i n t h e dir e cti o n of 

i n cr e asi n g  c h e m o attr a ct a nt  c o n c e ntr ati o n. I n  a  m e c h a nis m  li k e  c h e m ot a xis 1 6, 1 1, 2 ,  c ells  us e 

s p ati ot e m p or al c h e mi c al r e a cti o n n et w or ks t o pr o c ess i nf or m ati o n c oll e ct e d b y dist ri b ut e d c h e mi c al 

s e ns ors t o d e ci d e o n a n d e x e c ut e r es p o ns es t o c h a n gi n g e n vir o n m e nt al c o n diti o ns. I n t his p a p er w e 

dis c uss  t h e  d esi g n  of  a n al o g o us  s y nt h eti c  c h e mi c al  r e a cti o n  n et w or ks  t h at  h a v e  r o b ust, 

pr o gr a m m a bl e  s p a ti ot e m p or al  d y n a mi cs.  T h e  a bilit y  t o  en gi n e er  s u c h  s yst e ms  c o ul d  h a v e  wi d e -

r a n gi n g a p pli c ati o ns f or t h e d esi g n of s m art, r es p o nsi v e, pr o gr a m m a bl e m at eri als.  

T o d esi g n a g e n eri c s et of m e c h a nis ms t h at c a n pr o c ess a wi d e r a n g e of i n p ut si g n als a n d i n v o k e 

a  wi d e  r a n g e  of  r es p o ns es,  w e  c o nsi d er  a fr a m e w or k  f or  distri b ut e d  s p ati al  c o m p ut ati o n  t h at  h as 

b e e n st u di e d e xt e nsi v el y –  t h e c ell ul ar a ut o m at o n ( Fi g. 1). A c ell ul ar a ut o m at o n ( C A) is a m o d el of 

c o m p ut ati o n c o nsisti n g of a r e ct a n g ul ar l atti c e of d o m ai ns, or ‘ c ells’. At a gi v e n ti m e a c ell c a n b e  i n 

o n e of a fi nit e n u m b er of st at es, s u c h as a n o n or off. I n a s y n c hr o n o us C A, c ells u p d at e t h eir st at e 

o n c e p er ti m e st e p b as e d o n t h eir c urr e nt st at e a n d t h e c urr e nt st at es of a fi nit e s et of n e ar b y c ells. 

Alt h o u g h e a c h c ell u p d at e is r el ati v el y si m pl e , gr o u ps of c ells c a n t o g et h er p erf or m el a b or at e s p ati al 

c o m p ut ati o n.  C A  c a n  e x e c ut e  a n y  c o m p ut a bl e  al g orit h m,  a  tr ait k n o w n  as  u ni v ers al 

c o m p ut ati o n 9, 1 0, 7, 1 7 .  S p e cifi c  a ut o m at a  als o  e xist  t h at  c a n  pr o gra m m a bl y  c o nstr u ct  a n y  str u ct ur e 1 9, 6 , 

s elf-r e pli cat e 1 9 , 6, 1 2, m ut at e a n d e v ol v e2 5 . 
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Fi g ur e  5. 1 . A c ell ul ar a ut o m at o n  c o nsists of a l atti c e of c ells. At a gi v e n ti m e, e a c h c ell is i n o n e of a fi nit e 

n u m b er of st at es, s h o w n b y c ol or ( bl u e or w hit e). C ell st at es c h a n g e o v er ti m e as t h e r es ult of t h e a p pli c ati o n  

of l o c al r ul es - fi nit e f u n cti o ns t h at t a k e as i n p uts t h e st at es of t h e c urr e nt c ell a n d a fi nit e s et of n ei g h b ors 

a n d pr o d u c e t h e c ells’ n e w st at e as o ut p ut. H er e w e c o nsi d er a 1 -di m e nsi o n al a ut o m at o n w h er e e a c h c ell is 

eit h er o n or off, a n d w h er e u p d at e  r ul es t a k e t h e c ell’s o w n st at e a n d t h os e of its l eft a n d ri g ht n ei g h b ors as 

i n p uts. ( a) A n e x a m pl e r ul e s et. ( b) E x a m pl e d y n a mi cs f or t h e r ul e s et i n ( a). ( c) S c h e m ati c of t h e c h e mi c al 

r e a cti o n-diff usi o n  c ell ul ar  a ut o m at o n  d es cri b e d  i n  t his  p a p er.  A  1 -di m e nsi o n al  c h a n n el  c o nt ai ns  c ells 

s e p ar at e d  b y  s p a c ers.  T h e  st at e  i n  e a c h  c ell  is  e n c o d e d  b y  eit h er  a  hi g h  or  l o w  c o n c e ntr ati o n  of  a  ‘st at e’ 

s p e ci es  wit hi n  t h at  c ell.  S p a c ers  b et w e e n  c ells,  w hi c h  d o  n ot  c o nt ai n  a n y  st at e  i nf or m ati o n,  ar e  s h o w n  i n 

bl a c k.  D ur i n g  t h e  c o m p ut ati o n,  t h e  pr o gr a m  a n d  st at e  s p e ci es  r e a ct  a n d  diff us e.  T his  r e a cti o n-diff usi o n 

pr o c ess m ai nt ai ns a n d u p d at es c ell st at e a c c or di n g t o t h e r ul es of t h e d esir e d c ell ul ar a ut o m at o n. ( d) T ar g et 

d y n a mi cs of t h e st at e s p e ci es f or t h e e x a m pl e c ell ul ar a ut o m at o n r ul e i n ( a).  

I n  t his  p a p er  w e  pr o p os e  a  str at e g y  f or  b uil di n g  s y n c hr o n o us  C A  usi n g  c h e mi c al  r e a cti o n -

diff usi o n n et w or ks. W e b e gi n b y br e a ki n g d o w n C A i nt o t h eir f u n d a m e nt al o p er ati o ns: st or a g e of 

c ell st at es, c o m m u ni c ati o n b et w e e n n e ar b y c ells , a n d c al c ul ati o n of n e w c ell st at es. W e d e m o nstr at e 

h o w e xisti n g c h e mi c al c o m p uti n g m e c h a nis ms c o ul d i m pl e m e nt t h es e o p er ati o ns. W e t h e n c o m bi n e 

t h es e  c h e mi c al  m e c h a nis ms  t o  e m ul at e  t w o  s p e cifi c  a ut o m at a,  k n o w n  as  ‘ R ul e  1 1 0’  a n d  ‘ R ul e  6 0’. 

T h es e c h e mi c al C A c a n b e vi e w e d as a pr o of of c o n c e pt t h at s y nt h eti c m at eri als c o ul d s e ns e si g n als 

a cr oss s p a c e a n d ti m e a n d e x e c ut e a br o a d cl ass of d y n a mi c pr o gr a m m e d r es p o ns es.  

5. 2  | B a c k gr o u n d: R e a cti o n -Diff u si o n Pr o c e s s e s f or C o m p ut ati o n  

R e a cti o n -diff usi o n  ( R D)  n et w or ks  ar e  s ets  of  c h e mi c all y  r e a cti v e  s p e ci es  t h at  diff us e  wit hi n  a 

c o nti n u o us s u bstr at e. I n c o ntr ast t o a w ell -mi x e d c h e mi c al r e a cti o n s yst e m, r e a cti o n -diff usi o n ( R D) 

n et w or ks c a n pr o d u c e s p ati al p att er ns, w h er e s o m e s p e ci es ar e m or e a b u n d a nt i n s o m e p arts  of t h e 

s u bstr at e a n d l ess a b u n d a nt i n ot h ers. T h e i nt er pl a y of r e a cti o ns a n d diff usi o n c a n l e a d t o s ust ai n e d 
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s p ati al  p att er ns  a n d  e v e n  t h e  e m er g e n c e  of  p att er ns  fr o m  a  h o m o g e n e o us  i niti al  s u bstr at e  w hi c h 

e x p eri e n c es tr a nsi e nt c o n c e ntr ati o n fl u ct u ati o ns 3 5 . Tr a nsi e nt w a v es wit hi n t h es e p att er ns c a n e m ul at e 

T uri n g m a c hi n es  a n d p erf or m b asi c c o m p ut ati o ns 3 4, 3 1, 3 . 

R e c e ntl y it h as b e e n s h o w n t h at ar bitr ar y c h e mi c al r e a cti o n n et w or ks c a n b e r e a dil y d esi g n e d a n d 

i m pl e m e nt e d i n vitr o usi n g s h ort str a n ds of s y nt h eti c D N A 3 0, 4 . B e c a us e D N A bi n di n g u n d er m a n y 

c o n diti o ns  is  l ar g el y  d et er mi n e d  b y  t h e  W ats o n -Cri c k  s e q u e n c e  c o m pl e m e nt arit y  ( A -T,  G -C), 

r e a cti v e s p e ci es c a n b e d esi g n e d t o mi ni mi z e u ni nt e n d e d cr osst al k b et w e e n s p e ci es t h at s h o ul d n ot 

i nt er a ct.  T h es e  t e c h ni q u es s e p ar at e  t h e  d esi g n  of  n e w  r e a cti o n  n et w or ks  fr o m  t h e  dis c o v er y  of 

n at ur all y o c c urri n g c h e mi c als t h at p erf or m t h e i nt e n d e d r e a cti o ns. I n s u p p ort of t his i d e a, l ar g e r e - 

a cti o n n et w or ks i n v ol vi n g u p t o 1 3 0 diff er e nt s e q u e n c es of D N A h a v e b e e n d e m o nstr at e d i n vitr o 

wit h o ut  s u bst a nti al  cr osst al k 2 2 ,  a n d  h a v e  b e e n us e d  t o  i m pl e m e nt  B o ol e a n  l o gi c 2 2, 2 7, 2 3 .  F urt h er,  t h e 

r at es of t h e e m ul at e d r e a cti o ns c a n b e c o ntr oll e d4 . 

It als o a p p e ars pl a usi bl e t o e xt e n d t his m e c h a nis m of D N A r e a cti o n d esi g n t o t h e d esi g n of l ar g e 

r e a cti o n-diff usi o n  n et w or ks,  as  t h e  diff usi o n  r at es  of  diff er e nt  D N A  str a n ds  c a n  b e  pr o gr a m m e d. 

B e c a us e  t h e  diff usi o n  c o effi ci e nt  of  D N A  s c al es  p ol y n o mi all y  wit h  t h e  l e n gt h  of  t h e  str a n d 2 8 ,  t h e 

diff usi o n r at e of e a c h s p e ci es i n a D N A r e a cti o n n et w or k c a n  b e i n d e p e n d e ntl y t u n e d b y a d di n g or 

r e m o vi n g b as es fr o m a s e q u e n c e, a n d s u c h c h a n g es c a n b e d o n e s o t h at t h e r e a cti v e pr o p e nsit y of a 

s p e ci es is l ar g el y u n c h a n g e d. F urt h er, wit hi n a p ol y m er g el, s p e ci es att a c h e d t o t h e g el s u bstr at e d o 

n ot diff us e, b ut c a n c o nti n u e t o r e a ct. T o g et h er, t h e c a p a citi es t o d esi g n ar bitr ar y c h e mi c al r e a cti o ns 

a n d  t u n e  t h e  diff usi o n  c o effi ci e nt  of  e a c h  s p e ci es  i n  pri n ci pl e  e n a bl e  us  t o  i m pl e m e nt  d e  n o v o 

si m pl e R D n et w or ks t h at p erf or m p att er n tr a nsf or m ati o ns 1, 5 . H er e w e as k h o w w e mi g ht d esi g n a n 

R D n et w or k t h at c o ul d b e i m pl e m e nt e d b y D N A m ol e c ul es, gi v e n w h at is k n o w n a b o ut d esi g ni n g 

D N A -b as e d  r e a cti o ns  a n d  diff usi o n  pr o c ess es.  T o  f o c us  o n  t his  q u esti o n,  h er e  w e  i g n or e 

e x p eri m e nt al  n o ni d e aliti es  a n d  t h e  c h all e n g es  of  b uil di n g  l ar g e  m ol e c ul ar  n et w or ks,  i n cl u di n g 
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u ni nt e n d e d cr osst al k b et w e e n s p e ci es.  

B y d esi g ni n g R D n et w or k m o d ul es t h at p erf or m si m pl e, pr e di ct a bl e, r e p e at a bl e tr a nsf or m ati o ns 

t o a p att er n of c h e mi c al c o n c e ntr ati o ns, cir c uits of m o d ul es c a n b e c o m bi n e d t o p erf or m el a b or at e 

p att er ni n g  o p er ati o ns 2 6 .  P att er n  tr a nsf or m ati o n  m o d ul es  t a k e  s p e cifi c  s p e ci es  as  i n p uts,  p erf or m 

r e a cti o ns p ot e nti all y i n v ol vi n g s o m e i nt er m e di at e s p e ci es wit hi n t h e m o d ul e, a n d pr o d u c e a n o ut p ut 

s p e ci es ( Fi g. 2). M o d ul es c a n b e c o n n e ct e d t o g et h er wit h t h e o ut p ut of u pstr e a m m o d ul es s er vi n g as 

t h e i n p ut t o d o w nstr e a m m o d ul es. If t h es e m o d ul es are d esi g n e d s u c h t h at t h e i nt er m e di at e s p e ci es 

of  o n e  m o d ul e  d o  n ot  r e a ct  wit h  t h e  i nt er m e di at es  of  ot h er  m o d ul es,  t h e n  m a n y  m o d ul es  c a n 

o p er at e  si m ult a n e o usl y  i n  t h e  s a m e  s u bstr at e  wit h o ut  i nt erf eri n g  wit h  e a c h  ot h er.  F urt h er,  b y 

i m p osi n g  t h e  d esi g n  r e q uir e m e nt  t h at  m o d ul es  m ust  n ot  si g nifi c a ntl y  d e pl et e  ( or  “l o a d ”) t h e 

c o n c e ntr ati o ns  of  t h eir  i n p uts,  it  is  p ossi bl e  t o  e ns ur e  t h at  a  m o d ul e’s  r e a cti o ns  aff e ct  o nl y  ot h er 

m o d ul es  t h at  li e  d o w nstr e a m  wit hi n  t h e  n et w or k.  T h us,  m o d ul es  c a n  b e  a d d e d  o n e  at  a  ti m e  t o  a 

s yst e m s u c h t h at e a c h a d diti o n of a m o d ul e r es ults i n a si m pl e, pr e di ct a bl e c h a n g e t o t h e p att er ni n g 

pr o c ess.  
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Fi g ur e  5. 2 . R e a cti o n -Diff u si o n M o d ul e s.  E a c h m o d ul e is a s et of si m pl er m o d ul es or of a bstr a ct c h e mi c al 

r e a cti o ns  t h at  c o ul d  i n  pri n ci pl e  b e  e m ul at e d  i n  vitr o  usi n g  a  D N A  str a n d-dis pl a c e m e nt  n et w or k.  I n  a n 

e m ul ati o n  of  t h es e  r e a cti o ns  usi n g  D N A  str a n d  dis pl a c e m e nt  pr o c ess es,  s p e ci es  ar e  r e pr es e nt e d  as  D N A 

str a n ds  or  h y bri di z e d  c o m pl e x es  of  str a n ds  wit h  p arti c ul ar  s e q u e n c es.  Ot h er  str a n ds  or  c o m pl e x es  ar e  als o 

r e q uir e d  f or  t h e  e m ul ati o n,  a n d  a ct  as  “i nt er m e di at es ”  i n  t h e  r e a cti o n  pr o c ess3 0, 2 6 .  M or e  d et ails  o n  t h es e 

m o d ul es a n d t h eir o p er ati o n c a n  b e f o u n d i n 2 6 . 

H er e w e e xt e n d e xisti n g p att er n tr a nsf or m ati o n t e c h ni q u es t o e m ul at e a dis cr et e, s y n c hr o n o us, 

1 -di m e nsi o n al C A, g e n er ati n g s p ati al p att er ns of c h e mi c al c o n c e ntr ati o ns wit h c o ntr oll e d d y n a mi cs. 

W e d esi g n a n et w or k of r e a cti o n - diff usi o n p att er n tr a nsf or m ati o n m o d ul es ( d efi n e d i n d et ail i n Fi g. 

2)  i n  c o m bi n ati o n  wit h  a  si m pl e,  st ati c  i niti al  p att er n  a n d  a n  e xt er n al  “ cl o c k ”  si g n al  w h os e 

c o n c e ntr ati o ns  c h a n g e  p eri o di c all y.  T his  n et w or k  f or ms  t h e  t ar g et  C A  str u ct ur e,  a n d  c o ntr oll a bl y 

tr a nsf or ms th e st at e of t h at str u ct ur e o v er ti m e. I n pri n ci pl e, o ur a bstr a ct c h e mi c al r e a cti o n -diff usi o n 

n et w or k c o ul d b e tr a nsl at e d i nt o a D N A str a n d dis pl a c e m e nt n et w or k f or i n vitr o i m pl e m e nt ati o n.  
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O n e  c h all e n g e  i n  t h e  d esi g n  of  p att er n  tr a nsf or m ati o ns  is  t h at  t h e s e c o n d  l a w  of  d y n a mi cs 

i m pli es t h at wit h o ut t h e c o nti n u al i n p ut of e n er g y, p ur el y diff usi v e p att er ns ar e u nst a bl e a n d t e n d t o 

b e c o m e  w ell  mi x e d  o v er  ti m e.  T h us,  t o  pr e v e nt  s p ati al  p att er ns  of  s ol u bl e  m ol e c ul es  fr o m 

dissi p ati n g, r e a cti o n -diff usi o n n et w or ks will r e q uir e a c o nst a nt e n er g y fl u x. O n e w a y t o a c hi e v e t his 

fl u x  is  t o  d e v el o p  r e a cti o ns  t h at  sl o wl y  r el e as e  a n d  d e gr a d e  hi g h-e n er g y  s p e ci es.  T h es e  r e a cti o ns 

pr o d u c e  a  s ust ai n e d  fl u x  of  m ol e c ul es  i n  t h e  e n vir o n m e nt,  a n d  m ai nt ai n  a  p att er n  s u c h  t h at  o nl y 

sp or a di c r e pl e nis h m e nt of s o m e hi g h -e n er g y pr e c urs ors ar e r e q uir e d t o s ust ai n t h e p att er n f or m ati o n 

pr o c ess. Pr o d u cti o n r e a cti o ns t a k e t h e f or m so urce →  s pecies, a n d c o nti n u o usl y pr o d u c e r e a ct a nts t h at 

ar e d e pl et e d b y c o n v erti n g a hi g h -e n er g y pr e c urs or i nt o t h e d esir e d s p e ci es. D e gr a d ati o n r e a cti o ns 

t a k e  t h e  f or m s pecies →  w aste ,  a n d  c o n v ert  s p e ci es  t h at  ar e  pr o d u c e d  i nt o  l o w-e n er g y  w ast e  t o 

st a bili z e t he s yst e m.  

5. 3  | A n at o m y of O ur R e a cti o n -Diff u si o n C ell ul ar A ut o m at o n  

R e a cti o n -diff usi o n s yst e ms e m ul ati n g a C A m ust b e a bl e t o st or e t h e c urr e nt st at e of t h e s yst e m 

as a t a p e or gri d of c ells a n d e x e c ut e t h e u p d at e r ul es as a f u n cti o n of t h e st at es of t h e c ell a n d t h e 

c ell’s l eft a n d ri g ht n ei g h b ors ( Fi g. 3). F or t h e cl ass of C A w e c o nsi d er h er e, t h e st at e of e a c h c ell is 

eit h er o n or off.  

I n  o ur  c o nstr u cti o n,  e a c h  c ell  is  a  r e gi o n  of  t h e  s u bstr at e  wit h  a  st ati c,  u nif or ml y  hi g h 

c o n c e ntr ati o n of a p arti c ul ar  c at al yst m ol e c ul e. C at al yst m ol e c ul es ar e att a c h e d t o t h e s u bstr at e, s o 

t h e y d o n ot diff us e. W e c all t h es e m ol e c ul es ‘ k e ys.’ I n o ur o n e-di m e nsi o n al gri d, c ells c a n h a v e o n e 

of  f o ur  diff er e nt  t y p es  of  k e ys  ( K e y A,  K e y B,  K e y C  a n d  K e y D)  wit h  k e y  t y p es  r e p e ati n g  as  o n e 

pr o c e e ds d o w n t h e c h a n n el s o t h at c ells c a n i d e ntif y n ei g h b ors b as e d o n l o c al k e y t y p e ( Fi g. 3 a). F or 

i nst a n c e,  c ells  d efi n e d  b y  K e y A  ar e  al w a ys  n ei g h b or e d  o n  t h e  ri g ht  b y  K e y B  c ells,  a n d  t h e  l eft  b y 

K e y D c ells. C ells ar e s e p ar at e d b y ‘s p a c er’ r e gi o ns t h at d o n ot c o nt ai n k e ys.  
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Si n c e  k e y  m ol e c ul es  o nl y  p arti ci p at e  i n  r e a cti o ns  as  c at al ysts,  it  is  ass u m e d  t h at t h e y  ar e  n ot 

d e pl et e d o v er ti m e . I n t his p a p er w e ass u m e t h at t his p att er n of k e y c at al ysts is pr es e nt at t h e st art of 

t h e r e a cti o n as a s et of i niti al c o n diti o ns. S u c h a gri d p att er n c o ul d eit h er b e m a n u all y p att er n e d i nt o 

t h e  s u bstr at e  b y  t o p-d o w n  t e c h ni q u es ,  s u c h  as  mi cr o c o nt a ct  pri nti n g2 4  or  dir e ct e d  h y dr o g el 

ass e m bl y 8 , or g e n er at e d b y a s e p ar at e b ott o m -u p R D p att er ni n g pr o gr a m 2 6 . 

 

Fi g ur e 5. 3 . O ur c h e mi c al  C A  p erf or m s  t hr e e t y p e s of  o p er ati o n s.  ( a) T h e  st at e of  e a c h  c ell  is st or e d 

l o c all y. ( b & c) C ells  c o m m u ni c at e  t h eir  st at e  t o  t h eir  i m m e di at e  n ei g h b or  c ells.  ( d)  A  B o ol e a n  l o gi c  cir c uit 

c al c ul at es e a c h c ell’s n e xt st at e as a f u n cti o n of t h e c ell’s o w n st at e a n d t h e st at e of its n ei g h b ors, a n d st or es 

t his n e w st at e i n ( a), c o m pl eti n g o n e c y cl e of a ut o m at o n d y n a mi cs. A gl o b al cl o c k si g n al s y n c hr o ni z es t h es e 

t hr e e  o p er ati o ns.  T h e  cl o c k  is  off  f or  t h e  c o m m u ni c ati o n  a n d  c al c ul ati o n  st a g es,  a n d  tur ns o n t o all o w t h e 

c al c ul at e d n e w st at e t o b e st or e d i n m e m or y f or t h e n e xt c y cl e.  

I n a d diti o n t o t h e st ati c p att er n of k e y c at al ysts, a mi x of m a n y ot h er fr e el y diff usi n g “ pr o gr a m ” 

s p e ci es is s u p pli e d a cr oss t h e s u bstr at e. T h es e pr o gr a m m ol e c ul es i nt er a ct wit h t h e k e y m ol e c ul es t o 

e m ul at e t h e d y n a mi cs of a C A i n a c y cl e of t hr e e dis cr et e c o n c e pt u al st a g es ( Fi g. 3 b -c). I n t h e first 
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st a g e,  c ells  s h ar e  t h eir  st at es  wit h  t h eir  n ei g h b ors  a n d  r e c ei v e  t h e  st at es  of  ot h er  n ei g h b ors.  N e xt, 

c ells us e i nf or m ati o n a b o ut t h eir l o c al st at e a n d t h e st at es of t h eir n ei g h b ors t o d et er mi n e t h eir st at e 

at  t h e  n e xt  ti m e  st e p.  Fi n all y,  t h e  c al c ul at e d  st at e  is  st or e d  as  t h e  c urr e nt  st at e.  C y cl es  of 

c o m m u ni c ati o n, c al c ul ati o n of n e w st at es, a n d st or a g e of t h e n e w st at e i n a c el l’s m e m or y e m ul at e 

t h e d y n a mi cs of a C A. I n t h e c o nstr u cti o n b el o w, a n e xt er n all y pr o vi d e d cl o c k si g n al s y n c hr o ni z es 

t h e t hr e e c y cl es. W hil e a gl o b al cl o c ki n g m e c h a nis m is n’t stri ctl y r e q uir e d t o i m pl e m e nt a C A 1 8 , w e 

c h os e t o c o nstr u ct a C A wit h a cl o c k, b e c a us e s u c h a s yst e m c a n c o m p ut e u ni v ers all y w h e n e a c h c ell 

c a n t a k e o n e of o nl y t w o p ossi bl e st at es.  

5. 3. 1 | C o m m u ni c ati o n: s e n di n g a n d r e c ei vi n g a d dr e s s a bl e si g n al s . W e b e gi n t h e 

d es cri pti o n of a C A c y cl e i n t h e C o m m u ni c ati o n St a g e, ri g ht aft er a s et of  c ell st at es f or t h e l ast ti m e 

st e p  h a v e  b e e n  st a bl y  st or e d.  At  t his  p oi nt,  e a c h  c ell’s  c urr e nt  o n / of f  st at e  is  r e pr es e nt e d, 

r es p e cti v el y, b y t h e l o c al hi g h or l o w c o n c e ntr ati o n of a ‘st at e’ s p e ci es. D uri n g t h e c o m m u ni c ati o n 

st a g e  of  a  c o m p ut ati o n  c y cl e,  cells  m ust  c o m m u ni c at e  t h eir  c urr e nt  st at e  t o  t h eir  i m m e di at e 

n ei g h b ors.  

C o m m u ni c ati o n is m a n a g e d b y Br o a d c ast a n d R ec ei v e m o d ul es ( Fi g. 4) . E a c h o n c ell br o a d c asts 

i nf orm ati o n a b o ut its c urr e nt st at e b y pr o d u ci n g a si g n al wit hi n t h e c ell t h at c a n diff us e a w a y fr o m 

t h e c ell. Br o a d c ast m o d ul es ( Fi g. 2 g) e x e c ut e t his f u n cti o n. I n or d er f or n ei g h b ori n g c ells t o i nt er pr et 

t h es e  br o a d- c asts  as  c o mi n g  fr o m  t h e  l eft  or  ri g ht  n ei g h b or  c ell,  t h es e  br o a d c asts  m ust  c o nt ai n 

i nf or m ati o n  a b o ut  w hi c h  c ell  is  s e n di n g  t h e m. T h e i d e ntit y  of  t h e  c ell  br o a d c asti n g  i nf or m ati o n 

a b o ut  its  st at e  is  e n c o d e d  usi n g  t h e  k e y  t y p es  of  c ells:  C ells  t h at  ar e  d efi n e d  b y  ‘ k e y  A’  s p e ci es 

br o a d c ast  ‘si g n al  A’,  t h os e  d efi n e d  b y  ‘ k e y  B’  br o a d c ast  ‘si g n al  B’,  a n d  s o  o n.  T h e  dist a n c e  t h at 

br o a d c a st si g n als pr o p a g at e is c o ntr oll e d b y t h e pr o d u cti o n a n d d e gr a d ati o n r at es of t h e Br o a d c ast 

m o d ul e,  s u c h  t h at  a  c ell’s  br o a d c asts  o nl y  r e a c h  its  n ei g h b ors.  E a c h  k e y  h as  its  o w n  s e p ar at e 
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br o a d c ast m o d ul e.  

 

Fi g ur e  5. 4 . C o m m u ni c ati o n  St a g e.  ( a)  Usi n g  a  br o ad c ast  m o d ul e,  e a c h  o n  c ell  pr o d u c es  a  gr a di e nt 

e n c o di n g its c urr e nt st at e a n d k e y. R e c ei v e m o d ul es i nt er pr et br o a d c asts b as e d o n t h e i d e ntit y of t h eir l o c al 

k e y. ( b) [s p e ci es] vs. x f or a si n gl e o n A -t y p e c ell, wit h l o c al [ S] = hi g h. A br o a d c ast m o d ul e g e ner at es a st a bl e 

gr a di e nt of A Br o a d c ast  t h at d e c a ys wit h dist a n c e fr o m K e y A. R e c ei v e m o d ul es at D-t y p e c ells i nt er pr et ABr o a d c ast  

as  R,  w hil e  r e c e i v e  m o d ul es  at  B-t y p e  c ells  i nt er pr et  t h e  s a m e  br o a d c ast  as  L.  Br o a d c ast  si g n als  b el o w  a 

t hr es h ol d ar e i g n or e d, s o c ells o nl y c o m m u ni c at e wit h t h eir n ei g h b ors.  

T h e c o u nt er p art t o a Br o a d c ast m o d ul e, a R e c ei v e m o d ul e ( Fi g. 2f), r e c ei v es si g n als tr a ns mitt e d 

b y a c ell’s n ei g h b ors a n d tr a nsl at es t h e m i nt o l o c al i nf or m ati o n a b o ut t h e st at e of a n ei g h b ori n g c ell. 

T his  c o n v ersi o n  is  als o  d o n e  i n  a  c ell - s p e cifi c  m a n n er,  s u c h  t h at  e a c h  c ell  c o n v erts  p arti c ul ar 

br o a d c asts i nt o i nf or m ati o n a b o ut p arti c ul ar t y p es of n ei g h b ors. F or e x a m pl e, wit hi n c ells d efi n e d 

b y K e y A, t h e k e y s p e ci es c at al y z es t h e c o n v ersi o n of t h e br o a d c ast si g n al fr o m K e y B i nt o a s p e ci es 

t h at  e n c o d es  t h e  ri g ht  n ei g h b or’s  st at e  as  o n  a n d  c at al y z es  t h e  c o n v ersi o n  of  t h e  br o a d c ast  si g n al 

fr o m K e y D  i nt o  a  s p e ci es  t h at  e n c o d es  t h e  l eft  n ei g h b or’s  st at e  as  o n.  K e y  s p e ci es  B  t hr o u g h  D 

c at al y z e a c orr es p o n di n g s et o f r e a cti o ns t o pr o d u c e si g n als t h at e n c o d e w h et h er t h eir ri g ht a n d l eft 

n ei g h b ors  ar e  o n.  E a c h  c o n v ersi o n  r e a cti o n  of  a  br o a d c ast  t o  a  t y p e  of  n ei g h b or  i nf or m ati o n  is 

m a n a g e d b y a s e p ar at e r e c ei v e m o d ul e. B e c a us e t h er e ar e f o ur k e y t y p es a n d e a c h c ell h as t w o t y p es 

of n ei g h b ors, ei g ht R e c ei v e m o d ul es ar e r e q uir e d.  
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R e c ei v e  m o d ul es  c o n v ert  br o a d c asts  i nt o  “ pr eli mi n ar y  n ei g h b or  si g n als. ”  T h es e  pr eli mi n ar y 

n ei g h b or  si g n als  ar e  at  diff er e nt  c o n c e ntr ati o ns  t hr o u g h o ut  a  c ell  b e c a us e  t h e y  ar e  c o pi es  of  t h e 

br o a d c as t  si g n als,  w hi c h  d e c a y  i n  c o n c e ntr ati o n  wit h  t h e  dist a n c e  fr o m  t h e  n ei g h b or.  T o  pr o d u c e 

u nif or m  o n / off  n ei g h b or  si g n als  t hr o u g h o ut  a  c ell,  c o m p ar at ors  ( Fi g.  2 h)  r e ctif y  pr eli mi n ar y 

n ei g h b or si g n als, pr o d u ci n g di git al “ pr o c ess e d n ei g h b or si g n als ” w h os e o n l e v els ar e t h e s a m e a cr oss 

a c ell.  

T o g et h er, t h e br o a d c ast a n d r e c ei v e m o d ul es e ns ur e t h at aft er s o m e p eri o d of br o a d c asti n g, e a c h 

c ell c o nt ai ns s p e ci es t h at e n c o d e its o w n st at e a n d t h os e of its n ei g h b ors.  

5. 3. 2  | C al c ul ati o n St a g e: c al c ul ati n g n e w st at e c h a n g e s . N ei g h b or br o a d c asts t h at ar e 

r e c ei v e d a n d pr o c ess e d b y e a c h c ell ar e us e d t o c al c ul at e t h e n e xt c ell st at e. E a c h u p d at e r ul e c a n b e 

e n c o d e d as a B o ol e a n cir c uit wit h t h e n ei g h b ors a n d t h e c ell’s o w n st at e as i n p uts. S u c h cir c uits c a n 

b e i m pl e m e nt e d as a s et of r e a cti o n - diff usi o n pr o gr a m m o d ul es ( Fi g. 5). F or i nst a n c e, i n a R ul e 6 0 

C A, a c ell’s n e xt g e n er ati o n st at e is o n if its o w n c urr e nt st at e is o n O R its l eft -h a n d n ei g h b or is o n, 

b ut N O T if b ot h of t h es e st at es ar e o n. B e c a us e t h e st at e of t h e  ri g ht-h a n d n ei g h b or is irr el e v a nt, 

R ul e 6 0 c ells d o n ot n e e d t o li st e n t o t h eir ri g ht-h a n d n ei g h b or’s br o a d c ast. T h e l o gi c f or a R ul e 1 1 0 

l o c al  u p d at e  is  p erf or m e d  b y  t h e  s u b-cir c uit  i n  Fi g ur e  5 d.  T h e  o ut - p ut  si g n al  pr o d u c e d  b y  t his 

cir c uit d et er mi n es t h e t ar g et st at e of t h e c ell at t h e n e xt ti m e st e p.  

 

C

L

L

C
O

C

R

R
L

O

( b)

( d)

L A S T
N E X T

( a) R ul e 6 0

( c) R ul e 1 1 0
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Fi g ur e  5 . 5. C al c ul ati o n St a g e. E v er y C A u p d at e r ul e h as a c orr es p o n di n g B o ol e a n l o gi c i m pl e m e nt ati o n. ( a) 

R ul e 6 0. ( b) R ul e 6 0 c o n v ert e d i nt o B o ol e a n l o gi c. ( c) R ul e 1 1 0. ( d) B o ol e a n l o gi c f or R ul e 1 1 0. 

5. 3. 3  | M e m or y: st ori n g a n d st a bl y e n c o di n g a n e w c ell st at e . D uri n g t h e M e m or y st a g e 

t h e c o m p ut e d n e xt st at e of t h e c ell is st or e d usi n g a “fli p-fl o p ” m o d ul e ( Fi g. 6). Fli p-fl o ps h a v e “s et ” 

a n d  a  “r es et ”  i n p ut  si g n al  a n d  o n e  o ut p ut  si g n al.  W h e n  t h e  s et  i n p ut  is  o n,  t h e  o ut p ut  si g n al  als o 

t ur ns o n. T h e o ut p ut r e m ai ns o n e v e n aft er t h e s et si g n al t ur ns off. W h e n t h e r es et si g n al t ur ns o n 

t h e o ut p ut t ur ns off, a n d r e m ai ns off u ntil t h e s et si g n al a g ai n t ur ns o n. T his m o d ul e e n c o d es t h e 

c ell’s st at e, pr o vi di n g a p er sist e nt st at e si g n al us e d b y t h e c o m m u ni c ati o n a n d c al c ul ati o n st a g es.  

T h e r e a cti o ns t h at c o m m u ni c at e a c ell’s st at e t o its n ei g h b ors a n d c o m p ut e its n e xt st at e  o c c ur 

wit h o ut  c o ntr ol  o v er  ti m i n g.  Diff er e nt  c ells  ( or  diff er e nt  r e gi o ns  wit hi n  a  c ell) m a y  t a k e  diff er e nt 

a m o u nts  of  ti m e  t o  c o m p ut e  t h eir  n e w  st at e.  T o  e ns ur e  t h at  all  c ells  fi nis h  c o m p uti n g  t h eir  n e xt 

st at es b ef or e a n y ot h er c ell c o m mits its n e w st at e t o m e m or y, c al c ul at e d n e xt st at es ar e  n ot st or e d i n 

m e m or y u ntil a gl o b al cl o c k si g n al t u r ns o n. F or a gi v e n C A, t h e cl o c k p eri o d m ust b e d esi g n e d s o 

t h at all c ells fi nis h c o m m u ni c ati n g a n d c al c ul ati n g b ef or e t h e cl o c k si g n al t ur ns o n. T h e n e xt st at e 

m ust b e c o m mitt e d t o m e m or y b ef or e t h e cl o c k t ur ns off.  

T o e ns ur e t h at c al c ul at e d n e xt st at es ar e n ot st or e d i n m e m or y u nl ess t h e cl o c k si g n al is o n, a n 

A N D g at e t a k es t h e cl o c k si g n al a n d t h e c al c ul at e d n e xt st at e fr o m t h e C al c ul ati o n st a g e as i n p uts, 

a n d s e n ds a s et si g n al t o t h e fli p -fl o p m o d ul e o nl y w h e n b ot h t h e cl o c k a n d t h e c al c ul at e d n e xt st at e 

ar e  o n.  A n ot h er  A N D  g at e  t a k es  t h e  cl o c k  si g n al  a n d  t h e  i n v ers e  of  t h e  c al c ul at e d  n e xt  st at e  as 

i n p uts,  a n d  pr o d u c es  a  r es et  si g n al  w h e n  t h e  cl o c k  is  o n  b ut  t h e  n e xt  st at e  is  off.  T h e  pr o c ess  of 

st ori n g t h e n e w st at e i n m e m or y e n ds w h e n t h e cl o c k si g n al r et ur ns t o a l o w v al u e at t h e b e gi n ni n g 

of t h e n e xt st a g e of c o m p ut ati o n.  
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Fi g ur e  5. 6 . T h e M e m or y st a g e st or es c ell st at e i n a fli p -fl o p. ( a) A fli p-fl o p’s o ut p ut d o es n ot c h a n g e w h e n 

its i n p uts ar e off. I n o ur d esi g n, t h es e i n p uts ar e off w h e n t h e clo c k is off. W h e n t h e cl o c k is o n, t h e s et si g n al 

is o n if t h e c al c ul ati o n st a g e o ut p uts o n, s etti n g t h e fli p-fl o p o n. T h e r es et si g n al is o n if t h e c al c ul ati o n st a g e 

o ut p uts off, r es etti n g t h e fli p - fl o p off. M e m or y is r e q uir e d s o t h e i n p uts t o t h e ot h er st a g es ar e n ot aff e ct e d 

b y  t h e  c al c ul ati o n  of  n e w  l o c al  or  n ei g h b or  st at es.  ( b)  Cir c uit  f or  o ur  r e a cti o n -diff usi o n  fli p -fl o p  usi n g 

m o d ul es fr o m Fi g. 2. C o p y m o d ul es e ns ur e o ut p ut is n ot d e pl et e d b y i nt er n al f e e d b a c k or d o w nstr e a m l o a d.  

5. 4  | Si m ul ati o n of a  R e a cti o n -Diff u si o n C ell ul ar A ut o m at o n  

T h e c o m pl et e a ut o m at o n cir c uit is s h o w n i n Fi g. 7. W e si m ul at e d t h e si m ult a n e o us m ass a cti o n 

r e a cti o n ki n eti cs a n d diff usi o n f or t h e e ntir e s yst e m, usi n g R ul es 6 0 a n d 1 1 0 i n t h e l o gi c st a g e, a n d 

o bs er v e d t h e i nt e n d e d c ell u p d ati n g f or b ot h r ul es ( Fi g. 8). T h e c o m pl et e s et of c h e mi c al r e a cti o ns 

a n d t h e c orr es p o n di n g c o u pl e d p arti al diff er e nti al e q u ati o ns  d es cri bi n g t h es e s yst e ms ar e pr o vi d e d i n 

t h e  A p p e n di x  B,  al o n g  wit h  all  ot h er  si m ul ati o n  d et ails.  C o n c e ntr ati o ns  wit hi n  [ 0,  0. 3] µ M  w er e 

c o nsi d er e d  off,  w hil e  c o n c e ntr ati o ns  wit hi n  [ 0. 7,  1] µ M  w er e  c o nsi d er e d  o n.  O n e  irr e g ul arit y  t h at 

a p p e ars i n o ur s yst e m is t h at t h e c ells h a v e bl urr e d b o u n d ari es, a n artif a ct t h at aris es w h e n c h e mi c al 

s p e ci es pr o d u c e d i nsi d e of a c ell diff us e a cr os s t h e c ell b o u n d ar y. T his bl urri n g eff e ct is t h e r e as o n 

t h at w e i n cl u d e d s h ort s p a c er r e gi o ns t o s e p ar at e a dj a c e nt c ells, s o t h at t h e l o gi c i nsi d e of o n e c ell 

d o es n ot i nt erf er e wit h t h e l o gi c i nsi d e of its n ei g h b ors.  

T w o i m p ort a nt p ar a m et ers c a n br e a k t h e  r e a cti o n- diff usi o n pr o gr a m if n ot t u n e d c ar ef ull y: t h e 

o n ti m e or ‘ d ut y c y cl e’ of t h e cl o c k si g n al, a n d t h e ki n eti c r at es f or t h e br o a d c ast m o d ul e. If t h e d ut y 

S T A T ER E S E T

S E T

S E T R E S E T

S T A T E

F LI P
F L O P

( a) ( b)
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c y cl e  is  t o o  s h ort,  t h e n  t h e  fli p -fl o p  d o es  n ot  h a v e  e n o u g h  ti m e  t o  st or e  t h e  i nt e n d e d  n e xt-

g e n er ati o n  st at e.  I n  o ur  si m u l ati o ns,  t his  o c c urs  f or  d ut y  c y cl es  s h ort er  t h a n  1 5-2 0  mi n ut es. 

H o w e v er, f or p arti c ul arl y l o n g d ut y c y cl es, s o m e c ell st at es c a n b e c o m e d es y n c hr o ni z e d b e c a us e c ells 

c a n err o n e o usl y u p d at e t h eir st at e m ulti pl e ti m es wit hi n a si n g l e c ell c y cle. I n o ur si m ul ati o ns, d ut y 

c y cl es l o n g er t h a n a b o ut a n h o ur a n d a h alf l e d c ells t o b e c o m e d es y n c hr o ni z e d.  

T h e s e c o n d criti c al p ar a m et er is t h e pr o d u cti o n r at e c o nst a nt f or t h e br o a d c ast m o d ul e. W h e n a 

c ell is o n, t his c o nst a nt m ust b e hi g h e n o u g h t o s at ur at e its n ei g h b ors wit h si g n ali n g m ol e c ul e. I n t h e 

w orst c as e, w h er e a c ell is at t h e mi ni m u m o n c o n c e ntr ati o n of 0. 7 µ M, it m ust m ai nt ai n a br o a d c ast 

si g n al a b o v e t h e r e c ei v e m o d ul e’s t hr es h ol d c o n c e ntr ati o n at t h e f art h est e d g e of its n ei g h b o ri n g c ell 

r e gi o ns.  O n  t h e  ot h er  h a n d,  w h e n  a  c ell  is  off,  t his  c o nst a nt  m ust  b e  l o w  e n o u g h  t o  a v oi d 

br o a d c asti n g  a n y  si g n al  t o  its  n ei g h b ors.  S p e cifi c all y,  i n  t h e  w orst  c as e  w h er e  a  c ell  is  at  t h e 

m a xi m u m  off  c o n c e ntr ati o n  of  0. 3 µ M,  it  m ust  m ai nt ai n  a  br o a d c ast  si g n al  b el o w  t h e  r e c ei v e 

m o d ul e’s t hr es h ol d c o n c e ntr a ti o n at t h e cl os est e d g e of its n ei g h b ori n g c ell r e gi o ns. If eit h er of t h es e 

c o n diti o ns is n ot m et, t h e n err o n e o us si g n als c a n b e s e nt b et w e e n c ells.  
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Fi g ur e  5. 7 . C A  Cir c uit  Di a gr a m . ( a)  T h e  ‘ C om m u ni c ati o n’  st a g e.  C urr e nt  c ell  st at es  ar e  br o a d c ast  t o 

n ei g h b ors , w hil e n ei g h b or st at es ar e r ec ei v e d. ( b) T h e ‘ C al c ul ati o n’ st a g e. T h e st at es of a c ell a n d its n ei g h b ors 

ar e p ass e d t hr o u g h a s u b cir c uit t h at p erf or ms t h e u p d at e l o gi c. T h e o ut - p ut fr o m t h is s u b cir c uit is o n if t h e 

c ell  s h o ul d  c h a n g e  i nt o  a n  o n  st at e  i n  t h e  n e xt  g e n er ati o n.  T his  n e xt  st at e  is  pr e v e nt e d  fr o m  aff e cti n g  t h e 

M e m or y st a g e b y A N D g at es w h e n t h e cl o c k is off. ( c) W h e n t h e cl o c k t ur ns o n, t h e n e xt st at e i s st or e d i n 

t h e ‘ M e m or y’ sta g e.  

5. 5  | Di s c u s si o n  

I n t his w or k w e d e v el o p a m et h o d f or b uil di n g a C A usi n g a r e a cti o n -diff usi o n pr o gr a m. T his 

pr o gr a m c o nsists of a s et of m ol e c ul es t h at e v er y w h er e c a n r e a ct a n d diff us e i n t h e s a m e w a y, al o n g 

wit h a s m all s et of m ol e c ul es t h at ar e p at t er n e d i nt o a gri d of c ells. T h e c oll e cti v e a cti o ns of t h es e 

m ol e c ul es c a us e t h e p att er n of m ol e c ul es t h at e n c o d e a n “ o n ” st at e t o c h a n g e o v er ti m e t o dis pl a y a 

s eri es  of  p att er ns  t h at  ar e  t h e  s u c c essi v e  st at es  of  a  o n e -di m e nsi o n al  bi n ar y  C A.  W hil e  t h e 

c o n str u cti o n w e pr o p os e is f or a 1-di m e nsi o n al bi n ar y C A, str ai g htf or w ar d e xt e nsi o ns t o t h e s yst e m 

c o ul d b e us e d t o pr o d u c e 2 - or 3 -di m e nsi o n al C A, or C A i n w hi c h c ells c a n b e i n m or e t h a n t w o 
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st at es. 

T his  c o nstr u cti o n  t h us  s u g g ests  t w o  i m p ort a nt  n e w  c a p a bili ti es  f or  s yst e ms  t h at  ar e  dri v e n  b y 

d esi g n e d c h e mi c al r e a cti o n n et w or ks. First, t his s yst e m pr o vi d es a w a y t o g e n er at e d y n a mi c s p ati al 

p att er ns,  w h er e  t h e  c o n c e ntr ati o ns  of  s p e ci es  v ar y  c o nti n u o usl y  o v er  ti m e,  b y  e n c o di n g  t h es e 

d y n a mi cs  wit hi n  a  C A.  S e c o n d ,  t his  s yst e m  m a k es  it  p ossibl e  t o  p erf or m  c o m p ut ati o ns  usi n g 

m ol e c ul es  i n  w hi c h  t h e  s a m e  m ol e c ul ar  s p e ci es  si m ult a n e o usl y  p erf or m  diff er e nt  c o m p ut ati o ns 

wit hi n diff er e nt r e gi o ns of a s u bstr at e.  

 

Fi g ur e  5. 8 . R e s ult s  of  C h e mi c al  C A  Si m ul ati o n s . I d e al  C A  (l eft)  c o m p ar e d  t o  o ur  si m ul at e d  r e a cti o n-

diff usi o n pr o gr a m (ri g ht). E v er y t hr e e -l e n gt h bi n ar y i n p ut st at e is c o nt ai n e d i n e a c h p att er n, d e m o nstr ati n g 

c orr e ct u p d ati n g f or all ei g ht p ossi bl e l o c al st at es. ( a) R ul e 6 0. ( b) R ul e 1 1 0. T h e d y n a mi cs s h o w n h er e w er e 

c o m p ut e d usi n g t h e s et of c o u pl e d p arti al diff er e nti al e q u ati o ns i n t h e A p p e n di x B. T h e d et ail of t h e r a pi d 

d y n a mi cs of a st at e tr a nsiti o n ar e s h o w n o n t h e f ar ri g ht.   

T h e  c a p a cit y  f or  t his  ki n d  of  s p ati al  c o m p ut ati o n  is  li k el y  t o  b e  a n  i m p ort a nt  p art of  s c ali n g  t h e 

c a p a cit y  f or  m ol e c ul ar  s yst e ms  t o  pr o c ess  i nf or m ati o n.  B e c a us e  t h e  n u m b er  of  i n d e p e n d e nt 

m ol e c ul ar  i nt erf a c es  is  i n h er e ntl y  li mit e d,  it  is  n ot  p ossi bl e  t o  ar bitr aril y  i n cr e as e  t h e  n u m b er  of 

i nt er a cti n g m ol e c ul es wit hi n a w ell-mi x e d s yst e m wi t h o ut i ntr o d u ci n g cr osst al k. T h e i m p ort a n c e of 

s p ati al  c o m p ut ati o n  wit h  m ol e c ul es  is  u n d ers c or e d  b y  its  pr e v al e n c e  i n  li vi n g  s yst e ms.  R e a cti o n -

diff usi o n pr o c ess es ar e us e d f or si g n ali n g wit hi n c ells, a n d a cr oss tiss u es, w h er e diff er e nt c ells ( w hi c h 

e a c h s h ar e t h e s a m e g e n o m e) c oll e cti v el y c o or di n at e tiss u e b e h a vi or.  
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W hil e ot h er m ol e c ul ar pr o c ess es c a n p erf or m T uri n g u ni v ers al c o m p ut ati o n wit h o nl y a li mit e d 

n u m b er  of  m ol e c ul ar  s p e ci es, i.e. t h e y  ar e  u nif or m,  t h es e  c o nstr u cti o ns  r e q uir e  t h at  t h e  st at e  of  a 

c o m p ut ati o n  b e  e n c o d e d  eit h er  wit h i n  a  si n gl e  m ol e c ul ar  ass e m bl y2 1  or  i n  t h e  pr e cis e  n u m b er  of 

m ol e c ul es 2 9 . As s u c h, t h es e c o nstr u cti o ns ar e s us c e pti bl e t o err ors t h at c a n d estr o y t h e c o m p ut ati o n. 

I n  c o ntr ast,  c o m p ut ati o n  b y  t h e  C A  t h at  w e  d es cri b e  i n v ol v es  t h e  c oll e cti v e  a cti o n  of  m a n y 

m ol e c ul es, s o it is n ot s us c e pti bl e t o err ors c a us e d b y a s m all n u m b er of mi cr os c o pi c e v e nts.  

H o w e v er, t h e d esi g ns pr es e nt e d i n t his p a p er r e q uir e t h e c o nstr u cti o n of l ar g e c h e mi c al r e a cti o n 

n et w or ks,  a  cl o c k  si g n al  at  r e g ul a r  i nt er v als  a n d  a  pri nt e d  gri d  of  diff er e nt  “ k e y ”  m ol e c ul es.  O ur 

r e a cti o n n et w or k us es 6 5 s p e ci es t o e m ul at e a “ R ul e 6 0 ” C A, a n d 7 6 s p e ci es t o e m ul at e a “ R ul e 1 1 0 ” 

C A. F urt h er e m ul ati n g t h es e a bstr a ct c h e mi c al n et w or ks usi n g D N A str a n d -dis pl a c e m e nt r e a cti o ns 

c o ul d  i n cr e as e  t h e  n et w or k  si z e  b y  a n  or d er  of  m a g nit u d e,  b e c a us e  m ulti pl e  i nt er m e di at e  D N A 

str a n ds ar e g e n er all y r e q uir e d w h e n e m ul ati n g r e a cti o ns. Li k el y t h er e ar e si m plifi c ati o ns t h at c o ul d 

b e m a d e t o o ur cir c uit, as o ur g o al w as t o d e m o nstr at e t h at s u c h a n i m pl e m e nt ati o n is t h e or eti c all y 

p ossi bl e  i nst e a d  of  d esi g ni n g  t h e  s m all est  p ossi bl e  cir c uit.  F or  i nst a n c e,  it  m a y  b e  p ossi bl e  t o 

c o n d e ns e s o m e s e cti o ns or o ur s yst e m i nt o s m all er s p e ci al c as e cir c uits f or p arti c ul ar C A u p d ati n g 

r ul es.  A d diti o n all y, o ur  f o ur -k e y  s yst e m  t h at  pr o vi d es  u ni q u e  i d e ntiti es  t o  c ells  i n  a  l o c al  gr o u p  is 

e x p e nsi v e  i n  t er ms  of  n u m b er  of  s p e ci es,  r e q uiri n g  f o ur  s e p ar at e  s ets  of  tr a ns mitt er  m o d ul es  a n d 

ei g ht  s e p ar at e  s ets  of  r e c ei v er  m o d ul es  i n  1 -di m e nsi o n al  s p a c e,  a n d  a  m or e  cl e v er  m e a ns  f or 

i d e ntif yi n g n ei g h b ori n g c ells m a y e xist. H o w e v er, it is u n cl e ar h o w t o r e d u c e t h e n u m b er of str a n ds 

i n o ur s yst e m b y a n or d er of m a g nit u d e. 

G e n er all y,  t h e  c o m pl e xit y  of  o ur  cir c uits  s u g g ests  t h at  i m pl e m e nti n g  e v e n  a  si m pl e  1 -

di m e nsi o n al a ut o m at o n w o ul d b e c h all e n gi n g wit h c urr e nt c h e mi c al c o m p ut ers. C o nstr u cti n g C A as 

c o m pl e x  as  v o n  N e u m a n n’s  s elf -r e pli c ati n g  a ut o m at a  is  li k el y  t o  b e  i nf e asi bl e  f or  t h e  f or es e e a bl e 

f ut ur e.  It  will  t h er ef or e  b e  i m p ort a nt  t o  as k  w h et h er  t h er e  ar e  m or e  effi ci e nt m o d els  f or  s p ati al -
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c o m p uti n g i n w hi c h c o m pl e x b e h a vi ors s u c h as s elf -r e pli c ati o n or h e ali n g c a n b e d esi g n e d as si m pl y 

as  p ossi bl e.  O n e  st arti n g  p oi nt  is  t o  c o nsi d er  c o m p ut ati o n  s yst e ms  t h at  d o  n ot  r e q uir e  a n  e x pli cit 

re g ul ar  gri d,  s u c h  as  P etri  n ets 2 0 ,  Li nd e n m a y er  s yst e ms 1 3 ,  or  gr a p h  a ut o m at a3 6, 3 3 ,  a n d  u n-cl o c k e d 

s yst e ms s u c h as as y n c hr o n o us C A 1 8 . 

M or e g e n er all y, w e mi g ht as k n ot o nl y h o w t o p erf or m m ol e c ul ar c o m p ut ati o n usi n g s p a c e as a 

m e di u m,  b ut  h o w  t o  c o nstr u ct  a  s c al a bl e  ar c hit e ct ur e  f or  c o m p uti n g  a p p r o pri at e  r es p o ns es  of  a 

m at eri al t o sti m uli t h at ar e pr es e nt e d a cr oss s p a c e a n d ti m e. P att er ns g e n er at e d b y C A c o ul d a ct as 

bl u e pri nts,  e n c o di n g  d y n a mi c  i nf or m ati o n  s p ati all y.  B y  c o nstr u cti n g  C A  i n  c h e mi c al  n et w or ks,  it 

m a y  b e  p ossi bl e  t o  us e  t his  i nf or m at i o n  t o c o or di n at e  t h e  b e h a vi or  of  i n t elli g e nt  pr o gr a m m a bl e 

m at eri als.  Bi ol o gi c al  c ells,  tiss u es,  a n d  s y nt h eti c  n a n ostr u ct ur es  c o ul d  p ot e nti all y  r es p o n d  t o  l o c al 

i nstr u cti o ns r el e as e d b y a n e m b e d d e d c h e mi c al a ut o m at o n. C A c o ul d e n d o w t h es e p h ysi c al s yst e ms 

wit h u ni q u e pr o p erti es, cr e ati n g artifi ci al str u ct ur es t h at h e al, s elf -r e pli c at e a n d e v ol v e. 
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6  |  S u p pl e m e nt al  I nf or m ati o n: 6  |  S u p pl e m e nt al  I nf or m ati o n: E m ul ati n g  C ell ul ar E m ul ati n g  C ell ul ar 
A ut o m at a i n C hA ut o m at a i n C h e mi c al R e a cti o ne mi c al R e a cti o n -- Diff u si o n N et w or k sDiff u si o n N et w or k s   
 

6. 1 |  R ul e 1 1 0 C h e mi c al R e a c ti o n s ( S y n o n y m o u s wit h S e cti o n 6. 2) 

T his s e cti o n d es cri b es t h e c o m pl et e s et of a bstr a ct c h e mi c al r e a cti o ns t h at g o v er n o ur R ul e 1 1 0 

c h e mi c al  a ut o m at o n.  T h es e  c h e mi c al  r e a cti o ns  c a n  b e  c o n v ert e d  i nt o  a  s et  of  c o u pl e d  p arti al 

diff er e nti al e q u ati o ns a n d s ol v e d t o o bs er v e h o w t h e s yst e m b e h a v es o v er ti m e (s e e A p p e n di x B). 

Fi g ur e 9 s h o ws a d et ail of t h e cir c uit fr o m Fi g ur e 7 f or a R ul e 1 1 0 a ut o m at o n, wit h e a c h c h e mi c al 

s p e ci es l a b el e d. 
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Fi g ur e  6. 1  C h e mi c al  r e a cti o n -diff u si o n  cir c uit  f or  R ul e  1 1 0.  T his  is  a  d et ail e d  v ersi o n  of  t h e  cir c uit 

o utli n e d i n Fi g. 7, usi n g t h e m o d ul es d efi n e d i n Fi g. 2. S p e ci es ar e l a b el e d i n r e d b y t h eir e q u ati o n n u m b ers 



	9 8  

fr o m A p p e n di x s e cti o n B., wit h s p e ci es n a m es a n d a b bre vi ati o ns t o t h e ri g ht.  

 

1. C o m m u ni c ati o n St a g e
( a) Br o a d c asti n g:

S r c A + k e y A + L a s t
k B! S r c A + S i g A + k e y A + L a s t ( A. 1)

S i g A
k B d! w a s t e ( A. 2)

S r c B + k e y B + L a s t
k B! S r c B + S i g B + k e y B + L a s t ( A. 3)

S i g B
k B d! w a s t e ( A. 4)

S r c C + k e y C + L a s t
k B! S r c C + S i g C + k e y C + L a s t ( A. 5)

S i g C
k B d! w a s t e ( A. 6)

S r c D + k e y D + L a s t
k B! S r c D + S i g D + k e y D + L a s t ( A. 7)

S i g D
k B d! w a s t e ( A. 8)

( a) R e c ei vi n g a n d pr o c essi n g l eft- h a n d si g n al:

S i g D + k e y A
k x! S i g D + L r a w + k e y A ( A. 9)

S i g A + k e y B
k x! S i g A + L r a w + k e y B ( A. 1 0)

S i g B + k e y C
k x! S i g B + L r a w + k e y C ( A. 1 1)

S i g C + k e y D
k x! S i g C + L r a w + k e y D ( A. 1 2)

L r a w
4 ⇤ k x! w a s t e ( A. 1 3)

s o u r c e
c r e c T  h ⇤ k p

! T h L
k x! w a s t e ( A. 1 4)

s o u r c e
k p
! A m p L

k x! w a s t e ( A. 1 5)

L r a w + T h L
k T! w a s t e ( A. 1 6)

L r a w + A m p L
k L! L r a w + L f t ( A. 1 7)

L f t
k x! w a s t e ( A. 1 8)

( a) R e c ei vi n g a n d pr o c essi n g ri g ht- h a n d si g n al:

S i g B + k e y A
k x! S i g B + R r a w + k e y A ( A. 1 9)

S i g C + k e y B
k x! S i g C + R r a w + k e y B ( A. 2 0)

S i g D + k e y C
k x! S i g D + R r a w + k e y C ( A. 2 1)

S i g A + k e y D
k x! S i g A + R r a w + k e y D ( A. 2 2)

R r a w
4 ⇤ k x! w a s t e ( A. 2 3)

s o u r c e
c r e c T  h ⇤ k p

! T h r
k x! w a s t e ( A. 2 4)

s o u r c e
k p
! A m p r

k x! w a s t e ( A. 2 5)

R r a w + T h r
k T! w a s t e ( A. 2 6)

R r a w + A m p r
k L! R r a w + R g h t ( A. 2 7)

R g h t
k x! w a s t e ( A. 2 8)

2. C al c ul ati o n St a g e
( a) C o p y l eft, ri g ht a n d pr e vi o us ti m e st e p ( pr) si g n als ( m ulti pl e g at es o p er at e o n e a c h):

L a s t
k x! L a s t + B r P r ( A. 2 9)

B r P r
k x! w a s t e ( A. 3 0)

R g h t
k x! R g h t + R B r ( A. 3 1)

R B r
k x! w a s t e ( A. 3 2)

L a s t
k x! L a s t + O n P r ( A. 3 3)

O n P r
k x! w a s t e ( A. 3 4)

R g h t
k x! R g h t + R C r ( A. 3 5)

R C r
k x! w a s t e ( A. 3 6)

L f t
k x! L f t + L C r ( A. 3 7)

L C r
k x! w a s t e ( A. 3 8)

s o u r c e
k p
! O f f P r ( A. 3 9)

O f f P r
k x! w a s t e ( A. 4 0)

B r P r + O f f P r
k T! w a s t e ( A. 4 1)

( a) B o ol e a n l o gi c f or  Br ( birt h) c o n diti o n: off t o o n tr a nsiti o n:
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s o u r c e
2 ⇤ k p
! S g B r

k x! w a s t e ( A. 4 2)

O f f P r + S g B r
k L! S u m B r

k x! w a s t e ( A. 4 3)

R B r + S g B r
k L! S u m B r ( A. 4 4)

s o u r c e
1 . 3 5 ⇤ k p

! T h B r
k x! w a s t e ( A. 4 5)

s o u r c e
k p
! A m p B r

k x! w a s t e ( A. 4 6)

S u m B r + T h B r
k T! w a s t e ( A. 4 7)

S u m B r + A m p B r
k L! S u m B r + B r ( A. 4 8)

B r
k x! w a s t e ( A. 4 9)

( a) B o ol e a n l o gi c f or n o d e at h c o n diti o n ( o n a n d at l e ast o n e n ei g h b or off ): st a y o n:

s o u r c e
2 ⇤ k p
! S g n b O f f

k x! w a s t e ( A. 5 0)

R C r + S g n b O f f
k L! S u m n b O f f

k x! w a s t e ( A. 5 1)

L C r + S g n b O f f
k L! S u m n b O f f ( A. 5 2)

s o u r c e
1 . 3 5 ⇤ k p

! T h n b O f f
k x! w a s t e ( A. 5 3)

s o u r c e
k p
! A m p n b O f f

k x! w a s t e ( A. 5 4)

S u m n b O f f + T h n b O f f
k T! w a s t e ( A. 5 5)

T h n b O f f + A m p n b O f f
k L! T h n b O f f + n b r O f f ( A. 5 6)

n b r O f f
k x! w a s t e ( A. 5 7)

s o u r c e
2 ⇤ k p
! S g C r

k x! w a s t e ( A. 5 8)

O n P r + S g C r
k L! S u m C r

k x! w a s t e ( A. 5 9)

n b r O f f + S g C r
k L! S u m C r ( A. 6 0)

s o u r c e
1 . 3 5 ⇤ k p

! T h C r
k x! w a s t e ( A. 6 1)

s o u r c e
k p
! A m p C r

k x! w a s t e ( A. 6 2)

S u m C r + T h C r
k T! w a s t e ( A. 6 3)

S u m C r + A m p C r
k L! S u m C r + L i v e ( A. 6 4)

L i v e
k x! w a s t e ( A. 6 5)

( a) B o ol e a n l o gi c t o d et er mi n e if n e xt st at e is o n :

s o u r c e
2 ⇤ k p
! S g N x

k x! w a s t e ( A. 6 6)

L i v e + S g N x
k L! S u m N x

k x! w a s t e ( A. 6 7)

B r + S g N x
k L! S u m N x ( A. 6 8)

s o u r c e
0 . 6 5 ⇤ k p

! T h N x
k x! w a s t e ( A. 6 9)

s o u r c e
k p
! A m p N  x

k x! w a s t e ( A. 7 0)

S u m N x + T h N x
k T! w a s t e ( A. 7 1)

S u m N x + A m p N  x
k L! S u m N x + N x ( A. 7 2)

N x
k x! w a s t e ( A. 7 3)

N x
k x! N x + O n N x ( A. 7 4)

O n N x
k x! w a s t e ( A. 7 5)

( a) B o ol e a n l o gi c t o d et er mi n e if n e xt st at e is off :

N x
k x! N x + N t N x ( A. 7 6)

N t N x
k x! w a s t e ( A. 7 7)

s o u r c e
k p
! O f f N x

k x! w a s t e ( A. 7 8)

N t N x + O f f N x
k T! w a s t e ( A. 7 9)

( a) Cl o c k e d s y n c hr o ni z ati o n g at es:
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cl k
k x! cl k + cl k O n ( A. 8 0)

cl k O n
k x! w a s t e ( A. 8 1)

cl k
k x! cl k + cl k O f f ( A. 8 2)

cl k O f f
k x! w a s t e ( A. 8 3)

s o u r c e
2 ⇤ k p
! S g N x O n

k x! w a s t e ( A. 8 4)

O n N x + S g N x O n
k L! O n N x S u m

k x! w a s t e ( A. 8 5)

cl k O n + S g N x O n
k L! O n N x S u m ( A. 8 6)

s o u r c e
1 . 3 5 ⇤ k p

! O n N x T  h
k x! w a s t e ( A. 8 7)

s o u r c e
k p
! O n N x A m p

k x! w a s t e ( A. 8 8)

O n N x S u m + O n N x T  h
k T! w a s t e ( A. 8 9)

O n N x S u m + O n N x A m p
k L! O n N x S u m + S e t B f r ( A. 9 0)

S e t B f r
k x! w a s t e ( A. 9 1)

s o u r c e
2 ⇤ k p
! S g O f f N x

k x! w a s t e ( A. 9 2)

O f f N x + S g O f f N x
k L! S u m O f f N x

k x! w a s t e ( A. 9 3)

cl k O f f + S g O f f N x
k L! S u m O f f N x ( A. 9 4)

s o u r c e
1 . 3 5 ⇤ k p

! T h O f f N x
k x! w a s t e ( A. 9 5)

s o u r c e
k p
! A m p O f f  N  x

k x! w a s t e ( A. 9 6)

S u m O f f N x + T h O f f N x
k T! w a s t e ( A. 9 7)

S u m O f f N x + A m p O f f  N  x
k L! S u m O f f N x + R e s B f r ( A. 9 8)

R e s B f r
k x! w a s t e ( A. 9 9)

3. St or a g e St a g e

( a) C o pi es of S et/ R es si g n als:

S e t B f r
k x! S e t B f r + S e t ( A. 1 0 0)

S e t
k x! w a s t e ( A. 1 0 1)

R e s B f r
k x! R e s B f r + R e s ( A. 1 0 2)

R e s
k x! w a s t e ( A. 1 0 3)( a) Fli p- ß o p  m o d ul e:

f f B f r d
k x! f f B f r d + f f F b a c k ( A. 1 0 4)

f f F b a c k
k x! w a s t e ( A. 1 0 5)

s o u r c e
2 ⇤ k p
! N 1 S g

k x! w a s t e ( A. 1 0 6)

S e t + N 1 S g
k L! N 1 S u m

k x! w a s t e ( A. 1 0 7)

f f F b a c k + N 1 S g
k L! N 1 S u m ( A. 1 0 8)

s o u r c e
0 . 6 5 ⇤ k p

! N 1 T h
k x! w a s t e ( A. 1 0 9)

s o u r c e
k p
! N 1

k x! w a s t e ( A. 1 1 0)

N 1 S u m + N 1 T h
k T! w a s t e ( A. 1 1 1)

N 1 T h + N 1
k L! N 1 T h + f f F b a c k N o t ( A. 1 1 2)

f f F b a c k N o t
k x! w a s t e ( A. 1 1 3)

s o u r c e
2 ⇤ k p
! N 2 S g

k x! w a s t e ( A. 1 1 4)

R e s + N 2 S g
k L! N 2 S u m

k x! w a s t e ( A. 1 1 5)

f f F b a c k N o t + N 2 S g
k L! N 2 S u m ( A. 1 1 6)

s o u r c e
0 . 6 5 ⇤ k p

! N 2 T h
k x! w a s t e ( A. 1 1 7)

s o u r c e
k p
! N 2

k x! w a s t e ( A. 1 1 8)

N 2 S u m + N 2 T h
k T! w a s t e ( A. 1 1 9)

N 2 T h + N 2
k L! N 2 T h + f f B f r d ( A. 1 2 0)

f f B f r d
k x! w a s t e ( A. 1 2 1)

f f B f r d
k x! f f B f r d + L a s t ( A. 1 2 2)

L a s t
k x! w a s t e ( A. 1 2 3)
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B  R ul e 1 1 0  P a rti al  Diff e r e nti al  E q u ati o ns

ÒI h o p e t o s a y s o m et hi n g a b o ut a Ô c o nti n u o usÕ r at h er t h a n Ô cr yst alli n eÕ  m o d el [ of a ut o m at a]. T h er e, as f ar as I c a n n o w s e e, a s yst e m of
n o nli n e ar p arti al diff er e nti al e q u ati o ns, ess e nti all y of t h e diff usi o n t y p e,  will b e us e d. Ó

- J o h n v o n  N e u m a n n ( O ct. 2 8t h, 1 9 5 2) dis c ussi n g u n Þ nis h e d  T h e or y of  A ut o m at a.
v o n  N e u m a n n p a p ers, Li br ar y of  C o n gr ess,  B o x 2 8 Ò T h e or y of  A ut o m at a Ó.

T his s e cti o n d es cri b es t h e s et of c o u pl e d p arti al diff er e nti al e q u ati o ns t h at g o v er n o ur  R ul e 1 1 0 c h e mi c al a ut o m at o n, d eri v e d fr o m t h e
r e a cti o ns i n  A p p e n di x  A.  T h es e e q u ati o ns us e st a n d ar d  m ass- a cti o n e q u ati o ns a n d t h e diff usi o n e q u ati o n. Fi g ur e 8( b) c o nt ai ns a pl ot of t h e
s ol uti o n t o t h es e e q u ati o ns.  O n e e q u ati o n is d e v ot e d t o e a c h of t h e 7 6 s p e ci es i n o ur n et w or k. Fi g ur e 9 s h o ws a d et ail of t h e cir c uit fr o m
Fi g ur e 7 f or a  R ul e 1 1 0 a ut o m at o n,  wit h e a c h s p e ci es l a b el e d.

U nl ess ot h er wis e s p e ci Þ e d, all s p e ci es st art  wit h z er o i niti al c o n c e ntr ati o n.  A bs or bi n g b o u n d ar y c o n diti o ns a p pl y t o all s p e ci es  w h os e
c o n c e ntr ati o ns c h a n g e o v er ti m e.  O ur r e a cti o n r at e c o nst a nts a n d diff usi o n c o ef Þ ci e nts ar e s el e ct e d t o b e r e alisti c all y att ai n a bl e v al u es f or
D N A- b as e d r e a cti o n- diff usi o n n et w or ks, o n t h e s a m e or d er of  m a g nit u d e as e x p eri m e nt all y d eri v e d d at a i n t h e lit er at ur e[ 3 7, 1 4, 3 2].  T h e
M at h e m ati c a c o d e  w e us e d t o n u m eri c all y s ol v e t h es e e q u ati o ns is a v ail a bl e u p o n r e q u est.

C o nst a nts:

x M  a x = 6 4

D = 0 .0 0 0 1 5 m m
2
s
� 1

k T = 2 0 µ M
� 1

s
� 1

k L = 0 .2 µ M
� 1

s
� 1

k p = 0 .0 0 2 µ Ms
� 1

k d = 0 .0 0 2 µ s
� 1

k x = 0 .0 0 2 µ M
� 1

s
� 1

k B = 0 .0 0 0 2 µ M
� 2

s
� 1

k B d = 0 .0 0 0 0 2 s
� 1

c r e c T  h = 0 .5 µ M
cl k P e r i o d = 2 ⇤ 2 4 ⇤ 3 6 0 0 s

cl k D u t y = .5 ⇤ 3 6 0 0 s

1. E xt er n al Si g n als:

( a) K e ys (i n µ M):
K e y A ( t, x ) =

⇢
1 / ( 1 + E x p [� 2 5 ⇤ ( M o d ( x, 1 6 ) � 1 )] ) : M o d ( x, 1 6 )  2
1 � 1 / ( 1 + E x p [� 2 5 ⇤ ( M o d ( x, 1 6 ) � 3 )] ) : o t h e r w i s e.

( B. 1)

K e y B ( t, x ) =

⇢
1 / ( 1 + E x p [� 2 5 ⇤ ( M o d ( x, 1 6 ) � 5 )] ) : M o d ( x, 1 6 )  6
1 � 1 / ( 1 + E x p [� 2 5 ⇤ ( M o d ( x, 1 6 ) � 7 )] ) : o t h e r w i s e.

( B. 2)

K e y C ( t, x ) =

⇢
1 / ( 1 + E x p [� 2 5 ( M o d ( x, 1 6 ) � 9 )] ) : m o d ( x, 1 6 )  1 0
1 � 1 / ( 1 + E x p [� 2 5 ( M o d ( x, 1 6 ) � 1 1 )] ) : o t h e r w i s e.

( B. 3)

K e y D ( t, x ) =

⇢
1 / ( 1 + E x p [� 2 5 ( M o d ( x, 1 6 ) � 1 3 )] ) : m o d ( x, 1 6 )  1 4
1 � 1 / ( 1 + E x p [� 2 5 ( M o d ( x, 1 6 ) � 1 5 )] ) : o t h e r w i s e.

( B. 4)

( b) Cl o c k:

cl k ( t, x ) =

(
1 µ M : t < 4 0 0 0
1 µ M : M o d ( t, cl k P e r i o d ) < cl k D u t y
0 : o t h e r w i s e.

( B. 5)

@ cl k O n ( t, x )

@ t
= D r

2
cl k O n ( t, x ) � k d ⇤ cl k O n ( t, x ) + k d ⇤ cl k ( t, x ) � k L ⇤ cl k O n ( t, x ) ⇤ S g n x O n ( t, x ) ( B. 6)

@ cl k O f f ( t, x )

@ t
= D r

2
cl k O f f ( t, x ) � k d ⇤ cl k O f f ( t, x ) + k d ⇤ cl k ( t, x ) � k L ⇤ cl k O f f ( t, x ) ⇤ S g O f f N x ( t, x ) ( B. 7)

2. C o m m u ni c ati o n St a g e:

( a) Br o a d c ast  M o d ul es (i n µ M):

S r c A ( t, x ) = 1 ( B. 8) S r c B ( t, x ) = 1 ( B. 9) S r c C ( t, x ) = 1 ( B. 1 0) S r c D ( t, x ) = 1 ( B. 1 1)

( b) Br o a d c ast si g n als, n ot e i niti al c o n c e ntr ati o n of S i g A tri g g ers i niti al o n c ell:
@ S i g A ( t, x )

@ t
= D r

2
S i g A ( t, x ) + k B S r c A ( t, x ) K e y A ( t, x ) L a s t ( t, x ) � k B d S i g A ( t, x ) ( B. 1 2)

S i g A ( t = 0 , x) =

⇢
2 µ M : x m a x � 8 < x < x m a x � 0 .1
0 : o t h e r w i s e.

@ S i g B ( t, x )

@ t
= D r

2
S i g B ( t, x ) + k B S r c B ( t, x ) K e y B ( t, x ) L a s t ( t, x ) � k B d S i g B ( t, x ) ( B. 1 3)

@ S i g C ( t, x )

@ t
= D r

2
S i g C ( t, x ) + k B S r c C ( t, x ) K e y C ( t, x ) L a s t ( t, x ) � k B d S i g C ( t, x ) ( B. 1 4)

@ S i g D ( t, x )

@ t
= D r

2
S i g D ( t, x ) + k B S r c D ( t, x ) K e y D ( t, x ) L a s t ( t, x ) � k B d S i g D ( t, x ) ( B. 1 5)

( c) R e c ei vi n g a n d pr o c essi n g l eft- h a n d n ei g h b or si g n al:

@ L r a w ( t, x )

@ t
= D r

2
L r a w ( t, x ) � 4 k d L r a w ( t, x ) � k T L r a w ( t, x ) T h l ( t, x ) + k x S i g D ( t, x ) K e y A ( t, x )

+ k x S i g A ( t, x ) K e y B ( t, x ) + k x S i g B ( t, x ) K e y C ( t, x ) + k x S i g C ( t, x ) K e y D ( t, x ) ( B. 1 6)

@ T h l ( t, x )

@ t
= D r

2
T h l ( t, x ) + c r e c T  h k p � k d T h l ( t, x ) � k T L r a w ( t, x ) T h l ( t, x ) ( B. 1 7)

@ A m p l ( t, x )

@ t
= D r

2
A m p l ( t, x ) + k p � k d A m p l ( t, x ) � k L L r a w ( t, x ) A m p l ( t, x ) ( B. 1 8)

@ L f t ( t, x )

@ t
= D r

2
L f t ( t, x ) � k d L f t ( t, x ) + k L L r a w ( t, x ) A m p l ( t, x ) ( B. 1 9)

( d) R e c ei vi n g a n d pr o c essi n g ri g ht- h a n d n ei g h b or si g n al:

@ R r a w ( t, x )

@ t
= D r

2
R r a w ( t, x ) � 4 k d R r a w ( t, x ) � k T R r a w ( t, x ) T h r ( t, x ) + k x S i g ( t, x ) K e y A ( t, x )

+ k x S i g C ( t, x ) K e y B ( t, x ) + k x S i g D ( t, x ) K e y C ( t, x ) + k x S i g A ( t, x ) K e y D ( t, x ) ( B. 2 0)
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@ T h r ( t, x )

@ t
= D r

2
T h r ( t, x ) + c r e c T  h k p � k d T h r ( t, x ) � k T R r a w ( t, x ) T h r ( t, x ) ( B. 2 1)

@ A m p r t ( t, x )

@ t
= D r

2
A m p r t ( t, x ) + k p � k d A m p r t ( t, x ) � k L R r a w ( t, x ) A m p r t ( t, x ) ( B. 2 2)

@ R g h t ( t, x )

@ t
= D r

2
R g h t ( t, x ) � k d R g h t ( t, x ) + k L R r a w ( t, x ) A m p r t ( t, x ) ( B. 2 3)

3. C al c ul ati o n St a g e:

( a) C o p y l eft, ri g ht a n d pr e vi o us ti m e st e p ( pr) si g n als ( m ulti pl e g at es o p er at e o n e a c h)
@ B r p r ( t, x )

@ t
= D r

2
B r p r ( t, x ) � k d B r p r ( t, x ) + k d L a s t ( t, x ) � k T B r p r ( t, x ) O f f p r ( t, x ) ( B. 2 4)

@ R b r ( t, x )

@ t
= D r

2
R b r ( t, x ) � k d R b r ( t, x ) + k d R g h t ( t, x ) � k L R b r ( t, x ) S g b r ( t, x ) ( B. 2 5)

@ O n p r ( t, x )

@ t
= D r

2
O n p r ( t, x ) � k d O n p r ( t, x ) + k d L a s t ( t, x ) � k L O n p r ( t, x ) S g c r ( t, x ) ( B. 2 6)

@ R c r ( t, x )

@ t
= D r

2
R c r ( t, x ) � k d R c r ( t, x ) + k d R g h t ( t, x ) � k L R c r ( t, x ) S g n b O f  f ( t, x ) ( B. 2 7)

@ L c r ( t, x )

@ t
= D r

2
L c r ( t, x ) � k d L c r ( t, x ) + k d L f t ( t, x ) � k L L c r ( t, x ) S g n b O f  f ( t, x ) ( B. 2 8)

@ O f f p r ( t, x )

@ t
= D r

2
O f f p r ( t, x ) + k p � k d O f f p r ( t, x ) � T B r p r ( t, x ) O f f p r ( t, x ) � k L O f f p r ( t, x ) S g b r ( t, x ) ( B. 2 9)

( b) B o ol e a n l o gi c f or  Br ( birt h) c o n diti o n: off t o o n tr a nsiti o n
@ S g b r ( t, x )

@ t
= D r

2
S g b r ( t, x ) + 2 k p � k d S g b r ( t, x ) � k L O f f p r ( t, x ) S g b r ( t, x ) � k L R b r ( t, x ) S g b r ( t, x ) ( B. 3 0)

@ S u m b r ( t, x )

@ t
= D r

2
S u m b r ( t, x ) � k d S u m b r ( t, x ) + k L O f f p r ( t, x ) S g b r ( t, x )

+ k L R b r ( t, x ) S g b r ( t, x ) � k T S u m b r ( t, x ) T h b r ( t, x ) ( B. 3 1)
@ T h b r ( t, x )

@ t
= D r

2
T h b r ( t, x ) + 1 .3 5 k p � k d T h b r ( t, x ) � k T S u m b r ( t, x ) T h b r ( t, x ) ( B. 3 2)

@ A m p b r ( t, x )

@ t
= D r

2
A m p b r ( t, x ) + k p � k d A m p b r ( t, x ) � k L S u m b r ( t, x ) A m p b r ( t, x ) ( B. 3 3)

@ B r ( t, x )

@ t
= D r

2
B r ( t, x ) � k d B r ( t, x ) + k L S u m b r ( t, x ) A m p b r ( t, x ) � k L B r ( t, x ) S g n x ( t, x ) ( B. 3 4)

( c) B o ol e a n l o gi c f or n o d e at h c o n diti o n ( o n a n d at l e ast o n e n ei g h b or off ): st a y o n
@ S g n b O f  f ( t, x )

@ t
= D r

2
S g n b O f  f ( t, x ) + 2 k p � k d S g n b O f  f ( t, x ) � k L R c r ( t, x ) S g n b O f  f ( t, x )

� k L L c r ( t, x ) S g n b O f  f ( t, x ) ( B. 3 5)
@ S u m n b O f  f ( t, x )

@ t
= D r

2
S u m n b O f  f ( t, x ) � k d S u m n b O f  f ( t, x ) + k L R c r ( t, x ) S g n b O f  f ( t, x )

+ k L L c r ( t, x ) S g n b O f  f ( t, x ) � k T S u m n b O f  f ( t, x ) T h n b O f  f ( t, x ) ( B. 3 6)
@ T h n b O f  f ( t, x )

@ t
= D r

2
T h n b O f  f ( t, x ) + 1 .3 5 k p � k d T h n b O f  f ( t, x ) � k T S u m n b O f  f ( t, x ) T h n b O f  f ( t, x ) ( B. 3 7)

@ A m p n b O f  f ( t, x )

@ t
= D r

2
A m p n b O f  f ( t, x ) + k p � k d A m p n b O f  f ( t, x ) � k L T h n b O f  f ( t, x ) A m p n b O f  f ( t, x ) ( B. 3 8)

@ n b r O f f ( t, x )

@ t
= D r

2
n b r O f f ( t, x ) � k d n b r O f f ( t, x ) + k L T h n b O f  f ( t, x ) A m p n b O f  f y ( t, x )

� k L n b r O f f ( t, x ) S g c r ( t, x ) ( B. 3 9)
@ S g c r ( t, x )

@ t
= D r

2
S g c r ( t, x ) + 2 k p � k d S g c r ( t, x ) � k L O n p r ( t, x ) S g c r ( t, x ) � k L n b r O f f ( t, x ) S g c r ( t, x ) ( B. 4 0)

@ S u m c r ( t, x )

@ t
= D r

2
S u m c r ( t, x ) � k d S u m c r ( t, x ) + k L O n p r ( t, x ) S g c r ( t, x )

+ k L n b r O f f ( t, x ) S g c r ( t, x ) � k T S u m c r ( t, x ) T h c r ( t, x ) ( B. 4 1)
@ T h c r ( t, x )

@ t
= D r

2
T h c r ( t, x ) + 1 .3 5 k p � k d T h c r ( t, x ) � k T S u m c r ( t, x ) T h c r ( t, x ) ( B. 4 2)

@ A m p c r ( t, x )

@ t
= D r

2
A m p c r ( t, x ) + k p � k d A m p c r ( t, x ) � k L S u m c r ( t, x ) A m p c r ( t, x ) ( B. 4 3)

@ L i v e ( t, x )

@ t
= D r

2
L i v e ( t, x ) � k d L i v e ( t, x ) + k L S u m c r ( t, x ) A m p c r ( t, x ) � k L L i v e ( t, x ) S g n x ( t, x ) ( B. 4 4)

( d) B o ol e a n l o gi c t o d et er mi n e if n e xt st at e is o n
@ S g n x ( t, x )

@ t
= D r

2
S g n x ( t, x ) + 2 k p � k d S g n x ( t, x ) � k L L i v e ( t, x ) S g n x ( t, x ) � k L B r ( t, x ) S g n x ( t, x ) ( B. 4 5)

@ S u m n x ( t, x )

@ t
= D r

2
S u m n x ( t, x ) � k d S u m n x ( t, x ) + k L L i v e ( t, x ) S g n x ( t, x ) + k L B r ( t, x ) S g n x ( t, x )

� k T S u m n x ( t, x ) T h n x ( t, x ) ( B. 4 6)
@ T h n x ( t, x )

@ t
= D r

2
T h n x ( t, x ) + 0 .6 5 k p � k d T h n x ( t, x ) � k T S u m n x ( t, x ) T h n x ( t, x ) ( B. 4 7)

@ A m p n x ( t, x )

@ t
= D r

2
A m p n x ( t, x ) + k p � k d A m p n x ( t, x ) � k L S u m n x ( t, x ) A m p n x ( t, x ) ( B. 4 8)

@ N x ( t, x )

@ t
= D r

2
N x ( t, x ) � k d N x ( t, x ) + k L S u m n x ( t, x ) A m p n x ( t, x ) ( B. 4 9)

@ O n n x ( t, x )

@ t
= D r

2
O n n x ( t, x ) � k d O n n x ( t, x ) + k d N x ( t, x ) � k L O n n x ( t, x ) S g n x O n ( t, x ) ( B. 5 0)

( e) B o ol e a n l o gi c t o d et er mi n e if n e xt st at e is off
@ N t n x ( t, x )

@ t
= D r

2
N t n x ( t, x ) � k d N t n x ( t, x ) + k d N x ( t, x ) � k T N t n x ( t, x ) O f f n x ( t, x ) ( B. 5 1)

@ O f f n x ( t, x )

@ t
= D r

2
O f f n x ( t, x ) + k p � k d O f f n x ( t, x ) � k T N t n x ( t, x ) O f f n x ( t, x ) � k L O f f n x ( t, x ) S g O f f N x ( t, x ) ( B. 5 2)
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6. 2 |  R ul e 1 1 0 P arti al Diff er e nti al E q u ati o n s  

“I  h o p e  t o  s a y  s o m et hi n g  a b o ut  a  ‘ c o nti n u o us’  r at h er  t h a n  ‘ cr yst alli n e’  m o d el  [ of  a ut o m at a]. 

T h er e, as f ar as I c a n n o w s e e, a s yst e m of n o nli n e ar p arti al diff er e nti al e q u ati o ns, ess e nti all y of t h e 

(f) Cl o c k e d s y n c hr o ni z ati o n g at es
@ S g n x O n ( t, x )

@ t
= D r

2
S g n x O n ( t, x ) + 2 k p � k d S g n x O n ( t, x ) � k L O n n x ( t, x ) S g n x O n ( t, x )

� k L cl k O n ( t, x ) S g n x O n ( t, x ) ( B. 5 3)
@ O n n x S u m ( t, x )

@ t
= D r

2
O n n x S u m ( t, x ) � k d O n n x S u m ( t, x ) + k L O n n x ( t, x ) S g n x O n ( t, x )

+ k L cl k O n ( t, x ) S g n x O n ( t, x ) � k T O n n x S u m ( t, x ) O n n x T h ( t, x ) ( B. 5 4)
@ O n n x T h ( t, x )

@ t
= D r

2
O n n x T h ( t, x ) + 1 .3 5 k p � k d O n n x T h ( t, x ) � k T O n n x S u m ( t, x ) O n n x T h ( t, x ) ( B. 5 5)

@ O n n x A m p ( t, x )

@ t
= D r

2
O n n x A m p ( t, x ) + k p � k d O n n x A m p ( t, x ) � k L O n n x S u m ( t, x ) O n n x A m p ( t, x ) ( B. 5 6)

@ S e t B f r ( t, x )

@ t
= D r

2
S e t B f r ( t, x ) � k d S e t B f r ( t, x ) + k L O n n x S u m ( t, x ) O n n x A m p ( t, x ) ( B. 5 7)

@ S g O f f N x ( t, x )

@ t
= D r

2
S g O f f N x ( t, x ) + 2 k p � k d S g O f f N x ( t, x ) � k L O f f n x ( t, x ) S g O f f N x ( t, x )

� k L cl k O f f ( t, x ) S g O f f N x ( t, x ) ( B. 5 8)
@ S u m O f f N x ( t, x )

@ t
= D r

2
S u m O f f N x ( t, x ) � k d S u m O f f N x ( t, x ) + k L O f f n x ( t, x ) S g O f f N x ( t, x )

+ k L cl k O f f ( t, x ) S g O f f N x ( t, x ) � k T S u m O f f N x ( t, x ) T h O f f N x ( t, x ) ( B. 5 9)
@ T h O f f N x ( t, x )

@ t
= D r

2
T h O f f N x ( t, x ) + 1 .3 5 k p � k d T h O f f N x ( t, x ) � k T S u m O f f N x ( t, x ) T h O f f N x ( t, x ) ( B. 6 0)

@ A m p O f f N x ( t, x )

@ t
= D r

2
A m p O f f N x ( t, x ) + k p � k d A m p O f f N x ( t, x ) � k L S u m O f f N x ( t, x ) A m p O f f N x ( t, x ) ( B. 6 1)

@ R e s B f r ( t, x )

@ t
= D r

2
R e s B f r ( t, x ) � k d R e s B f r ( t, x ) + k L S u m O f f N x ( t, x ) A m p O f f N x ( t, x ) ( B. 6 2)

4. St or a g e St a g e

( a) C o pi es of S et/ R es si g n als
@ S e t ( t, x )

@ t
= D r

2
S e t ( t, x ) � k d S e t ( t, x ) + k d S e t B f r ( t, x ) � k L S e t ( t, x ) N 1 S g ( t, x ) ( B. 6 3)

@ R e s ( t, x )

@ t
= D r

2
R e s ( t, x ) � k d R e s ( t, x ) + k d R e s B f r ( t, x ) � k L R e s ( t, x ) N 2 S g ( t, x ) ( B. 6 4)

( b) Fli p- ß o p  m o d ul e
@ f f B f r d ( t, x )

@ t
= D r

2
f f B f r d ( t, x ) � k d f f B f r d ( t, x ) + k L N 2 T h ( t, x ) N 2 ( t, x ) ( B. 6 5)

@ f f F b a c k N o t ( t, x )

@ t
= D r

2
f f F b a c k N o t ( t, x ) � k d f f F b a c k N o t ( t, x ) + k L N 1 T h ( t, x ) N 1 ( t, x )

� k L f f F b a c k N o t ( t, x ) N 2 S g ( t, x ) ( B. 6 6)
@ N 1 T h ( t, x )

@ t
= D r

2
N 1 T h ( t, x ) + 0 .6 5 k p � k d N 1 T h ( t, x ) � k T N 1 S u m ( t, x ) N 1 T h ( t, x ) ( B. 6 7)

@ N 2 S u m ( t, x )

@ t
= D r

2
N 2 S u m ( t, x ) � k d N 2 S u m ( t, x ) + k L R e s ( t, x ) N 2 S g ( t, x )

+ k L f f F b a c k N o t ( t, x ) N 2 S g ( t, x ) � k T N 2 S u m ( t, x ) N 2 T h ( t, x ) ( B. 6 8)
@ f f F b a c k ( t, x )

@ t
= D r

2
f f F b a c k ( t, x ) � k d f f F b a c k ( t, x ) + k d f f B f r d ( t, x ) � k L f f F b a c k ( t, x ) N 1 S g ( t, x ) ( B. 6 9)

@ N 1 S g ( t, x )

@ t
= D r

2
N 1 S g ( t, x ) + 2 k p � k d N 1 S g ( t, x ) � k L S e t ( t, x ) N 1 S g ( t, x ) � k L f f F b a c k ( t, x ) N 1 S g ( t, x ) ( B. 7 0)

@ N 1 S u m ( t, x )

@ t
= D r

2
N 1 S u m ( t, x ) � k d N 1 S u m ( t, x ) + k L S e t ( t, x ) N 1 S g ( t, x ) + k L f f F b a c k ( t, x ) N 1 S g ( t, x )

� k T N 1 S u m ( t, x ) N 1 T h ( t, x ) ( B. 7 1)
@ N 1 ( t, x )

@ t
= D r

2
N 1 ( t, x ) + k p � k d N 1 ( t, x ) � k L N 1 T h ( t, x ) N 1 ( t, x ) ( B. 7 2)

@ N 2 S g ( t, x )

@ t
= D r

2
N 2 S g ( t, x ) + 2 k p � k d N 2 S g ( t, x ) � k L R e s ( t, x ) N 2 S g ( t, x ) � k L f f F b a c k N o t ( t, x ) N 2 S g ( t, x ) ( B. 7 3)

@ N 2 T h ( t, x )

@ t
= D r

2
N 2 T h ( t, x ) + 0 .6 5 k p � k d N 2 T h ( t, x ) � k T N 2 S u m ( t, x ) N 2 T h ( t, x ) ( B. 7 4)

@ N 2 ( t, x )

@ t
= D r

2
N 2 ( t, x ) + k p � k d N 2 ( t, x ) � k L N 2 T h ( t, x ) N 2 ( t, x ) ( B. 7 5)

( c) St or e d St at e
@ L a s t ( t, x )

@ t
= D r

2
L a s t ( t, x ) � k d L a s t ( t, x ) + k d f f B f r d ( t, x ) ( B. 7 6)

C  As y n c h r o n o us  C ell ul a r  A ut o m at o n  Ci r c uit

O n e li mit ati o n t o t h e d esi g n f or t h e c ell ul ar a ut o m at o n t h at  w e pr es e nt e d is t h at it r e q uir es a gl o b al Ò cl o c k Ó si g n al
t h at is c o nti n u o usl y s u p pli e d s u c h t h at it c o nti n u all y c h a n g es c o n c e ntr ati o n i n a n os cill at or y p att er n. It is li k el y t h at
pr o vi di n g s u c h a si g n al e xt er n all y  w o ul d b e c h all e n gi n g, b e c a us e e xisti n g bi o m ol e c ul ar os cill at ors ar e g e n er all y n ois y,
a n d  m a y n ot pr o vi d e t h e r e q uir e d s y n c hr o ni z ati o n [ 1 5].  A n alt er n ati v e t o t h e d esi g n  w e h a v e pr es e nt e d  w o ul d b e t o us e
a n as y n c hr o n o us c ell ul ar a ut o m at o n,  w hi c h d o es n ot r e q uir e a cl o c k si g n al t o o p er at e. I nst e a d, f or e a c h u p d at e r o u n d,
all c ells i n t h e n et w or k  w ait u ntil t h e y h a v e r e c ei v e d i nf or m ati o n i n di c ati n g t h at t h eir n ei g h b ors ar e r e a d y t o pr o c e e d t o
t h e n e xt r o u n d, t h us pr e v e nti n g a n y si n gl e c ell fr o m g etti n g o ut of s y n c hr o n y  wit h its i m m e di at e n ei g h b ors.

A d esi g n f or a n as y n c hr o n o us  C A is o utli n e d i n Fi g ur e 1 0.  T h e cir c uit el e m e nts ( i. e. m o d ul es) ar e t h e s a m e as t h os e
f or t h e s y n c hr o n o us  C A, b ut  m or e el e m e nts ar e r e q uir e d a n d t h e y ar e arr a n g e d diff er e ntl y. I n t his as y n c hr o n o us  C A,
w h e n b ot h n ei g h b orsÕ br o a d c asts ar e r e c ei v e d b y a c ell, t h e c ell dis a bl es its o w n br o a d c ast a n d pr o c e e ds t o c al c ul at e
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diff usi o n t y p e, will b e us e d. ”  

- J o h n v o n N e u m a n n ( O ct. 2 8t h, 1 9 5 2) dis c ussi n g u nfi nis h e d T h e or y of A ut o m at a.  

vo n Ne u m a n n p a pers, Li br ary of Co ngress, Bo x 2 8 “ T heory of A uto m at a ”.  

T his s e cti o n d es cri b es t h e s et of c o u pl e d p arti al di ff er e nti al e q u ati o ns t h at g o v er n o ur R ul e 1 1 0 

c h e mi c al a ut o m at o n, d eri v e d fr o m t h e r e a cti o ns i n A p p e n di x A. T h es e e q u ati o ns us e st a n d ar d m ass -

a cti o n  e q u ati o ns  a n d  t h e  diff usi o n  e q u ati o n.  Fi g ur e  8( b)  c o nt ai ns  a  pl ot  of  t h e  s ol uti o n  t o  t h es e 

e q u ati o ns. O n e e q u ati o n is d e v ot e d t o e a c h of t h e 7 6 s p e ci es i n o ur n et w or k. Fi g ur e 9 s h o ws a d et ail 

of t h e cir c uit fr o m Fi g ur e 7 f or a R ul e 1 1 0 a ut o m at o n, wit h e a c h s p e ci es l a b el e d.  

U nl ess ot h er wis e s p e cifi e d, all s p e ci es st art wit h z er o i niti al c o n c e ntr ati o n. A bs or bi n g b o u n d ar y 

c o n diti o ns a p pl y t o all s p e ci es w h os e c o n c e ntr ati o ns c h a n g e o v er ti m e. O ur r e a cti o n r at e c o nst a nts 

a n d diff usi o n c o effi ci e nts ar e s el e ct e d t o b e r e alisti c all y att ai n a bl e v al u es f or D N A -b as e d r e a cti o n -

diff usi o n  n et w or ks,  o n  t h e  s a m e  or d er  of  m a g nit u d e  as  e x p eri m e nt all y  d eri v e d  d at a  i n  t h e 

lit er at ur e[ 3 7, 1 4, 3 2]. T h e M at h e m ati c a c o d e w e us e d t o n u m eri c all y s ol v e t h es e e q u ati o ns is a v ail a bl e 

u p o n r e q u est.  
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B  R ul e 1 1 0  P a rti al  Diff e r e nti al  E q u ati o ns

“I h o p e t o s a y s o m et hi n g a b o ut a ‘ c o nti n u o us’ r at h er t h a n ‘ cr yst alli n e’  m o d el [ of a ut o m at a]. T h er e, as f ar as I c a n n o w s e e, a s yst e m of
n o nli n e ar p arti al diff er e nti al e q u ati o ns, ess e nti all y of t h e diff usi o n t y p e,  will b e us e d. ”

- J o h n v o n  N e u m a n n ( O ct. 2 8t h, 1 9 5 2) dis c ussi n g u n fi nis h e d  T h e or y of  A ut o m at a.
v o n  N e u m a n n p a p ers, Li br ar y of  C o n gr ess,  B o x 2 8 “ T h e or y of  A ut o m at a ”.

T his s e cti o n d es cri b es t h e s et of c o u pl e d p arti al diff er e nti al e q u ati o ns t h at g o v er n o ur  R ul e 1 1 0 c h e mi c al a ut o m at o n, d eri v e d fr o m t h e
r e a cti o ns i n  A p p e n di x  A.  T h es e e q u ati o ns us e st a n d ar d  m ass- a cti o n e q u ati o ns a n d t h e diff usi o n e q u ati o n. Fi g ur e 8( b) c o nt ai ns a pl ot of t h e
s ol uti o n t o t h es e e q u ati o ns.  O n e e q u ati o n is d e v ot e d t o e a c h of t h e 7 6 s p e ci es i n o ur n et w or k. Fi g ur e 9 s h o ws a d et ail of t h e cir c uit fr o m
Fi g ur e 7 f or a  R ul e 1 1 0 a ut o m at o n,  wit h e a c h s p e ci es l a b el e d.

U nl ess ot h er wis e s p e ci fi e d, all s p e ci es st art  wit h z er o i niti al c o n c e ntr ati o n.  A bs or bi n g b o u n d ar y c o n diti o ns a p pl y t o all s p e ci es  w h os e
c o n c e ntr ati o ns c h a n g e o v er ti m e.  O ur r e a cti o n r at e c o nst a nts a n d diff usi o n c o ef fi ci e nts ar e s el e ct e d t o b e r e alisti c all y att ai n a bl e v al u es f or
D N A- b as e d r e a cti o n- diff usi o n n et w or ks, o n t h e s a m e or d er of  m a g nit u d e as e x p eri m e nt all y d eri v e d d at a i n t h e lit er at ur e[ 3 7, 1 4, 3 2].  T h e
M at h e m ati c a c o d e  w e us e d t o n u m eri c all y s ol v e t h es e e q u ati o ns is a v ail a bl e u p o n r e q u est.

C o nst a nts:

x M  a x = 6 4

D = 0 .0 0 0 1 5 m m
2
s
− 1

k T = 2 0 µ M
− 1

s
− 1

k L = 0 .2 µ M
− 1

s
− 1

k p = 0 .0 0 2 µ Ms
− 1

k d = 0 .0 0 2 µ s
− 1

k x = 0 .0 0 2 µ M
− 1

s
− 1

k B = 0 .0 0 0 2 µ M
− 2

s
− 1

k B d = 0 .0 0 0 0 2 s
− 1

c r e c T  h = 0 .5 µ M
cl k P e r i o d = 2 ∗ 2 4 ∗ 3 6 0 0 s

cl k D u t y = .5 ∗ 3 6 0 0 s

1. E xt er n al Si g n als:

( a) K e ys (i n µ M):
K e y A ( t, x ) =

1 / ( 1 + E x p [− 2 5 ∗ ( M o d ( x, 1 6 ) − 1 )] ) : M o d ( x, 1 6 ) ≤ 2
1 − 1 / ( 1 + E x p [− 2 5 ∗ ( M o d ( x, 1 6 ) − 3 )] ) : o t h e r w i s e.

( B. 1)

K e y B ( t, x ) =
1 / ( 1 + E x p [− 2 5 ∗ ( M o d ( x, 1 6 ) − 5 )] ) : M o d ( x, 1 6 ) ≤ 6
1 − 1 / ( 1 + E x p [− 2 5 ∗ ( M o d ( x, 1 6 ) − 7 )] ) : o t h e r w i s e.

( B. 2)

K e y C ( t, x ) =
1 / ( 1 + E x p [− 2 5 ( M o d ( x, 1 6 ) − 9 )] ) : m o d ( x, 1 6 ) ≤ 1 0
1 − 1 / ( 1 + E x p [− 2 5 ( M o d ( x, 1 6 ) − 1 1 )] ) : o t h e r w i s e.

( B. 3)

K e y D ( t, x ) =
1 / ( 1 + E x p [− 2 5 ( M o d ( x, 1 6 ) − 1 3 )] ) : m o d ( x, 1 6 ) ≤ 1 4
1 − 1 / ( 1 + E x p [− 2 5 ( M o d ( x, 1 6 ) − 1 5 )] ) : o t h e r w i s e.

( B. 4)

( b) Cl o c k:

cl k ( t, x ) =
1 µ M : t < 4 0 0 0
1 µ M : M o d ( t, cl k P e r i o d ) < cl k D u t y
0 : o t h e r w i s e.

( B. 5)

∂ cl k O n ( t, x )

∂ t
= D ∇

2
cl k O n ( t, x ) − k d ∗ cl k O n ( t, x ) + k d ∗ cl k ( t, x ) − k L ∗ cl k O n ( t, x ) ∗ S g n x O n ( t, x ) ( B. 6)

∂ cl k O f f ( t, x )

∂ t
= D ∇

2
cl k O f f ( t, x ) − k d ∗ cl k O f f ( t, x ) + k d ∗ cl k ( t, x ) − k L ∗ cl k O f f ( t, x ) ∗ S g O f f N x ( t, x ) ( B. 7)

2. C o m m u ni c ati o n St a g e:

( a) Br o a d c ast  M o d ul es (i n µ M):

S r c A ( t, x ) = 1 ( B. 8) S r c B ( t, x ) = 1 ( B. 9) S r c C ( t, x ) = 1 ( B. 1 0) S r c D ( t, x ) = 1 ( B. 1 1)

( b) Br o a d c ast si g n als, n ot e i niti al c o n c e ntr ati o n of S i g A tri g g ers i niti al o n c ell:
∂ S i g A ( t, x )

∂ t
= D ∇

2
S i g A ( t, x ) + k B S r c A ( t, x ) K e y A ( t, x ) L a s t ( t, x ) − k B d S i g A ( t, x ) ( B. 1 2)

S i g A ( t = 0 , x) =
2 µ M : x m a x − 8 < x < x m a x − 0 .1
0 : o t h e r w i s e.

∂ S i g B ( t, x )

∂ t
= D ∇

2
S i g B ( t, x ) + k B S r c B ( t, x ) K e y B ( t, x ) L a s t ( t, x ) − k B d S i g B ( t, x ) ( B. 1 3)

∂ S i g C ( t, x )

∂ t
= D ∇

2
S i g C ( t, x ) + k B S r c C ( t, x ) K e y C ( t, x ) L a s t ( t, x ) − k B d S i g C ( t, x ) ( B. 1 4)

∂ S i g D ( t, x )

∂ t
= D ∇

2
S i g D ( t, x ) + k B S r c D ( t, x ) K e y D ( t, x ) L a s t ( t, x ) − k B d S i g D ( t, x ) ( B. 1 5)

( c) R e c ei vi n g a n d pr o c essi n g l eft- h a n d n ei g h b or si g n al:

∂ L r a w ( t, x )

∂ t
= D ∇

2
L r a w ( t, x ) − 4 k d L r a w ( t, x ) − k T L r a w ( t, x ) T h l ( t, x ) + k x S i g D ( t, x ) K e y A ( t, x )

+ k x S i g A ( t, x ) K e y B ( t, x ) + k x S i g B ( t, x ) K e y C ( t, x ) + k x S i g C ( t, x ) K e y D ( t, x ) ( B. 1 6)

∂ T h l ( t, x )

∂ t
= D ∇

2
T h l ( t, x ) + c r e c T  h k p − k d T h l ( t, x ) − k T L r a w ( t, x ) T h l ( t, x ) ( B. 1 7)

∂ A m p l ( t, x )

∂ t
= D ∇

2
A m p l ( t, x ) + k p − k d A m p l ( t, x ) − k L L r a w ( t, x ) A m p l ( t, x ) ( B. 1 8)

∂ L f t ( t, x )

∂ t
= D ∇

2
L f t ( t, x ) − k d L f t ( t, x ) + k L L r a w ( t, x ) A m p l ( t, x ) ( B. 1 9)

( d) R e c ei vi n g a n d pr o c essi n g ri g ht- h a n d n ei g h b or si g n al:

∂ R r a w ( t, x )

∂ t
= D ∇

2
R r a w ( t, x ) − 4 k d R r a w ( t, x ) − k T R r a w ( t, x ) T h r ( t, x ) + k x S i g ( t, x ) K e y A ( t, x )

+ k x S i g C ( t, x ) K e y B ( t, x ) + k x S i g D ( t, x ) K e y C ( t, x ) + k x S i g A ( t, x ) K e y D ( t, x ) ( B. 2 0)
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∂ T h r ( t, x )

∂ t
= D ∇

2
T h r ( t, x ) + c r e c T  h k p − k d T h r ( t, x ) − k T R r a w ( t, x ) T h r ( t, x ) ( B. 2 1)

∂ A m p r t ( t, x )

∂ t
= D ∇

2
A m p r t ( t, x ) + k p − k d A m p r t ( t, x ) − k L R r a w ( t, x ) A m p r t ( t, x ) ( B. 2 2)

∂ R g h t ( t, x )

∂ t
= D ∇

2
R g h t ( t, x ) − k d R g h t ( t, x ) + k L R r a w ( t, x ) A m p r t ( t, x ) ( B. 2 3)

3. C al c ul ati o n St a g e:

( a) C o p y l eft, ri g ht a n d pr e vi o us ti m e st e p ( pr) si g n als ( m ulti pl e g at es o p er at e o n e a c h)
∂ B r p r ( t, x )

∂ t
= D ∇

2
B r p r ( t, x ) − k d B r p r ( t, x ) + k d L a s t ( t, x ) − k T B r p r ( t, x ) O f f p r ( t, x ) ( B. 2 4)

∂ R b r ( t, x )

∂ t
= D ∇

2
R b r ( t, x ) − k d R b r ( t, x ) + k d R g h t ( t, x ) − k L R b r ( t, x ) S g b r ( t, x ) ( B. 2 5)

∂ O n p r ( t, x )

∂ t
= D ∇

2
O n p r ( t, x ) − k d O n p r ( t, x ) + k d L a s t ( t, x ) − k L O n p r ( t, x ) S g c r ( t, x ) ( B. 2 6)

∂ R c r ( t, x )

∂ t
= D ∇

2
R c r ( t, x ) − k d R c r ( t, x ) + k d R g h t ( t, x ) − k L R c r ( t, x ) S g n b O f  f ( t, x ) ( B. 2 7)

∂ L c r ( t, x )

∂ t
= D ∇

2
L c r ( t, x ) − k d L c r ( t, x ) + k d L f t ( t, x ) − k L L c r ( t, x ) S g n b O f  f ( t, x ) ( B. 2 8)

∂ O f f p r ( t, x )

∂ t
= D ∇

2
O f f p r ( t, x ) + k p − k d O f f p r ( t, x ) − T B r p r ( t, x ) O f f p r ( t, x ) − k L O f f p r ( t, x ) S g b r ( t, x ) ( B. 2 9)

( b) B o ol e a n l o gi c f or  Br ( birt h) c o n diti o n: off t o o n tr a nsiti o n
∂ S g b r ( t, x )

∂ t
= D ∇

2
S g b r ( t, x ) + 2 k p − k d S g b r ( t, x ) − k L O f f p r ( t, x ) S g b r ( t, x ) − k L R b r ( t, x ) S g b r ( t, x ) ( B. 3 0)

∂ S u m b r ( t, x )

∂ t
= D ∇

2
S u m b r ( t, x ) − k d S u m b r ( t, x ) + k L O f f p r ( t, x ) S g b r ( t, x )

+ k L R b r ( t, x ) S g b r ( t, x ) − k T S u m b r ( t, x ) T h b r ( t, x ) ( B. 3 1)
∂ T h b r ( t, x )

∂ t
= D ∇

2
T h b r ( t, x ) + 1 .3 5 k p − k d T h b r ( t, x ) − k T S u m b r ( t, x ) T h b r ( t, x ) ( B. 3 2)

∂ A m p b r ( t, x )

∂ t
= D ∇

2
A m p b r ( t, x ) + k p − k d A m p b r ( t, x ) − k L S u m b r ( t, x ) A m p b r ( t, x ) ( B. 3 3)

∂ B r ( t, x )

∂ t
= D ∇

2
B r ( t, x ) − k d B r ( t, x ) + k L S u m b r ( t, x ) A m p b r ( t, x ) − k L B r ( t, x ) S g n x ( t, x ) ( B. 3 4)

( c) B o ol e a n l o gi c f or n o d e at h c o n diti o n ( o n a n d at l e ast o n e n ei g h b or off ): st a y o n
∂ S g n b O f  f ( t, x )

∂ t
= D ∇

2
S g n b O f  f ( t, x ) + 2 k p − k d S g n b O f  f ( t, x ) − k L R c r ( t, x ) S g n b O f  f ( t, x )

− k L L c r ( t, x ) S g n b O f  f ( t, x ) ( B. 3 5)
∂ S u m n b O f  f ( t, x )

∂ t
= D ∇

2
S u m n b O f  f ( t, x ) − k d S u m n b O f  f ( t, x ) + k L R c r ( t, x ) S g n b O f  f ( t, x )

+ k L L c r ( t, x ) S g n b O f  f ( t, x ) − k T S u m n b O f  f ( t, x ) T h n b O f  f ( t, x ) ( B. 3 6)
∂ T h n b O f  f ( t, x )

∂ t
= D ∇

2
T h n b O f  f ( t, x ) + 1 .3 5 k p − k d T h n b O f  f ( t, x ) − k T S u m n b O f  f ( t, x ) T h n b O f  f ( t, x ) ( B. 3 7)

∂ A m p n b O f  f ( t, x )

∂ t
= D ∇

2
A m p n b O f  f ( t, x ) + k p − k d A m p n b O f  f ( t, x ) − k L T h n b O f  f ( t, x ) A m p n b O f  f ( t, x ) ( B. 3 8)

∂ n b r O f f ( t, x )

∂ t
= D ∇

2
n b r O f f ( t, x ) − k d n b r O f f ( t, x ) + k L T h n b O f  f ( t, x ) A m p n b O f  f y ( t, x )

− k L n b r O f f ( t, x ) S g c r ( t, x ) ( B. 3 9)
∂ S g c r ( t, x )

∂ t
= D ∇

2
S g c r ( t, x ) + 2 k p − k d S g c r ( t, x ) − k L O n p r ( t, x ) S g c r ( t, x ) − k L n b r O f f ( t, x ) S g c r ( t, x ) ( B. 4 0)

∂ S u m c r ( t, x )

∂ t
= D ∇

2
S u m c r ( t, x ) − k d S u m c r ( t, x ) + k L O n p r ( t, x ) S g c r ( t, x )

+ k L n b r O f f ( t, x ) S g c r ( t, x ) − k T S u m c r ( t, x ) T h c r ( t, x ) ( B. 4 1)
∂ T h c r ( t, x )

∂ t
= D ∇

2
T h c r ( t, x ) + 1 .3 5 k p − k d T h c r ( t, x ) − k T S u m c r ( t, x ) T h c r ( t, x ) ( B. 4 2)

∂ A m p c r ( t, x )

∂ t
= D ∇

2
A m p c r ( t, x ) + k p − k d A m p c r ( t, x ) − k L S u m c r ( t, x ) A m p c r ( t, x ) ( B. 4 3)

∂ L i v e ( t, x )

∂ t
= D ∇

2
L i v e ( t, x ) − k d L i v e ( t, x ) + k L S u m c r ( t, x ) A m p c r ( t, x ) − k L L i v e ( t, x ) S g n x ( t, x ) ( B. 4 4)

( d) B o ol e a n l o gi c t o d et er mi n e if n e xt st at e is o n
∂ S g n x ( t, x )

∂ t
= D ∇

2
S g n x ( t, x ) + 2 k p − k d S g n x ( t, x ) − k L L i v e ( t, x ) S g n x ( t, x ) − k L B r ( t, x ) S g n x ( t, x ) ( B. 4 5)

∂ S u m n x ( t, x )

∂ t
= D ∇

2
S u m n x ( t, x ) − k d S u m n x ( t, x ) + k L L i v e ( t, x ) S g n x ( t, x ) + k L B r ( t, x ) S g n x ( t, x )

− k T S u m n x ( t, x ) T h n x ( t, x ) ( B. 4 6)
∂ T h n x ( t, x )

∂ t
= D ∇

2
T h n x ( t, x ) + 0 .6 5 k p − k d T h n x ( t, x ) − k T S u m n x ( t, x ) T h n x ( t, x ) ( B. 4 7)

∂ A m p n x ( t, x )

∂ t
= D ∇

2
A m p n x ( t, x ) + k p − k d A m p n x ( t, x ) − k L S u m n x ( t, x ) A m p n x ( t, x ) ( B. 4 8)

∂ N x ( t, x )

∂ t
= D ∇

2
N x ( t, x ) − k d N x ( t, x ) + k L S u m n x ( t, x ) A m p n x ( t, x ) ( B. 4 9)

∂ O n n x ( t, x )

∂ t
= D ∇

2
O n n x ( t, x ) − k d O n n x ( t, x ) + k d N x ( t, x ) − k L O n n x ( t, x ) S g n x O n ( t, x ) ( B. 5 0)

( e) B o ol e a n l o gi c t o d et er mi n e if n e xt st at e is off
∂ N t n x ( t, x )

∂ t
= D ∇

2
N t n x ( t, x ) − k d N t n x ( t, x ) + k d N x ( t, x ) − k T N t n x ( t, x ) O f f n x ( t, x ) ( B. 5 1)

∂ O f f n x ( t, x )

∂ t
= D ∇

2
O f f n x ( t, x ) + k p − k d O f f n x ( t, x ) − k T N t n x ( t, x ) O f f n x ( t, x ) − k L O f f n x ( t, x ) S g O f f N x ( t, x ) ( B. 5 2)
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6. 3 |  A s y n c hr o n o u s C ell ul ar A ut o m at o n Cir c uit  

O n e  li mit ati o n  t o  t h e  d esi g n  f or  t h e  c ell ul ar  a ut o m at o n  t h at  w e  pr es e nt e d  is  t h at  it  r e q uir es  a 

gl o b al “ cl o c k ” si g n al t h at is c o nti n u o usl y s u p pli e d s u c h t h at it c o nti n u all y c h a n g es c o n c e ntr ati o n i n 

(f) Cl o c k e d s y n c hr o ni z ati o n g at es
∂ S g n x O n ( t, x )

∂ t
= D ∇

2
S g n x O n ( t, x ) + 2 k p − k d S g n x O n ( t, x ) − k L O n n x ( t, x ) S g n x O n ( t, x )

− k L cl k O n ( t, x ) S g n x O n ( t, x ) ( B. 5 3)
∂ O n n x S u m ( t, x )

∂ t
= D ∇

2
O n n x S u m ( t, x ) − k d O n n x S u m ( t, x ) + k L O n n x ( t, x ) S g n x O n ( t, x )

+ k L cl k O n ( t, x ) S g n x O n ( t, x ) − k T O n n x S u m ( t, x ) O n n x T h ( t, x ) ( B. 5 4)
∂ O n n x T h ( t, x )

∂ t
= D ∇

2
O n n x T h ( t, x ) + 1 .3 5 k p − k d O n n x T h ( t, x ) − k T O n n x S u m ( t, x ) O n n x T h ( t, x ) ( B. 5 5)

∂ O n n x A m p ( t, x )

∂ t
= D ∇

2
O n n x A m p ( t, x ) + k p − k d O n n x A m p ( t, x ) − k L O n n x S u m ( t, x ) O n n x A m p ( t, x ) ( B. 5 6)

∂ S e t B f r ( t, x )

∂ t
= D ∇

2
S e t B f r ( t, x ) − k d S e t B f r ( t, x ) + k L O n n x S u m ( t, x ) O n n x A m p ( t, x ) ( B. 5 7)

∂ S g O f f N x ( t, x )

∂ t
= D ∇

2
S g O f f N x ( t, x ) + 2 k p − k d S g O f f N x ( t, x ) − k L O f f n x ( t, x ) S g O f f N x ( t, x )

− k L cl k O f f ( t, x ) S g O f f N x ( t, x ) ( B. 5 8)
∂ S u m O f f N x ( t, x )

∂ t
= D ∇

2
S u m O f f N x ( t, x ) − k d S u m O f f N x ( t, x ) + k L O f f n x ( t, x ) S g O f f N x ( t, x )

+ k L cl k O f f ( t, x ) S g O f f N x ( t, x ) − k T S u m O f f N x ( t, x ) T h O f f N x ( t, x ) ( B. 5 9)
∂ T h O f f N x ( t, x )

∂ t
= D ∇

2
T h O f f N x ( t, x ) + 1 .3 5 k p − k d T h O f f N x ( t, x ) − k T S u m O f f N x ( t, x ) T h O f f N x ( t, x ) ( B. 6 0)

∂ A m p O f f N x ( t, x )

∂ t
= D ∇

2
A m p O f f N x ( t, x ) + k p − k d A m p O f f N x ( t, x ) − k L S u m O f f N x ( t, x ) A m p O f f N x ( t, x ) ( B. 6 1)

∂ R e s B f r ( t, x )

∂ t
= D ∇

2
R e s B f r ( t, x ) − k d R e s B f r ( t, x ) + k L S u m O f f N x ( t, x ) A m p O f f N x ( t, x ) ( B. 6 2)

4. St or a g e St a g e

( a) C o pi es of S et/ R es si g n als
∂ S e t ( t, x )

∂ t
= D ∇

2
S e t ( t, x ) − k d S e t ( t, x ) + k d S e t B f r ( t, x ) − k L S e t ( t, x ) N 1 S g ( t, x ) ( B. 6 3)

∂ R e s ( t, x )

∂ t
= D ∇

2
R e s ( t, x ) − k d R e s ( t, x ) + k d R e s B f r ( t, x ) − k L R e s ( t, x ) N 2 S g ( t, x ) ( B. 6 4)

( b) Fli p- ß o p  m o d ul e
∂ f f B f r d ( t, x )

∂ t
= D ∇

2
f f B f r d ( t, x ) − k d f f B f r d ( t, x ) + k L N 2 T h ( t, x ) N 2 ( t, x ) ( B. 6 5)

∂ f f F b a c k N o t ( t, x )

∂ t
= D ∇

2
f f F b a c k N o t ( t, x ) − k d f f F b a c k N o t ( t, x ) + k L N 1 T h ( t, x ) N 1 ( t, x )

− k L f f F b a c k N o t ( t, x ) N 2 S g ( t, x ) ( B. 6 6)
∂ N 1 T h ( t, x )

∂ t
= D ∇

2
N 1 T h ( t, x ) + 0 .6 5 k p − k d N 1 T h ( t, x ) − k T N 1 S u m ( t, x ) N 1 T h ( t, x ) ( B. 6 7)

∂ N 2 S u m ( t, x )

∂ t
= D ∇

2
N 2 S u m ( t, x ) − k d N 2 S u m ( t, x ) + k L R e s ( t, x ) N 2 S g ( t, x )

+ k L f f F b a c k N o t ( t, x ) N 2 S g ( t, x ) − k T N 2 S u m ( t, x ) N 2 T h ( t, x ) ( B. 6 8)
∂ f f F b a c k ( t, x )

∂ t
= D ∇

2
f f F b a c k ( t, x ) − k d f f F b a c k ( t, x ) + k d f f B f r d ( t, x ) − k L f f F b a c k ( t, x ) N 1 S g ( t, x ) ( B. 6 9)

∂ N 1 S g ( t, x )

∂ t
= D ∇

2
N 1 S g ( t, x ) + 2 k p − k d N 1 S g ( t, x ) − k L S e t ( t, x ) N 1 S g ( t, x ) − k L f f F b a c k ( t, x ) N 1 S g ( t, x ) ( B. 7 0)

∂ N 1 S u m ( t, x )

∂ t
= D ∇

2
N 1 S u m ( t, x ) − k d N 1 S u m ( t, x ) + k L S e t ( t, x ) N 1 S g ( t, x ) + k L f f F b a c k ( t, x ) N 1 S g ( t, x )

− k T N 1 S u m ( t, x ) N 1 T h ( t, x ) ( B. 7 1)
∂ N 1 ( t, x )

∂ t
= D ∇

2
N 1 ( t, x ) + k p − k d N 1 ( t, x ) − k L N 1 T h ( t, x ) N 1 ( t, x ) ( B. 7 2)

∂ N 2 S g ( t, x )

∂ t
= D ∇

2
N 2 S g ( t, x ) + 2 k p − k d N 2 S g ( t, x ) − k L R e s ( t, x ) N 2 S g ( t, x ) − k L f f F b a c k N o t ( t, x ) N 2 S g ( t, x ) ( B. 7 3)

∂ N 2 T h ( t, x )

∂ t
= D ∇

2
N 2 T h ( t, x ) + 0 .6 5 k p − k d N 2 T h ( t, x ) − k T N 2 S u m ( t, x ) N 2 T h ( t, x ) ( B. 7 4)

∂ N 2 ( t, x )

∂ t
= D ∇

2
N 2 ( t, x ) + k p − k d N 2 ( t, x ) − k L N 2 T h ( t, x ) N 2 ( t, x ) ( B. 7 5)

( c) St or e d St at e
∂ L a s t ( t, x )

∂ t
= D ∇

2
L a s t ( t, x ) − k d L a s t ( t, x ) + k d f f B f r d ( t, x ) ( B. 7 6)

C  As y n c h r o n o us  C ell ul a r  A ut o m at o n  Ci r c uit

O n e li mit ati o n t o t h e d esi g n f or t h e c ell ul ar a ut o m at o n t h at  w e pr es e nt e d is t h at it r e q uir es a gl o b al Ò cl o c k Ó si g n al
t h at is c o nti n u o usl y s u p pli e d s u c h t h at it c o nti n u all y c h a n g es c o n c e ntr ati o n i n a n os cill at or y p att er n. It is li k el y t h at
pr o vi di n g s u c h a si g n al e xt er n all y  w o ul d b e c h all e n gi n g, b e c a us e e xisti n g bi o m ol e c ul ar os cill at ors ar e g e n er all y n ois y,
a n d  m a y n ot pr o vi d e t h e r e q uir e d s y n c hr o ni z ati o n [ 1 5].  A n alt er n ati v e t o t h e d esi g n  w e h a v e pr es e nt e d  w o ul d b e t o us e
a n as y n c hr o n o us c ell ul ar a ut o m at o n,  w hi c h d o es n ot r e q uir e a cl o c k si g n al t o o p er at e. I nst e a d, f or e a c h u p d at e r o u n d,
all c ells i n t h e n et w or k  w ait u ntil t h e y h a v e r e c ei v e d i nf or m ati o n i n di c ati n g t h at t h eir n ei g h b ors ar e r e a d y t o pr o c e e d t o
t h e n e xt r o u n d, t h us pr e v e nti n g a n y si n gl e c ell fr o m g etti n g o ut of s y n c hr o n y  wit h its i m m e di at e n ei g h b ors.

A d esi g n f or a n as y n c hr o n o us  C A is o utli n e d i n Fi g ur e 1 0.  T h e cir c uit el e m e nts ( i. e. m o d ul es) ar e t h e s a m e as t h os e
f or t h e s y n c hr o n o us  C A, b ut  m or e el e m e nts ar e r e q uir e d a n d t h e y ar e arr a n g e d diff er e ntl y. I n t his as y n c hr o n o us  C A,
w h e n b ot h n ei g h b orsÕ br o a d c asts ar e r e c ei v e d b y a c ell, t h e c ell dis a bl es its o w n br o a d c ast a n d pr o c e e ds t o c al c ul at e

1 5
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a n  os cill at or y  p att er n.  It  is  li k el y  t h at  pr o vi di n g  s u c h  a  si g n al  e xt er n all y  w o ul d  b e  c h all e n gi n g, 

b e c a us e  e xisti n g  bi o m ol e c ul ar  os cill at ors  ar e  g e n er all y  n ois y,  a n d  m a y  n ot  pr o vi d e  t h e  r e q uir e d 

s y n c hr o ni z ati o n  [ 1 5].  A n  alt er n ati v e  t o  t h e  d esi g n  w e  h a v e  pr es e nt e d  w o ul d  b e  t o  us e  a n 

as y n c hr o n o us c ell ul ar a ut o m at o n, w hi c h d o es n ot r e q uir e a cl o c k si g n al t o o p er at e. I nst e a d, f or e a c h 

u p d at e r o u n d, all c ells i n t h e n et w or k w ait u ntil t h e y h a v e r e c ei v e d i nf or m ati o n i n di c ati n g t h at t h eir 

n ei g h b ors ar e r e a d y t o pr o c e e d t o t h e n e xt r o u n d, t h us pr e v e nti n g a n y si n gl e c ell fr o m g etti n g o ut of 

s y n c hr o n y wit h its i m m e di at e n ei g h b ors.  

A d esi g n f or a n as y n c hr o n o us C A is o utli n e d i n Fi g ur e 1 0. T h e cir c uit el e m e nts (i. e. m o d ul es) ar e 

t h e s a m e as t h os e f or t h e s y n c hr o n o us C A, b ut m or e el e m e nts ar e r e q uir e d a n d t h e y ar e arr a n g e d 

diff er e ntl y. I n t his as y n c hr o n o us C A, w h e n b ot h n ei g h b ors’ br o a d c asts ar e r e c ei v e d b y a c ell, t h e c ell 

dis a bl es its o w n br o a d c ast a n d pr o c e e ds t o c al c ul at e its o w n n e xt st at e. Aft er c al c ul ati n g its o w n n e xt 

st at e, a c ell will w ait u ntil it is n o l o n g er r e c ei vi n g a n y br o a d c asts of its n ei g h b or c ells’ st at es . W h e n 

t his st at e is r e a c h e d, t h e c ell will s a v e its c al c ul at e d st at e i n m e m or y a n d r est art t h e br o a d c asts of its 

c urr e nt st at e. C ells c a n b e at m ost o n e st e p a h e a d of t h eir n ei g h b ors b ef or e t h e y ar e f or c e d t o st o p 

a n d w ait f or t h eir n ei g h b ors t o c at c h u p.  T his str at e g y g u ar a nt e es t h at e a c h c ell will p ass t hr o u g h t h e 

c orr e ct s eri es of st at es, a n d t h at l o c al gr o u ps c a n n e v er b e o ut of s y n c hr o ni z ati o n. H o w e v er, b e c a us e 

e a c h c ell is p er mitt e d t o pr o c e e d u p t o o n e st e p i n a d v a n c e of its n ei g h b ors, a n y t w o c ells  t h at ar e N 

n ei g h b ors a w a y fr o m e a c h ot h er c a n als o b e u p t o N ti m e st e ps o ut of s y n c hr o ni z ati o n. S o w hil e t h e 

o v er all  pr o c ess  will  c o m p ut e  t h e  c orr e ct  d y n a mi cs  f or  e a c h  i n di vi d u al  c ell,  t h e  st at e  of  t h e  s yst e m 

m a y n ot r e pr es e nt t h e p arti c ul ar gl o b al st at e  of t h e i d e al c ell ul ar a ut o m at o n f or a n y p arti c ul ar ti m e 

st e p.  T his  iss u e  c o ul d  m a k e  it  diffi c ult  t o  us e  s u c h  a  C A  t o  pr o c ess  i n c o mi n g  s p ati al  i nf or m ati o n 

wit hi n t h e e n vir o n m e nt, b e c a us e t h e c o m p ut ati o n pr o c ess i n diff er e nt r e gi o ns of t h e C A will n ot s e e 

this e n vir o n m e nt al i nf or m ati o n at t h e s a m e st a g e of c o m p ut ati o n. F urt h er m or e, t h e o v er all cir c uit 

si z e of o ur as y n c hr o n o us C A is m u c h l ar g er t h a n t h e s y n c hr o n o us ( cl o c k e d) d esi g n. H o w e v er, w e 
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b eli e v e  t h at  a n  as y n c hr o n o us  a ut o m at o n  c o ul d  o v er c o m e  m a n y  of  t h e  dis a d v a nt a g es  of  t h e 

s y n c hr o n o us  a ut o m at o n  w e  pr es e nt e d,  b e c a us e  t h e  as y n c hr o n o us  v ersi o n  r e q uir es  l ess  gl o b al 

c o or di n ati o n.  

 

Fi g ur e  6. 2.  A n  a s y n c hr o n o u s  c ell ul ar  a ut o m at o n.  ( a) A c ell’s  st at e is st or e d i n m e m or y.  D u al -r ail l o gi c is 

us e d  t o diff er e nti at e  b et w e e n  n ei g h b ors  t h at  ar e  off  a n d  n ei g h b ors  t h at  h a v e  h a d  i ns uffi ci e nt  ti m e  t o 

br o a d c ast t h eir st at e. ( b) C urr e nt st at es ar e br o a d c ast. ( c & d) N ei g h b or st at es ar e r e c ei v e d. ( e) D u al -r ail st at es 

of c ell a n d b ot h n ei g h b ors ar e st or e d i n a s e c o n d ar y m e m or y  b a n k. T his e n a bl es c ells t o r e m e m b er n ei g h b ors 

st at es e v e n aft er n ei g h b ors st o p br o a d c asti n g. (f) W h e n b ot h n ei g h b or br o a d c asts ar e r e c ei v e d, a c ell r es ets its 

pri m ar y  m e m or y,  t ur ns  off  its  br o a d c ast  si g n als,  a n d  ( g)  p ass es  t h e  st or e d  i nf or m ati o n  t o  ( h)  t h e  c ell ul ar 

F. F.
S R

F. F.
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F. F.
S R

F. F.
S R

F. F.
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( b) br o a d c a sti n g ( d) r e c ei v e ri g ht
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n eit h er
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st or e
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S R
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a ut o m at o n  l o gi c  st a g e.  If  t h e  ti m e  s c al e  f or  c h e mi c al  r e a cti o ns  t R  is  m u c h  f ast er  t h a n  t h e  ti m e  s c al e  f or 

diff usi v e pr o p a g ati o n b et w e e n c ells  tD ,  t h e n  t h e  l o gi c  st a g e  is  g u ar a nt e e d  t o  h a v e  s uffi ci e nt  ti m e  t o  us e  t h e 

i nf or m ati o n st or e d i n ( e) t o c al c ul at e t h e n e xt st at e a n d st or e t h e r es ults i n (i) a t erti ar y m e m or y b a n k b ef or e it 

st o ps r e c ei vi n g n ei g h b or br o a d c asts. T his c al c ul at e d n e xt st at e is bl o c k e d b y (j) t w o A N D g at es u ntil ( k) all 

n ei g h b or br o a d c asts h a v e h a d ti m e t o t ur n off. T h e n, t h e s e c o n d ar y m e m or y i n ( e) is r es et b y (l), t h e n e xt 

st at e is st or e d i n ( a), a n d t h e c y cl e r e p e ats.  
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77   | | D N A Str a n d B uff er sD N A Str a n d B uff er s   
 

S u m m ar y.  A  b uff er  r e a cti o n  a cti v el y  r esists  c h a n g es  t o  t h e  c o n c e ntr ati o n  of  a  c h e mi c al  s p e ci es. 

T y pi c all y,  b uff eri n g  r e a cti o ns  h a v e  o n l y  b e e n  a bl e  t o  r e g ul at e  t h e  c o n c e ntr ati o n  of  h y dr o ni u m  (i.e. 

p H) a n d ot h er i o ns. H er e w e d e v el o p a n e w cl ass of b uff ers t h at r e g ul at e t h e c o n c e ntr ati o ns of s h ort 

s e q u e n c es  of  D N A  (i.e. oli g o n u cl e oti d es).  A  b uff er’s  b e h a vi or  is  d et er mi n e d  b y  its  s et p oi nt 

c o n c e ntr ati o n,  c a p a cit y  t o  r esist  dist ur b a n c es,  a n d  r es p o ns e  ti m e  aft er  a  dist ur b a n c e.  W e  pr o vi d e 

si m pl e m at h e m ati c al f or m ul a e f or s el e cti n g r at e c o nst a nts t o t u n e e a c h of t h es e pr o p erti es, a n d s h o w 

h o w  t o  d esi g n  D N A  s e q u e n c es  a n d  c o n c e ntr ati o ns  t o  i m pl e m e n t  t h e  d esir e d  r at e  c o nst a nts.  W e 

d e m o nstr at e  s e v er al  oli g o n u cl e oti d e  b uff ers  t h at  m ai nt ai n  oli g o n u cl e oti d e  s et p oi nt  c o n c e ntr ati o ns 

b et w e e n 1 0 a n d 8 0 n M i n t h e pr es e n c e of dist ur b a n c es of 5 0 t o 5 0 0 n M, wit h r es p o ns e ti m es of l ess 

t h a n 1 0 mi n ut es t o 1. 5 h o urs. M ulti pl e b uff ers c a n r e g ul at e diff er e nt s e q u e n c es of D N A i n p ar all el 

wit h o ut  cr osst al k.  Oli g o n u cl e oti d e  b uff ers  c o ul d  st a bili z e  a n d  r est or e  r e a ct a nt  c o n c e ntr ati o ns  i n 

D N A cir c uits, or i n s elf -ass e m bl y pr o c ess es, all o wi n g s u c h s yst e ms t o o p er at e r eli a bl y  f or e xt e n d e d 

d ur ati o ns. T h es e b uff ers mi g ht als o b e c o u pl e d t o ot h er r e a cti o ns t o b uff er m ol e c ul es b esi d es D N A. 

I n  g e n er al,  oli g o n u cl e oti d e  b uff ers  c a n  b e  vi e w e d  as  a  c h e mi c al  “ b att er y ”  t h at  m ai nt ai ns  t h e  t ot al 

c h e mi c al p ot e nti al of a b uff er e d s p e ci es i n a cl os e d s yst e m.  

7. 1 |  I ntr o d u cti o n 

A ci d -b as e  b uff ers  ar e  us e d  u bi q uit o usl y  i n  b ot h  n at ur e 1, 2  a n d  s y nt h eti c  bi o c h e mistr y 3, 4  t o 

m ai nt ai n a c o nst a nt c o n c e ntr ati o n of h y dr o ni u m i o ns, i.e. p H, i n s ol uti o n ( Fi g. 1 a). F or e x a m pl e, t h e 

bi c ar b o n at e  b uff er  s yst e m 2  n e utr ali z es  str o n g  a ci ds  a n d  b as es  i n  t h e  h u m a n  bl o o dstr e a m,  t h er e b y 

m ai nt ai ni n g  a  p h ysi ol o gi c al  p H  of  7. 4.  W h e n  t h e  bi c ar b o n at e  b uff er  s yst e m  f ails,  p H  fl u ct u at es 

fr e el y, r es ulti n g i n ail m e nts c oll e cti v el y k n o w n as a ci d e mi a a n d al k al e mi a. Si mil arl y, a ci d-b as e b uff ers 
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i n  p ol y m er as e  c h ai n  r e a cti o n  ( P C R)  h ol d  p H  c o nst a nt  t o  st a bili z e  a n d  o pti mi z e  t h e  a cti vit y  of 

p ol y m er as e,  wit h o ut  w hi c h  t h e  r e a cti o n  c o ul d  n ot  o c c ur.  C h e mistri es  e xist  t o  b uff er  s o m e  i o ns 

b esi d es h y dr o ni u m, s u c h as m et al i o ns 5 , a n d f or s p e cifi c m ol e c ul es s u c h as n a p ht h yri di n e6, 7 .  

T h e  a bilit y  t o  b uff er  t h e  c o n c e ntr ati o ns  of  a  l ar g er  li br ar y  of  m ol e c ul es  c o ul d  i m pr o v e  t h e 

r eli a bilit y a n d r o b ust n ess of m a n y c h e mi c al pr o c ess es. C h a n g es i n r e a ct a nt c o n c e ntr ati o n c a n alt er 

c h e mi c al  r e a cti o n  r at es, w hi c h  ar e  g e n er all y  pr o p orti o n al  t o  t h e  pr o d u cts  of  t h e  c o n c e ntr ati o ns  of 

t h e r e a ct a nts. T h e d e p e n d e n c e of r e a cti o n r at es o n c o n c e ntr ati o n c a n b e e v e n m or e s e nsiti v e i n l ar g e 

r e a cti o n n et w or ks8  or c o o p er ati v e r e a cti o ns 9 . D uri n g cr yst alli z ati o n, f or e x a m pl e, s m all fl u ct u ati o ns 

i n m o n o m er c o n c e ntr ati o n c a n h a v e dr a m ati c eff e cts o n cr yst al n u cl e ati o n r at es1 0, 1 1 . B uff er s yst e ms 

t h at  r e g ul at e  m o n o m er  c o n c e ntr ati o ns  c o ul d  s u p pr ess  t h es e  fl u ct u ati o ns,  i n cr e asi n g  cr yst al  p urit y 

a n d yi el d. B uff eri n g r e a g e nts c o ul d a ls o b e us e d t o r e pl e nis h r e a g e nts d e pl et e d b y d o w nstr e a m l o a ds, 

f or i nst a n c e t o d eli v er a c o nst a nt dr u g d os a g e1 2  o v er ti m e as a dr u g is c o ns u m e d.  

I n t his st u d y w e pr es e nt a cl ass of b uff ers t h at r e g ul at e t h e c o n c e ntr ati o ns of oli g o n u cl e oti d es ( Fi g. 

1 b), s h ort s y nt h eti c s e q u e n c es of D N A, i n a n a n al o g o us m a n n er t o h o w a ci d -b as e b uff ers r e g ul at e 

p H.  E a c h  b uff er  r e g ul at es  t h e  c o n c e ntr ati o n  of  a  s p e cifi c  D N A  s e q u e n c e,  a n d  m ulti pl e  diff er e nt 

b uff ers  c a n  o p er at e  i n  t h e  s a m e  s ol uti o n,  i n d e p e n d e ntl y  c o ntr olli n g  t h e c o n c e ntr ati o ns  of  t h eir 

diff er e nt t ar g et s e q u e n c es. W e cr e at e o ur b uff ers usi n g D N A str a n d - dis pl a c e m e nt ( D S D) r e a cti o ns, 

s e q u e n c e-s p e cifi c  D N A  h y bri di z ati o n  pr o c ess es  wit h  t u n a bl e  ki n eti cs 1 3 -1 6 ,  w hi c h  h a v e  pr e vi o usl y 

b e e n  us e d  t o  i m pl e m e nt  i nf or m ati o n  pr o c essi n g  r e a cti o ns  i n cl u di n g  a m plifi ers 1 7, 1 8 ,  n e ur al 

n et w or ks 1 9, 2 0 , a n d B o ol e a n l o gi c cir c uits2 1 -2 5 . W hil e D S D r e a cti o ns ar e r el ati v el y w ell u n d erst o o d, h er e 

w e d e m o nstr at e h o w t h e y c a n o p er at e i n r e gi m es c o nt ai ni n g hi g h r e a ct a nt c o n c e ntr ati o ns a n d l o w 

r e a cti o n  r at e  c o nst a nts.  B uff eri n g  t h e  c o n c e ntr ati o ns  of  oli g o n u cl e oti d es  c o ul d  all o w  f or  t h e  s elf-

ass e m bl y of l ar g er D N A str u ct ur es or D N A -t e m pl at e d str u ct ur es wit h f e w er d ef e cts2 6, 2 7  b y pr o vi di n g 

a  c o nst a nt  s u p pl y  of  fr es h  m o n o m ers,  st a bili zi n g  t h e  n u cl e ati o n  of  D N A  cr yst al  str u ct ur es 1 1 ,  a n d 
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c o ul d e n a bl e D N A cir c uits 2 4, 2 5  a n d s e ns ors 2 8  t o o p er at e f or e xt e n d e d d ur ati o ns b y r est ori n g d e pl et e d 

r e a ct a nts. 

  

Fi g ur e 7. 1.  B uff er  a n al o g y.  ( a)  A ci d-b as e  b uff ers  r e g ul at e  t h e  c o n c e ntr ati o n  of  h y dr o ni u m  i o ns.  T h e y 

c o ns ist of hi g h c o n c e ntr ati o ns of w e a k a ci d t h at p arti all y diss o ci at es i n w at er t o pr o d u c e h y dr o ni u m, a n d a 

c o nj u g at e b as e t h at r e a bs or bs h y dr o ni u m. ( b) D N A oli g o n u cl e oti d e b uff ers r e g ul at e t h e c o n c e ntr ati o n of a 

t ar g et s e q u e n c e X of D N A ( c y a n) t h at is i niti all y s e q u est er e d wit hi n a s o ur c e c o m pl e x. S o ur c e diss o ci at es i n 

t h e pr es e n c e of a n i niti at or str a n d t o r el e as e X a n d a c o nj u g at e si n k c o m pl e x. 

7. 2  | B a c k gr o u n d: a ci d -b a s e p H b uff er s  

A c c or di n g t o t h e Arr h e ni us d efi niti o n, a n a ci d is a c h e mi c al t h at diss o ci at e s i n w at er t o i n cr e as e 

t h e c o n c e ntr ati o n of h y dr o ni u m i o ns ( H3 O
+ ): 

H A + H ! O  
k !

⇌
k !

 A −
+  H 3 O

+
          [ 1] 

w h er e H A  is  t h e  a ci d  a n d A !  is  its  c o nj u g at e  b as e.  I n  t h e  si m pl e  c as e  w h er e  t h e  a cti viti es  of  all 

s p e ci es ar e 1, t h e a ci d diss o ci ati o n c o nst a nt 𝐷 ! , w hi c h d et er mi n es t h e r ati o of pr o d u cts t o r e a ct a nts 

at e q ui li bri u m, is: 
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𝐷 ! ≡
! ! H 2 O

! !
=

! ! ! ! ! !

H A
          [ 2] 

w h er e [ H 2 O] is g e n er all y a p pr o xi m at e d as c o nst a nt.  

W e a k  a ci ds  h a v e  l o w  diss o ci ati o n  c o nst a nts  a n d  t h us  o nl y  diss o ci at e  p arti all y  i nt o  pr o d u cts. 

A ci d -b as e p H b uff ers t a k e a d v a nt a g e of t his p arti al diss o ci ati o n t o cr e at e r esist a n c e t o p H c h a n g es. 

T h e y c o nsist of a w e a k a ci d H A a n d its c o nj u g at e b as e A ! , e a c h at hi g h c o n c e ntr ati o ns. W h e n mi x e d 

t o g et h er i n w at er, H A a n d A !  c o nti n u o usl y r el e as e a n d r e c a pt ur e a s m all a m o u nt o f H3 O
+ , f or mi n g 

a  d y n a mi c  e q uili bri u m.  W h e n  a d diti o n al  H 3 O
+  i o ns  ar e  a d d e d  t o  t h e  b uff er,  t h e  s ol uti o n  c h a n g es 

p H, b e c o mi n g m or e a ci di c. H o w e v er, a c c or di n g t o L e C h at eli er's Pri n ci pl e, s o m e of t h e H 3 O
+  i o ns 

a d d e d t o t h e b uff er s ol uti o n ar e a bs or b e d i nt o t h e w e a k a ci d st at e H A t o r est or e e q uili bri u m. I n t his 

m a n n er,  [ H 3 O
+ ]  i n cr e as es  b y  l ess  t h a n  it  w o ul d  i n  t h e  a bs e n c e  of  b uff er.  Si mil arl y,  w h e n  H3 O

+  is 

r e m o v e d fr o m a b uff er s ol uti o n t h e e q uili bri u m s hifts i n t h e o p p osit e dir e cti o n t o r e pl e nis h [ H 3 O
+ ], 

r esisti n g  t h e  c h a n g e  i n  c o n c e ntr ati o n.  T h e  hi g h  c o n c e ntr ati o ns  of  H A  a n d A !  e ns ur e  t h at  t h e 

c o n c e ntr ati o ns  of  t h es e  s p e ci es  d o  n ot  c h a n g e  si g nifi c a ntl y  i n  r es p o ns e  t o  r el ati v el y  s m all 

dist ur b a n c es.  

7. 3 |  S y nt h eti c b uff er s f or ot h er m ol e c ul e s  

T h e g e n er al m e c h a nis m u n d erl yi n g p H b uff ers is n ot s p e cifi c t o a ci ds a n d b as es. A c o ns e q u e n c e 

of  L e  C h at eli er’s  Pri n ci pl e  is  t h at  a n y  r e v ersi bl e  r e a cti o n  c a n  s er v e  as  a  b uff er,  gi v e n  a p pr o pri at e 

r e a cti o n  r at e  c o nst a nts  a n d  pr o vi d e d  t h at  all  r e a ct a nts  ar e  at  a  hi g h  c o n c e nt r ati o n  r el ati v e  t o  t h e 

r e g ul at e d  s p e ci es  (s e e  SI 1).  W e  us e  t his  si m pl e  i d e a  t o  r e g ul at e  t h e  c o n c e ntr ati o n  of  a n  ar bitr ar y 

oli g o n u cl e oti d e i n its si n gl e -str a n d e d f or m.   

T o d esi g n a bi m ol e c ul ar b uff er t h at r e g ul at es a t ar g et s p e ci es X, w e b e gi n wit h a s o ur c e c o m pl e x 

( S) t h at is a pr e c urs or of X. T his s o ur c e r e a cts r e v ersi bl y wit h a n i niti at or m ol e c ul e (I), r el e asi n g X i n 

a n a cti v e st at e, al o n g wit h a c o nj u g at e si n k m ol e c ul e ( N) t h at c a n r e c a pt ur e X ( E q n. 3). T h e s p e ci es 
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S, I, N & X a ct as a n al o gs t o H A, H 2 O,  A !  & H 3 O
+ , r es p e cti v el y, i n a n a ci d-b as e b uff er ( Fi g. 1, E q n. 

1).  

S + I 
k !

⇌
k !

 N + X           [ 3] 

At  hi g h  r e a ct a nt  c o n c e ntr ati o ns,  t his  r e a cti o n  cr e at es  a  st a bl e  e q uili bri u m  t h at  r esists 

dist ur b a n c es t o X ( Fi g. 2 a, b). I n t his g e n er ali z e d f or m, t h e i niti at or is n ot n e c ess aril y H 2 O, t h er ef or e 

it m a y n ot b e p ossi bl e t o pr o vi d e i niti at or at s o o v er w h el mi n g a c o n c e ntr ati o n t h at its d e pl eti o n c a n 

b e  i g n or e d,  as  i n  E q n.  2.  T h us,  t o d es cri b e  t h e  o p er ati o n  of  t his  g e n er ali z e d  m ol e c ul ar  b uff er,  w e 

r e v ert fr o m t h e diss o ci ati o n c o nst a nt 𝐷 !  t o a m or e g e n er al c h e mi c al e q uili bri u m c o nst a nt: 

𝐶 ! " ≡
k S
k N

=
! ! " ! ! "

! ! " ! ! "
.         [ 4] 

A b uff er of t h e f or m i n E q n. 3 h as t hr e e i m p ort a nt m etri cs t h at d es cri b e its p erf or m a n c e: t h e 

s et p oi nt  c o n c e ntr ati o n,  th e  r el a x ati o n  ti m e  c o nst a nt,  a n d  t h e  b uff eri n g  c a p a cit y.  H er e  w e  pr es e nt 

e q u ati o ns  t h at  gi v e  or d er -of -m a g nit u d e  esti m at es  f or  h o w  t h es e  v al u es  s c al e  wit h  t h e  r e a ct a nt 

c o n c e ntr ati o ns a n d r at e c o nst a nts (s e e d eri v ati o ns i n SI 2).  

(i)  T h e  s et p oi nt X ! " #  is  t h e  e q uili bri u m  c o n c e ntr ati o n  of  X  g e n er at e d  b y  t h e  b uff er  w h e n 

X ! = 0 .  F or  hi g h  c o n c e ntr ati o ns  of S ! , I ! ,  a n d N ! ,  a n d  l o w  e q uili bri u m  c o nst a nts 𝑡 ! " ,  t h e 

s et p oi nt c a n b e a p pr o xi m at e d as:  

[X ]! "# ≈ 𝑥 ! "
! ! ! !

! !
.         [ 5] 

E q n. 5 i n di c at es t w o s e p ar at e t y p es of p ar a m et ers f or s p e cif yi n g X ! " # : t h e e q uili bri u m c o nst a nt 

𝑦 ! "  a n d  t h e  r ati o  of  t h e  r e a ct a nt  c o n c e ntr ati o ns.  G e n er all y,  c h a n gi n g 𝑘 ! "  r e q uir es  r e d esi g ni n g  t h e 

r e a ct a nt m ol e c ul es, r at h er t h a n a dj usti n g t h eir i niti al c o n c e ntr ati o ns. F or si m pli cit y i n t his p a p er, w e 

will al w a ys k e e p S ! = I ! . 
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(ii) T h e r el a x ati o n ti m e c o nst a nt τ  d et er mi n es h o w q ui c kl y X r el a x es b a c k t o w ar ds its s et p oi nt 

aft er it is dist ur b e d. T h e r el a x ati o n ti m e c o ns t a nt c a n b e a p pr o xi m at e d b y E q n. 6, w h er e t h e ti m e it 

t a k es  f or  a  dist ur b a n c e  t o  r el a x  t o  a  d efi n e d  p er c e nt a g e  0 <α < 1  of  its  i niti al  a m plit u d e  is  gi v e n  b y 

E q n. 7.  

τ =
!

k N ! !
          [ 6] 

t ! "# $ % ,! = − τ ∙ l n 𝐷           [ 7] 

(iii) T h e b uff eri n g c a p a cit y 𝐶  d et er mi n es h o w m u c h of a n e xt er n al p ert ur b ati o n t h e b uff er c a n 

a c c o m m o d at e w hil e m ai nt ai ni n g a fi n al e q uili bri u m c o n c e ntr ati o n X ! "  cl os e t o t h e i niti al s et p oi nt 

c o n c e ntr ati o n X ! " # .  S p e cifi c all y, 𝑡 !  is  t h e  m a xi m u m  c o n c e ntr ati o n  of  X t h at  c a n  b e  a d d e d  t o  a 

b uff er w hil e k e e pi n g X ! "  b el o w a s p e cifi e d f a ct or of X ! " #  ( h er e w e us e a f a ct or of 1. 1): 

𝑥 ! " ≤ 1 .1 ∙ 𝑦 ! " # ,         [ 8] 

a n d 𝑘 !  is  t h e  m a xi m u m  c o n c e ntr ati o n  of  X  t h at  c a n  b e  r e m o v e d  fr o m  t h e  b uff er  w hile  k e e pi n g 

X ! "   a b o v e a n ar bitr ar y f a ct or of X ! " #  ( h er e w e us e a f a ct or of 0. 9): 

𝐴 ! " ≥ 0 .9 ∙ 𝑡 ! " # .         [ 9] 

T h e r es ulti n g c a p a citi es ar e:  

𝑥 ! = 𝑦 ! ∙ 𝐵 ! + 𝑡 ! + 𝑥 !           [ 1 0] 

𝑦 ! = 𝑘 ! ∙ 𝐶 ! + 𝑡 ! + 𝑥 !           [ 1 1] 

w h er e 𝑦 !  a n d 𝐷 !  ar e  c o effi ci e nts  d et er mi n e d  b y  t h e  r el ati v e  r ati os  of  S,  I,  a n d  N  ( Fi g.  2 c).  Fr o m 

E q n.’s 1 0 -1 1 w e fi n d t h at pr o vi di n g o ur r e a ct a nts at hi g h c o n c e ntr ati o ns m a xi mi z es t h e c a p a cit y t o 

r e c o v er fr o m dist ur b a n c es. 

7. 4  | D e si g ni n g b uff er s u si n g D N A str a n d -di s pl a c e m e nt  

N e xt  w e  us e  D N A  str a n d -dis pl a c e m e nt  ( D S D)  r e a cti o ns  t o  i m pl e m e nt  a  b uff er  f or  D N A 



	1 1 7  

oli g o n u cl e oti d es.  I n  D S D  r e a cti o ns,  a n  i n p ut  str a n d  of  D N A  bi n ds  t o  a  m ulti -str a n d e d  D N A 

c o m pl e x, a n d i n t h e pr o c ess d is pl a c es o n e or m or e o ut p ut str a n ds fr o m t h e c o m pl e x2 9 . S h ort si n gl e-

str a n d e d  d o m ai ns,  c all e d  t o e h ol ds,  i niti at e  t h es e  r e a cti o ns  a n d  d et er mi n e  t h e  f or w ar d  a n d  r e v ers e 

r at e c o nst a nts1 3, 1 4 . 

I n  o ur  D S D  i m pl e m e nt ati o n  ( Fi g.  3 a)  of  t h e  b uff er  r e a cti o n  d es cri b e d  i n  E q n.  3,  w e  st art  b y 

d esi g n ati n g a t ar g et D N A str a n d as X. I niti all y, X is b o u n d wit hi n a s o ur c e c o m pl e x S, s u c h t h at its 

t o e h ol ds  ar e  c o v er e d  i n  a n  i n ert  d o u bl e-str a n d e d  st at e,  pr e v e nti n g d o w nstr e a m  r e a cti o ns.  A n 

i niti at or str a n d I r e v ersi bl y dis pl a c es X fr o m S, a n d e x p os es t h e t o e h ol ds o n X. I n t h e pr o c ess of 

dis pl a ci n g X, a n e w si n k c o m pl e x is cr e at e d t h at c o nsists of t h e i niti at or str a n d b o u n d t o t h e b ott o m 

str a n d of t h e s o ur c e. 
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Fi g ur e 7. 2.  R e si sti n g  di st ur b a n c e s.  ( a) W h e n X is a d d e d t o or r e m ov e d fr o m a n u n b uff er e d s ol uti o n, its 

c h a n g e i n c o n c e ntr ati o n is e x a ctl y e q u al t o t h e a m o u nt of X a d d e d or r e m o v e d ( y ell o w, sl o p e = 1). I n c o ntr ast, 

a b uff er s ol uti o n wit h t h e f or m i n E q n. 3 c a n a bs or b s o m e of t h e dist ur b a n c e t o pr e v e nt [ X] fr o m c h a n gi n g 

as  s t e e pl y  ( c y a n,  wit h 𝐷 ! " = 0 .0 2 6 ).  F or  l ar g e  e n o u g h  dist ur b a n c es  t h e  b uff er  is  o v er w h el m e d,  at  w hi c h 
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p oi nt t h e sl o p e a g ai n a p pr o a c h es 1. ( b) F or s m all dist ur b a n c es, t h e sl o p e is a p pr o xi m at el y li n e ar a n d is m u c h 

l ess t h a n 1. ( c) T h e b uff er c a p a cit y is t h e a m o u nt of dist ur b a nc e t h at c a n b e a bs or b e d w hil e m ai nt ai ni n g [ X] 

wit hi n  a  t ar g et  r a n g e  ( w e  us e  a  r a n g e  of  ± 1 0 %  of X ! " ).  T h e  c a p a cit y  is  pr o p orti o n al  t o  t h e  t ot al 

c o n c e ntr ati o n of r e a ct a nts, a n d its pr o p orti o n alit y c o effi ci e nts 𝐷 !  a n d 𝐶 !  ar e f u n cti o ns of t h e r e l ati v e r e a ct a nt 

c o n c e ntr ati o ns (fr o m E q n.’s 1 0 -1 1).  

7. 4 . 1 | S el e cti n g  t o e h ol d  l e n gt h s.  T h e  f or w ar d a n d r e v ers e r e a cti o n r at e c o nst a nts f or t h e 

D S D  b uff eri n g  r e a cti o ns  ar e  d et er mi n e d  b y  t h e  t o e h ol d  bi n di n g  e n er g y  f or  t h e  s o ur c e  a n d  si n k 

c o m pl e x es,  w hi c h  is  l o os el y  c orr el at e d  wit h  t h eir  t o e h ol d  l e n gt hs.  W e  ai m e d  t o  s el e ct  t o e h ol d 

l e n gt hs t h at w o ul d cr e at e a b uff er t h at h ol ds X at s et p oi nt c o n c e ntr ati o ns X ! " #  o n t h e or d er of 1 0 -

1 0 0  n M,  wit h  r el a x ati o n  ti m es  o n  t h e  or d er  of  0. 5  h o urs  t o  r el a x  t o  1 0 %  of  a n y  dist ur b a n c e  ( i.e. 

t ! "# $ % ,! ≈ 0 .5  ℎ 𝑡  wit h α = 0. 1). T h es e t ar g et c o n c e ntr ati o ns a n d r es p o ns e ti m es ar e t h e s a m e or d er as 

m a n y  e xisti n g  D S D  r e a cti o ns  i n  t h e  lit er at ur e 2 4, 2 5 ,  w hi c h  f a cilit at es  t h e  c o u pli n g  of  o ur 

oli g o n u cl e oti d e b uff ers t o e xisti n g D S D cir c uits. T o m a xi mi z e t h e c a p a cit y of t h e b uff er ( E q n.’s 1 0 -

1 1), w e s el e ct e d l ar g e c o n c e ntr ati o ns of S, I a n d N, r el ati v e t o X ! " # , u p t o 8 µ M.  

Firs t  w e  us e d  E q n.’s  6-7  t o  fi n d  a  t ar g et  r e v ers e  r at e  c o nst a nt k ! .  W e  pl u g g e d  o ur  d esir e d 

r el a x ati o n  ti m e  i nt o  E q n.  7  t o  fi n d  a  ti m e  c o nst a nt  of  a b o ut τ = 0. 2  hr.  E q n.  6  i n di c at es  t h at  t o 

a c hi e v e  t his  ti m e  c o nst a nt  wit h N ! = 8  𝑥 𝑦 ,  w e  s h o ul d  s el e ct  a  si nk  r at e  c o nst a nt  o n  or d er 

k ! ≈ 2 ∙ 1 0 ! ! 𝑘 𝐴 ! ! 𝑡 ! ! .  Si mil arl y,  t o  fi n d  a  f or w ar d  r at e  c o nst a nt  t h at  w o ul d  r es ult  i n  a  s et p oi nt 

c o n c e ntr ati o n of t h e d esir e d or d er wit h S ! = I ! = N ! = 8  𝑥 𝑦 , w e us e d E q n. 5 t o fi n d t h at w e 

s h o ul d ai m f or a n e quili bri u m c o nst a nt of r o u g hl y 𝐵 ! " ≈ 0 .0 1 . Pl u g gi n g t h es e t ar g et v al u es f or 𝑡 ! "  

a n d k !  i nt o E q n. 4, w e fi n d t h at w e w a nt a s o ur c e r at e c o nst a nt o n or d er k ! ≈ 2 ∙ 1 0 ! ! 𝑥 𝑦 ! ! 𝑘 ! ! . 

W e n e xt c h os e t o e h ol d l e n gt hs w h os e a v er a g e r at e c o nst a nts 1 3  w er e cl os est t o o ur d esir e d v al u es. 

T h es e l e n gt hs t ur n e d o ut t o b e a z er o n u cl e oti d e ( nt) t o e h ol d t o dri v e t h e f or w ar d r e a cti o n, w hi c h 
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c a n i niti at e t hr o u g h fr a yi n g at t h e e n d of a d o u bl e str a n d e d c o m pl e x, a n d a 2 nt t o e h ol d t o dri v e t h e 

r e v ers e r e a cti o n. ( Fi g. 3, S u p p. S e cti o n SI 3).  

7. 4 . 2 | M e a s uri n g  si g n al  c o n c e ntr ati o n s  wit h  a  r e v er si bl e  r e p orti n g  r e a cti o n.  T o 

m o nit or t h e fr e e c o n c e ntr ati o n of X d uri n g b uff eri n g, w e us e d a D N A str a n d dis pl a c e m e nt r e p ort er 

wit h q u e n c h er a n d fl u or o p h or e l a b els ( Fi g. 3 b) . X r e a cts r e v ersi bl y wit h t h e r e p ort er, s o t h at w h e n 

t h e r e a cti o n b et w e e n X a n d t h e r e p ort er is at e q uili bri u m, t h e m a g nit u d e of fl u or es c e n c e i nt e nsit y 

c a n b e us e d t o d et er mi n e [ X] (s e e SI 4). T o a c c ur at el y m e as ur e t h e ki n eti cs of t h e b uff eri n g pr o c ess, a 

r e p ort er  n e e ds  t o  e q uili br at e  si g nifi c a ntl y  f ast er  t h a n  t h e  b uff er,  s u c h  t h at  t h e  r e p ort er  r e m ai ns  at 

ps e u d o -st e a d y-st at e as [ X] c h a n g es. T o e ns ur e t his c o n diti o n is m et, w e s el e ct e d a r e p ort er t o e h ol d 

l e n gt h of 5 nt t o c h ar a ct eri z e t h e b uff er i n Fi g. 3 a (se e SI 5).  

7. 5  | C o ntr ol o v er s et p oi nt c o n c e ntr ati o n a n d r el a x ati o n ti m e  

T o  t est  o ur  pr e di cti o n  ( E q n.  6)  t h at  t h e  e q uili br ati o n  c o n c e ntr ati o n  of  X  is  c o ntr oll e d  b y  t h e 

i niti al  c o n c e ntr ati o ns  of  s o ur c e  ( S),  i niti at or  (I),  a n d  si n k  ( N),  w e  c o m bi n e d  t h es e  r e a cta nts  at 

diff er e nt  i niti al  c o n c e ntr ati o ns,  k e e pi n g S ! = I !  (s e e  c o m pl et e  m et h o ds  i n  SI 4).  W e  m e as ur e d 

h o w  [ X] c o n v er g e d t o a st a bl e fi n al v al u e, X ! " # , f or e a c h s et of i niti al r e a ct a nt c o n c e ntr ati o ns ( Fi g. 

4 a). F or t h e v al u es of S ! , I ! , a n d N !  t est e d, X ! " #  r a n g e d fr o m 7 n M t o 8 3 n M, o n t h e or d er of 

t h e  1 0-1 0 0  n M  r a n g e  of  s et p oi nt  c o n c e ntr ati o ns  w e  ai m e d  t o  a c hi e v e.  Fr o m  Fi g .  4 b,  t h e  a v er a g e 

e q uili bri u m  c o nst a nt  fr o m  all  c ur v es  c a m e  t o 𝐷 ! " = 0 .0 2 6 ± 0 .0 1 6 ,  o n  t h e s a m e  or d er  as  o ur 

d esi g n e d  v al u e  (s e e  s e cti o n  3. 1).  F oll o wi n g  o ur  pr e di cti o ns,  w e  o bs er v e d  t h at  b uff ers  wit h  hi g h er 

v al u es  of S ! = I !  pr o d u c e d  hi g h er X ! " #  v al u es,  a n d  hi g h er  v al u es  of N !  pr o d u c e d  l o w er 

X ! " #  v al u es ( Fi g. 4 b), als o c o nsist e nt wit h t h e d esi g n.  
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Fi g ur e 7. 3. A  D N A  str a n d -di s pl a c e m e nt  b uff er  cir c uit  t h at  r e g ul at e s  t h e  c o n c e ntr ati o n  of  a  t ar g et  

D N A  str a n d  X.  ( a) X is i niti all y b o u n d wit hi n a s o ur c e c o m pl e x. S o ur c e r e a cts r e v ersi bl y wit h i niti at or t o 

r el e as e  X,  als o  cr e ati n g  a  si n k  m ol e c ul e,  w hi c h  dri v es  t h e  r e v ers e  r e a cti o n.  ( b)  T h e  c o n c e ntr ati o n  of  X  is  

m o nit or e d b y a r e p ort er c o m pl e x. X r e a cts r e v ersi bl y wit h r e p ort er t o s e p ar at e a q u e n c h er -fl u or o p h or e p air, 

i n cr e asi n g t h e i nt e nsit y of fl u or es c e n c e. W h e n s e q u est er e d i n t h e s o ur c e c o m pl e x, t h e first t o e h ol d d o m ai n 

( bl a c k) o n X is n ot a v ail a bl e t o i niti at e r e a cti o ns wit h t h e r e p ort er. ( c) A c o m p etit or c o m pl e x ( c o m m o nl y us e d 

as  a “t hr es h ol d ” i n ot h er str a n d -dis pl a c e m e nt lit er at ur e 2 5 ) c a n irr e v ersi bl y bi n d a n d s e q u est er X vi a a f ast 7 nt 

t o e h ol d, r e d u ci n g its fr e e c o n c e ntr ati o n i n s ol uti o n. W e us e t h e “l e a kl ess ” ar c hit e ct ur e3 0  t o s u p pr ess r e a cti o ns 

b et w e e n s p e ci es n ot d esi g n e d t o r e a ct. 

W e als o c h ar a ct eri z e d t h e r el a x ati o n of t h e b uff er b y fitti n g t h e d at a ( Fi g. 4 c) t o 
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w hi c h is t h e c ur v e pr e di ct e d b y a si m pl e bi m ol e c ul ar m ass a cti o n m o d el of E q n. 3. F or t h e r a n g e of 

i niti al c o n c e ntr ati o ns t est e d, �  r a n g e d fr o m a b o ut 0. 2 t o 0. 7 h o urs. B ot h t h e si m pl e bi m ol e c ul ar m ass 

a cti o n  m o d el  of  o ur  b uff er  a n d  a  m or e  d et ail e d  m o d el 1 3  ( SI 6. 1)  of  t h e  b uff eri n g  a n d  r e p orti n g  

str a n d-dis pl a c e m e nt r e a cti o ns pr e di ct t h at t h e ris e ti m e s h o ul d b e f ast er as � �  i n cr e as es, b e c a us e 
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N !  c o ntr ols t h e r e c a pt ur e r at e. C o nsist e nt wit h t h es e pr e di cti o ns, w e o bs er v e d t h at ris e ti m es w er e 

f ast er  f or  hi g h er  v al u es  of N ! .  T h e  si m pl e  bi m ol e c ul ar  m o d el  pr e di cts  t h at  ris e  ti m e  s h o ul d  b e 

i n d e p e n d e nt of S ! = I ! , h o w e v er, t h e d et ail e d m o d el s u g g ests a sli g ht i n cr e as e i n ris e ti m e wit h 

d e cr e asi n g S ! = I !  w h e n t h e r e p orti n g r e a cti o n is i n cl u d e d ( SI 6. 2). T his w o ul d s u g g est t h at t h e 

r e p ort er i m p os es a s m all l o a d o n t h e s yst e m, c a usi n g a d el a y b ef or e e q uili bri u m is r e a c h e d. I n o ur 

e x p eri m e nts w e o bs er v e d s m all i n cr e as es i n ris e ti m e f or d e cr e asi n g S ! = I ! . 

Fr o m  Fi g.  4 c,  t h e  a v er a g e  si n k  r e a cti o n  r at e  c o nst a nt  w as 

k ! ≈ 1 .7 ∙ 1 0 ! ! ± 4 .2 ∙ 1 0 ! !  𝐷 𝐶 ! ! 𝑡 ! ! .  T his  c o nst a nt  a n d  t h e  m e as ur e d 𝑥 ! " = 0 .0 2 6 ± 0 .0 1 6  

gi v e  a n  a v er a g e  s o ur c e  r e a cti o n  r at e  c o nst a nt  of k ! ≈ 4 .0 ∙ 1 0 ! ! ± 7 .5 ∙ 1 0 ! !  𝑦 𝑘 ! ! 𝐴 ! ! .  T h es e 

v al u es ar e wit hi n a n or d er of m a g nit u d e of t h eir d esi g n e d  v al u es ( S e cti o n 3. 1).  

7. 6  | R e s p o n s e t o di st ur b a n c e s  

W e  n e xt  s o u g ht  t o  c h ar a ct eri z e  t h e  r el a x ati o n  of  oli g o n u cl e oti d e  b uff ers  as  t h e y  ar e  p ert ur b e d 

fr o m e q uili bri u m. W e us e d S ! = I ! = N ! = 8  𝑡 𝑥 , w hi c h w e c all t h e u nif or m 8 µ M b uff er.  

7. 6 . 1 | P o siti v e  di st ur b a n c e s.  First  w e  c h ar a ct eri z e d  h o w  oli g o n u cl e oti d e  b uff ers  r esist 

p ositi v e p ert ur b ati o ns, i.e. s u d d e n i n cr e as es i n [ X]. W e l et t h e u nif or m 8 µ M b uff er e q uili br at e, a n d 

t h e n a d d e d a p uls e dist ur b a n c e of 5 0 n M of X e v er y t hr e e h o urs, f or a t ot al of t e n p uls es ( Fi g. 5 a). 

Aft er  e a c h  p uls e  w as  a d d e d,  t h e  c o n c e ntr ati o n  of  X  i n cr e as e d  q ui c kl y,  r efl e cti n g  t h e  X  t h at  w as 

a d d e d,  a n d  t h e n  r el a x e d  b a c k  t o  a  n e w  e q uili bri u m  st at e  cl os e  t o X ! " # .  W e  fit  E q n.  8  t o  e a c h 

r el a x ati o n a n d f o u n d n o si g nifi ca nt v ari ati o n i n t h e ti m e c o nst a nt τ  c o m p ar e d t o t h e i niti al r el a x ati o n 

fr o m X ! = 0  ( SI 7).  T h es e e x p eri m e nts s h o w t h at o v er at l e ast t e n p ert ur b ati o ns of t his si z e, t h e 

d y n a mi cs  of  r el a x ati o n  ar e  l ar g el y  i n d e p e n d e nt  of  t h e  hist or y  of  p ast  p ert ur b ati o ns .  W e  w o ul d, 

h o w e v er, e x p e ct t h at X ! "  s h o ul d s hift sli g htl y o v er m ulti pl e p ert ur b ati o ns of t h e s a m e dir e cti o n as 
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t h e b uff er c a p a cit y is d e pl et e d. X ! "  di d i n cr e as e r o u g hl y li n e arl y wit h t h e t ot al a m o u nt of X a d d e d. 

Aft er 5 0 0 n M of X w as a d d e d, X ! "  i n cr e as e d b y 8 n M, w hi c h gi v es a sl o p e of a p pr o xi m at el y 0. 0 1 6 

( Fi g.  5 b,  c o m p ar e  wit h  Fi g.  2 b).  T his  c orr es p o n ds  w ell  wit h  E q n.  1 0,  w hi c h  pr e di cts  t h at 

a p pr o xi m at el y 2 5 0 n M of X m ust b e a d d e d t o i n cr e as e t h e e q uili bri u m c o n c e ntr ati o n b y 1 0 %.  

7. 6 .2  | N e g ati v e  di st ur b a n c e s.  W e  t h e n  c h ar a ct eri z e d  h o w  t h e  b uff er  r es p o n d e d  t o 

d e cr e as es  i n  [ X]  c a us e d  b y  a  c o u pl e d  r e a cti o n  i n  w hi c h  X  w as  c o ns u m e d.  W e  us e d  a  si m pl e, 

irr e v ersi bl e  r e a cti o n  i n  w hi c h  X  bi n ds  t o  a  c o m p etit or  c o m pl e x vi a a  7 nt  t o e h ol d  i niti at e d 

dis pl a c e m e nt  r e a cti o n,  pr o d u ci n g  i n ert  w ast e  pr o d u cts  ( Fi g.  3 c).  W e  all o w e d  t h e  8 µ M  u nif or m 

b uff er t o r e a c h st e a d y st at e f or 3 h o urs, t h e n a d d e d 1 0 0 n M of c o m p etit or ( Fi g. 5 c). As a nti ci p at e d, 

t h e  c o n c e ntr ati o n  of  X  i niti all y  dr o p p e d,  a n d  t h e n  r e c o v er e d t o  a p pr o xi m at el y  3  n M  l ess  t h a n  t h e 

i niti al e q uili bri u m c o n c e ntr ati o n. 

T h e  o bs er v e d  m a g nit u d e  of  t his  n e g ati v e  dist ur b a n c e  w as  si g nifi c a ntl y  s m all er  t h a n  t h e 

c o n c e ntr ati o n of c o m p etit or t h at w as a d d e d. O ur m o d els ( SI 5. 3) i n di c at e t h at t his eff e ct is d u e t o a 

p arti al  r e a cti o n  k n o w n  as  t o e h ol d  o c cl usi o n i n  w hi c h  t h e  t o e h ol d  o n  t h e  c o mp etit or  is  tr a nsi e ntl y 

o c c u pi e d  b y  t h e  i niti at or.    T his  i nt er a cti o n  r e d u c es  t h e  fr a cti o n  of  c o m p etit or  t h at  is  fr e e  t o  r e a ct 

wit h X, i n t ur n r e d u ci n g t h eir eff e cti v e r e a cti o n r at e.  T o e h ol d o c cl usi o n is es p e ci all y si g nifi c a nt h er e 

d u e t o t h e l o n g 7 nt t o e h ol d a n d b e c a us e [I] ≫ X ! " # , b ot h of w hi c h i n cr e as e t h e r esi d e n c y ti m e of 

t o e h ol d bi n di n g. 
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Fi g ur e 7. 4.  C o n c e ntr ati o n  p ar a m et er  s p a c e ,  s h o wi n g  e q uili br ati o n  of  [ X]  wit h v ari e d  c o n c e ntr ati o ns  of 

S ! , I ! ,  a n d N ! .  ( a)  E x p eri m e nt al  d at a  (s oli d  li n es)  s h o wi n g  a p pr o a c h  t o  e q uili bri u m.  E x p o n e nti al  fits 

s h o w n  as  d as h e d  li n es.  ( b)  E q uili bri u m  c o n c e ntr ati o n  vs. S ! = I ! .  C y a n  p oi nts  c orr es p o n d  t o  t h e 

S ! = I ! = 8  𝐷 𝐶  tr aj e ct ori es  fr o m  p a n el  ( a),  y ell o w  p oi nts  t o  y ell o w  tr aj e ct ori es,  a n d  r e d  t o  r e d.  ( c) 

R el a x ati o n  ti m e  c o nst a nts  vs. N ! .  Err or  b ars  h er e  a n d  els e w h er e  d e pi ct  9 5 %  c o nfi d e n c e  i nt er v als 

(1 .9 6 𝑡 𝑥 ). 
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7. 6 . 3 | L ar g e  mi x e d  di st ur b a n c e s.  Fi n al l y,  w e  t est e d  h o w  oli g o n u cl e oti d e  b uff ers 

r es p o n d t o v er y l ar g e p ert ur b ati o ns.  W e l et a u nif or m 8 µ M b uff er a p pr o a c h its st e a d y st at e f or 3 

h o urs  a n d  t h e n  p ert ur b e d  it  first  b y  a d di n g  2 5 0  n M  of  X,  t h e n  a d di n g  2 5 0  n M  of  t h e  c o m p etit or 

( Fi g. 5 d, m et h o ds). We t h e n a d d e d t w o m or e 2 5 0 n M p uls es of X, f oll o w e d b y t w o m or e 2 5 0 n M 

p uls es of c o m p etit or ( Fi g 5 d). As e x p e ct e d, t h e c h a n g es i n X ! "  i n t h e b uff er e d s ol uti o n w er e f ar 

l ess  i n  e a c h  c as e  t h a n  t h e  a m o u nt  of  X  t h at  w as  a d d e d  or  c o ns u m e d.  Aft er  t h e  first  2 5 0  n M 

p ert ur b ati o n, X ! "  i n cr e as e d  fr o m  a b o ut  4 7  t o  a b o ut  4 9  n M,  c o nsist e nt  wit h  t h e  c h a n g e  i n X ! "  

t h at o c c urr e d aft er a d di n g fi v e 5 0 n M p uls es of X (s e e Fi g. 5 b).  

7. 7  | B uff eri n g m ulti pl e s p e ci e s  

I n pri n ci pl e, m ulti pl e diff er e nt oli g o n u cl e oti d e s e q u e n c es c a n b e b uff er e d i n t h e s a m e r e a cti o n. 

W e  d esi g n e d  a  b uff eri n g  s yst e m  f or  a  s e c o n d  t ar g et  s e q u e n c e,  X 2  (s e e  s e q u e n c es  i n SI 4)  a n d 

c o m p ar e d h o w t h e X a n d X 2  b uff ers a ct e d s e p ar at el y vs. t o g et h er i n t h e s a m e r e a cti o n.  

T h e 8 µ M u nif or m b uff er f or X 2  r e a c h e d a st a bl e s et p oi nt of ar o u n d 1 0 0 n M, a n d aft er a 5 0 n M 

p ert ur b ati o n  [ X 2 ]  r et ur n e d  t o  r o u g hl y  t h e  ori gi n al  s et p oi nt  c o n c e ntrati o n  ( Fi g.  6 a).  T h e 

c orr es p o n di n g  8 µ M  u nif or m  b uff er  f or  X  als o  r e a c h e d  a  s et p oi nt,  a n d  r es p o n d e d  t o  a  5 0  n M 

dist ur b a n c e  wit h  a  si mil ar  r es p o ns e  ti m e  ( Fi g  6 b).  W h e n  t h e  b uff ers  w er e  c o m bi n e d  i n  t h e  s a m e 

s ol uti o n,  t h e  s et p oi nts  a n d  r es p o ns es  t o  dist ur b a n c e  f or  b ot h  X  a n d  X 2  w er e  si mil ar  t o  t h eir 

s et p oi nts a n d r es p o ns es i n is ol ati o n ( Fi g 6 c). [ X] di d n ot c h a n g e w h e n X 2  w as a d d e d a n d vice vers a. 

7. 8  | F a st er b uff eri n g  

T h e b uff ers i n Fi gs. 3 -5 h a v e r el ati v el y sl o w r el a x ati o n ti m es. A sl o w b uff er c a n all o w a s yst e m 

t o  m ai nt ai n  a  m e m or y  of  r e c e nt  p ert ur b ati o ns  t h at  is  gr a d u all y  er as e d  as  t h e  c o n c e ntr ati o n  of  t h e 

b uff er e d  s p e ci es  r et ur ns  t o  e q uili bri u m.  T his  a bilit y  t o  tr a nsi e ntl y  st or e  i nf or m ati o n  a b o ut 
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p ert ur b ati o ns  a n d  t h e n  er as e  it  t o  r e c ei v e  n e w  p ert ur b ati o n s  c o ul d  b e  us e d  t o  pr o c ess  str e a ms  of 

c h e mi c al  i n p uts 3 1, 3 2 .  H o w e v er,  i n  m a n y  ot h er  c as es,  it  is  i m p ort a nt  t o  m ai nt ai n  a  c o nst a nt 

c o n c e ntr ati o n i n t h e f a c e of h e a v y l o a ds. F ast er ti m e c o nst a nts ar e d esir a bl e i n s u c h c as es.  

 

Fi g ur e 7. 5.  R e s p o n s e  of  t h e  ol i g o n u cl e oti d e  b uff er  t o  di st ur b a n c e s,  ( a)  A n  8 µ M  u nif or m  b uff er  f or 

t ar g et s p e ci es X dist ur b e d wit h a d diti o ns of 5 0 n M e x c ess X e v er y t hr e e h o urs.  Diff er e n c es i n t h e a m o u nt of 

ti m e r e q uir e d t o a d d a n d mi x t h e dist ur b a n c es i nt o t h e w ells ( d uri n g w hi c h n o m e as ur e m e nts w er e m a d e) of a 

9 6 -w ell pl at e c a us e diff er e n c es b et w e e n t h e p e a k a m plit u d es of t h e dist ur b a n c es. Si n c e t h e f ast est c h a n g es i n 

c o n c e ntr ati o n  o c c ur  i m m e di at el y  aft er  t h e  dist ur b a n c e  is  a d d e d,  t h e  first  m e as ur e d  v al u e  of  [ X]  is  hi g hl y 

d e p e n d e nt o n  t his  d el a y  ti m e.  ( b)  A d diti o n  of  5 0 n M  X  dist ur b a n c es  t o  a  s ol uti o n  c o nt ai ni n g  n o  b uff eri n g 

r e a cti o n, s h o wi n g c u m ul ati v e i n cr e as e i n c o n c e ntr ati o n. ( c) T h e c h a n g e i n e q uili bri u m c o n c e ntr ati o n of X vs. 

t h e t ot al c o n c e ntr ati o n of X a d d e d as dist ur b a n c e f or t h e b uff er e d d at a i n p a n el ( a). ( d) 8 µ M b uff er dist ur b e d 

wit h a n a d diti o n of 1 0 0 n M c o m p etit or, C, w hi c h c o ns u m es X. ( e) 8 µ M b uff er dist ur b e d wit h l ar g e p uls es of 
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2 5 0 n M X, f oll o w e d b y 2 5 0 n M c o m p etit or.  

 

 

Fi g ur e 7. 6. B uff er s f or diff er e nt oli g o n u cl e ot i d e s o p er at e i n t a n d e m wit h o ut cr o s st al k. ( a) U nif or m 8 

µ M b uff er f or a s e c o n d s e q u e n c e X 2  b ef or e a n d aft er a 5 0 n M a d diti o n of X 2 .   T h e r e p ort er f or X2  us es a 

H E X  fl u or o p h or e.  ( b)  U nif or m  8 µ M  b uff er  f or  X  b ef or e  a n d  aft er  a  5 0  n M  a d diti o n  of  X.    ( Usi n g  t h e 

r e p ort er i n Fi g. 2 c wit h F A M fl u or o p h or e). ( c) T h e c o n c e ntr ati o ns of X a n d X 2  i n a s ol uti o n c o nt ai ni n g 8 µ M 

u nif or m b uff ers ( a n d ass o ci at e d r e p ort ers) f or b ot h s e q u e n c es, wit h 5 0 n M dist ur b a n c es a d d e d at t h e s a m e 

ti m es as ( a) a n d ( b). 

W e t h er ef or e n e xt i n v esti g at e d w h et h er w e c o ul d b uil d b uff ers t h at r es p o n d e d m or e q ui c kl y t o 

p ert ur b ati o ns.  T o  d o  s o  w e  cr e at e d  a  b uff er  f or  X  wit h  l o n g er  t o e h ol ds  o n  t h e  s o ur c e  a n d  si n k 

c o m pl e x es ( + 1 a n d + 2 n u cl e oti d es r es p e cti v el y) t h at w er e d esi g n e d t o i n cr e as e k !  a n d k !  (s e e SI 4).   

W e c h ar a ct eri z e d [ X] o v er ti m e usi n g 8 µ M of e a c h of t h e n e w f ast er s o ur c e, i niti at or a n d si n k 

s p e ci es, i.e. t h e f ast 8 µ M u nif or m b uff er ( Fi g. 7), w hi c h pr o d u c e d a s et p oi nt c o n c e ntr ati o n of [ X] of 

a b o ut 1 3 n M.  W h e n t h e s yst e m w as p ert ur b e d b y a d di n g X, t h e c o n c e ntr ati o n of X h a d r et ur n e d 

cl os e t o its s et p oi nt b y t h e ti m e w e h a d r et ur n e d t h e s a m pl e t o t h e fl u or es c e n c e r e a d er aft er a d di n g 

t h e  dist ur b a n c es.  T his  d el a y  i n  m e as ur e m e nt  w as  n o  m or e  t h a n  1 0  mi n ut es,  a n d  g e n er all y  l ess, 

s u g gesti n g t h at t h e f ast b uff er h a d a r es p o ns e ti m e of at m ost 1 0 mi n ut es, si g nifi c a ntl y f ast er t h a n 
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t h e ori gi n al b uff er. As wit h t h e sl o w er b uff er, w e o bs er v e d a sl o w er r es p o ns e ti m e of t h e f ast b uff er 

t o  t h e  a d diti o n  of  c o m p etit or  t h a n  t o  t h e  a d diti o n  of  X, c o nsist e nt  wit h  t h e  eff e cts  of  t o e h ol d 

o c cl usi o n ( SI 8).  

 

Fi g ur e 7. 7.  F a st er  r e s p o n s e s  t o  dist ur b a n c es  b y  a  b uff er  wit h  l o n g er  t o e h ol ds.  W e  us e d  a  1 nt  s o ur c e 

t o e h ol d a n d a 4 nt si n k t o e h ol d t o i n cr e as e t h e r at e of r es p o ns e of a u nif or m 8 µ M f ast b uff er. X w as a d d e d t o 

dist ur b t h e s yst e m at ti m es n ot e d.  

7. 9  | Di s c u s si o n 

I n  t his  p a p er  w e  d e m o nstr at e  a  D N A  str a n d -dis pl a c e m e nt  r e a cti o n  f or  b uff eri n g  t h e 

c o n c e ntr ati o n  of  oli g o n u cl e oti d es.  Hi g h  c o n c e ntr ati o ns  of  r e a ct a nts  c o nti n u o usl y  r el e as e  a n d 

r e c a pt ur e a t ar get str a n d, f or mi n g a n e q uili bri u m t h at r esists p ert ur b ati o ns t o t h e c o n c e ntr ati o n of 

t h e  t ar g et.  Usi n g  t his  ar c hit e ct ur e,  b uff ers  c o ul d  b e  d esi g n e d  f or  ar bitr ar y  s e q u e n c es  wit h  a  wi d e 

r a n g e of s et p oi nts, r es p o ns e ti m es a n d c a p a citi es.  S e v er al b uff ers c a n o p er at e i n p ar all el wit hi n t h e 

s a m e s ol uti o n, t o i n d e p e n d e ntl y r e g ul at e t h e c o n c e ntr ati o ns of m ulti pl e t ar g et str a n ds.  

Oli g o n u cl e oti d e b uff ers c o ul d b e i n c or p or at e d i nt o a wi d e v ari et y of e xisti n g r e a cti o ns i n w hi c h 

oli g o n u cl e oti d es pl a y a k e y r ol e, i n cl u d i n g s elf-ass e m bl y 1 1, 2 6, 2 7, 3 3 -3 6 , s e nsi n g2 8 , p h ot o c h e mistr y3 7, 3 8 , a n d 

m ol e c ul ar r el e as e 3 9 . Oli g o n u cl e oti d e b uff ers c o ul d als o r e g ul at e m ol e c ul es b esi d es D N A if c o u pl e d 
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t o r e a cti o ns t h at i nt erf a c e wit h ot h er s p e ci es, s u c h as e n z y m es4 0 -4 2  a n d s m all m ol e c ul es 4 3 . 

T h e  a bilit y  t o  m ai nt ai n  t h e  c o n c e ntr ati o ns  of  m ol e c ul ar  s p e ci es  is  ess e nti al  f or  b uil di n g  l ar g e 

r e a cti o n n et w or ks t h at o p er at e r eli a bl y f or e xt e n d e d ti m es. Bi ol o gi c al r e a cti o n n et w or ks oft e n r esist 

c h a n g es  i n  c o n c e ntr ati o n  usi n g  m e c h a nis ms  t h at  ar e  m at h e m ati c all y  q uit e  si mil ar  t o  b uff ers.  F or 

e x a m pl e,  c o m p eti n g  pr o c ess es  of  s y nt h esis  a n d  d e gr a d ati o n  i n  g e n e  n et w or ks  r e g ul at e  t h e 

c o n c e ntr ati o ns of m ost R N A a n d pr ot ei ns 8 . Si mil ar c o m p eti n g r e a cti o ns o n f ast er ti m e s c al es als o 

r e g ul at e  t h e  c o n c e ntr ati o ns  of a cti n 4 4  a n d  a cti v e  m e m br a n e  r e c e pt ors 4 5 .  T h e  a bilit y  t o  i n c or p or at e 

m ol e c ul ar b uff eri n g f or a v ari et y of s p e ci es i nt o s y nt h eti c c h e mi c al s yst e ms c o ul d t h er ef or e f a cilit at e 

t h e d esi g n of r o b ust a n d s c al a bl e s y nt h eti c c h e mi c al r e a cti o n n et w or ks.  
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T h e a ut h ors t h a n k C hris T h a c h u k, Ol e g G a n g, K ar e n Fl e mi n g, J os h u a F er n, S a m u el S c h afft er 

a n d S hi v a n g S h ar m a f or i nsi g htf ul c o n v ers ati o ns. T his w or k w as s u p p ort e d b y N S F -S H F -1 5 2 7 3 7 7, 

D E -S C 0 0 1 0 5 9 5  f or  s o m e  e q ui p m e nt  a n d  r e a g e nts,  N S F -C C F -1 1 6 1 9 4 1  a n d  a gr a nt  t o  t h e  T uri n g 
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8 | 8 | S u p pl e m e nt al I nfS u p pl e m e nt al I nf or m ati o n: or m ati o n: D N A Str a n d B uff er s:D N A Str a n d B uff er s:   
 

8. 1  | B uff er r e a cti o n s of or d er s 0 t hr o u g h 2  

 I n pri n ci pl e, a r e v ersi bl e r e a cti o n of a n y or d er c a n a ct as a b uff er, pr o vi d e d ( 1) t h at o n e of 

t h e  pr o d u cts  is  t h e  m ol e c ul e  X,  w h os e  c o n c e ntr ati o n  w e  wis h  t o  r e g ul at e  or  b uff er,  (2)  all  of  t h e 

ot h er s p e ci es b esi d es X ar e pr es e nt at hi g h c o n c e ntr ati o n r el ati v e t o t h e e q uili bri u m c o n c e ntr ati o n of 

X, ( 3) w e h a v e s uffi ci e nt c o ntr ol o v er t h e f or w ar d a n d r e v ers e r at e c o nst a nts ( e.g. f or a p H b uff er w e 

r e q uir e a w e a k a ci d wit h a l o w diss oci ati o n c o nst a nt) t o t u n e t h e b uff er. W e d e ci d e d t o i m pl e m e nt a 

b uff er usi n g t w o r e a ct a nts a n d t w o pr o d u cts b e c a us e t his r e a cti o n f or m pr o vi d es t h e a bilit y t o fi n el y 

t u n e  b ot h  t h e  f or w ar d  a n d  r e v ers e  r e a cti o n  r at es  b y  a dj usti n g  t h e  a p pr o pri at e  r e a ct a nt 

c o n c e ntr ati o ns,  a n d  b e c a us e  t h e  b uff eri n g  r e a cti o n  o c c urs  o nl y  w h e n  t h e  r e a ct a nts  ar e  mi x e d, 

m a ki n g  it  str ai g htf or w ar d  t o  c h ar a ct eri z e  b uff eri n g  ki n eti cs.    B el o w  is  a  t a bl e  d es cri bi n g  t h e 

g e n er ali z e d b uff er r e a cti o ns u p t o t h e s e c o n d or d er, wit h a bri ef s u m m a ry of t h e b e n efits of e a c h 

f or m. 

S I  T a bl e  1:  B uff er  r e a cti o n or d er s  

R e a cti o n  Or d er  

B uff eri n g  

R e a cti o n  

E q uili bri u

m  [ X]e q 

C o n c e ntr ati o n  

R e q uir e m e nts  
N ot es  

L eft  si d e 
Ri g ht  

si d e 
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0 t h 1 st 
𝐷 !

⇌
𝐶 !

 𝑡  
𝑥 !

𝑦 !

 - 

I nfi nit e c a p a cit y.  

E q ui v al e nt  t o a  

pr o p orti o n al  

c o ntr oll er  ( 𝑘 𝐴𝑡 𝑥 =

!

! !
, r ef er e n c e =

! !

! !
). 

1 st 1 st 𝑦

𝐵 !

⇌
𝑡 !

 𝑥  
𝑦 ! [𝑘 ]

𝐶 !

 𝑡 ! ≫ 𝑥 ! "  

All o ws  t h e f or w ar d 

r at e t o b e  t u n e d b y  

c h a n gi n g  𝑦 !  

2 n d  1 st 𝐷 + 𝑦

𝜕 !

⇌
𝑇 !

 𝑡  
𝑥 ! [𝑦 ][𝜕 ]

𝑡 !

 
𝐷 ! , 𝑇 !

≫ 𝑡 ! "  

Pr e v e nts  t h e r e a cti o n 

fr o m o c c urri n g  u ntil  

A  a n d  B  ar e  mi x e d.  

0 t h 2 n d  
𝑥 !

⇌
𝑦 !

 𝑘 + 𝑘  
𝑇 !

𝑡 ! [𝑥 ]
 𝑦 ! ≫ 𝑘 ! "  

Al l o ws t h e r e v ers e 

r at e t o b e  t u n e d b y  

c h a n gi n g  𝐼 !  

1 st 2 n d  𝑡

𝑥 !

⇌
𝑦 !

 𝑇 + 𝑡  
𝑥 ! [𝑦 ]

𝜕 ! [𝐴 ]
 

𝑡 ! , 𝑥 !

≫ 𝑦 ! "  

St a n d ar d  f or m f or a n  

a ci d -b as e  p H  b uff er  
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2 n d  2 n d  
𝐷 + 𝐶

𝑡 !

⇌
𝑥 !

 𝑦

+ 𝑘  

𝐴 ! [𝑡 ][𝑥 ]

𝑦 ! [𝐵 ]
 

𝑡 ! , 𝑥 ! , 𝑦 !

≫ 𝑘 ! "  

Bi m ol e c ul ar  f or m 

e x pl or e d  i n t h e m ai n  

t e xt. 

  

8 .2 |  D eri v a ti o n s of s et p oi nt c o n c e ntr ati o n, r el a x ati o n ti m e, a n d c a p a cit y 

T h e g o v er ni n g e q u ati o n f or o ur bi m ol e c ul ar b uff er r e a cti o n is:  

 
S + I 

k !

⇌
k !

 N +  X  ( SI. E q n 1)  

w h er e:  

X is t h e b uff er e d m ol e c ul e,  

S is t h e s o ur c e t h at c o nt ai ns X i n a n i n a cti v e st at e,  

I is t h e i niti at or t h at r el e as es X fr o m S, a n d 

N is t h e si n k t h at r e c a pt ur es X.  

T h e m ass a cti o n or di n ar y diff er e nti al e q u ati o n t h at g o v er ns t h e ki n eti cs of t his r e a cti o n is  

 ! [! ]

! !
= k ! S I − k ! [N ][X ]. ( SI. E q n 2)  

T h e r e a cti o n i n SI. E q n 1 a p pr o a c h es a n e q uili bri u m c o n c e ntr ati o n of  

 
[X ]! " =

k !

k !

[S ]! " [I]! "

[N ]! "

= K ! "

[S ]! " [I]! "

[N ]! "

 ( SI. E q n 3)  
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w h er e t h e e q uili bri u m c o nst a nt K ! "  is d efi n e d as: 

 K ! " ≡
! !

! !
=

[! ]! " [! ]! "

[! ]! " [! ]! "
. ( SI. E q n 4)  

 

8. 2. 1 |  S et p oi nt c o n c e ntr ati o n  

B y st oi c hi o m etr y, w e h a v e t h e f oll o wi n g c o ns er v ati o n e q u ati o ns:  

 [S ]! " = [S ]! − [X ]! " − X !  ( SI. E q n 5)  

 [I]! " = [I]! − [X ]! " − X !  ( SI. E q n 6)  

 [N ]! " = [N ]! + [X ]! " − X !  ( SI. E q n 7)  

F or  v er y  l ar g e  i niti al  r e a ct a nt  c o n c e ntr ati o ns [S ]! ,[I]! ,[N ]! ≫ [X ]! " − X ! .    I n  t his  c as e  t h e 

c o n c e ntr ati o ns  of  S,  I  a n d  N  c a n  b e  a p pr o xi m at e d  as  r o u g hl y  c o nst a nt 𝐷.𝐶 .[S ]! " ≈ S ! , I ! " ≈

I ! ,[N ]! " ≈ [N ]! . T his r e d u c es E q n. SI. E q n 3  t o 

 
[X ]! " ≈ K ! "

[S ]! [I]!

[N ]!

 ( SI. E q n 8)  
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8. 2. 2 |  R el a x ati o n ti m e  

If w e ass u m e t h at t h e i niti al r e a ct a nt c o n c e ntr ati o ns ar e s uffi ci e ntl y hi g h, s u c h  t h at t h e y d o n ot 

c h a n g e si g nifi c a ntl y as t h e s yst e m a p pr o a c h es e q uili bri u m  ( i.e. [S ]! ,[I]! ,[N ]! ≫ [X ]! " ), t h e n w e c a n 

tr e at [ S], [I] a n d [ N] as a p pr o xi m at el y c o nst a nt, w hi c h r e d u c es E q n. SI. E q n 2  t o 

 𝐷 [𝐶 ]

𝑡 𝑥
= 𝑦 ! − 𝑘 ! [𝐴 ] ( SI. E q n 9)  

w h er e  

 𝑡 ! ≡ 𝑥 𝑦 𝐵 𝑡 𝑥 𝑦 𝑘𝐶 𝑡 𝑥  𝑦 𝐷 𝑦 𝜕 ≡ 𝑇 ! 𝑡 𝑥  ( SI. E q n 1 0)  

 𝑦 ! ≡ 𝜕 𝑡 𝐷 𝑇 𝑡 𝑥 𝑦 𝑘𝑘 𝑇 𝑡  𝑥 𝑦 𝑘 𝐼 ≡ 𝑡 ! 𝑥  ( SI. E q n 1 1)  

T h e s ol uti o n t o SI. E q n 9 is 

 
X t = [X ]! " # 1 + 𝑦 𝑇 !

!
!  ( SI. E q n 1 2)  

w h er e  

 
[X ]! " # ≡ 𝑡 𝑥 𝑦𝜕𝐴𝑡 𝑥 𝑦𝜕 𝑡 𝐷  𝐴 𝑡 𝑥 𝑦 𝑘𝑘 𝐴 𝑡 ≡

𝑥 !

𝑦 !

 ( SI. E q n 1 3)  

 
𝑘 ≡ 𝐼 𝑡𝑥 𝑦 𝐴𝑡 𝑥 𝑦  𝜕 𝑂 𝑡 𝑥 𝑦 𝜕  𝑡 𝐷 𝑂 𝑡  𝑥 𝑦 𝑘 𝑂 𝑡𝑥 𝑦 𝑘 ≡

[X ]! − [X ]! " #

[X ]! " #

 ( SI. E q n 1 4)  
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𝐷 ≡ 𝐶𝑡 𝑥 𝑦  𝑘 𝐴 𝑡 𝑥 𝑦 𝐵 𝑡 𝑥 ≡

1

𝑦 !

 ( SI. E q n 1 5)  

 

W e c a n us e SI. E q n 1 2 t o s ol v e for t h e ti m e it t a k es t o r el a x t o a n ar bitr ar y f a ct or 𝑘 < 1  of t h e 

i niti al offs et: 

 
1 + 𝐶 𝑡 [X ]! " # = [X ]! " # 1 + 𝑥 𝑦 !

!
!  ( SI. E q n 1 6)  

w hi c h  si m plifi es t o 

 
𝐷 = 𝑦 !

!
!  ( SI. E q n 1 7)  

w hi c h  c a n  b e  s ol v e d t o fi n d 

 𝜕 ! "# $ % ,! = − 𝑇𝑡 𝑥 𝑦  ( SI. E q n 1 8)  

 

Alt er n ati v el y,  w e  c a n  s et 𝜕 = 𝑡  a n d  s ol v e SI. E q n  1 8  t o fi n d t h at e a c h  ti m e c o nst a nt  𝐷  is t h e a m o u nt  

of  ti m e t o r el a x t o a  f a ct or of  

 
𝑇 ! ! ! =

1

𝑡
 ( SI. E q n 1 9)  
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8. 2. 3 |  C a p a cit y  

T o c al c ul at e t h e c a p a cit y of t h e b uff er, w e first r e n d er E q n. SI. E q n 3 di m e nsi o nl ess  

 [𝐷 ]! " ≡ [𝐶 ∗ ]! " []!  ( SI. E q n 2 0)  

w hi c h  gi v es  [𝑡 ∗ ]! " = 𝑥 ! "

[𝑦 ]! " [𝑘 ]! "

[𝐴 ]! " []!

 ( SI. E q n 2 1)  

w h er e []!  is a c o n c e ntr ati o n s c al e. W e c a n n o w d efi n e t h e f oll o wi n g us ef ul q u antiti es, a n al o g o us t o 

p H a n d p K a i n a n a ci d b as e b uff er. N ot e t h at t his o p er ati o n is n ot p er missi bl e wit h o ut r e n d eri n g X 

di m e nsi o nl ess, as l o g arit h ms c a n o nl y o p er at e o n di m e nsi o nl ess n u m b ers.  

 𝑡 𝑥 ≡ − 𝑦 𝐵 𝑡! " [𝑥 ∗ ]! "  ( SI. E q n 2 2)  

 𝑦 𝑘 ! " ≡ − 𝐶 𝑡 𝑥! " 𝑦 ! "  ( SI. E q n 2 3)  

T a ki n g t h e – l o g1 0  of b ot h si d es of SI. E q n 2 1 , a n d r e arr a n gi n g, w e fi n d 

 𝐷 𝑦 = 𝜕 𝑇 ! " + 𝑡 𝑥 𝑦! "

[𝜕 ]! " []!

[𝑡 ]! " [𝐷 ]! "

 ( SI. E q n 2 4)  

w hi c h  is  a n al o g o us  t o  t h e  H e n d ers o n -H ass el b al c h  e q u ati o n  f or a ci d -b as e  b uff ers.  W e  d efi n e  t h e 

c a p a cit y 𝑇  as t h e c o n c e ntr ati o n of X t h at m ust b e a d d e d t o t h e s yst e m t o c h a n g e t h e p X b y a gi v e n 

offs et 𝑡 .  A n y 𝑥  c o ul d  b e  s el e ct e d  t o  d efi n e  c a p a cit y,  d e p e n di n g  o n  t h e  m a g nit u d e  of  offs et  t h at  is 

r el e v a nt t o a n e x p eri m ent. I n a ci d b as e b uff ers, 𝑦 = ± 1  p H u nits is oft e n us e d t o d efi n e t h e b uff er 

c a p a cit y, b ut h er e w e ar e g e n er all y i nt er est e d i n a s m all er r a n g e. T h er e ar e t w o dir e cti o ns t o c h a n g e 
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p X, a n d t h er ef or e t w o c a p a citi es, s p e cifi c all y:  

P ositi v e  

c a p a cit y  

𝐷 ! ≡ 𝐶  a d d e d  t o d e cr e as e  𝑡 𝑥 !" # $%  t o 𝑦 𝑘 ! "! #! $% + 𝐴 ,  f or 

𝑡 < 0  
( SI. E q n 2 5)  

N e g ati v e  

c a p a cit y  

𝑥 ! ≡ 𝑦  r e m o v e d t o i n cr e as e 𝐵 𝑡 !" # $%  t o 𝑥 𝑦 ! "! #! $% + 𝑘 , f or 

𝐶 > 0  
( SI. E q n 2 6)  

N ot e t h at t h e o nl y w a y t o c h a n g e p X is t hr o u g h t h e s e c o n d t er m o n t h e ri g ht h a n d si d e of SI. E q n 

2 4 , w hi c h w e d efi n e as: 

 𝑡 ! " ≡ 𝑥 𝑦 𝐷! "

[]! [𝑦 ]! "

[𝜕 ]! " [𝑇 ]! "

 ( SI. E q n 2 7)  

T h er ef or e t h e p ositi v e a n d n e g ati v e c a p a cit y d efi niti o ns fr o m SI. E q n’s 2 5 -2 6 c a n b e r est at e d as t h e 

c o n c e ntr ati o ns of X t h at m ust b e a d d e d or r e m o v e d t o c h a n g e 𝑡 ! = 𝑥 ! " + 𝑦 . F or cl arit y, w e will us e 

t h e f oll o wi n g s u bs cri pts: 

 

0:  i niti al st at e of  b uff er  b ef or e  r e a c hi n g e q uili br ati o n,  

e q:  at  i niti al e q uili bri u m,  

f: p ost -dist ur b a n c e  e q uili bri u m  

 

D u e  t o  t h e  hi g h  c o n c e ntr ati o ns  of  S,  I  a n d  N  r el ati v e  t o  t h e  e q uili bri u m  c o n c e ntr ati o n  of  X,  w e 

ass u m e  t h at  t h e  c o n c e ntr ati o ns  of  S,  I  a n d  N    d o  n ot  c h a n g e  si g nifi c a ntl y  d uri n g  t h e  i niti al 

e q uili br ati o n, i.e. [𝜕 ,𝑡 ,𝐷 ]! ≈ [𝑇 ,𝑡 ,𝑥 ]! " . F urt h er m or e,  w e  wil l  ass u m e  t h at  if  a  dist ur b a n c e  of 

∝ ≡ 𝑦 ! " " # " = − 𝑘 𝑘 𝑇 𝑡 𝑥 𝑦𝑘 𝐼 𝑡 𝑥 ! " " # "  is a p pli e d t o t h e b uff er, t h e n t h e c o n c e ntr ati o ns of S, I a n d 
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N c h a n g e li n e arl y as f oll o ws: [𝐷 ,𝐶 ]! = [𝑡 ,𝑥 ]! + ∝ , a n d [𝑦 ]! = [𝑘 ]! − ∝ . Wit h t h es e ass u m ptio ns:  

 𝐴 ! = 𝑡 ! " + 𝑥 = 𝑦 𝐵 𝑡! "

[]! [𝑥 ]! − ∝

[𝑦 ]! + ∝ [𝑘 ]! + ∝
 ( SI. E q n 2 8)  

E x p o n e nti ati n g b ot h si d es of SI. E q n 2 8 wit h b as e 1 0, a n d r e arr a n gi n g i nt o q u a dr ati c f or m, w e h a v e:  

 𝐶 ∝ ! + 𝑡 ∝ + 𝑥 = 0  ( SI. E q n 2 9)  

w h er e:  𝑦 = 1  

𝐷 = 𝑦 ! +
[]!

1 0 ! ! " ! !
 

𝜕 ! ≡ 𝑇 ! + 𝑡 !  

𝑥 = 𝑦 ! 𝜕 ! −
[]! 𝑡 !

1 0 ! ! " ! !
 

( SI. E q n 3 0)  

Wit h 𝐷  = 1, t h e q u a dr ati c f or m ul a gi v es t h e s ol uti o n t o SI. E q n. 2 9 as:  

 ∝ =
− ± 𝑇 ! − 4 𝑡

2
 ( SI. E q n. 3 1)  

w hi c h w e c a n s u bstit ut e t h e v al u es i n SI. E q n. 3 0 b a c k i n t o fi n d:  

∝ =

− 𝑥 ! −
[]!

1 0 ! ! " ! ! ± 𝑦 !
!

+ 2 𝑘 !
[]!

1 0 ! ! " ! ! +
[]!

!

1 0 ! ! " ! ! ! − 4 𝑘 ! 𝑇 ! + 4
[]! 𝑡 !

1 0 ! ! " ! !

2
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n oti c e  1 0 ! ! " ! ! = 1 0 ! ∙
[]! [𝐷 ]!

[𝐶 ]! [𝑡 ]!

 ( SI. E q n. 3 2)  

t h er ef or e 1 0 ! ! " ! ! !
= 1 0 ! ! ∙

[]!
! [𝑥 ]!

!

[𝑦 ]!
! [𝑘 ]!

!  ( SI. E q n. 3 3)  

w hi c h w e c a n s u bstit ut e b a c k i n t o fi n d:  

∝ = −
𝐴 !

2
−

[𝑡 ]! [𝑥 ]!

2 ∙ 1 0 ! ∙ [𝑦 ]!

±
𝐵 !

!

4
+

𝑡 ! + 2 [𝑥 ]!

2 ∙ 1 0 ! ∙ [𝑦 ]!

− 1 [𝑘 ]! [𝐶 ]! +
[𝑡 ]!

! [𝑥 ]!
!

4 ∙ 1 0 ! ! ∙ [𝑦 ]!
!  

A p pl yi n g t h e f oll o wi n g d efi niti o ns:  

[𝐷 𝑦 𝜕 𝑇𝑡 ]! = [𝑥 ]! + [𝑦 ]! + [𝜕 ]!  

𝑡 ! ≡
𝐷 !

𝑇 ! + 𝑡 !

=
𝑥 !

[𝑦 𝑘 𝑘 𝑇𝑡 ]!

 

𝑥 ! ≡
[𝑦 ]!

[𝑘 ]! + [𝐼 ]!

 

𝑡 ! = 𝑥 ! [𝑦 𝑇 𝑡 𝑥𝑦 ]!  

𝜕 ! = 1 − 𝐴 ! [𝑡 𝑥 𝑦 𝜕𝑡 ]!  

𝐷 ! = 𝐴 ! [𝑡 ]! = 𝑥 ! 𝑦 ! [𝑘 𝑘 𝐴 𝑡𝑥 ]!  

𝑦 ! = 1 − 𝑘 ! [ ]! = 1 − 𝐼 ! 𝑡 ! [𝑥 𝑦 𝐴 𝑡𝑥 ]!  
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w e h a v e:  

∝

𝐷 ! [𝐶 𝑡 𝑥 𝑦𝑘 ]!

= −
1

2
−

𝐴 ! 𝑡 ! − 𝑥 !
! 𝑦 !

2 ∙ 1 0 ! ∙ 1 − 𝐵 !

±
1

4
+

𝑡 ! + 2 1 − 𝑥 !

2 ∙ 1 0 ! ∙ 1 − 𝑦 !

− 1 𝑘 ! − 𝐶 !
! +

𝑡 !
! 𝑥 !

! 1 − 𝑦 !
!

4 ∙ 1 0 ! ! ∙ 1 − 𝐷 !
!
 

w hi c h is a g e n er al f or m  of t h e c a p a cit y e q u ati o n, n or m ali z e d b y t h e i niti al c o n c e ntr ati o n of S + N. I n 

t his  p a p er  w e  pri m aril y  e x pl or e d  t h e  c as e  w h er e 𝑦 ! = 0 .5 , i.e. [𝜕 ]! = [𝑇 ]! ,  i n  w hi c h  c as e  w e  c a n 

si m plif y t o: 

2 ∝

𝑡 ! [𝑥 𝑦 𝜕 𝑡𝐷 ]!

= − 1 −
0 .5 𝑇 !

2 ∙ 1 0 ! ∙ 1 − 𝑡 !

±
1

1 0 ! ∙ 1 − 𝑥 !

−
𝑦 !

2 ∙ 1 0 ! ∙ 1 − 𝑘 !

+
𝑘 !

!

1 6 ∙ 1 0 ! ! ∙ 1 − 𝑇 !
!
 

If  w e  s el e ct 𝑡 ± 1 , i.e. t h e  c a p a cit y  t o  c h a n g e  t h e  e q uili bri u m  b y  a  f a ct or  of  t e n  fr o m  t h e  s et p oi nt 

c o n c e ntr ati o n, t his gi v es a n e g ati v e c a p a cit y ( 𝑥 = + 1 ,𝑦 ! ≡ − ∝ ) ) of 

𝑘 ! =
𝐼 !

2
1 +

𝑡 !

4 0 ∙ 1 − 𝑥 !

±
1

1 0 ∙ 1 − 𝑦 !

−
𝑇 !

2 0 ∙ 1 − 𝑡 !

+
𝑥 !

!

1 6 0 0 ∙ 1 − 𝑦 !
!

[𝜕 𝐴 𝑡 𝑥𝑦 ]!  

a n d a p ositi v e c a p a cit y ( 𝜕 = − 1 ,𝑡 ! ≡ ∝ ) of 

𝐷 ! =
𝐴 !

2
− 1 −

𝑡 !

0 .4 ∙ 1 − 𝑥 !

±
1 0

1 − 𝑦 !

−
5 𝑘 !

1 − 𝑘 !

+
6 .2 5 𝐴 !

!

1 − 𝑡 !
!

[𝑥 𝑦 𝑘 𝐼𝑡 ]!  

If w e ar e i nt er est e d i n t h e c a p a cit y f or s m all er c h a n g es t o t h e e q uili bri u m c o n c e ntr ati o n, w e s el e ct a 
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diff er e nt 𝐷  v al u e. F or i nst a n c e f or t h e n e g ati v e c a p a ci t y t o s hift t h e e q uil bri u m b y a f a ct or of 0. 1 i n 

eit h er  dir e cti o n  ( i.e. [ X]e q= 0. 9[ X] s et,  a n d . [ X]e q= 1. 1[ X] s et)  w e  fi n d  a  n e g ati v e  c a p a cit y 

(𝐶 = l o g! "
!

! .!
,𝑡 ! ≡ − ∝ ) of: 

− 2 𝑥 !

𝑦 ! [ 𝑘 𝐴 𝑡𝑥 ]!

= − 1 −
0 .5 𝑦 !

2 ∙ ( 1 / 0 .9 ) ∙ 1 − 𝐵 !

±
1

(
1

0 .9 ) ∙ 1 − 𝑡 !

−
𝑥 !

2 ∙ (
1

0 .9 ) ∙ 1 − 𝑦 !

+
𝑘 !

!

1 6 ∙ 1 0 ! ! " # (
!

! .!
) ∙ 1 − 𝐶 !

!

 

a n d a p ositi v e c a p a cit y ( 𝑡 = l o g! "
!

! .!
,𝑥 ! ≡ ∝ ) of: 

2 𝑦 !

𝐷 ! [𝑦 𝜕 𝑇 𝑡 ]!

= − 1 −
0 .5 𝑥 !

2 ∙ ( 1 / 1 .1 ) ∙ 1 − 𝑦 !

±
1

(
1

1 .1 ) ∙ 1 − 𝜕 !

−
𝑡 !

2 ∙ (
1

1 .1 ) ∙ 1 − 𝐷 !

+
𝑇 !

!

1 6 ∙ 1 0 ! ! " # (
!

! .!
) ∙ 1 − 𝑡 !

!

 

T h es e c a p a citi es c a n b e r e writt e n as:  

𝑥 ! = 𝑦 ! ∙ [𝑘 𝑘 𝑇 𝑡𝑥 ]!  

𝑦 ! = 𝑘 ! ∙ [𝐼 𝑡 𝑥 𝑦 ]!  

w h er e f or l ar g e 1 0 0 % offs ets ( 𝑇 = ± 1 ): 

𝑡 ! ≡
𝑥 !

2
1 +

𝑦 !

4 0 ∙ 1 − 𝜕 !

±
1

1 0 ∙ 1 − 𝐴 !

−
𝑡 !

2 0 ∙ 1 − 𝑥 !

+
𝑦 !

!

1 6 0 0 ∙ 1 − 𝜕 !
!
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𝐷 ! ≡
𝐶 !

2
− 1 −

𝑡 !

0 .4 ∙ 1 − 𝑥 !

±
1 0

1 − 𝑦 !

−
5 𝑘 !

1 − 𝐴 !

+
6 .2 5 𝑡 !

!

1 − 𝑥 !
!

 

T h e ±  t er m i n t h e e x pr essi o n f or 𝑦 !  m ust b e +, t o e ns ur e t h at 𝐵 ! > 0 . Si mil arl y, t h e ±  t er m i n t h e 

e x pr essi o n  f or 𝑡 !  m ust  b e -,  t o  e ns ur e  t h at 𝑥 ! < mi n  ( 𝑦 ! , 𝑘 ! ) .  F or    s m all er  1 0 %  offs ets 

(𝐶 = l o g! "
!

! .!
,𝑡 𝑥  l o g! "

!

! .!
) 

𝑦 ! ≡
𝐷 !

2

1 +
0 .5 𝑦 !

2 ∙
1

0 .9 ∙ 1 − 𝜕 !

±
1

(
1

0 .9 ) ∙ 1 − 𝑇 !

−
𝑡 !

2 ∙ (
1

0 .9 ) ∙ 1 − 𝑥 !

+
𝑦 !

!

1 6 ∙ 1 0 ! ! " # (
!

! .!
) ∙ 1 − 𝜕 !

!

 

𝑡 ! ≡
𝐷 !

2

− 1 −
0 .5 𝑇 !

2 ∙
1

1 .1 ∙ 1 − 𝑡 !

±
1

(
1

1 .1 ) ∙ 1 − 𝑥 !

−
𝑦 !

2 ∙ (
1

1 .1 ) ∙ 1 − 𝑘 !

+
𝑘 !

!

1 6 ∙ 1 0 ! ! " # (
!

! .!
) ∙ 1 − 𝑇 !

!

 

 

8. 3  |  D et ail e d  D N A  Str a n d -Di s pl a c e m e nt  Di a gr a m  f or  t h e  Z er o  N u cl e oti d e 

T o e h ol d R e a cti o n  
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Fi g ur e 8. 1.  D et ail e d di a gr a m f or 0 -n u cl e oti d e r e a cti o n  b et w e e n t h e sl o w S o ur c e  a n d sl o w I niti at or, wit h a 

0 n u cl e oti d e t o e h ol d ( i.e. n o t o e h ol d) o n t h e f or w ar d r e a cti o n. T h e r e a cti o n is i niti at e d w h e n t h e e n d b as e p air 

o n t h e S o ur c e c o m pl e x fr a ys o p e n, eff e cti v el y cr e ati n g a tr a nsi e nt 1 -n u cl e oti d e “t o e h ol d ” f or t h e I niti at or t o 

bi n d .  Br a n c h  mi gr ati o n  a n d  dis pl a c e m e nt  of  t h e  si g n al  str a n d  X  t h e n  pr o c e e ds  as  us u al  f or  a n  or di n ar y 

t o e h ol d-m e di at e d  str a n d -dis pl a c e m e nt  r e a cti o n.  Si g n al  X  a n d  si n k  N  ar e  pr o d u c e d,  a n d  t h e  r e a cti o n  is 

r e v ersi bl e. 

8. 4 |  S e q u e n c e s, M et h o d s, a n d C ali br ati o n s  

8. 4. 1 |  S e q u e n c e s  

T h e s e q u e n c es of o ur d o m ai ns w er e dr a w n fr o m T a bl e S 1 of t h e S u p p orti n g O nli n e M at eri al f or 

r ef er e n c e SI-R 1. S e c o n d ar y str u ct ur e of w as v erifi e d f or e a c h c o m pl e x usi n g N u P a c k SI -R 2 . S e q u e n c es 

f or  e a c h  str a n d  us e d  i n  t h e  st u d y  ar e  list e d  i n  SI  T a bl e  2.  T h e  d o m ai n  l e v el  str u ct ur e  of  t h e  f ast 

b uff er  ( wit h  t o e h ol ds  e xt e n d e d  fr o m  0 nt  t o  1 nt  f or  t h e  S o ur c e,  a n d  2 nt  t o  4 nt  f or  t h e  Si n k)  is 

ill ustr at e d i n Fi g. SI 2. 

S I  T a bl e  2:  S e q u e n c e  D at a  

Str a n d  S e q u e n c es  I D T P urifi c ati o n 

Si g n al ( X )  C A  T A A C A  C A  T C T  C A  C A A T C  C A  T C T  C A  P A G E  
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C C A C C  C A  

S o ur c e B ott o m  G A T G  G A T T G  T G  A G A  T G  T G T T A  T G  P A G E  

I niti at or C A  T A A C A  C A  T C T  C A  C A A T C  C A  P A G E  

R e p ort er T o p 

( R Q )  

C A A T C  C A  T C T  C A  C C A C C  C A  T C T  

C A / 3I A B k F Q /  

H P L C  

R e p ort er 

B ott o m ( R b F )  

/ 5 6 -F A M / T G  A G A  T G  G G T G G  T G  A G A  T G  

G A T T G  T G  A G A  

H P L C  

R e p ort er F ull 

C o m pl e m e nt  

T C T  C A  C A A T C  C A  T C T  C A  C C A C C  C A  T C T  

C A  
St a n d ar d d es alti n g  

C o m p etit or 

T o p  

C A  C A A T C  C A  T C T  C A  C C A C C  C A  C T  
St a n d ar d d es alti n g  

C o m p etit or 

B ott o m  

A G  T G  G G T G G  T G  A G A  T G  G A T T G  T G  A G A  

T G  T G  

St a n d ar d d es alti n g  

Si g n al 2  ( X 2 )  

C A A  T C T  A C A  T C T  C A A  C A C  T C A  T C T  C A T  

T C C  T C A  

P A G E  

S o ur c e 2  B ott o m  G A T  G A G  T G T  T G A  G A T  G T A  G A T  T G  P A G E  
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I niti at or2  
C A A  T C T  A C A  T C T  C A A  C A C  T C A  P A G E  

R e p ort er 2  T o p  

C A  A C A C T  C A  T C T  C A  T T C C T  C A  T C T  

C A / 3I A B k F Q /  

H P L C  

R e p ort er 2  

B ott o m  

/ 5 H E X / T G  A G A  T G  A G G A A  T G  A G A  T G  

A G T G T  T G  A G A  T G  

H P L C  

R e p ort er 2 F ull 

C o m pl e m e nt  

C A  T C T  C A  A C A C T  C A  T C T  C A  T T C C T  C A  T C T  

C A  
St a n d ar d d es alti n g  

I niti at or ( F ast ) C  C A  T A A C A  C A  T C T  C A  C A A T C  P A G E  

S o ur c e B ott o m 

( F ast )  

G A  T G  G A T T G  T G  A G A  T G  T G T T A  T G  G T  P A G E  

 

 

Fi g ur e 8. 2.  F a st b uff er r e a ct i o n di a gr a m, s h o wi n g t h e 1-n u cl e oti d e t o e h ol d o n S o ur c e( F A S T) t h at dri v es 

t h e f or w ar d r e a cti o n s h o w n h er e f ast er t h a n t h e f or w ar d r e a cti o n i n m ai n t e xt Fi g ur e 3 a, a n d t h e 4-n u cl e oti d e 

Si n k( F A S T) t o e h ol d t h at dri v es t h e r e v ers e r e a cti o n s h o w n h er e f ast er t h a n t h e c o m p ar a bl e r e v ers e r e a cti o n 

i n m ai n t e xt Fi g ur e 3 a. M a ki n g ksi n k f ast er d e cr e as es t h e r es p o ns e ti m e of t h e b uff er. 

8. 4. 2 |  E x p eri m e nt al M et h o d s  

All  D N A  str a n ds  w er e  o bt ai n e d  fr o m  I nt e gr at e d  D N A  T e c h n ol o gi es  (I D T),  usi n g  t h e 
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p urifi c ati o n o pti o ns lis t e d i n SI T a bl e 1. O n arri v al all str a n ds w er e s us p e n d e d i n Milli p or e p urifi e d 

w at er at a c o n c e ntr ati o n of a b o ut 1 m M a n d st or e d at -2 0 ° C. St o c k c o n c e ntr ati o ns w er e d et er mi n e d 

b y  m e as uri n g  t h e  a bs or b a n c e  of  li g ht  at  a  w a v el e n gt h  of  2 6 0 n m  ( O D 2 6 0),  t o g et h er  w it h  t h e 

e xti n cti o n  c o effi ci e nt  f or  e a c h  str a n d  pr o vi d e d  b y  I D T  ( E X T),  usi n g  t h e  B e er -L a m b ert  l a w: 

[ss D N A] = O D 2 6 0 / E X T. 

 

W e  pr e p ar e d  e a c h  of  t h e  d o u bl e -str a n d e d  c o m pl e x es  ( S o ur c e,  Si n k,  R e p ort er,  a n d  T hr es h ol d) 

s e p ar at el y at 1 0 0 µ M i n Tris -a c et at e -E D T A b uff er wit h 1 2. 5 m M M g + + ( 1 x T A E / M g + +). S o ur c e 

a n d  Si n k  c o m pl e x es  w er e  pr e p ar e d  wit h  a  1. 2 x  e x c ess  of  t o p  str a n d  ( i.e. 1 2 0 µ M  Si g n al  X  f or  t h e 

S o ur c e,  a n d  1 2 0 µ M  I niti at or  f or  t h e  Si n k)  t o  e ns ur e  all  b ott o m  str a n ds  w er e  o c c u pi e d  b y a  t o p 

str a n d. T h e R e p ort er c o m pl e x w as pr e p ar e d wit h a 2 x e x c ess of t o p str a n d ( i.e. 2 0 0 µ M R Q ), w hi c h 

h el p e d r e v ers e bi as e d t h e r e p orti n g r e a cti o n t o r e p ort o n hi g h er c o n c e ntr ati o ns of Si g n al X. W e t h e n 

a n n e al e d t h e m i n a n E p p e n d orf M ast er c y cl er P C R, firs t h e ati n g t h e s ol uti o ns t o 9 0 ° C, h ol di n g t h e 

t e m p er at ur e c o nst a nt f or 5 mi n ut es, a n d t h e n c o oli n g at -0. 1 ° C p er e v er y 6 s e c o n ds d o w n t o 2 0 ° C.  

S o ur c e a n d Si n k c o m pl e x es w er e p urifi e d b y p ol y a cr yl a mi d e g el el e ctr o p h or esis ( P A G E).  R e p ort er 

a n d T hr es h ol d w er e n ot g el p urifi e d.  

F or  g el  p urifi c ati o n,  w e  c ast  1 5 %  p ol y a cr yl a mi d e  g els  b y  mi xi n g  3. 2 5 m L  of  1 9: 1  4 0 % 

a cr yl a mi d e / bis  s ol uti o n  ( Bi o -R a d)  wit h  1. 3 m L  1 0 x  T A E / M g + +  a n d  8. 4 5 m L  Milli p or e -p urifi e d 

H 2 O, a n d i niti at e d p ol y m eri z ati o n wit h 7 5 µ L 1 0 % a m m o ni u m p ers ulf at e ( A P S, Si g m a Al dri c h) a n d 

7. 5 µ L t etr a m et h yl et h yl e n e di a mi n e (T E M E D, Si g m a Al dri c h). W e mi x e d 2 0 0 µ L of ds D N A c o m pl e x 

wit h 6 x l o a di n g d y e ( N e w E n gl a n d Bi ol a bs, pr o d u ct # B 7 0 2 1 S) a n d l o a d e d i nt o a S ci e Pl as T V 1 0 0 K 

c o ol e d v erti c al el e c tr o p h or esis c h a m b er. W e r a n o ur g els at 1 5 0 V a n d 4 ° C f or 3 h o urs a n d t h e n c ut 

o ut t h e p urifi e d b a n ds usi n g U V -s h a d o wi n g at 2 5 4 n m SI -R 1 . T h e g el b a n ds w er e c h o p p e d i nt o s m all 

pi e c es, mi x e d wit h 3 0 0 µ L of 1 x T A E / M g + + b uff er, a n d t h e n l eft o n a l a b b e n c h o v er ni g ht t o all o w 
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t h e D N A t o diff us e o ut of t h e g el i nt o t h e b uff er. T h e n e xt d a y, t h e b uff er w as tr a nsf err e d b y pi p et 

t o a fr es h t u b e, l e a vi n g b e hi n d as m u c h of t h e g el as p ossi bl e. T h es e fr es h t u b es w er e c e ntrif u g e d f or 

5 mi n ut es t o dr a w a n y r e m ai ni n g g el pi e c es t o t h e b ott o m of t h e t u b e, a n d t h e n tr a nsf err e d t o y et 

a n ot h er  fr es h  t u b e,  l e a vi n g  b e hi n d  ~ 5 0 µ L  of  g el /s ol uti o n  at  t h e  b ott o m.  T h e  c o n c e ntr ati o ns  of 

t h es e  p urifi e d  c o m pl e x es  w er e  t h e n  m e as ur e d  wit h  a n  E p p e n d orf  Bi o p h ot o m et er,  usi n g  t h e 

a p pr o xi m at e e xti n cti o n c o effi ci e nt E X T = E X T t o p _str a n d+ E X T b ott o m _str a n d -3 2 0 0 N A T -2 0 0 0 N G C , w h er e NA T  

a n d N G C  ar e t h e n u m b er of h y bri di z e d A -T a n d G -C p airs i n e a c h c o m pl e x, r es p e cti v el y. SI -R 3  P urifi e d 

c o m pl e x es w er e st or e d at 4 ° C.  

R e a cti o n  ki n eti cs  w er e  m e as ur e d  o n  q u a ntit ati v e  P C R  ( q P C R)  m a c hi n es  ( A gil e nt  Str at a g e n e 

M x 3 0 0 0  a n d  M x 3 0 0 5  s eri es)  at  2 5 ° C.  Fl u or es c e n c e  w as  t y pi c all y  m e as ur e d  e v er y  3 0  s e c o n ds  f or 

b as eli n e m e as ur e m e nts a n d f or t h e first 1 -2 h o urs aft er a r e a cti o n w as tri g g er e d b y a d di n g I niti at or, 

t o a c c ur at el y c a pt ur e t h e e arl y ki n eti cs of a r e a cti o n, a n d t h e n e v er y 5 mi n ut es f or t h e r e m ai n d er of 

t h e e x p eri m e nt t o a v oi d p h ot o bl e a c hi n g t h e fl u or o p h or e. R e a cti o ns w er e pr e p ar e d i n 9 6-w ell pl at es 

usi n g 5 0 µ L / w ell v ol u m e. E a c h w ell c o nt ai n e d 1 x T A E / M g + + a n d 1 µ M of 2 0 -m er P ol y T  str a n ds t o 

h el p  dis pl a c e  r e a ct a nt  s p e ci es  fr o m  t h e  pi p et  ti ps  us e d  t o  a d d  t h e m  t o  t h e  w ell.  I n  a  t y pi c al 

e x p eri m e nt,  Milli p or e -p urifi e d  H 2 O,  T A E / M g + +  a n d  P ol y T 2 0  str a n ds  w er e  first  mi x e d  t o g et h er. 

R e p ort er  w as  t h e n  a d d e d  a n d  a  m e as ur e m e nt  of  t h e  b as eli n e  r e p ort er  fl u or es c e n c e  w as  t a k e n  t o 

d et er mi n e  w h at  fl u or es c e n c e  c orr es p o n d e d  t o  t h e  st at e  of t h e  s yst e m  wit h  z er o  o ut p ut  si g n al 

c o n c e ntr ati o n a d d e d. W e t h e n a n y ot h er D N A r e a ct a nt s p e ci es, i n t h e a m o u nts s p e cifi e d f or e a c h 

e x p eri m e nt, a n d tr a c k e d t h e r es ulti n g ki n eti cs.  

8. 4. 3 |  R e p ort er C ali br ati o n s a n d D at a Pr o c e s si n g  

C o n c e ntr ati o ns  of  X  r e p ort e d  i n  Fi g ur es  3-4  w er e  d et er mi n e d  usi n g  a  r e p ort er  c o m pl e x  t h at 

r e a cts  r e v ersi bl y  wit h  X,  r es ulti n g  i n  a  c h a n g e  i n  fl u or es c e n c e.      R h e  u nr e a ct e d  r e p ort er  h as  a 
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q u e n c h e d  fl u or o p h or e,  w hil e  t h e  r e a ct e d  f or m  R F  h as  a n  u n q u e n c h e d  fl u or o p h or e.  T h e  c h a n g e  i n 

fl u ores c e n c e t h us r efl e cts t h e c o n c e ntr ati o n of X.  

 T o  d et er mi n e  [ X]  fr o m  r a w  fl u or es c e n c e  v al u es  w e  us e d  a  s et  of  e m piri c al  c ali br ati o n  c ur v es 

t h at w e m e as ur e d. T o cr e at e t h es e c ur v es, w e first m e as ur e d a ti m e-d e p e n d e nt s c ali n g f a ct or ∝ ( 𝐷 )  

t h at r el at es t h e m e as ur e d fl u or es c e n c e i nt e nsit y, i n c o u nts p er s e c o n d ( C P S), t o t h e c o n c e ntr ati o n of 

u n q u e n c h e d r e p ort er c o m pl e x [ R F ] i n s ol uti o n (s e e RF  i n m ai n t e xt Fi g. 3 b) at a gi v e n ti m e d uri n g a n 

e x p eri m e nt.  Ti m e  d e p e n d e n c e  of  t his  f a ct or  r es u lts  fr o m  fl u ct u ati o ns  i n  t h e  li g ht  or  d et e ct or  t h at 

aff e ct all s a m pl es.  T o m e as ur e ∝ ( 𝐶 )  ,  w e mi x e d 1 0 0 n M of R e p ort er wit h diff er e nt c o n c e ntr ati o ns 

of t h e R e p ort er’s f ull c o m pl e m e nt (s e e SI T a bl e 1).  T his f ull c o m pl e m e nt ( F C) r e a cts irr e v ersi bl y 

wit h  t h e  R e p ort er,  pr o d u ci n g  a n  u n q u e n c h e d  pr o d u ct  w e  c all  R F 2 .  T h us,  t h e  c o n c e ntr ati o n  of  RF 2  

s h o ul d b e e q u al t o t h e c o n c e ntr ati o n of f ull c o m pl e m e nt t h at w as a d d e d  ( Fi g. SI 3 a). W e ass u m e t h e 

fl u or es c e n c e of RF  is e q u al t o t h e fl u or es c e n c e if RF 2 . 

F or e a c h tr aj e ct or y, w e t h e n c al c ul at e ∝  as a f u n cti o n of ti m e, w hi c h a c c o u nts f or fl u ct u ati o ns i n 

l a m p i nt e nsit y. 

∝ ( 𝑡 ) ≡
[𝑥 𝑦𝑘𝐴 𝑡 𝑥 𝑦 𝐵𝑡 𝑥 𝑦 𝑘 𝐶 𝑡 ]

∆ 𝑥 𝑦 𝐷 𝑦 𝜕 𝑇 ( 𝑡 )
 

∆ 𝑥 𝑦 𝜕 𝑡 𝐷 𝑇 ( 𝑡 )  is  t h e  diff er e n c e  b et w e e n  t h e  fl u or es c e n c e  i nt e nsit y  at  ti m e t a n d  t h e  fl u or es c e n c e 

i nt e nsit y b ef or e t h e F ull C o m pl e m e nt str a n d is a d d e d. W e t a k e t h e a v er a g e ∝ ( 𝑥 )
¯

 f or fi v e diff er e nt 

f ull c o m pl e m e nt tr aj e ct ori es i n a n e x p eri m e nt. W e t h e n us e t his f a ct or t o c al c ul at e t h e c o n c e ntr ati o n 

of R F  i n all ot h er e x p eri m e nts as f oll o ws: 

[R ! ]( 𝑦 ) ≡ ∆ 𝑘 𝑘 𝑇 𝑡 𝑥 𝑦 ( 𝑘 ) ∙∝ ( 𝐼 )  

W e c al c ul at e d ∝ ( 𝑡 )  s e p ar at el y e v er y ti m e w e r a n a n e x p eri m e nt, t o t a k e i nt o a c c o u nt v ari ati o ns i n 
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l a m p i nt e nsit y t h at ar e s p e cifi c t o e a c h e x p eri m e nt. 

N e xt, w e d et er mi n e d t h e ti m e -i n d e p e n d e nt r el ati o ns hi p b et w e e n [ RF ] a n d [ X]. W e mi x e d 1 0 0 n M 

of R e p ort er wit h diff er e nt c o n c e ntr ati o ns of X, w hi c h r e a cts r e v ersi bl y wit h R e p ort er t o s e p ar at e t h e 

R F  a n d  R Q  s p e ci es.  W e  t h e n  fit  t his  d at a  t o  a  c ali br ati o n  c ur v e,  of  t h e  f or m X = 𝐷 ! ∙ R !
! ! , 

w h er e 𝐶 !  a n d 𝑡 !  ar e  t h e  fit  p ar a m et ers  ( Fi g.  SI 3 b).  S e p ar at e  c ur v es  w er e  fit  f or  e a c h  s et  of 

e x p eri m e nts r u n wit h diff er e nt b at c h es of r e p ort er, t o a c c o u nt f or b at c h -t o-b at c h v ari ati o n.   

Wit h t h es e tr a nsf or m ati o ns, w e c a n c al c ul at e [ X] i n o ur s u bs e q u e nt e x p eri m e nts as:  

X 𝑥 = 𝑦 ! ∙ ∆ 𝑘 𝐴 𝑡 𝑥 𝑦 ( 𝐵 ) ∙∝ ( 𝑡 ) ! !  

f or t h e ∝ ( 𝑥 ) , 𝑦 !  a n d 𝑘 !  d et er mi n e d f or t h e gi v e n e x p eri m e nt.   

 

Fi g ur e 8. 3.  R e p ort er  C ali br ati o n s . ( a)  F ull  c o m pl e m e nt  c ali br ati o n  t o  c o n v ert  fr o m  r a w  fl u or es c e n c e  i n 

c o u nts p er s e c o n d t o t h e c o n c e ntr ati o n of u n q u e n c h e d fl u or o p h or e [ R F ] i n s ol uti o n, ( b) R e v ers e c ali br ati o n 

t o c o n v ert fr o m [ RF ] t o [ X]. 

8. 5 |  S el e cti n g a R e p ort er T o e h ol d L e n gt h  

T o  us e  a  r e p orti n g  r e a cti o n  t o  m e as ur e  t h e  ki n eti cs  of  b uff eri n g,  w e  n e e d  t o  e ns ur e  t h at  t h e 
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r e p ort er e q uili br at es at l e ast as f ast as th e b uff eri n g r e a cti o n. W e v erifi e d t h at w e c h os e a r e p ort er 

w h os e  r e a cti o n  r at e  w as  f ast e n o u g h  t o  m e as ur e  o ur  b uff er  b y  m o d eli n g  b ot h  t h e  b uff er  a n d 

r e p ort er as si m pl e bi m ol e c ul ar r e a cti o n usi n g esti m at es f or bi m ol e c ul ar r e a cti o n r at e c o nst a nts as a 

f u n cti o n of t o e h ol d l e n gt h fr o m r ef er e n c e SI-R 4. W e us e d SI E q n. 1 f or t h e b uff er, a n d SI E q n. 3 4 

f or t h e r e p ort er: 

                                          𝐷 + 𝐶  

𝑡 !

⇌
𝑥 !

 𝑦 ! + 𝑘 !                               ( SI E q n.  3 4)  

W e t h e n c o m p ar e d t h e ki n eti cs of t h e b uff eri n g r e a cti o n t o t h e ki n eti cs of t h e r e p orti n g r e a cti o n 

w h e n c o u pl e d t o t h e b uff eri n g r e a cti o n wit h t h e g o al of s e ei n g t h at t h e r at es of t h e t w o r e a cti o ns 

w er e  v er y  cl os e  t o  o n e  ot h er.    T o  f urt h er  e ns ur e  t h at  t h e  r e p orti n g  r e a cti o n  w o ul d  n ot  pl a c e  a 

si g nifi c a nt  l o a d  o n  t h e  r e p orti n g  r e a cti o n,  w e  als o  c h e c k e d  t h at  o ur  si m ul ati o n  pr e di ct e d  t h at  t h e 

ki n eti cs of t h e b uff eri n g r e a cti o n i n t h e pr es e n c e of t h e r e p o rt er w o ul d b e si mil ar t o t h e ki n eti cs of 

t h e s a m e r e a cti o n wit h o ut t h e r e p orti n g r e a cti o n.   

T h e r es ults of o ur si m ul ati o n ar e s h o w n i n Fi g ur e SI 4.  F or a n 8 µ M u nif or m b uff er wit h a 0 nt 

s o ur c e t o e h ol d a n d a 2 nt si n k t o e h ol d, w e f o u n d t h at a r e p ort er wit h a 5 nt t o e h ol d w as s uffi ci e nt t o 

e q uili br at e o n t h e s a m e ti m es c al e as t h e b uff er s h o w n i n Fi g ur e 3 a of t h e m ai n t e xt.  ( Fi g. SI 4 a). I n 

c o ntr ast, a 2 nt r e p ort er  t o e h ol d e q uili br at es m u c h sl o w er t h a n t h e b uff er ( Fi g. SI 4 b). F or t h e f ast er 

b uff er  wit h  a  2 nt  s o ur c e  a n d  4 nt  si n k  t o e h ol d,  t h e  5 nt  r e p ort er  c o m pl e x  di d  a p p e ar  t o  m ar gi n all y 

sl o w t h e e q uili br ati o n pr o c ess s o m e w h at, i n di c ati n g t h at t h e f ast b uff er c o ul d b e  e q uili br ati n g e v e n 

f ast er  t h a n  t h e  r e p ort er’s  c h a n g e  i n  fl u or es c e n c e  w o ul d  i n di c at e  ( Fi g.  SI 4 c),  I n  n o n e  of  t h es e 

i d e ali z e d bi m ol e c ul ar m o d els di d t h e c o n c e ntr ati o n of t h e r e p ort er us e d i n o ur e x p eri m e nts pl a c e a 

si g nifi c a nt l o a d o n t h e e q uili bri u m st at e of t h e b uff eri n g r e a cti o n.  
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Fi g ur e  8. 4.  C o m p ari s o n  b et w e e n  r e p ort er s  wit h  diff er e nt  t o e h ol d  l e n gt h s , usi n g a si m pl e bi m ol e c ul ar 

m o d el  t o  si m ul at e  t h e  ki n eti cs.  F or  b ot h  si m ul ati o ns  w e  us e d  a n  8 µ M  u nif or m  b uff er  wit h  a  0 nt  s o ur c e 

t o e h ol d  a n d  a  2 nt  si n k t o e h ol d,  wit h  [ R e p ort er]0 =[ R Q ]0 = 1 0 0 n M.  ( a)  A  r e p ort er  wit h  5 nt  t o e h ol ds  c orr e ctl y 

r e c a pit ul at es t h e ki n eti cs of t h e b uff eri n g r e a cti o n.  T his is t h e r e p ort er s el e ct e d f or t h e e x p eri m e nts i n t h e 

m ai n  t e xt.  ( b)  A  sl o w er  r e p ort er  wit h  2 nt  t o e h ol ds  is  n ot  f ast  e n o u g h  t o  r e c a pit ul at e  t h e  ki n eti cs  of  t h e 

b uff eri n g r e a cti o n. ( c) T h e f ast b uff er ( wit h 0 nt s o ur c e t o e h ol d, a n d 2 nt si n k t o e h ol d) e q uili br at es f ast er t h a n 

t h e  5 nt  r e p ort er  i n di c at es  it  d o es.    W e  c a n  t h er ef or e  b o u n d  t h e  m a xi m u m  r el a x ati o n  ti m e,  b ut  di d  n ot 

m e as ur e it dir e ctl y b y usi n g a r e p ort er wit h 5 nt t o e h ol ds.  

8. 6  |  U si n g  t h e  d et ail e d  t hr e e -st e p  m o d el  t o  pr e di ct  s et p oi nt s,  r el a x ati o n 

ti m e s, a n d t h e eff e ct s of r e p ort er l o a di n g a n d t o e h ol d o c cl u si o n. 

T h e t hr e e -st e p m o d el SI -R 4  of D N A str a n d -dis pl a c e m e nt ( D S D) off ers a m e a ns t o q u a ntit ati v el y 

esti m at e  t h e  ki n eti cs  of  D S D  r e a cti o ns,  t o  wit hi n  a n  or d er  of  m a g nit u d e.  It  a p pr o xi m at es  e a c h 

str a n d-dis pl a c e m e nt e v e nt as a s eri es of t hr e e st e ps (i) t o e h ol d bi n di n g, (ii) br a n c h mi gr ati o n, a n d (iii) 

t o e h ol d diss o ci ati o n ( Fi g ur e SI 5). 
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Fi g ur e  8. 5.  T hr e e -st e p  m o d el  of  a  D N A  str a n d -di s pl a c e m e nt  r e a cti o n , i n w hi c h a n i n p ut or i n v a d er 

str a n d dis pl a c es a n i n c u m b e nt or o ut p ut str a n d fr o m a c o m pl e x  SI -R 4 . ( a) I n v a d er is si n gl e-str a n d e d, w hil e t h e 

i n c u m b e nt str a n d is i niti all y h y bri di z e d t o t h e c o m pl e x. ( b) I n v a d er bi n ds t o t h e c o m pl e x vi a a s h ort u nst a bl e 

“t o e h ol d ”  d o m ai n  ( bl a c k,  t),  w hi c h  i niti at es  t h e  dis pl a c e m e nt  r e a cti o n.  ( c)  I n  a  r a n d o m  w al k  pr o c ess,  t h e  

i n v a d er str a n d c o m p et es wit h t h e i n c u m b e nt str a n d t o o c c u p y t h e l on g er “r e c o g niti o n ” d o m ai n ( c y a n, 1). ( d) 

T h e i n c u m b e nt str a n d, n o w b o u n d o nl y b y t h e s h ort u nst a bl e t o e h ol d d o m ai n, diss o ci at es fr o m t h e c o m pl e x. 

All st e ps i n t h e r e a cti o n ar e r e v ersi bl e. T h e l e n gt hs of t h e t o e h ol d d o m ai ns d et er mi n e t h e r at e c o nst a nts wit h

w hi c h str a n ds diss o ci at e fr o m t h e c o m pl e x w h e n b o u n d o nl y b y t h e t o e h ol d. T h es e r at e c o nst a nts d et er mi n e 

t h e eff e cti v e r at e c o nst a nt of t h e e ntir e str a n d-dis pl a c e m e nt r e a cti o n.  

8. 6. 1 | R e a c hi n g diff er e nt c o n c e ntr ati o n s et p oi nt s b y alt eri n g t h e c o n c e ntr ati o n of 

S o ur c e, I niti at or a n d Si n k  

T o b ett er u n d er t h e e x p eri m e nts i n Fi g. 4 i n t h e m ai n t e xt w h er e w e c h ar a ct eri z e d t h e b uff eri n g 

r e a cti o ns f or diff er e nt c o n c e ntr ati o ns of eit h er S o ur c e a n d I niti at or or Si n k, w e si m ul at e d t h es e s a m e 

r e a cti o ns usi n g t h e thr e e- st at e m o d el. T h es e si m ul ati o ns m at c h e d t h e e x p eri m e nt al d at a i n m ai n t e xt 

Fi g. 4 t o wit hi n a n or d er of m a g nit u d e, w hi c h gi v e n t h e m o d el’s l a c k of i n c or p or ati o n of s e q u e n c e 

eff e cts  i n  d et er mi n e d  r e a cti o n  r at e  c o nst a nts  is  a b o ut  w h at  mi g ht  b e  e x p e ct e d.  T h e  si m ul ati o ns  

pr e di ct e d sli g htl y l o w er st e a d y -st at e c o n c e ntr ati o ns t h a n w er e o bs er v e d i n e x p eri m e nts a n d sli g htl y 

hi g h er ris e ti m es f or l o w c o n c e ntr ati o ns of Si n k t h a n w er e o bs er v e d i n e x p eri m e nts ( Fi g 8. 6). 
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Fi g ur e  8. 6.  T hr e e -st e p  m o d el  pr e di cti o n s  of b uff er  ki n eti c s  wit h  diff er e nt  c o n c e ntr ati o ns  of  S o ur c e, 

I niti at or, a n d Si n k. Bl u e li n es c orr es p o n d t o b uff ers wit h [ S]0 =[I] 0 = 8 u M, y ell o w t o [ S] 0 =[I] 0 = 4 u M, a n d r e d t o 

[ S]0 =[I] 0 = 2 u M. [ R e p ort er] = 1 0 0 n M, wit h [ R Q ] = 1 0 0 n M. 

T h e M atl a b s cri pt us e d t o r u n t h e T hr e e -St e p M o d el si m ul ati o ns  of b uff eri n g is pri nt e d b el o w:  

r u n Ti m e = 2 4 * 3 6 0 0;%s   

dis pl a c e m e nt B P  =  1 5; % b p  

kf  =  3. 5; % u M ^ -1  s ^-1  

k b  =  4 0 0 /( dis pl a c e m e nt B P ^ 2); %s ^ -1  
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kr F a ct or  =  1 0 ^ 6;  

R T = 2 9 8 * 1. 9 8 7 * 1 0 ^ -3;  

kr N E G 1 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( 3. 5 / R T); %s ^ -1  

kr 0 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( 1. 9 / R T); %s ^ -1  

kr 1 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( 0. 2 / R T); %s ^ -1  

kr 2 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -1. 7 / R T); %s ^ -1  

kr 3 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -3. 0 / R T); %s ^ -1  

kr 4 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -4. 5 / R T); %s ^ -1  

kr 5 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -6. 9 / R T); %s ^ -1  

kr 6 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -8. 3 / R T); %s ^ -1  

kr 7 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -9. 2 / R T); %s ^ -1  

  

kr R el e as e = kr 0 b p;  

kr R e c a pt ur e = kr 2 b p;  

i nit R = 0. 1; 

i nit Ri Q =i nit R; 

  

[ Si,i d] = g etI D( 1);[Ii,i d] = g etI D(i d);[ SIi 1,i d] = g etI D(i d);[ SIi 2,i d] = g etI D(i d);[ Ni,i d] = g etI D(i d);[i n,i d] = g et
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I D(i d); 

[ Ri,i d] = g etI D(i d);[ Ri 1,i d] = g etI D(i d);[ Ri 2,i d] = g etI D(i d);[ Ri F,i d] = g etI D(i d);[ Ri Q,i d] = g etI D(i d); 

[I R 1,i d] = g etI D(i d);[I R 2,i d] = g etI D(i d);[I Rf 1,i d] = g etI D(i d);[I Rf 2,i d] = g etI D(i d);[I S 1,i d] = g etI D(i d);[I S

2,i d] = g etI D(i d);  

  

fi g ur e 

h ol d  o n  

yl a b el( '[ X] ( n M)'); 

xl a b el( 'ti m e ( hr)'); 

f or i nit N =[ 2, 4, 8] 

    f or i nit S =[ 2, 4, 8] 

        dis p([ ' B uff er R u n:  [I] =[ S] =', n u m 2str(i nit S),', [ N] =', n u m 2str(i nit N)]); 

        d y dt = @(t, y)  r x n( y,[ Si,Ii, SIi 1, SIi 2, Ni,i n], 2 1, kr R el e as e, kr R e c a pt ur e) +...%I n p ut  B uff eri n g  

            r x n( y,[i n, Ri, Ri 1, Ri 2, Ri F, Ri Q], 1 9, kr 5 b p * 1 5 / 1 9, kr 5 b p * 1 5 / 1 9) +...%I n p ut  R e p orti n g  

            r x n( y,[Ii, Ri,I R 1,I R 2], 7, kr 5 b p * 1 5 / 7) +...%I niti at or: R e p ort e r t o e h ol d o c cl usi o n  (f or w ar d) 

            r x n( y,[Ii, Ri F,I Rf 1,I Rf 2], 2, kr 5 b p * 1 5 / 2) +...%I niti at or: Ri F  t o e h ol d o c cl usi o n  (r e v ers e) 

            r x n( y,[Ii, Si,I S 1,I S 2], 2, kr R e c a pt ur e * 1 5 / 2)...%I niti at or: Si n k  t o e h ol d o c cl usi o n  

            ; 
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        i nit C =[... 

            i nit S,i nit S, 0, 0,i nit N, 0,... 

            i nit R, 0, 0, 0,i nit Ri Q,... 

            0, 0, 0, 0, 0, 0, ... 

            ]'; 

  

        [ti m e, y] =  o d e 1 5s( d y dt,[ 0,r u n Ti m e],i nit C);  

                 

        c ol or =[ 0, 1 7 4, 2 3 9] / 2 5 5;  

        if i nit S = = 4 

            c ol or =[ 2 5 2, 1 8 0, 2 1] / 2 5 5;  

        els eif  i nit S = = 2 

            c ol or =[ 2 0 3, 3 2, 3 9] / 2 5 5;  

        e n d  

        c o n c e ntr ati o ns =( y(:,i n) + y(:, Ri 1) + y(:, Ri 2) + y(:, Ri F) + y(:,I Rf 1) + y(:,I Rf 2)) * 1 0 0 0;  

        pl ot(ti m e / 3 6 0 0, c o n c e ntr ati o ns, ' C ol or', c ol or); 

        dis p( ' St e a d y St at e  ( n M) = '); 

        dis p( c o n c e ntr ati o ns( e n d));  



	1 5 9  

         

        ris e Ti m e =ti m e(fi n d( c o n c e ntr ati o ns > = 0. 8 * c o n c e ntr ati o ns( e n d), 1)) / 3 6 0 0;  

        dis p( 'ris e ti m e ( hr) = '); 

        dis p(ris e Ti m e);  

  

        dis p( ' '); 

    e n d  

e n d  

 

f u n cti o n [ v ar,i d] = g etI D(i d) 

v ar =i d;  

i d =i d + 1; 

e n d  

 

f u n cti o n d y dt =r x n( y,s p e ci es, dis pl a c e m e nt B P, kr F or w ar d, kr R e v ers e)  

%s p e ci es =[r e a ct a nt 1,r e a ct a nt 2,i nt er m e di at e R e a ct a nt C o m pl e x,i nt er m e di at e Pr o d u ct C o m pl e x, pr o d u ct

1, pr o d u ct 2];  
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% u nits  i n u M  a n d  s 

kf  =  3. 5; % u M ^ -1  s ^-1  

k b  =  4 0 0 /( dis pl a c e m e nt B P ^ 2); %s ^ -1  

  

d y dt = z er os(l e n gt h( y), 1);  

d y dt(s p e ci es( 1)) = -kf * y(s p e ci es( 1)) * y(s p e ci es( 2)) + kr F or w ar d * y(s p e ci es( 3));  

d y dt(s p e ci es( 2)) = d y dt(s p e ci es( 1));  

d y dt(s p e ci es( 3)) = kf * y(s p e ci es( 1)) * y(s p e ci es( 2)) -kr F or w ar d * y(s p e ci es( 3)) -

k b * y(s p e ci es( 3)) + k b * y(s p e ci es( 4));  

d y dt(s p e ci es( 4)) = k b * y(s p e ci es( 3)) -k b * y(s p e ci es( 4));  

if l e n gt h(s p e ci es) > 4 

    d y dt(s p e ci es( 4)) = d y dt(s p e ci es( 4)) -kr R e v ers e * y(s p e ci es( 4)) + kf * y(s p e ci es( 5)) * y(s p e ci es( 6));  

    d y dt(s p e ci es( 5)) = kr R e v ers e * y(s p e ci es( 4)) -kf * y(s p e ci es( 5)) * y(s p e ci es( 6));  

    d y dt(s p e ci es( 6)) = d y dt(s p e ci es( 5));  

e n d  

  

e n d  
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8. 6. 2 |  R el a x ati o n Ti m e Sl o w s D o w n w h e n R e p ort er i s I n cl u d e d  

W e n e xt us e d t hr e e -st e p m o d el si m ul ati o ns (f oll o wi n g t h e s a m e s cri pt as a b o v e) t o e x a mi n e t h e 

eff e ct  of  t h e  r e p ort er  o n  t h e  b uff er’s  r el a x ati o n  ti m e.  B y  c o m p ari n g  si m u l ati o ns  of  t h e  b uff er’s 

e q uili br ati o n wit h a n d wit h o ut t h e r e p ort er pr es e nt, w e o bs er v e d t h e pr es e n c e of t h e r e p ort er m a y 

i n cr e as e  r el a x ati o n  ti m es  (i.e. i n cr e as e 𝐷 ),  a n d  cr e at e  a  s m all  d e p e n d e n c e  of  t h e  r el a x ati o n  ti m e 

c o nst a nt 𝐶  o n t h e i niti al c o n c e ntr ati o ns of S o ur c e a n d I niti at or ( Fi g. 8. 7 ). T h es e eff e cts aris e b e c a us e 

it t a k es ti m e f or t h e b uff er t o g e n er at e or “ c h ar g e u p ” t h e r e p ort er a n d its i nt er m e di at e pr o d u cts i n 

t h e t hr e e-st e p m o d el. Hi g h er c o n c e ntr ati o ns of S o ur c e a n d I niti at or c a n g e n er at e X at a f ast er r at e 

w h e n t h e r e p ort er is f ar fr o m e q uili bri u m, a n d t h us c a n c h ar g e t h e r e p ort er f ast er.  

 

Fi g ur e  8. 7.  T hr e e -St e p  M o d el  Pr e di cti o n s  of  t h e  r el a x ati o n  ti m e  c o n st a nt  wit h  a n d  wit h o ut  t h e 

r e p ort er  pr e s e nt. ( a)  Ti m e  c o nst a nts  wit h  n o  r e p ort er,  s h owi n g  n o  si g nifi c a nt  d e p e n d e n c e  of  t h e  ti m e 

c o nst a nt  o n  t h e  c o n c e ntr ati o ns  of  S o ur c e  a n d  I niti at or.  ( b)  Ti m e  c o nst a nts  wit h  r e p ort er  i n cl u d e d 

([ R e p ort er]0 = 1 0 0 n M, wit h [ R Q ] 0 = 1 0 0 n M), s h o wi n g d e p e n d e n c e of ti m e c o nst a nt o n t h e i niti al c o n c e ntr ati o ns 

of S o ur c e  a n d I niti at or. N ot e: t o e h ol d o c cl usi o n eff e cts ar e n ot i n cl u d e d i n t h es e si m ul ati o ns.  

8. 6. 3 |  T o e h ol d O c cl u si o n  

D N A  str a n d  dis pl a c e m e nt  ( D S D)  r e a cti o ns  c a n  sl o w  d o w n  si g nifi c a ntl y  d u e  t o  t o e h ol d 
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o c cl usi o n, t h e p h e n o m e n o n i n w hi c h o n e s p e ci es t e m p or aril y b i n ds t o a c o m pl e m e nt ar y t o e h ol d o n 

a n ot h er  s p e ci es  b ut  c a n n ot  t h e n  f ull y  dis pl a c e  t h e  a dj a c e nt  r e c o g niti o n  d o m ai n.  T h e  r at e  at  w hi c h 

t o e h ol d  o c cl usi o n  o c c urs  i n cr e as es  wit h  r e a ct a nt  c o n c e ntr ati o n  a n d  t o e h ol d  l e n gt h,  s o  it  is 

p arti c ul arl y n oti c e a bl e w h e n t h er e ar e hi g h r e a ct a nt c o n c e ntr ati o ns i n v ol vi n g l o n g t o e h ol ds. I n o ur 

D S D b uff er d esi g n, t h e I niti at or is pr es e nt at hi g h c o n c e ntr ati o n a n d s h ar es a l o n g c o m pl e m e nt ar y 

7 nt  t o e h ol d  wit h  t h e  C o m p etit or  c o m pl e x  ( Fi g.  SI 8 a)  cr e ati n g  a  p ot e nti al  f or  si g nifi c a nt t o e h ol d 

o c cl usi o n i n v ol vi n g t h e I niti at or a n d C o m p etit or. I niti at or + R e p ort er a n d I niti at or + R F  als o h a v e t h e 

p ot e nti al  f or  t o e h ol d  o c cl usi o n,  wit h  a  5 nt  t o e h ol d.  I niti at or + Si n k  m a y  als o  h a v e  s o m e  o c cl usi o n 

i nt er a cti o ns, as b ot h s p e ci es ar e pr es e nt at hi g h co n c e ntr ati o n, alt h o u g h t h e y o nl y s h ar e a s h ort 2 nt 

t o e h ol d. All ot h er p ossi bl e o c cl usi o n i nt er a cti o ns i n v ol v e si g nifi c a ntl y l o w er r e a ct a nt c o n c e ntr ati o ns 

a n d / or s m all er t o e h ol ds, a n d ar e n ot e x p e ct e d t o pl a y as si g nifi c a nt a r ol e i n d et er mi ni n g t h e b uff er 

s yst e m’s ki n eti cs. 

T o  esti m at e  t h e  d e gr e e  t o  w hi c h  t o e h ol d  o c cl usi o n  aff e cts  t h e  m a g nit u d e  a n d  ti mi n g  of  t h e 

n e g ati v e dist ur b a n c es, w e r a n t hr e e T hr e e -St e p M o d el si m ul ati o ns of t h e 8 u M u nif or m b uff er b ei n g 

dist ur b e d  b y  1 0 0 n M  C o m p etit or.  I n  t h e  first  si m ul a ti o n,  w e  di d  n ot  i n cl u d e  a n y  o c cl usi o n  eff e cts 

( Fi g.  SI 8 b).  T his  all o w e d  us  t o  o bs er v e  h o w  t h e  s yst e m  s h o ul d  b e h a v e  i d e all y.  I n  t h e  s e c o n d 

si m ul ati o n,  w e  i n cl u d e d  t h e  e x p e ct e d  r el ati v el y  mi n or  o c cl usi o n  eff e cts  of  t h e  I niti at or + R e p ort er 

a n d  I niti at or + R F  a n d  I niti at or + Si n k  ( Fi g.  SI 8 c).  W e  s a w  t h at  wit h  t h es e  t hr e e  o c cl usi o n  eff e cts 

t ur n e d o n, t h e s et p oi nt c o n c e ntr ati o n w as s hift e d d o w n, b ut t h e dist ur b a n c e w as still a bl e t o d e pl et e 

t h e c o n c e ntr ati o n of X, aft er w hi c h t h e b uff er r est or e d t h e c o n c e ntr ati o n of X cl os e t o t h e s et p oi nt 

c o n c e ntr ati o n. T h e eff e ct of t h es e t y p es of o c cl usi o n s h o ul d b e a bl e t o b e a d dr ess e d b y t u ni n g t h e 

b uff er wit h hi g h er c o n c e ntr ati o ns of s o ur c e or i niti at or, or b y i n cr e asi n g t h e f or w ar d r at e c o nst a nt t o 

c o u nt er a ct  t h e  r e d u c e d  s et p oi nt,  b ut  s h o ul d n’t  c a us e  ot h er  pr o bl e ms.  I n  t h e  t hir d  si m ul ati o n  w e 

i n cl u d e d t h e s a m e t o e h ol d o c cl usi o ns as i n si m ul ati o n 2, b ut als o a d d e d t h e e x p e ct e d eff e ct of t h e 
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o c cl usi o n b et w e e n i niti at or a n d c o m p etit or ( Fi g. SI 8 d). W e o bs er v e d t h at t h e 1 0 0 n M of c o m p etit or 

w as u n a bl e t o f ull y d e pl et e t h e c o n c e ntr ati o n of X, si mil ar t o w h at w as o bs er v e d i n e x p eri m e nt s ( Fi g. 

5 a).  W e als o o bs er v e d t h at t h e r e c o v er y t o t h e s et p oi nt c o n c e ntr ati o n w as si g nifi c a ntl y sl o w er t h a n 

w h e n t his f or m of t o e h ol d o c cl usi o n w as n ot pr es e nt.  

 

Fi g ur e  8. 8.  T h e  eff e ct  of  t o e h ol d  o c cl u si o n  o n  b uff er s  wit h  n e g ati v e  di st ur b a n c e s.  ( a) D N A str a n d-

dis pl a c e m e nt  di a gr a m  ill ustr ati n g  t h e  I niti at or  o c cl u di n g  t h e  C o m p etit or’s  t o e h ol d.  ( b)  T hr e e -st e p  m o d el 

si m ul ati o n  of  a  b uff er  r es p o n di n g  t o  a  n e g ati v e  dist ur b a n c e  of  [ C] = 1 0 0 n M  wit h o ut  a n y  o c cl usi o n  (i niti al 

c o n c e ntr ati o ns at [ S] =[I] =[ N] = 8 u M, [ R e p ort er] = 1 0 0 n M, [ R Q ] = 1 0 0 n M). ( c) T h e s a m e si m ul ati o n as i n b, wit h 

o c cl usi o n  eff e cts  i n cl u d e d  b et w e e n  I + R e p ort er,  I + R F ,  a n d  I + N.  T h e  e q uili bri u m  c o n c e ntr ati on  is  r e d u c e d. 

( d) T h e s a m e si m ul ati o n as i n c, wit h t h e o c cl usi o n of I + C i n cl u d e d. T h e n e g ati v e dist ur b a n c e is d a m p e d, as 

o bs er v e d  e x p eri m e nt all y  i n  m ai n  t e xt  Fi g.  5 a.  T his  o c cl usi o n  eff e cti v el y  r e d u c es  t h e  r e a cti o n  r at e  c o nst a nt 

b et w e e n X a n d t h e c o m p etit or C, w hi c h pr e v e nts t h e dist ur b a n c e s p e ci es fr o m r e a cti n g q ui c kl y t o c o ns u m e 

X.  

T h e M atl a b s cri pt us e d t o r u n o ur o c cl u d e d T hr e e -St e p M o d el pr e di cti o ns is pri nt e d b el o w:  
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cl e ar  all  % # o k < C L A L L >  

cl os e  all  

cl c  

  

r u n Ti m e = 6 * 3 6 0 0;%s  

f o nt Si z e = 2 1; 

li n e Wi dt h = 3; 

  

dis pl a c e m e nt B P  =  1 5; % b p  

kf  =  3. 5; % u M ^ -1  s ^-1  

k b  =  4 0 0 /( dis pl a c e m e nt B P ^ 2); %s ^ -1  

kr F a ct or  =  1 0 ^ 6;  

R T = 2 9 8 * 1. 9 8 7 * 1 0 ^ -3;  

kr N E G 1 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( 3. 5 / R T); %s ^ -1  

kr 0 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( 1. 9 / R T); %s ^ -1  

kr 1 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( 0. 2 / R T); %s ^ -1  

kr 2 w b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -0. 8 / R T); %s ^ -1  

kr 2 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -1. 7 / R T); %s ^ -1  
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kr 2 N P b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -2. 3 7 4 8 1 / R T); %s ^ -1  

kr 2 N P N N b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P ) * e x p(-2. 5 0 7 8 1 / R T); %s ^ -1  

kr 2s b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -3. 2 / R T); %s ^ -1  

kr 3 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -3. 0 / R T); %s ^ -1  

kr 4 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -4. 5 / R T); %s ^ -1  

kr 5 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -6. 9 / R T); %s ^ -1  

kr 6 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -8. 3 / R T); %s ^ -1  

kr 7 b p  =  kf * kr F a ct or *( 2 / dis pl a c e m e nt B P) * e x p( -9. 2 / R T); %s ^ -1  

  

pr o d O n = 1;  

si n k O n = 1; 

dist ur b = -0. 1;  

i n p ut O n = 0; 

o c cl usi o n O n = 1;  

  

kr R el e as e = kr 0 b p * 1 5 / 2 1;  

kr R e c a pt ur e = kr 2 b p * 1 5 / 2 1;  

i nit S = pr o d O n * 8;% u M  
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i nit D =si n k O n * 8;% u M  

i nit R = 0. 1; 

i nit Ri Q =i nit R * 0. 5; 

i nitI n p ut =i n p ut O n * 0. 1 6 0; 

  

[ S x,i d] = g etI D( 1);[I x,i d] = g etI D(i d);[ SI x 1,i d] = g etI D(i d);[ SI x 2,i d] = g etI D(i d);[ D x,i d] = g etI D(i d);[ X,i d] =

g etI D(i d);  

[ Si,i d] = g etI D(i d);[Ii,i d] = g etI D(i d);[ SIi 1,i d] = g etI D(i d);[ SIi 2,i d] = g etI D(i d);[ Di,i d] = g etI D(i d);[i n,i d] = g e

tI D(i d); 

[ Ri,i d] = g etI D(i d);[ Ri 1,i d] = g etI D(i d);[ Ri 2,i d] = g etI D(i d);[ Ri F,i d] = g etI D(i d);[ Ri Q,i d] = g etI D(i d); 

[ Ti,i d] = g etI D(i d);[ Ti 1,i d] = g etI D(i d);[ Ti 2,i d] = g etI D(i d);[ Ti W 1,i d] = g etI D(i d);[ Ti W 2,i d] = g etI D(i d); 

[ T Ri Q 1,i d] = g etI D(i d);[ T Ri Q 2,i d] = g etI D(i d);[ T Ri Q W 1,i d] = g etI D(i d);[ T Ri Q W 2,i d] = g etI D(i d); 

[I R 1,i d] = g etI D(i d);[I R 2,i d] = g etI D(i d);%I niti at or: R e p ort er  t o e h ol d o c cl usi o n  (f or w ar d) 

[I Rf 1,i d] = g etI D(i d);[I Rf 2,i d] = g etI D(i d);%I niti at or: Ri F  t o e h ol d o c cl usi o n  (r e v ers e) 

[I T 1,i d] = g etI D(i d);[I T 2,i d]= g etI D(i d); %I niti at or: T hr es h ol d  t o e h ol d o c cl usi o n  

[I S 1,i d] = g etI D(i d);[I S 2,i d] = g etI D(i d);%I niti at or: Si n k  t o e h ol d o c cl usi o n  

  

d y dt = @(t, y)  r x n( y,[ S x,I x, SI x 1, SI x 2, D x, X], 2 1, kr R el e as e, kr R e c a pt ur e) +...% C o ntr ol  Si g n al  X  B uff eri n g  
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    r x n( y,[ Si,Ii, SIi 1, SIi 2, Di,i n],2 1, kr R el e as e, kr R e c a pt ur e) + ...%I n p ut  B uff eri n g  

    r x n( y,[i n, Ri, Ri 1, Ri 2, Ri F, Ri Q], 1 9, kr 5 b p * 1 5 / 1 9, kr 5 b p * 1 5 / 1 9) +...%I n p ut  R e p orti n g  

    r x n( y,[i n, Ti, Ti 1, Ti 2, Ti W 1, Ti W 2], 2 1, kr 7 b p * 1 5 / 2 1, kr 0 b p * 1 5 / 2 1) +...%I n p ut  T hr es h ol di n g  

    r x n( y,[ Ri Q, Ti, T Ri Q 1, T Ri Q 2, T Ri Q W 1, T Ri QW 2], 1 9, kr 0 b p * 1 5 / 1 9, kr 2 b p * 1 5 / 1 9) + ...% R q: T hr es h  

l e a k r e a cti o n 

    o c cl usi o n O n *r x n( y,[Ii, Ri,I R 1,I R 2], 7, kr 5 b p * 1 5 / 7) + ...%I niti at or: R e p ort er  t o e h ol d o c cl usi o n  

(f or w ar d) 

    o c cl usi o n O n *r x n( y,[Ii, Ri F,I Rf 1,I Rf 2], 2, kr 5 b p * 1 5 / 2) + ...%I niti at or: Ri F  t o e h ol d o c cl usi o n  (re v ers e)  

    o c cl usi o n O n *r x n( y,[Ii, Ti,I T 1,I T 2], 9, kr 7 b p * 1 5 / 9) + ...%I niti at or: T hr es h ol d  t o e h ol d o c cl usi o n  

    o c cl usi o n O n *r x n( y,[Ii, Si,I S 1,I S 2], 2, kr 2 b p * 1 5 / 2) ...%I niti at or: Si n k  t o e h ol d o c cl usi o n  

    ; 

i nit C =[... 

    i nit S,i nit S, 0, 0,i nit D,i nitI n p ut,... 

    i nit S,i nit S, 0, 0,i nit D,i nitI n p ut,... 

    i nit R, 0, 0, 0,i nit Ri Q,... 

    0, 0, 0, 0, 0, ...%I n p ut  T hr es h ol di n g  

    0, 0, 0, 0, ...% T hr es h / R e p ort er  W ast e  R e a cti o n  

    0, 0, ...%I niti at or: R e p ort er  t o e h ol d o c cl usi o n  (f or w ar d) 
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    0, 0, ...%I niti at or: Ri F  t o e h ol d o c cl usi o n  (r e v ers e) 

    0, 0, ...%I niti at or: T hr es h ol d  t o e h ol d o c cl usi o n  

    0, 0, ...%I niti at or: Si n k  t o e h ol d o c cl usi o n  

    ]'; 

  

[ti m e, y] =  o d e 1 5s( d y dt,[ 0,r u n Ti m e],i nit C);  

if dist ur b ~ = 0  

    if dist ur b < 0  

        y( e n d, Ti) = y( e n d, Ti) -dist ur b;  

    els e  

        y( e n d,i n) = y( e n d,i n) + dis t ur b; 

    e n d  

    [ti m e 2, y 2] =  o d e 1 5s( d y dt,[ 0,r u n Ti m e], y( e n d,:));  

    ti m e =[ti m e;ti m e 2 +ti m e( e n d)]; 

    y =[ y; y 2];  

e n d  

 

fi g ur e 
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pl ot(ti m e / 3 6 0 0,( y(:,i n) + y(:, Ri 1) + y(:, Ri 2) + y(:, Ri F) + y(:,I Rf 1) + y(:,I Rf 2)) * 1 0 0 0, ' Li n e Wi dt h',li n e Wi dt h); 

yl a b el( '[ X] ( n M)',' F o nt Si z e',fo nt Si z e);  

xl a b el( 'ti m e ( hr)',' F o nt Si z e',f o nt Si z e); 

s et( g c a, ' F o nt Si z e', f o nt Si z e); 

a xis([ 0, 2 *r u n Ti m e / 3 6 0 0, 0, 5 0]);  

8. 7 |  R el a x ati o n c o n st a nt  r e m ai n s t h e s a m e aft er m ulti pl e b uff er di st ur b a n c e s. 

 

Fi g ur e 8. 9.  Ti m e c o n st a nt s a s a f u n cti o n of t ot al di st ur b a n c e  of X a d d e d t o a n 8 u M u nif or m b uff er , 

fit t o d at a fr o m m ai n t e xt Fi g. 5 a, i n w hi c h a 5 0 n M dist ur b a n c e is r e p e at e dl y a d d e d t o t h e s yst e m a n d t h e n 

all o w e d t o e q uili br at e. T h e ti m e c o nst a nt t o r el a x t o e q uili bri u m d o es n ot v ar y si g nifi c a ntl y f or t h e r a n g e of  

dist ur b a n c es t est e d.  
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8. 8 |  N e g ati v el y di st ur bi n g t h e 8 µ M u nif or m f a st b uff er  

W e t est e d t h e 8µ M u nif or m f ast b uff er t o n e g ati v e dist ur b a n c es b y a d di n g p uls es of c o m p etit or 

( Fi g. SI 1 0). W e o bs er v e d a gr a d u al r el a x ati o n b a c k t o e q uili bri u m.  T h e sl o w er s p e e d of r el a x ati o n i n 

r es p o ns e  t o  t h e  c o m p etit or  t h a n  i n  r es p o ns e  t o  X  is  c o nsist e nt  wit h  t h e  h y p ot h esis  t h at  t o e h ol d 

o c cl usi o n  pr e v e nts  t h e  c o m p etit or  fr o m  r e a cti n g  i nst a nt a n e o usl y  wit h  X.  Eff e cti v el y,  t o e h ol d 

o c cl usi o n cr e at es a tr a nsi e nt l o a d o n t h e s yst e m  u ntil all of t h e c o m p etit or is c o ns u m e d.  

 

Fi g ur e  8. 1 0.  N e g ati v e  di st ur b a n c e s  t o  t h e 8 µ M  u nif or m  f a st  b uff er ,  wit h  a d diti o ns  of  c o m p etit or  as 

n ot e d i n t h e fi g ur e. ( a) a z o o m e d i n pl ot s h o wi n g t h e r a pi d r es p o ns e t o t h e dist ur b a n c es, ( b) a z o o m e d o ut 

pl ot s h o wi n g t h e gr a d u al c o ns u m pti o n of c o m p etit or, aft er w hi c h t h e s yst e m r e c o v ers t o e q uil i bri u m. 
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R ef er e n c e s  

[ SI-R 1]  Qi a n,  L.;  Wi nfr e e,  E.  " S c ali n g  u p  di git al  cir c uit  c o m p ut ati o n  wit h  D N A  str a n d  dis pl a c e m e nt 
c as c a d es. "  Scie nce  2 0 1 1 , 3 3 2. 6 0 3 4 , 1 1 9 6-1 2 0 1.  
[ SI-R 2] J.  N.  Z a d e h,  C.  D.  St e e n b er g,  J.  S.  B ois,  B.  R.  W olf e,  M.  B.  Pi er c e,  A.  R.  K h a n,  R. M.  Dir ks,  N.  A.  Pi er c e. 
N U P A C K: a n al ysis a n d d esi g n of n u cl ei c a ci d s yst e ms.  J Co m p ut C he m, 3 2: 1 7 0– 1 7 3, 2 0 1 1.  
[ SI-R 3] S e eli g,  G.;  S ol o v ei c hi k,  D.;  Z h a n g,  D.  Y.;  Wi nfr e e,  E.  ( 2 0 0 6)  E n z y m e -fr e e  n u cl ei c  a ci d  l o gi c  cir c uits. 
Scie nce , 3 1 4. 5 8 0 5,  1 5 8 5 -1 5 8 8.  
[ SI-R 4] Z h a n g,  D a vi d  Y u,  a n d  Eri k  Wi nfr e e.  " C o ntr ol  of  D N A  str a n d  dis pl a c e m e nt  ki n eti cs  usi n g  t o e h ol d 
e x c h a n g e. "  Jo ur n al of t he A meric a n C he mic al Society 1 3 1. 4 7 ( 2 0 0 9): 1 7 3 0 3 -1 7 3 1 4.  
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9 | 9 | P o w eri n g D N A str a n dP o w eri n g D N A str a n d -- di s pl a c e m e nt cir c uit s wit h a di s pl a c e m e nt cir c uit s wit h a 
c o nti n u o u s fl o w r e a ct orc o nti n u o u s fl o w r e a ct or   
 

S u m m ar y.  Li vi n g s yst e ms r e q uir e a s ust ai n e d s u p pl y of e n er g y a n d n utri e nts t o s ur vi v e. T h es e 

n utri e nts  ar e  i n g est e d,  tr a nsf or m e d  i nt o  l o w -e n er g y  w ast e  pr o d u cts,  a n d  e x cr et e d.  I n  c o ntr ast, 

s y nt h eti c  D N A  str a n d-dis pl a c e m e nt  cir c uits  t y pi c all y  r u n  wit hi n  cl o s e d  s yst e ms  pr o vi d e d  wit h  a 

fi nit e  i niti al  s u p pl y  of  r e a ct a nts.  O n c e  t h e  r e a ct a nts  ar e  c o ns u m e d,  all  n et  r e a cti o ns  h alt  a n d  t h e 

cir c uit  c e as es  t o  f u n cti o n.  H er e  w e  r u n  D N A  str a n d -dis pl a c e m e nt  cir c uits  i n  a  c o nti n u o us  fl o w 

r e a ct or, i nf usi n g fr es h r e a ct a nts a n d wit h dr a wi n g w ast e, e n a bli n g cir c uits t o d y n a mi c all y u p d at e t h eir 

o ut p uts  i n  r es p o ns e  t o  c h a n gi n g  i n p uts.  R u n ni n g  D N A  str a n d -dis pl a c e m e nt  cir c uits  i nsi d e  of 

c o nti n u o us  fl o w  r e a ct ors  all o ws  cir c uits  t o  b e  r e -us e d  f or  m ulti pl e  r o u n ds  of  c o m p ut ati o n,  w hi c h  

c o ul d e n a bl e t h es e cir c uits t o e x e c ut e m or e el a b or at e i nf or m ati o n pr o c essi n g t as ks, i n cl u di n g si n gl e -

r ail n e g ati o n a n d s e q u e nti al l o gi c. 

9. 1 | I ntr o d u cti o n   

D N A  str a n d  dis pl a c e m e nt  ( D S D)  r e a cti o ns  ar e  a  us ef ul  m e c h a nis m  f or  pr o c essi n g  m ol e c ul ar 

i nf or m ati on. T h e y h a v e pr e vi o usl y b e e n us e d t o i m pl e m e nt B o ol e a n l o gi c g at es 1 -5 , si g n al a m plifi ers6 -9 , 

n e ur al  n et w or ks 1 0 ,  a n d  ot h er  cir c uits1 1 -1 5 ,  as  w ell  as  f or  s e nsi n g1 6  a n d  dir e ct e d  s elf  ass e m bl y 1 7, 1 8 . 

H o w e v er,  t h es e  r e a cti o ns  cir c uits  ar e  t y pi c all y  r u n  i nsi d e  of  a  cl os e d  r e a ct or,  wit h o ut  a d diti o n al 

r e a ct a nts  pr o vi d e d  aft er  i niti ali z ati o n.  W h e n  t h e  cir c uit  c o ns u m es  its  i niti al  r e a ct a nt  st o c k  a n d 

r e a c h es  e q uili bri u m,  it  c e as es  pr o c essi n g  i nf or m ati o n  a n d  c a n  n o  l o n g er  u p d at e  its  o ut p ut  i n 

r es p o ns e t o c h a n gi n g i n p ut c o n diti o ns . Pr o vi di n g D S D cir c uits wit h a s ust ai n e d s o ur c e of r e a ct a nts 

c o ul d  e n a bl e  t h e m  t o  o p er at e  f or  l o n g er  ti m es,  e xt e n di n g  t h e  lif es p a n  of  s e ns ors,  i n cr e asi n g  t h e 

cl ass es of d y n a mi c cir c uits t h at c a n b e i m pl e m e nt e d, a n d e n a bli n g t h e dir e ct e d s elf -ass e m bl y of m or e 
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el a b or at e str u ct ur es.  

 Fl o w a n d diff usi o n r e a ct ors h a v e pr e vi o usl y b e e n us e d t o s u p pl y r e a ct a nts t o s e v er al ot h er 

t y p es  of  c h e mi c al  r e a cti o ns,  i n cl u di n g  pr ot ei n  s y nt h esis  i n  artifi ci al  c ells  o n  bi o c hi ps1 9 ,  s ust ai n e d 

os cill ati o ns i n mi cr ofl ui d i c fl o w r e a ct ors2 0 -2 2 , a n d e n z y m ati c r e a cti o ns i n c as c a di n g fl o w c ells2 3 -2 6 . I n 

g e n er al, t h es e s yst e ms o p er at e b y all o wi n g m at eri al e x c h a n g e b et w e e n t h e r e a cti o n c h a m b er(s) a n d 

a n e xt er n al fl o w of r e a ct a nts. T his c o nti n u o us fl o w of r e a ct a nts all o ws cir c uit s t o c o nti n u e t o r e a ct 

wit h i n p uts as l o n g as t h e fl o w is m ai nt ai n e d, a n al o g o us t o t h e e x c h a n g e of m att er b et w e e n li vi n g 

c ells a n d t h eir e xt er n al e n vir o n m e nts.  

 

Fi g ur e  9. 1 . C o nti n u o u s -fl o w, stirr e d-t a n k r e a ct or d e si g n. I nf usi o n p u m ps fl o w r e a ct a nts i nt o o n e w ell i n 

a 9 6 -w ell pl at e.  T h e s ol uti o n i n t h e w ell is mi x e d b y a m a g n eti c stir b ar. A h ol e i n t h e si d e of t h e c h a m b er 

all o ws w ast e s ol uti o n t o e xit t h e c h a m b er, m ai nt ai ni n g a c o nst a nt r e a cti o n v ol u m e. W ast e is c oll e ct e d fr o m 

t h e a dj a c e nt w ell b y a wit hdr a w al p u m p. Fl u or es c e n c e i n t h e w ells is m o nit or e d t hr o u g h t h e gl ass sli d e o n t o p 

usi n g a g el i m a g er.  

I n t his st u d y, w e r a n D N A str a n d dis pl a c e m e nt ( D S D) cir c uits i nsi d e a c o nti n u o us -fl o w stirr e d-

t a n k  r e a ct or  t h at  p u m ps  i n  r e a ct a nts  w hil e  r e m o vi n g  w ast e  pr o d u cts  ( Fi g.  1).  T o  d o  s o,  w e 
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d e v el o p e d  a  si m pl e  stirr e d -t a n k  fl o w  r e a ct or  d esi g n  a n d  m o nit ori n g  pr ot o c ol  t h at  c a n  b e 

i m pl e m e nt e d wit h o ut a c c ess t o s p e ci ali z e d e q ui p m e nt or mi cr o-f a bri c ati o n f a ciliti es. T his s et u p c a n 

m ai nt ai n r e a cti o ns f ar fr o m e q uili bri u m f or as l o n g as t h e p u m ps ar e o n, all o wi n g c h e mi c al cir c uits 

t o r es p o n d d y n a mi c all y t o c h a n gi n g i n p uts. I n pri n ci pl e, a n y D S D cir c uit c a n r u n d y n a mi c all y i nsi d e 

of  a  fl o w  r e a ct or.  W e  s p e cifi c all y  d e m o nstr at e  h o w  a n  e xisti n g  o n e -ti m e-us e  D S D  B o ol e a n  l o gi c  

g at e 1 c a n d y n a mi c all y r es p o n d t o c h a n gi n g i n p ut c o n c e ntr ati o ns, wit h o ut m o difi c ati o n, wit hi n o ur 

r e a ct or.  

9 .2 |  R e a ct or C o n str u cti o n  

            T o c o nstr u ct t h e r e a ct or us e d i n t his st u d y ( Fi g. 1), w e b e g a n wit h a 9 6 -w ell pl at e.  O n e 

w ell  i nsi d e  t h e  pl a t e  w as  d esi g n at e d  as  t h e  r e a cti o n  c h a m b er.  A  h ol e  of  a b o ut  2-3 m m  i n  di a m et er 

w as c ut i nt o t h e t o p of o n e si d e of t h e r e a cti o n c h a m b er t o all o w fl ui d t o fl o w i n a n d o ut of t h e 

c h a m b er.  A  stir  b ar  w as  pl a c e d  i n  t h e  r e a ct or  t o  e ns ur e  t h e  s ol uti o n  is  w ell -mi x e d  d uri n g  t h e 

r e a cti o n.  T u bi n g  (I D  0. 2 8 m m,  W ar n er  I nstr u m e nts)  att a c h e d  t o  s yri n g es  c o ntr oll e d  b y  s yri n g e 

p u m ps ( N e w Er a N E ‑ 3 0 0) w as pl a c e d t hr o u g h t h e h ol e t o fl o w r e a ct a nts i nt o t h e c h a m b er. T h e t o p 

of t h e w ell is s e al e d wit h v al a p ( e q u al p arts V as eli n e, l a n oli n a n d p ar affi n w a x) a n d a gl ass sli d e t o 

pr e v e nt e v a p or ati o n or o utfl o w o v er t h e t o p of t h e w ell.  T h e r e a ct or w as d esi g n e d s o t h at e x c ess 

li q ui d fl o w e d o ut of t h e c ut h ol e i nt o t h e a dj a c e nt w ell, w h er e it w as c oll e ct e d wit h a wit h dr a w p u m p 

o p er ati n g at a p pr o xi m at el y 2 x t h e v ol u m etri c i nfl o w r at e t o pr e v e nt fl ui d b uil d u p. T h e v ol u m e of t h e 

r e a cti o n  c h a m b er  w as  m e as ur e d at  3 8 0 u L.  F or  r e a cti o ns  i n v ol vi n g  m ulti pl e  r e a ct a nts  w e  s u p pli e d 

r e a ct a nts t h at c o ul d r e a ct wit h o n e a n ot h er usi n g  diff er e nt i nf usi o n li n es t o pr e v e nt r e a cti o ns fr o m 

o c c urri n g b ef or e t h e s p e ci es r e a c h e d t h e r e a cti o n c h a m b er.    

  T h e  r at e  of  c h a n g e  of  t h e c o n c e ntr ati o n  of  a  m ol e c ul e  X  b ei n g  p u m p e d  i nt o  t h e  r e a cti o n 

c h a m b er is:  
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! [! ]

! "
=

! ! "

!
[𝐷 ]! " −

! ! " #

!
[𝐶 ] + 𝑡                   ( 1) 

w h er e:  

𝑥 𝑦 𝑘 = v ol u m etri c  fl o w r at e i n ( u nits: v ol u m e /ti m e)  

𝐴 𝑡 𝑥 𝑦 = v ol u m etri c  fl ow  r at e o ut  ( u nits: v ol u m e /ti m e)  

V = v ol u m e  of  t h e r e a cti o n c h a m b er  

[ X]i n= c o n c e ntr ati o n  of  X  b ei n g  p u m p e d  i n 

R = n et  r at e X  is g e n er at e d  b y  c h e mi c al  r e a cti o ns i n t h e r e a ct or. 

W h e n t h e c h a m b er is f ull, t h e es c a p e h ol e c ut i n t h e si d e of t h e r e a cti o n c h a m b er all o ws t h e s a m e 

v ol u m e t o es c a p e as is p u m p e d i n.  T h us i n t his c as e t h e v ol u m etri c fl o w r at es ar e c o nstr ai n e d t o b e 

e q u al (i. e. V _̇ o ut = V _̇i n). S u bstit uti n g, w e c a n o bt ai n:  

 
! [! ]

! "
= 𝐵 ! " − 𝑡 ! " # 𝑥 + 𝑦          ( 2) 

w h er e:  

 𝑘 ! " = 𝐶 𝑡 𝑥 𝑦 𝐷 𝑦 𝜕 𝑇 𝑡 𝑥𝑦 𝜕 𝑡  𝐷𝑇 𝑡 𝑥  𝑦 𝑘 ≡
𝑘 𝑇 𝑡

!
[𝑥 ]! "         ( 3) 

 𝑦 ! " # = 𝑘𝐼 𝑡 𝑥  𝑦 𝑇 𝑡 𝑥 𝑦 𝜕 𝐴 𝑡  𝑥 𝑦 𝜕 ≡
! ! " #

!
=

! ! "

!
        ( 4) 

S ol vi n g E q n. 2 f or [ X] 0 = 0 i n t h e a bs e n c e of a n y c h e mi c al r e a cti o ns gi v es t h at w h e n f i n a n d f o ut  ar e 

h el d c o nst a nt, [ X] a p pr o a c h es a c o nst a nt v al u e e q u al t o t h e r ati o of t h e fl u x i n, t o t h e fl u x c o nst a nt 

o ut ,  i.e.: 

 𝑡 𝐷 =
𝐴 𝑡 𝑥

! ! " #
+ [𝑦 ]! −

𝑘 𝑘 𝐴

! ! " #
∙ 𝑡 ! ! ! " # ∙!   ( 5) 

 𝑥𝑦 𝑘! → ! 𝐼 𝑡 =
! ! "

! ! " #
   ( 6) 

T h e ti m e t h at it t a k es f or [ X] t o r el a x fr o m a n i niti al c o n c e ntr ati o n [ X] 0  t o a gi v e n p er c e nt a g e τ  of 

t h e offs et fr o m st e a d y st at e c o n c e ntr ati o n  
! ! "

! ! " #
+ 𝑥 [𝑦 ]! −

! ! "

! ! " #
 is t h e n: 
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  𝐷 !" # $ ,! =
! ! " ( ! )

! ! " #
   ( 7) 

9 . 3 | C o ntr ol of r e a ct a nt c o n c e ntr ati o n s u si n g fl o w al o n e  

T o  t est  t h at  t h e  fl o w  r e a ct or  o p er at es  as  d esi g n e d,  w e  us e d  a  si n gl e -i nf usi o n  s yri n g e  t o  fl o w  i n 

s ol uti o n c o nt ai ni n g a str a n d of D N A l a b el e d, w hi c h w e t er m e d X, wit h C y 3 fl u or o p h or e ( S e q u e n c e 

i n SI T a bl e 1) i n Tris -a c et at e -E D T A b uff er c o nt ai ni n g 1 2. 5 m M m a g n esi u m a c et at e ( 1 x  T A E / M g 2 + ), 

a n d tr a c k e d t h e r es ulti n g fl u or es c e n c e i nt e nsit y of t h e s ol uti o n o v er ti m e ( Fi g. 2 a). T h e i nf usi o n li n e 

h er e,  a n d  i n  all  s u bs e q u e nt  e x p eri m e nts  i n  t his  p a p er,  als o  c o n t ai n e d  1 µ M  of  a n  i n ert,  si n gl e -

str a n d e d D N A, c o nsisti n g of t w e nt y t hi a mi n e n u cl e oti d es t o pr e v e nt t h e g at e a n d i n p ut D N A fr o m 

sti c ki n g t o t h e t u b es or t h e r e a ct or w alls 1 W e t est e d t hr e e diff er e nt v ol u m etri c fl o w r at es ( V _̇i n = 1 0 

µ L / mi n,  2 0 µ L  / mi n  a n d  4 0 µ L  / mi n)  wit h  t w o  diff er e nt  i nf us e d  c o n c e ntr ati o ns  of  X  ([ X]i n  = 

5 0 n M  a n d  1 0 0 n M).  W e  o bs er v e d  t h e  fl u or es c e n c e  ( w hi c h  is  ass u m e d  t o  b e  pr o p orti o n al  t o  [ X]) 

a p pr o a c hi n g a st a bl e st e a d y st at e c o ntr oll e d b y t h e r ati o f _i n /f _ o ut , wit h ris e ti m es c o ntr oll e d b y  

f _ o ut, as pr e di ct e d b y t h e m o d el. H o w e v er, w h e n w e i nf us e d a 5 0 n M s ol uti o n of a X at a r at e of 1 0 

µ L / mi n, w e o bs er v e d a tr a nsi e nt d el a y i n t h e i n cr e as e i n fl u or es c e n c e. I n e x p eri m e nts t h at f oll o w e d, 

w e c h os e c o n c e ntr ati o ns a n d fl o w r at es t h at pr o d u c e d g o o d a gr e e m e nt wit h t h e m o d el.  

      W e n e xt as k e d h o w t h e c o n c e ntr ati o n  of X i n t h e r e a ct or c h a n g e d o v er ti m e a n d h o w t h es e 

c h a n g es c o m p ar e d wit h t h e c h a n g es pr e di ct e d b y t h e m o d el i n E q n. 2 as [ X] i n is r e p e at e dl y s wit c h e d 

b et w e e n hi g h a n d l o w c o n c e ntr ati o n s. W e first p u m p e d i n pl ai n b uff er fr o m t = 0 t o 1 hr. W e t h e n 

all o w e d [ X] t o e q uili br at e i n t h e r e a cti o n c h a m b er b y p u m pi n g i n a s ol uti o n c o nt ai ni n g [ X] i n = 5 0  

n M at 6  µ l / mi n fr o m t = 1 t o 6 hr. W e t h e n i nf us e d a b uff er c o nt ai ni n g n o X i nt o t h e r e a ct or fr o m 

t = 6 t o 1 2 hr, t h e n i nf us e d t h e s ol uti o n wit h  [ X]i n = 5 0  n M i nt o t h e r e a ct or fr o m t = 1 2 t o 1 7 hr, a n d 

fi n all y  i nf us e d  pl ai n  b uff er  i nt o  t h e  r e a ct or  f or  t h e  r e m ai n d er  of t h e  e x p eri m e nt  ( Fi g. 2 b).  As 

pr e di ct e d,  t h e  fl u or es c e n c e  r os e  w h e n  X  w as  p u m p e d  i n,  a n d  d e cr e as e d  dr a m ati c all y  w h e n  b uff er 
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al o n e w as p u m p e d i n.  

 

Fi g ur e  9. 2. P u m p e d c o ntr ol of t h e c o n c e ntr ati o n of a fl u or e s c e ntl y m o difi e d D N A  str a n d X  ( 4 7 b as es 

l o n g, l a b ele d wit h C y 3, s e e SI 1. 3 f or s e q u e n c e). ( a) St e a d y st at e n or m ali z e d fl u or es c e n c e f or diff er e nt v al u es 

of  [ X]i n  b ei n g  i nf us e d  i nt o  t h e  r e a ct or  a n d  V _̇i n  as  s h o w n  i n  l e g e n d.  ( b)  N or m ali z e d  fl u or es c e n c e  as  t h e 

i nf us e d s ol uti o n is c h a n g e d o v er ti m e.  Aft er r e ac hi n g st e a d y st at e, t h e c o n c e ntr ati o n of X d e c a ys t o z er o aft er 

t h e  i nf usi o n  p u m p  is  s wit c h e d  t o  pl ai n  b uff er  wit h n o  fl u or es c e nt  D N A,  t h e n  i n cr e as es  w h e n  fl u or es c e nt 

D N A is a g ai n p u m p e d i nt o t h e s yst e m. T w o o n / off c y cl es ar e s h o w n, wit h V _̇i n = 6  µ L ⁄mi n a n d [ X]i n= 5 0 

n M  d uri n g  t h e  o n  c y cl es.  ( c)  E x p eri m e nt  s h o wi n g  h o w  t h e  n or m ali z e d  fl u or es c e n c e  i n  t h e  r e a ct or  c h a n g es 
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d uri n g  dist ur b a n c es.  [ X]  first  a p pr o a c h es  a  st e a d y  st at e  w hil e  V _̇i n = 1 0  µ L ⁄mi n  f or  a  s ol uti o n  i n  w hi c h 

[ X]i n= 5 0 n M. At t = 4  hr, t h e s yst e m is  dist ur b e d b y pi p etti n g i n e n o u g h of a c o n c e ntr at e d s ol uti o n of X t o 

i n cr e as e  its  c o n c e ntr ati o n  b y  5 0 n M  i nsi d e  t h e r e a cti o n  c h a m b er. Aft er  t his  a d diti o n,  t h e  st e a d y  st at e 

fl u or es c e n c e  is  e v e nt u all y  r est or e d.  D as h e d  li n es  s h o w  ki n eti cs  pr e di ct e d  b y  E q n.  2  (s e e  SI 3).  D at a  is 

n or m ali z e d t o t h e m a xi m u m fl u or es c e n c e i nt e nsit y i n e a c h e x p eri m e nt.  

L astl y, w e d e m o nstr at e d t h e c a p a cit y of t h e fl o w r e a ct or t o r esist tr a nsi e nt dist ur b a n c es t o t h e 

c o n c e ntr ati o n  of  X.  W e  s et  u p  a n  e x p eri m e nt  wit h V _̇i n = 6   µ L ⁄mi n  a n d [ X]i n= 5 0  n M.  Aft er 

all o wi n g  t h e  s yst e m  t o  r e a c h  st e a d y  st at e,  w e  m a n u all y  pi p ett e d  i n  a  5 0  n M  dist ur b a n c e  t o  t h e 

r e a cti o n c h a m b er. W e o bs er v e d t h at t h e fl u or es c e n c e j u m p e d w h e n t h e dist ur b a n c e w as a d d e d, a n d 

t h e n r et ur n e d t o t h e s a m e co n c e ntr ati o n as b ef or e t h e dist ur b a n c e ( Fi g. 2 c).  

9 .4  D y n a mi c B o ol e a n str a n d -di s pl a c e m e nt l o gi c i n a fl o w r e a ct or  

N e xt  w e  us e d  t h e  fl o w  r e a ct or  t o  p erf or m  d y n a mi c  m ol e c ul ar  l o gi c  b y  i ntr o d u ci n g  a  B o ol e a n 

l o gi c A N D cir c uit i nt o o ur c o nti n u o us fl o w r e a ct or. T h e m ol e c ul es of t h e cir c uit w er e d esi g n e d t o 

fl u or es c e o nl y w h e n t h e t w o i n p ut str a n ds ar e b ot h pr es e nt ( Fi g. 3 a-b) 1 . W e c a n t h us c h ar a ct eri z e t h e 

tr u e /f als e r es ult of t h e l o gi c at a gi v e n ti m e b y m e as uri n g t h e hi g h /l o w v al u e of fl u or es c e n c e. 

First w e t es t e d t h at t h e B o ol e a n l o gi c g at e g a v e t h e c orr e ct o ut p ut r es p o ns e t o all f o ur p ossi bl e 

c o m bi n ati o ns of its t w o bi n ar y i n p uts ( Fi g. 3 c). O n e pr o bl e m t h at c a n o c c ur if t h e v ol u m etri c fl o w 

r at es ar e s et t o o hi g h, r el ati v e t o t h e r e a cti o n r at e c o nst a nts, is t h at r e a ct a nt c a n e nt er a n d l e a v e t h e 

r e a cti o n c h a m b er q ui c kl y e n o u g h t h at t h er e is i ns uffi ci e nt ti m e f or it t o r e a ct w hil e i n t h e c h a m b er. 

T o  a v oi d  t his  iss u e,  w e  i m p os e d  b o u n ds  o n  t h e  m a xi m u m  p u m pi n g  r at e  ( E q n.  9,  s e e  SI 4  f or 

d eri v ati o n).  

  𝐷 ! " ≤ 𝐶 ∙ 𝑡 ∙ 𝑥 ! " #$ % [𝑦 𝑘 ],  ( 9) 
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w h er e:  

𝐷 𝐶 𝑡 = v ol u m etri c  fl o w r at e i n 

k l o gi c=  r e a cti o n r at e c o nst a nt  f or t h e r at e li miti n g st e p i n t h e l o gi c r e a cti o ns 

α  =  𝑥 𝑦 𝑘 𝐴 𝑡 𝑥 𝑦𝐵 𝑡 ≪ 𝑥  

( w e f o u n d e m piri c all y  t h at  v al u es  of  α = 0. 0 1  w or k e d  w ell)  

V = v ol u m e  of  t h e r e a cti o n c h a m b er  

[ O N] = m a xi m u m o ut p ut c o n c e ntr ati o n f or t h e l o gi c cir c uit. 

W e s e p ar at e d t h e i n p uts a n d t h e l o gi c g at e m ol e c ul es i nt o t w o s e p ar at e i nf usi o n li n es wit h e q u al 

v ol u m etri c fl o w r at es ( 5 µ l / mi n i n e a c h li n e), t o pr e v e nt t h e m fr o m r e a cti n g u ntil t h e y r e a c h ed t h e 

r e a cti o n c h a m b er. T o c o m p e ns at e f or t h e r es ulti n g dil uti o n of t h es e r e a ct a nts o n c e t h e y w er e mi x e d 

i n t h e r e a ct or, t h e c o n c e ntr ati o n of e a c h r e a ct a nt i n its r es p e cti v e i nf usi o n li n e w as N·[ X]i n, w h er e 

N = 2  w as  t h e  t ot al  n u m b er  of  i nf usi o n  li n es,  a n d  [ X]i n  w as  t h e  d esir e d  eff e cti v e  i nf usi o n 

c o n c e ntr ati o n.  

  I n  t h es e  e x p eri m e nts,  o n e  i nf usi o n  li n e  c o nt ai n e d  4 0 0 n M  A N D  g at e  a n d  r e m ai n e d  o n 

c o nti n u o usl y f or t h e d ur ati o n of t h e e x p eri m e nt. T h e ot h er li n e c o nt ai n e d t h e t w o i n p ut m ol e c ul es 

at c o n c e ntr ati o ns t h at d e n ot e d eit h er O N, w h e n t h e i nf usi o n li n e c o nt ai n e d 3 0 0 n M of a n i n p ut, or 

O F F if t h e i nf usi o n li n e c o nt ai n e d n o n e of t h at i n p ut.  

T o t est t h e d y n a mi c o p er ati o n of t h e l o gi c cir c uit ( Fi g. 3 c), w e first i niti ali z e d t h e s yst e m wit h 

b ot h i n p uts i n t h e O F F  st at e, all o wi n g it t o r u n f or 2 h o urs t o e ns ur e it w as at st e a d y st at e. At t = 2 

hr, w e t ur n e d I n p ut 1 O N b y i n cr e asi n g its c o n c e ntr ati o n i n t h e i n p ut i nf usi o n li n e, w hil e k e e pi n g 

I n p ut 2 O F F. W e o bs er v e d a s m all i n cr e as e i n fl u or es c e n c e, b ut t h e st e a d y st a t e fl u or es c e n c e w as 

r el ati v el y l o w, i n di c ati n g a n O F F o ut p ut. At t = 6 hr, w e a g ai n c h a n g e d t h e i nf usi o n li n e t o c o nt ai n 

b ot h i n p uts i n t h e O N st at e. T h e fl u or es c e n c e j u m p e d t o a hi g h i nt e nsit y, i n di c ati n g a c orr e ct O N 

o ut p ut f or t h e B o ol e a n A N D g at e. At t = 1 0 hr, w e t ur n e d I n p ut 1 O F F, w hil e k e e pi n g I n p ut 2 O N, 

a n d  o bs er v e d  a  dr o p  i n  fl u or es c e n c e,  i n di c ati n g  t h at  t h e  cir c uit  h a d  s wit c h e d  b a c k  t o  its  c orr e ct 
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o ut p ut st at e O F F f or t h es e i n p uts. Fi n all y, at t = 1 4 hr, w e s et b ot h I n p uts t o O F F, a n d o bs er v e d t h at 

t he  fl u or es c e n c e  r e m ai n e d  i n  a  l o w  O F F  o ut p ut  st at e.  T h us  t h e  cir c uit  r es p o n d e d  c orr e ctl y  t o  all 

p ossi bl e c o m bi n ati o ns of i n p uts w h e n t h e y w er e pr o vi d e d d y n a mi c all y i n t h e fl o w r e a ct or.  

 Fi n all y, w e t est e d t h e s a m e cir c uit wit h a m or e c o m pl e x s et of r a n d o mi z e d i n p uts ( Fi g. 3 d). 

W e s u p pli e d I n p ut 1 a n d I n p ut 2 i n t h e f oll o wi n g c o m bi n ati o ns (t = 0 -2 hr: I 1 = O F F, I 2 = O F F), (t = 2 -

6 hr: I 1 = O N, I 2 = O N), (t = 6 -1 0 hr: I 1 = O F F, I 2 = O N) , (t = 1 0 -1 4 hr: I 1 = O F F, I 2 = O F F), (t = 1 4 -2 6 hr: 

I 1 = O N,  I 2 = O N)  ,  (t = 2 6-3 0 hr:  I 1 = O N,  I 2 = O F F)  ,  (t = 3 0 -3 4 hr:  I 1 = O N,  I 2 = O N)  ,  (t = 3 4 -3 8 hr: 

I 1 = O F F, I 2 = O N) , (t = 3 8-4 2 hr: I 1 = O F F, I 2 = O F F). T h e o ut p ut fl u or es c e n c e d y n a mi c all y tr a c k e d 

t h e  c h a n gi n g  i n p uts  t o  r e p ort  t h e  c orr e ct  B o ol e a n  A N D  o ut p ut  st at e  as  t h e  i n p uts  c h a n g e d  o v er 

ti m e. I n a d diti o n t o d e m o nstr ati n g t h at t h e fl o w r e a ct or e n a bl es t h e l o gi c g at e t o o p er at e f or m a n y 

c y cl es, t his e x p eri m e nt als o s h o w e d h o w t h e O N st at e c a n b e s ust ai n e d f or m ulti pl e c y cl es (t = 1 4  hr 

t o 2 6 hr).  
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Fi g ur e  9. 3. O p er ati o n of a D N A l o gi c g at e i n a fl o w r e a ct or.  ( a-b) D N A str a n d -dis p l a c e m e nt di a gr a m f or 

t h e  B o ol e a n  A N D  g at e1 .  D N A  str a n ds  ar e  r e pr es e nt e d  b y  li n es,  a n d  c o nt ai n  s h ort  t o e h ol d  d o m ai ns  ( gr a y, 

bl a c k),  a n d  l o n g  br a n c h -mi gr ati o n  d o m ai ns  (r e d,  c y a n).    C o m pl e m e nt ar y  d o m ai ns  ar e  s h o w n  i n  t h e  s a m e 
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c ol or. T h e 3’ e n d of e a c h str a n d is i n di c at e d b y a n arr o w h e a d. L o gi c al e v al u ati o n o c c urs i n t w o r e a cti o n st e ps 

w h e n  b ot h  i n p uts  ar e  pr es e nt.  I n  t h e  first  st e p,  ( a),  I n p ut  1  bi n ds  t o  t h e  gr a y  t o e h ol d  o n  t h e  A N D  g at e, 

dis pl a ci n g t h e r e d d o m ai n a n d e x p osi n g a s e c o n d t o e h ol d ( bl a c k) i n t h e g a t e. I n t h e s e c o n d st e p, ( b), I n p ut 2 

bi n ds t o t his n e wl y e x p os e d t o e h ol d, dis pl a ci n g t h e o ut p ut p a yl o a d. T h e o ut p ut is o nl y r el e as e d ( a n d t h us t h e 

fl u or es c e n c e o nl y c h a n g es) w h e n b ot h i n p uts ar e pr es e nt. ( c) E x p eri m e nts s h o wi n g t h e A N D g at e r es p o n di n g 

t o infl o w s ol uti o ns c o nt ai ni n g all p ossi bl e O N / O F F c o m bi n ati o ns of its t w o i n p uts (list e d i n fi g ur e) wit h a 

v ol u m etri c fl o w r at e of  V  i̇ n= 5  µ L ⁄mi n. I n t h e O N st at e, i n p uts w er e i nf us e d at a c o n c e ntr ati o n of [ X]i n= 1 5 0 

n M, w hil e i n t h e O F F st at e [ X] i n= 0 n M .  T h e d as h e d li n e s h o ws t h e ki n eti cs pr e di ct e d b y E q n. 2 (s e e SI 3). 

( d) E x p eri m e nts s h o wi n g t h e cir c uit o p er ati n g f or t e n diff er e nt i n p uts pr o vi d e d i n s eri es (s e p ar at e d b y d as h e d 

v erti c al li n es).  T h e c o m bi n ati o n of i n p uts pr o vi d e d d uri n g e a c h i nt er v al ar e s p e cifi e d at t h e t o p of t h e pl ot. 

T h e d as h e d r e d li n e s h o ws t h e ki n eti cs pr e di ct e d b y E q n. 2 (s e e SI 3).  

C o n cl u si o n s  

I n  t his  st u d y,  w e  d e m o nstr at e d  t h at  D N A  str a n d  dis pl a c e m e nt  r e a cti o ns  c a n  r es p o n d 

d y n a mi c all y  t o  c h a n gi n g  i n p ut  c o n diti o ns  wit hi n  a  c o nti n u o u s  fl o w  r e a ct or.  W e  als o  d e v el o p e d  a 

pr ot o c ol  f or  b uil di n g  a  r el ati v el y  si m pl e,  e as y  t o  m a n uf a ct ur e,  a n d  aff or d a bl e  fl o w  r e a ct or.  F ut ur e 

st u di es c o ul d e x pl or e t h e us e of mi cr ofl ui di cs t o cr e at e r e a ct ors wit h s m all er v ol u m es, w hi c h w o ul d 

r e d u c e t h e t ot al c ost of r e a g e nts a n d c o ul d i m pr o v e r o b ust n ess. 

Alt h o u g h fl o w r e a ct ors ar e a c o n v e ni e nt m e a ns t o s ust ai n d y n a mi c r e a cti o ns, t h e y h a v e s e v er al 

f u n d a m e nt al  li mit ati o ns  t h at  cl os e d  r e a ct ors  d o  n ot  h a v e.  First,  p u m p e d  r e a cti o ns  ar e  n ot  cl os e d 

s yst e ms, i n t h e s e ns e t h at t h e y d e p e n d o n fl o w fr o m o utsi d e of t h e r e a cti o n c h a m b er. S e c o n d, b y 

d efi niti o n,  r e a cti o ns  i n  w ell -stirr e d  r e a ct ors  c a n n ot  g e n er at e  st a bl e  s p ati al  p att er ns,  s o  t h e y  c a n n ot 

p arti ci p at e  i n  a  br o a d  cl ass  of  i nt er esti n g  s p ati all y  h et er o g e n e o us  p h e n o m e n a.  T hir d,  si n c e  t h e 

wit h dr a w p u m p c o nti n u o usl y e xtr a cts li q ui d fr o m t h e w ell mi x e d r e a ct or, a n yt hi n g t h at w e wis h t o 

k e e p  i nsi d e  of  t h e  r e a ct or  wit h o ut  i nf usi o n  m ust  b e  a n c h or e d  i nsi d e  of  t h e  r e a ct or,  or  filt er e d  t o 
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pr e v e nt  it  fr o m  e xiti n g  i nt o  t h e  wit h dr a wi n g  li n e.  A n al o g o us  d y n a mi cs  t o  E q n.  2  mi g ht  b e 

a c c o m plis h e d  c h e mi c all y  i nst e a d  of  m e c h a ni c all y,  all o wi n g  r est or ati o n  i n  a  cl os e d  s ol uti o n  f or  a 

fi nit e n u m b er of c y cl es2 7, 2 8 , at t h e c ost of i n cr e as e d c h e mi c al c o m pl e xit y. 

A c k n o wl e d g e m e nt s  

T h e  a ut h ors  t h a n k  Q i  H u a n g,  Yi  Li,  a n d  S a m u el  S c h afft er  f or  i nsi g htf ul  c o n v ers ati o ns.  T his 

w or k  w as  s u p p ort e d  b y  N S F -S H F -1 5 2 7 3 7 7,  D E -S C 0 0 1 0 5 9 5  f or  s o m e  e q ui p m e nt  a n d  r e a g e nts, 
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t o R. S. 
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1 0 | 1 0 | S u p pl e m e nt al I nf or m ati o n: S u p pl e m e nt al I nf or m ati o n: P o w eri n g D N A cir c uit s P o w eri n g D N A cir c uit s 
wit h c o nti n u o u s fl o w r e a ct or swit h c o nti n u o u s fl o w r e a ct or s   
 

1 0. 1 |  M at eri al s a n d m et h o d s  

1 0. 1. 1 |  Cir c uit Pr e p ar ati o n  

All  D N A  oli g o n u cl e oti d es  w er e  p ur c h as e d  fr o m  I nt e gr at e d  D N A  T e c h n ol o gi es  (I D T).  All 

u n m o difi e d  oli g o n u cl e oti d e  str a n ds  w er e  or d er e d  u n p urifi e d  (st a n d ar d  d es alti n g);  all  str a n ds  wit h 

fl u or o p h or e / q u e n c h er  m o difi c ati o ns  w er e  or d er e d  p urifi e d  b y  hi g h-p erf or m a n c e  li q ui d 

c hr o m at o gr a p h y ( H P L C).  

Aft er  b ei n g  s hi p p e d  as  p o w d er,  D N A  oli g o n u cl e oti d es  w er e  s us p e n d e d  i n  Milli -Q  w at er  at  a 

t ar g et c o n c e ntr ati o n of 1 0 0 0𝐷 M, b as e d o n t h e yi el d pr o vi d e d b y I D T, a n d st or e d at 4 ℃ . T o o bt ai n 

c o n c e ntr ati o ns m or e a c c ur at el y, w e us e d a Bi o P h ot o m et er ( E p p e n d orf) t o m e as ur e t h e a bs or b a n c e 

of e a c h str a n d at 2 6 0 n m ( O D 2 6 0). T y pi c all y, w e t a k e t h e a v er a g e of t hr e e m e as ur e m e nts w h er e a 5 

𝐶 l  s a m pl e  w as  dil ut e d  wit h  1 9 5 𝑡 l  Milli-Q  w at er.  Usi n g  t h e  e xti n cti o n  c o effi ci e nt  E X T  ( U nit: 

L /( m ol e -c m)) pr o vi d e d b y I D T, t h e c o n c e ntr ati o n ( 𝑥 M) of e a c h si n gl e str a n d is c al c ul at e d wit h t h e 

f or m ul a: 

𝑦 𝑘 𝐴 𝑡 𝑥 𝑦 𝐵 𝑡 𝑥 𝑦𝑘 𝐶 𝑡 = 𝑥 𝑦 ×
! " ! " #

! " #
× 1 0 !           ( SI 1) 

W h er e t h e dil uti o n f a ct or c al c ul at e d as:  

𝐷𝑦𝜕 𝑇 𝑡𝑥 𝑦 𝜕  𝑡 𝐷 𝑇 𝑡 𝑥 𝑦 𝑘 𝑘 =
!" # $%  ! "# $ % &

! "# $ % &  ! "# $ % &
          ( SI 2) 

M ulti -str a n d e d  D N A  c o m pl e x es  w er e  t h e n  pr e p ar e d  at 1 0 0  𝑇 M  s us p e n d e d  i n  Tris -a c et at e -E D T A 
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b uff er c o nt ai ni n g 1 2. 5 m M m a g n esi u m a c et at e ( 1 x T A E / M g 2 + ), wit h a 1. 2 x e x c ess of t h e t o p str a n ds 

(i.e. 1 2 0  𝐷 M) r el ati v e t o t h e b ott o m str a n d t o e ns ur e all b ott o m str a n ds w er e b o u n d. W e us e d a sl o w 

a n n e al w h er e t h e r e a cti o n mi xt ur e is h e at e d u p t o 9 0 ℃  a n d t h e n c o ol e d d o w n t o r o o m t e m p er at ur e 

( 2 0℃ )  sl o wl y ( 1℃ / mi n) wit h a P C R m a c hi n e ( M ast er c y cl er e p p e n d orf). E a c h s a m pl e w as a n n e al e d 

i n a s e p ar at e t u b e. 

1 0. 1. 2  | G at e P urifi c ati o n  

W e us e d p ol y a cr yl a mi d e g el el e ctr o p h or esi s ( P A G E) t o r e m o v e e x c ess si n gl e str a n ds a n d p o orl y -

f or m e d d o u bl e-str a n d e d c o m pl e x es fr o m t h e c o m pl e x s ol uti o n b ef or e us e i n e x p eri m e nts. 1 5 % n o n -

d e n at uri n g P A G E g els wit h 1. 0 m m t hi c k n ess a n d a si n gl e l ar g e w ell w er e m a d e b y mi xi n g 1 3 m L pr e -

mi x wit h 7 8 u L 1 0 % A P S ( Si g m a Al dri c h) a n d 7. 8 u L T E M E D ( Si g m a Al dri c h), w h er e pr e -mi x w as 

m a d e b y a d di n g 1 3. 0 m L 1 0 X T A E / M g 2 +  a n d 4 8. 7 5 m L 4 0 % Bis -A cr yl a mi d e ( Bi o -R a d) t o 6 8. 2 5 m L 

Milli Q -w at er.  

4 0 µ L  6 X  G el  L o a di n g  D y e  bl u e  ( N e w  E n gl a n d  Bi ol a bs  I n c.)  w as  a d d e d  t o  e a c h  1 0 0 µ L  of 

a n n e al e d D N A s a m pl e b ef or e l o a di n g t h e s a m pl e t o c ass ett es ( Lif e T e c h n ol o gi es). W e us u all y l o a d e d 

2 8 0 u L s a m pl e ( 2 0 0 u L of a n n e al e d D N A wit h 8 0 u L of l o a di n g d y e) p er g el a n d r a n at 1 5 0 V f or 3 

h o urs at 4 C ° . T y pi c all y w e r efr es h e d t h e 1 X T A E M g2 +  b uff er af t er 1. 5 h o urs. Aft er el e ctr o p h or esis, 

t h e b a n d wit hi n t h e g el c o nt ai ni n g t h e d esir e d c o m pl e x w as c ut o ut usi n g U V s h a d o wi n g t o vis u ali z e 

t h e  b a n ds.  T o  d o  s o,  t h e  g els  w er e  pl a c e d  o n  t o p  of  a  b e n c h  t o p  tr a nsill u mi n at or  ( 3 U V T M  

Tr a nsill u mi n at or 2 5 4 n m), wit h a  Ki m wi p e pl a c e d o n t o p of t h e g el t o a ct as a s cr e e n f or vis u ali zi n g 

t h e U V s h a d o w. T h e t ar g et b a n d a p p e ar e d as a d ar k li n e a n d w as c ut fr o m t h e g el wit h a r a z or bl a d e. 

T h e r e m o v e d g el sli c e w as t h e n c ut i nt o s m all pi e c es a n d s o a k e d i n a 1. 7 m L t est t u b e wi t h 4 0 0 u L 1 X 

T A E M g 2 +  b uff er f or 1 2 t o 2 4 h o urs at r o o m t e m p er at ur e t o all o w m ost of t h e D N A c o m pl e x es t o 

diff us e o ut of t h e g el pi e c es i nt o t h e s urr o u n di n g s ol uti o n. W e t h e n pi p ett e d t h e s ol uti o n i nt o a fr es h 
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t est  t u b e,  att e m pti n g  t o  l e a v e  t h e  g el  c h u n ks  be hi n d,  a n d  c e ntrif u g e d  t h e  s ol uti o n  i n  t h e  n e w  t est 

t u b e at 1 0, 0 0 0 r cf f or 1 0 mi n ut es t o c o n c e ntr at e a n y r e m ai ni n g g el pi e c es at t h e b ott o m of t h e t u b e 

( C e ntrif u g e 5 4 1 5 D E p p e n d orf). T h e m aj orit y of t h e s u p er n at a nt w as t h e n pi p ett e d off of t h e t o p of 

t h e  t ub e  i nt o  a n ot h er  fr es h  t est  t u b e,  l e a vi n g  b e hi n d  a p pr o xi m at el y  5 0 u L  at  t h e  b ott o m  t h at 

c o nt ai n e d m ost of t h e p ol y a cr yl a mi d e r esi d u e.  

F or p urifi e d d o u bl e -str a n d e d c o m pl e x es, w e us e d E q n. ( SI 1) t o c al c ul at e t h e fi n al c o n c e ntr ati o n, 

wit h t h e e xti n cti o n c o effi ci e nt c al c ul at e d as f oll o ws SI 1 : 

𝐷 𝐶 𝑡 = 𝑥 𝑦 𝑘 ! " #  ! " # $ % & + 𝐴 𝑡 𝑥 ! " # # " $  ! " # $ % & − 3 2 0 0 ∙ 𝑦 ! " − 2 0 0 0 ∙ 𝐵 ! "           ( SI 3) 

w h er e 𝑡 ! "  a n d 𝑥 ! "  ar e  t h e  n u m b ers  of  A T  b as e  p airs  a n d  G C  b as e  p airs  i n  t h e  c o m pl e x, 

r es p e cti v ely.  

1 0. 1. 3 S e q u e n c e s  

T a bl e S. 1 D N A Str a n ds  

X = / 5 C y 3 / T C T A C G G A A A T G T G G C A G A A T C A A T C A T A A G A C A C C A G T C G G T T T T T / 3 A m

M O /  

I n p ut 1       = T A T G G T T G T T T A T G T G T T C C C T G A T G C C T T A A  

I n p ut 2        = A T G T T A G T T T C A C G A A G A C A A T G A T T A A G G C  

A N D g at e c o v er str a n d = T A A G G C A T C A G G G A A C A C A T A A A C A A C C A T A  

A N D g at e b ott o m 

str a n d = T G T T T A T G T G T T C C C T G A T G C C T T A A T C A T T G T C T T C G T G A A A C T A A C A T / 3 C y 3s

P /  

A N D g at e t o p q u e n c h er str a n d = / 5I A B k F Q / A T G T T A G T T T C A C G A A G A C A A T G A T  
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T h e  c o d es  / 5 C y 3 /,  / 3 C y 3s P /,  / 5I A B k F Q /  a n d  / 3 A m M O /  us e d  i n  T a bl e  S. 1  r e pr es e nt  t h e  I D T 

e n d m o difi c ati o ns f or a 5’ C y 3 fl u or o p h or e, a 3’ C y 3 fl u or o p h or e, a n I o w a Bl a c k q u e n c h er, a n d a n 

a mi n o m o difi er, r es p e cti v el y.  

1 0. 2 |  D at a Pr o c e s si n g  

D at a  w as  r e c or d e d  as  i m a g es  ( Fi g. 1)  fr o m  g el  i m a g er  ( S y n g e n e  G B o x  E F 2)  a n d  c o n v ert e d  t o 

c o n c e ntr ati o ns  t hr o u g h  M A T L A B.  Fi g ur e  S 1  s h o ws  a n  e x a m pl e  i m a g e  t h at  w as  us e d  f or 

q u a ntifi c ati o n. T h e l o w er l eft c or n er w ell i n t h e i m a g e is t h e r e a cti o n w ell. W e s el e ct e d a s q u ar e ar e a 

i nsi d e t his w ell t o m e as ur e t h e fl u or es c e n c e i nt e nsit y i n t h e w ell.  T o d et er mi n e h o w fl u or es c e n c e 

i nt ensit y  c orr es p o n d e d  t o  fl u or es c e n c e  str a n d  or  c o m pl e x  c o n c e ntr ati o n,  t h e n  w e  s et  u p  f o ur 

c ali br ati o n  w ells  o n  t o p  of  r e a cti o n  w ell,  w hi c h  is  s a m e  s ol uti o n  v ol u m e  wit h  r e a cti o n  w ell,  b ut 

c o nt ai ns 3 0 0 n M r e p ort er a n d 1 5 0 n M I n p ut 1 wit h 0 n M, 5 0 n M, 1 0 0 n M, 1 5 0 n M i n p ut 2 fr o m l eft t o 

ri g ht, r es p e cti v el y. 

 

Fi g ur e 1 0. 1.  P h ot o gr a p h of t h e r e a cti o n w ell a n d s urr o u n di n g w ell s.  T h e w hit e s q u ar e o v er t h e r e a cti o n 

w ell i n di c at es t h e ar e a of i nt e gr ati o n fr o m w hi c h d at a w as c oll e ct e d, wit h t h e es c a p e h ol e t o t h e t o p ri g ht o f 
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t h e r e a cti o n w ell. T h e bl urr y s p ot i n t h e r e a cti o n w ell, b el o w t h e ar e a of i nt e gr ati o n, is t h e m a g n eti c stir b ar. 

T h e c o n c e ntr ati o n of r e a ct e d G at es is c al c ul at e d as:  

𝐷 =
! !" # $% ! ! ! "! #! $%

!
          ( SI 4) 

𝐶 =
! ! ! ! !

! "
+

! ! ! ! !

! " "
+

! ! ! ! !

! " #
          ( SI 5) 

w h er e  [ A]  is  t h e  c o n c e ntr ati o n  of  r e a ct e d  g at es, 𝑡 ! " # # $ % &  𝑥 𝑦 𝑘  𝐴 ! "! #! $%  ar e  t h e  c urr e nt  a n d  i niti al 

fl u or es c e n c e i nt e nsit y of t h e r e a cti o n w ell. B is t h e c o effi ci e nt t o c o n v ert li g h t i nt e nsit y i nt o m ol ar 

c o n c e ntr ati o n. 𝑡 ! ,𝑥 ! ,𝑦 ! ,𝐵 !  ar e  t h e  fl u or es c e n c e  i nt e nsiti es  of  s ol uti o ns  w h er e  I n p ut  1 = 

0 n M, 5 0 n M, 1 0 0 n M a n d 1 5 0 n M r es p e cti v el y.  

1 0. 3 |  M o d el  

T h e  d as h e d  m o d el  li n es  i n  Fi g.  2 a  of  t h e  m ai n  t e xt  ar e  t h e  s ol uti o n  t o  E q n.  2  (r e pr o d u c e d  as 

E q n. SI 6 b el o w).  

𝑡 [𝑥 ]

𝑦 𝑘
= 𝐶 𝑡 𝑥 − 𝑦 𝐷 𝑦 𝜕 𝑇 + 𝑡          ( SI 6) 

w h er e:  

𝑥 𝑦 𝜕 = 𝑡 𝐷 𝑇 𝑡 𝑥 𝑦 𝑘 𝑘 𝑇 𝑡𝑥 𝑦 𝑘  𝐼𝑡 𝑥 𝑦  𝑇 𝑡 ≡
𝑥 𝑦 𝜕

𝐴
[𝑡 ]𝑥 𝑦         ( SI 7) 

𝜕 ! " # = 𝑡𝐷 𝐴 𝑡  𝑥 𝑦 𝑘 𝑘 𝐴 𝑡 𝑥  𝑦 𝑘 𝐼 ≡
! ! " #

!
=

! ! "

!
        ( SI 8) 

 

T h e v ol u m etri c fl o w r at e ( 𝑡 ! " ) a n d i nf usi o n c o n c e ntr ati o ns ([𝑥 ]! " ) f or t h os e e x p eri m e nts ar e list e d 
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i n t h e l e g e n d f or Fi g. 2 a, wit h t h e v ol u m e of t h e r e a cti o n c h a m b er s et t o V = 3 8 0 u L, a n d t h e r e a cti o n 

t er m s et t o zer o ( i.e. R = 0). F or Fi g. 2 b, t h e s a m e m o d el is us e d, alt er n ati n g b et w e e n [𝐷 ]! " = 0 n M a n d 

5 0 n M f or t h e diff er e nt ti m es l a b el e d i n t h e fi g ur e. F or Fi g. 2 c, t h e t w o s e g m e nts b ef or e a n d aft er t h e 

dist ur b a n c e  ar e  m o d el e d  s e p ar at el y,  wit h [𝐶 ]! = 0  f or  t h e first  pr e-dist ur b a n c e  s e g m e nt,  a n d 

[𝑡 ]! = 1 0 0 n M f or t h e s e c o n d s e g m e nt.  

F or t h e B o ol e a n A N D g at e e x p eri m e nts i n Fi g. 3, t h e d as h e d m o d el li n es ar e t h e s ol uti o n t o a 

s eri es of c o u pl e d O D E’s of t h e s a m e f or m as E q n. 2, o n e f or e a c h c h e mi c al s p e ci es, as f ol l o ws: 

𝑥 [𝑦 𝑘 𝐴 𝑡 𝑥 𝑦 ]

𝐵 𝑡
=

𝑥 𝑦 𝑘

𝐶
∙ 𝑡 𝑥 𝑦 𝐷 𝑦 𝜕 𝑇 𝑡 −

𝑥 𝑦 𝜕 𝑡

𝐷
∙ 𝑇 𝑡 𝑥 𝑦 𝑘 𝑘 − 𝑇 𝑡 𝑥 𝑦𝑘 𝐼 ∙ 𝑡 𝑥 𝑦 𝑇 𝑡 𝑥 𝑦 𝜕 𝐴 𝑡          ( SI 9) 

𝑥 [𝑦 𝜕 𝑡 𝐷 𝐴 𝑡 ]

𝑥 𝑦
=

𝑘 𝑘 𝐴

𝑡
∙ 𝑥 𝑦 𝑘 𝐼 𝑡 𝑥 𝑦 𝐴 −

𝑡 𝑥 𝑦 𝜕

𝑂
∙ 𝑡 𝑥 𝑦 𝜕 𝑡 𝐷 − 𝑂 𝑡 𝑥 𝑦𝑘 𝑂 ∙ 𝑡 𝑥 𝑦 𝑘 𝐼 𝑡 𝑥 𝑦 𝐴 𝑡          ( SI 1 0) 

𝑥 [𝑦 𝑇 𝑥 𝑦 ]

𝐴 𝑥
=

𝑦 𝑂 𝑥

𝑦
∙ 𝜇 𝑀 𝑦 𝑀 𝑥 𝑦 −

𝑁 𝑥 𝑦 𝜇

𝑀
∙ 𝜕 𝐼 𝑡 𝑥 − 𝑦 𝜕 𝑡 𝑘𝑆 𝑡 ∙ 𝑥 𝑦 𝑘 𝐼 𝑡 𝑥 𝑦 𝜕 𝐼 𝑡          ( SI 1 1) 

𝑥 [𝑦 𝜕 𝑡 𝑘 ]

𝑆 𝑡
= −

𝑥 𝑦 𝑘 𝐼

𝑡
∙ 𝑥 𝑦 𝐼 𝑥 + 𝑦 𝐼 𝑥 𝑦𝜇 𝑀 ∙ 𝜕 𝑆 𝑡 𝑥 𝑦 𝜕 𝑡 𝜕 𝑆 𝑡 − 𝑥 𝑦 𝜕 𝑡 𝑆 𝑥 𝑦 𝜇 𝑀 𝑖          ( SI 1 2) 

𝑓 [𝑥 𝑦 𝜇 𝑀 𝑜 𝑡 ]

𝑒 𝑟
= −

𝑤 𝑖 𝑠 𝑒

𝑆
∙ 𝑥 𝑦 𝜇 𝑀 𝑖 𝑓 + 𝑥 𝑦 𝜇 𝑀𝑜 𝑡 ∙ 𝑒 𝑟 𝑤 𝑖 𝑠 𝑒 𝑨 𝑵 𝑫 𝟐          ( SI 1 3) 

w h er e:  

𝑉 = 3 8 0 𝜇 𝐿  

𝑉 ! " = 3 0 0 𝜇 𝐿 ℎ 𝑟  

𝑉 ! " # = 𝑉 !!  

𝑘 ! " #$ % = 7 .2 𝑛 𝑀 ℎ 𝑟  

𝐼 𝑛 𝑝 𝑢 𝑡! ! " = 1 5 0 𝑛 𝑀  

𝐼 𝑛 𝑝 𝑢 𝑡! ! " = 1 5 0 𝑛 𝑀  

𝐴 𝑁 𝐷 ! ! " = 2 0 0 𝑛 𝑀  

F or  t h e  s e g m e nts  l a b el e d  “ O F F ”  i n  Fi g.  3,  t h e  c orr es p o n di n g  i n p ut  i nf usi o n  c o n c e ntr ati o ns 
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𝐷 𝐶 𝑡 𝑥 𝑦! ! "  a n d 𝑘 𝐴 𝑡 𝑥 𝑦! ! " ar e s wit c h e d t o 0 n M.  

R ef er e n c e s  

[ SI 1] V. Bl o o mfi el d & D. M. Cr ot h ers, D. M. N ucleic aci ds: str uct ures, pro perties a n d f u nctio ns , 2 0 0 0 ( N o. 5 7 4. 1 9 2 B 5 2).  
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1 1 | 1 1 | St a bl e D N ASt a bl e D N A -- b a s e d Rb a s e d R e a cti o ne a cti o n -- Diff u si o n P att er n sDiff u si o n P att er n s   
 

S u m m ar y.  W e  d e m o nstr at e  r e a cti o n -diff usi o n  s yst e ms  t h at  g e n er at e  st a bl e  p att er ns  of  D N A 

oli g o n u cl e oti d e  c o n c e ntr ati o ns  wit hi n  a g ar os e  g els,  i n cl u di n g  li n e ar  a n d  “ hill ”  (i. e.  i n cr e asi n g  t h e n 

d e cr e asi n g) s h a p es i n o n e a n d t w o di m e nsi o ns. T h e r e a cti o n n et w or ks t h at pr o d u c e t h es e p att er ns 

ar e dri v e n b y e n z y m e -fr e e D N A str a n d-dis pl a c e m e nt r e a cti o ns, i n w hi c h r e a ct a nt D N A c o m pl e x es 

c o nti n u o usl y  r el e as e  a n d  r e c a pt ur e  t ar g et  str a n ds  of  D N A  i n  t h e  g el;  a  b al a n c e  of  t h es e  r e a cti o ns 

pr o d u c e s  st a bl e  p att er ns.  T h e  r e a ct a nt  c o m pl e x es  ar e  m ai nt ai n e d  at  hi g h  c o n c e ntr ati o ns  b y  li q ui d 

r es er v oirs  al o n g  t h e  g el  b o u n d ar y.  W e  m o nit or  o ur  p att er ns  usi n g  ti m e -l a ps e  fl u or es c e n c e 

mi cr os c o p y  a n d  s h o w  t h at  t h e  s h a p e  of  o ur  p att er ns  c a n  b e  e asil y  t u n e d  b y  m a n i p ul ati n g  t h e 

b o u n d ar y  r es er v oirs.  Fi n all y,  w e  s h o w  t h at  t w o  o v erl a p pi n g,  st a bl e  gr a di e nts  c a n  b e  g e n er at e d  b y 

d esi g ni n g t w o s ets of n o n -i nt er a cti n g r el e as e a n d r e c a pt ur e r e a cti o ns wit h D N A str a n d-dis pl a c e m e nt 

s yst e ms. T his p a p er r e pr es e nts a st e p t o w ar d t h e g e n er ati o n of s c al a bl e, c o m pl e x r e a cti o n -diff usi o n 

p att er ns f or pr o gr a m mi n g t h e s p ati ot e m p or al b e h a vi or of s y nt h eti c m at eri als.  

1 1. 1 | I ntr o d u cti o n 

Gr a di e nts  ar e  u bi q uit o us  dri v ers  of  s p ati all y  diff er e nti at e d  b e h a vi or  a n d  c o m m u ni c ati o n  i n 

bi ol o gi c al  s ys t e ms.  F or  e x a m pl e,  stri p es  of  m R N A  c o n c e ntr ati o ns  g e n er at e d  b y  r e a cti o n-diff usi o n 

( R D)  pr o c ess es  i n  t h e  e m br y o  of  t h e  fr uit  fl y  Dr os o p hil a  a ct  as  c h e mi c al  bl u e pri nts  t o  dir e ct  t h e 

gr o wt h  of  t h e  e m br y o 1, 2 .  A  v ari et y  of  s p ati al  c o n c e ntr ati o n  p att er ns  als o  aris e  d uri n g  i nt er c ell ul ar 

si g n ali n g  pr o c ess es 3, 4 .  S y nt h eti c  p att er ns  h a v e  b e e n  g e n er at e d  i n  vitr o  t o  st u d y  a n d  c o ntr ol 

c h e m ot a xis 5 , a n gi o g e n esis6 , st e m c ell pr olif er ati o n a n d diff er e nti ati o n7 , a x o n gr o wt h8 , c ell c ult ur e a n d 

c ell  b e h a vi or  i n  h y dr o g els 9, 1 0 ,  an d  pr ot ei n  e x pr essi o n 1 1 .  C h e mi c al  gr a di e nts  h a v e  als o  b e e n  us e d  t o 

c o ntr ol  r e a cti vit y,  dir e ct  m e c h a ni c al  a ct u ati o n,  p att er n  s y nt h eti c  m at eri als  a n d  or c h estr at e  s elf -
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r e g e n er ati o n1 2 -1 4 . 

   C h e mi c al gr a di e nts ar e oft e n pr o d u c e d usi n g lit h o gr a p hi c or li g ht -dri v e n p att er ni n g m et h o ds 

t h at e n c o d e v ari ati o ns of d e nsit y of a m ol e c ul e al o n g a s urf a c e or wit hi n a 3-di m e nsi o n al m at eri al 1 5 -

1 7 ,  or  b y  diff usi o n  a n d  fl o w  a cr oss  m e m br a n es  i n  mi cr ofl ui di c  d e vi c es1 8 -2 1 .  W hil e  t h es e  t o p-d o w n 

pr o c ess es  c a n  g e n er at e  p att er ns  of m ol e c ul es  of  hi g h  c o m pl e xit y 1 6, 1 7 ,  t h e  r es ulti n g  p att er ns  c a n n ot 

e asil y e v ol v e or r e g e n er at e o v er ti m e as m at eri als ar e c o ns u m e d or diff us e a w a y.  

 S y nt h eti c r e a cti o n -diff usi o n s yst e ms c a n als o pr o d u c e s p ati ot e m p or al c h e mi c al p att er ns fr o m 

t h e b ott o m u p, usi n g i n or g a ni c s yst e ms s u c h as t h e B el o us o v -Z h a b oti ns k y r e a cti o n 2 2, 2 3 , or e n z y m ati c 

n et w or ks 2 4 -2 9  b ot h  wit h  tr a ns cri pti o n al  cir c uits 3 0  a n d  wit h  t h e  P ol y m er as e,  E x o n u cl e as e,  Ni c k as e 

( P E N)  t o ol b o x3 1, 3 2 ,  i n cl u di n g  gr a di e nts,  tr a v eli n g  w a v es  a n d  s p ati al  p att er ns  of  s p ots  or  stri p es3 3, 3 4 .  

H o w e v er, t h e ki n eti cs of m a n y e n z y m e -b as e d R D s yst e ms ar e s e nsiti v e t o t e m p er at ur e v ari ati o ns of 

a f e w d e gr e es C a n d t o b uff er c o n diti o ns, li miti n g w h e n t h e y c a n b e a p pli e d. F urt h er, i t is g e n er all y 

diffi c ult  t o  s c al e  t h e  n u m b er  of  c o m p o n e nts  t h at  c a n  b e  c o m bi n e d  i n  t h e  s a m e  s ol uti o n  i n  m a n y 

i n or g a ni c r e a cti o n-diff usi o n pr o c ess es, li miti n g t h e c o m pl e xit y of p att er ns t h at m a y b e f or m e d wit h 

t h e c o m p o n e nts3 5 .  

 A n  alt er n ati v e  b ott o m -u p  a p pr o a c h  f or  g e n er ati n g  c h e mi c al  p att er ns  i s  t o  us e  e n z y m e-fr e e 

D N A  str a n d -dis pl a c e m e nt  r e a cti o ns 3 6 ,  w hi c h  c a n  b e  us e d  t o  pr o gr a m  l ar g e,  c o u pl e d  c h e mi c al 

r e a cti o n  n et w or ks3 7 -3 9 .  B e c a us e  t h e y  ar e  c o ntr oll e d  b y  f or w ar d  r at es  of  r e a cti o n  b et w e e n  D N A 

s p e ci es,  str a n d-dis pl a c e m e nt  r e a cti o ns  h a v e  r el ati v e l y  c o nsist e nt  r at e  c o nst a nts3 6, 3 7, 3 9 -4 4  a cr oss  a 

t e mp er at ur e  r a n g e  of  t e ns  of    d e gr e es C.    Str a n d -dis pl a c e m e nt  r e a cti o ns  h a v e  als o  b e e n 

d e m o nstr at e d  i n  a  v ari et y  of  b uff ers,  c ell  m e di a 4 5 ,  a n d  wit hi n  li vi n g  c ells4 6 .  W hil e  D N A  r e a cti o n-

diff usi o n  s yst e ms  h a v e  b e e n  b uilt  usi n g  str a n d -dis pl a c e m e nt  r e a cti o ns 4 7, 4 8 ,  t h e  p att er ns  t h at  f or m 

t e n d  t o  b e  t e m p or all y  u nst a bl e,  as  diff usi o n  e v e nt u all y  dri v es  s ol u bl e  o ut p ut  p att er ns  i nt o 

h o m o g e n eit y.  
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 W e h a v e pr e vi o usl y s u g g est e d a d esi g n f or str a n d -dis pl a c e m e nt r e a cti o n n et w or ks i n w hi c h 

t h e m ol e c ul es t h at f or m a p att er n ar e c o nti n u o usl y r el e as e d a n d r e c a pt ur e d f ast er t h a n diff usi o n c a n 

mi x t h e m t o g et h er, g e n er ati n g st a bl e p att er ns 4 9, 5 0 . T his pr o c ess e n a bl es c h e mi c al p att er ns f or m e d b y 

r e a cti o n-diff usi o n pr o c ess es t o r e g e n er at e w h e n p ert ur b e d, a n d c o ul d s er v e as a b uil di n g bl o c k f or 

t h e m o d ul ar d esi g n of r e a cti o n-diff usi o n pr o c ess es t h at f or m m or e c o m pl e x p att er ns s u c h as a sti c k 

fi g ur e. 

 I n t his p a p er, w e us e a c o nti n u o us r el e as e -a n d -r e c a pt ur e m otif t o g e n er at e st a bl e p atter ns of 

s ol u bl e  D N A  m ol e c ul es  wit hi n  a  h y dr o g el  s u bstr at e  usi n g  e n z y m e -fr e e  D N A  str a n d  dis pl a c e m e nt 

r e a cti o ns.    T hes e  p att er ns  ar e  m ai nt ai n e d  b y r e a ct a nt  m ol e c ul es  diff usi n g  i n  fr o m  li q ui d  r es er v oirs 

al o n g  t h e  s u bstr at e  b o u n d ar y  w h er e  t h es e  m ol e c ul es  ar e  p r es e nt  at  hi g h  c o n c e ntr ati o ns.  W e  s h o w 

t h at  o ur  s yst e m  c a n  pr o d u c e  milli m et er-s c al e  h et er o g e n e o us  p att er ns  i n  o n e  a n d  t w o  di m e nsi o ns, 

a n d t h at t h es e p att er ns c a n b e m a d e t o eit h er gr o w c o nti n u o usl y or t o r e m ai n st a bl e o v er ti m e. I n 

pri n ci pl e, st a bl e p att er ns s h o ul d r e m ai n st a bl e as l o n g as t h e r es er v oirs h a v e a hi g h c o n c e ntr ati o n of 

r e a ct a nt m ol e c ul es. T o u n d ers c or e t his p oi nt, w e s h o w t h at t h es e p att er ns r e m ai n st a bl e f or o v er 3 0 

h o urs.  W e  als o  cr e at e  m ulti pl e x e d  p att er ns  i n v ol vi n g  m ulti pl e  s p e ci es  of  D N A wit h  ort h o g o n al 

n u cl e oti d e s e q u e n c es.    

 

Fi g ur e  1 1. 1.  S c h e m ati c  of  D N A  str a n d  di s pl a c e m e nt  r e a cti o n s  a n d  t h e  s et u p  of  r e a cti o n  diff u si o n 

s y st e m s.  ( A)  T hr e e  str a n d  dis pl a c e m e nt  r e a cti o ns  g e n er at e  a n d  m o nit or  gr a di e nts.  (i)  R el e as e:  T h e  O ut p ut 
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str a n d is initi all y b o u n d wit hi n a S o ur c e c o m pl e x wit h its t o e h ol d d o m ai n ( gr e e n) s e q u est er e d i n a n i n a cti v e, 

d o u bl e -str a n d e d  st at e.  T h e  O ut p ut  is  r el e as e d  b y  a n  I niti at or  str a n d  vi a  a  r el ati v el y  f ast  5  b as e -p air  ( b p) 

t o e h ol d  m e di at e d  r e a cti o n.  (ii)  R e c a pt ur e:  T h e  O ut p ut  str a n d  is  r e c a pt ur e d  b y  a  R e c a pt ur er  c o m pl e x  i n  a 

r el ati v el y sl o w r e a cti o n. (iii) R e p orti n g: T h e c o n c e ntr ati o n of t h e O ut p ut is “r e a d ” b y r e v ersi bl y r e a cti n g wit h 

a r e p ort er c o m pl e x w h os e str a n ds h a v e a n att a c h e d fl u or o p h or e a n d q u e n c h er. T h e i ns et s h o ws t h e str u ct ur e 

of a w ast e 1 c o m pl e x. Gr e e n d o m ai ns i n di c at e t o e h ol ds ( 5 b p) a n d t h e bl a c k d o m ai n i n di c at es t h e “ 1 ” d o m ai n 

( 1 5 b p). C o m pl e m e nt ar y s e q u e n c es ar e d e n ot e d b y a n a p ostr o p h e ( e. g., s e q u e n c e 1 is f ull y c o m pl e m e nt ar y t o 

1’) a n d s h ar e t h e s a m e c ol or . T hr e e-pri m e e n ds of t h e D N A str a n ds ar e l a b el e d wit h a n arr o w. T h e br o w n 

b u m p i n t h e R e c a pt ur er c o m pl e x i n di c at es a si n gl e b as e mis m at c h. ( B) (i) Si d e -vi e w s c h e m ati c of t h e R D c ell 

( x-z  pl a n e),  w h os e  e xt eri or  is  f or m e d  fr o m  P D M S  c ast  ar o u n d  a  n e g ati v e  m o l d.  T h e  R D  s yst e m  i nsi d e 

c o nsists of a 1 % a g ar os e h y dr o g el b et w e e n t w o li q ui d r es er v oirs, e a c h c o nt ai ni n g a s ol uti o n of D N A s p e ci es. 

A n o pti c al mi cr os c o p e i m a g es t h e c ell t hr o u g h a gl ass c o v ersli p b o u n d t o t h e P D M S ( M et h o ds). (ii) T o p -vi e w 

s c h e m ati c  of  a n R D  c ell  ( x -y  pl a n e).  I ns et  di a gr a ms  d e pi ct  i niti al  c o n diti o ns  f or  a n  e x p eri m e nt  i n  w hi c h  a 

gr o wi n g  gr a di e nt  f or ms:  Li q ui d  R es er v oir  1  c o nt ai ns  of  S o ur c e  a n d  R e p ort er  s p e ci es,  Li q ui d  R es er v oir  2 

c o nt ai ns I niti at or a n d R e p ort er s p e ci es, a n d t h e h y dr o g el c o nt ai ns R e p ort er s p e ci es.  

1 1. 2 |  R e s ult s a n d Di s c u s si o n  

1 1. 2. 1  | S y st e m  d e si g n  a n d  m e c h a ni s m.  O ur  g o al  w as  t o  d e v el o p  a  r e a cti o n -diff usi o n 

( R D) s yst e m t h at w o ul d l e a d t o t h e f or m ati o n of a s p ati ot e m p or all y st a bl e (i. e. u n c h a n gi n g) gr a di e nt 

usi n g D N A -b as e d s tr a n d dis pl a c e m e nt s yst e ms.  R D pr o c ess es c a n b e d es cri b e d b y a s et of p arti al 

diff er e nti al e q u ati o ns of t h e f or m:  

  
! ! !

! "
= 𝐷 ! + 𝐶 ! ∇

! 𝑡 ! ,  ( 1) 

w h er e  C j,  Dj a n d  R j ar e  t h e  c o n c e ntr ati o n,  diff usi o n  c o effi ci e nt  a n d  t h e  t ot al  r at e  of  t h e  r e a cti o ns 

i n v ol vi n g s p e ci es j, r es p e cti v el y, wit h o n e s u c h e q u ati o n f or e a c h of t h e s p e ci es i n t h e s yst e m.  

O ur m o d el f or t h e g e n er ati o n of st a bl e gr a di e nts is a c o u pl e d s et of r e a cti o ns t h at ( 1) r el e as e t h e 
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s p e ci es  f or mi n g  t h e  gr a di e nt  a n d  ( 2)  r e c a pt ur e  t h at  s p e ci es.  T h es e  r e a cti o ns  t o g et h er  i n d u c e  t h e 

d y n a mi cs  

 𝐷 ! = 𝐶 ! "# − 𝑡 ! " # 𝑥 ,  ( 2) 

w h er e  k r el is t h e  r at e  of  r el e as e  of  t h e  o ut p ut s p e ci es  O,  a n d  k c a p is  t h e  r e a cti o n  r at e  co nst a nt  of 

r e c a pt ur e. At st e a d y st at e i n a w ell-mi x e d s ol uti o n, [ O] i s st a bl e at t h e c o n c e ntr ati o n k r el⁄k c a p. 

T o  e m ul at e  t his  a bstr a ct  r el e as e  a n d  r e c a pt ur e  pr o c ess,  w e  d e vis e d  a  s et  of  D N A  str a n d -

dis pl a c e m e nt r e a cti o ns t h at r el e as e a n d r e c a pt ur e a n o ut p ut s p e ci es O, r es p e cti v el y:  

 𝑦 + 𝑘
! !

𝐴 + 𝑡 ! , ( 3) 

 𝑥 𝑦 𝐵 + 𝑡
! !

𝑥 ! + 𝑦 ! ,  ( 4) 

w h er e S, I a n d R e c ar e r e a ct a nt s p e ci es a n d W 1 , W2  a n d W 3  ar e w ast e pr o d u ct s. W e c all S, I, R e c, a n d 

O t h e S o ur c e, I niti at or, R e c a pt ur er a n d O ut p ut, r es p e cti v el y. W h e n t h e c o n c e ntr ati o ns of S, I a n d 

R e c  ar e  h el d  c o nst a nt,  t h e  c h a n g e  i n  [ O]  o v er ti m e  f oll o ws  E q u ati o n  2  w h er e  kr el= k 1 [ S][I]  a n d 

k r e c= k 2 [ R e c]. 

T h es e o p p osi n g r el e as e a n d r e c a p t ur e r e a cti o ns b al a n c e e a c h ot h er t o f or m a st a bl e p oi nt t h at 

c a n  b e  us e d  t o  g e n er at e  st a bl e  c o n c e ntr ati o n  gr a di e nts.  B y  c o ntr olli n g  t h e  s p ati al  v ari ati o n  of  t h e 

r e a ct a nt  c o n c e ntr ati o ns  a n d  c h o osi n g  t h e  r at e  c o nst a nts  f or  t h e  r el e as e  a n d  r e c a pt ur e  r e a cti o n s,  a 

v ari et y of gr a di e nt pr ofil es m a y b e cr e at e d. F or e x a m pl e, if S a n d I m e et a n d r el e as e O at a si n gl e 

l o c ati o n, a n d R e c is pr es e nt t hr o u g h o ut t h e s u bstr at e, a st a bl e gr a di e nt of O will f or m ar o u n d t h e 

r el e as e l o c ati o n, w hi c h will r e m ai n st a bl e as l o n g as S, I a n d R e c ar e s u p pli e d t o t h e s yst e m.  

1 1. 2. 2 | D N A str a n d di s pl a c e m e nt r el e a s e a n d r e c a pt ur e r e a cti o n s.  T o i m pl e m e nt t h e 

r el e as e  r e a cti o n  d es cri b e d  i n  E q n.  3,  w e  i niti all y  s e q u est er  t h e  O ut p ut  m ol e c ul e  i n  a n  i n ert  f or m 

wit hi n  t h e  S o ur c e  c o m pl e x.  O  is  r a pi dl y  r el e as e d  fr o m  S  w h e n  it  is  dis pl a c e d  b y  a n  I niti at or 
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m ol e c ul e. T h e I niti at or bi n ds t o t h e S o ur c e c o m pl e x vi a a 5 b as e p air t o e h ol d, w hi c h h as a st a n d ar d 

r at e  c o nst a nt4 0  k 5 b p = 5 × 1 0 4  ( M  s)-1 .  T h e  r e c a pt ur e  r e a cti o n  i n  E q n.  4  o c c urs  w h e n  a  R e c a pt ur er 

c o m pl e x bi n ds t o O, s e q u est eri n g its t o e h ol d a n d r e n d eri n g it u n a bl e t o r e a ct f urt h er ( Fi g. 1 Aii). W e 

d esi g n e d t h e r e c a pt ur e r e a cti o n t o o c c ur m u c h m or e sl o wl y, vi a a str a n d dis pl a c e m e nt pr o c ess t h at is 

i niti at e d  at  a  ni c k  i n  t h e  R e c  ds D N A  b a c k b o n e,  w hi c h w e m o d el  wit h  a  r at e  c o nst a nt  of  k 2 = 

k ni c k = 5 0 0  ( M  s) -1 .  T o g et h er,  r el e as e  a n d  r e c a pt ur e  pr o c ess es  c y cl e  m ol e c ul es  of  O  b et w e e n  t h eir 

r el e as e d (fr e e) a n d r e c a pt ur e d (i n ert) st at e, a n d c a n f or m a s p ati al gr a di e nt of t h e o ut p ut str a n d f ast er 

t h a n  diff usi o n  mix es  t h e  c o m p o n e nts  i nt o  h o m o g e n eit y.  T o  e x p eri m e nt all y  m o nit or  t h e 

c o n c e ntr ati o n of r el e as e d O, w e als o d esi g n e d a 5 b p r e v ersi bl e r e p orti n g r e a cti o n ( E q n. 5). I n t his 

r e a cti o n, a R e p ort er c o m pl e x, R e p, w hi c h c o nsists of a fl u or es c e nt str a n d f, a n d a q u e n c h er str a n d q, 

r a pi dl y a n d r e v ersi bl y r e a cts wit h O ut p ut O t hr o u g h 5 b p t o e h ol ds ( Fi g. 1 Aiii).  

R e p orti n g:   𝐷 𝐶 𝑡 + 𝑥

𝑦 ! ,! "

⇌
𝑘 ! ,! " "

𝐴 + 𝑡 ,   ( 5) 

w h er e : 𝑥 ! ,! " = 𝑦 ! ,! " " = 𝐵 ! " # . 

W e  n e xt  d esi g n e d  t h e  D N A  s e q u e n c es,  f or  t h e  S o ur c e,  O ut p ut,  R e c a pt ur er  a n d  R e p ort er  b y 

st arti n g  wit h  a  s et  of  s e q u e n c es  us e d  i n  ot h er  str a n d  dis pl a c e m e nt  cir c uits 3 7 .  W e  a d d e d  cl a m ps  t o 

t h es e s e q u e n c es t o r e d u c e t h e r at es of u ni nt e n d e d “l e a k ” r e a cti o ns b et w e e n t h e c o m pl e x es5 1 . S u c h 

l e a k r e a cti o ns ar e li k el y a r es ult of fr a yi n g e n ds of c o m pl e x es 5 2, 5 3 , s y nt h esis err ors5 4  or i m p erf e cti o ns 

i n  c o m pl e x  p urifi c ati o n,  w hi c h  li mits  t h e  a bilit y  t o  d esi g n  r e a cti o ns  t o  e x a ct  s p e cifi c ati o ns.  W e 

i n cl u d e  r at es  of  t h es e  l e a k  r e a cti o ns,  b as e d  o n  m e as ur e m e nts  a n d  esti m at es5 5 , i n  o ur  m o d els  (s e e 

s e cti o n 1 2. 1).  

1 1. 2. 3  | C o n str u cti o n  of  a  r e a cti o n -diff u si o n  r e a cti o n  c ell  a n d  r e a cti o n  m o nit ori n g.  

W e b uilt a r e a cti o n c ell c o m p os e d of t hr e e p orti o ns of a p pr o xi m at el y e q u al v ol u m e. T h e o ut er t w o 
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p orti o ns ar e li q ui d r es er v oirs, wit h a 1 % a g ar os e h y dr o g el i n t h e  mi d dl e ( Fi g. 1 B a n d s e cti o n 1 2. 5 ). 

T his s et u p all o ws us t o m ai nt ai n c o nst a nt c o n c e ntr ati o n b o u n d ar y c o n diti o ns at eit h er e n d of t h e 

h y dr o g el s u bstr at e f or t h e r e a ct a nt m ol e c ul es ( S, I, R e c, a n d R e p) b y m a n u all y e x c h a n gi n g t h e li q ui d 

wit hi n  t h e  r es er v oirs.  T h e  c o nti n u o us  diff usi o n  of  fr es h  r e a ct a nts  fr o m  t h e  r es er v oir  i nt o  t h e 

s u bstr at e, a n d t h e diff usi o n of w ast e pr o d u cts o ut of t h e s u bstr at e, dri v es t h e r el e as e a n d r e c a pt ur e 

r e a cti o ns t h at h ol d t h e p att er n of O st a bl e i n s pit e of diff usi o n. B e c a us e t h e a g ar os e s u bstr at e r esists 

n o n -diff usi v e  fl o ws,  w e  c a n  e x c h a n g e  t h e  r e a cti o n  b uff er  i n  t h es e  r es er v oirs  r e p e at e dl y  wit h o ut 

p ert ur bi n g t h e p att er n.  W e m e as ur e t h e i nt e nsit y of fl u or es c e n c e usi n g ti m e -l a ps e mi cr os c o p y (s e e 

M et h o ds)  a n d c o n v ert i nt e nsit y t o c o n c e ntr ati o n of O ut p ut usi n g a c ali br ati o n c ur v e ( s e cti o n 1 2. 2, 

M et h o ds).  

T o  d esi g n  gr a di e nt  p att er ns  w e  b uilt  a  si m pl e,  0 -p ar a m et er  fit  c o m p ut ati o n al  m o d el  t h at  us e d 

diff usi o n  r at es  f or  si n gl e - a n d  d o u bl e -str a n d e d  D N A  a n d  r e a cti o n  r at e  c o nst a nts  f or  t h e  d esi g n e d 

r e a cti o ns. W e ass u m e d t h at t h e r e a cti o n r at e c o nst a nts f or t h e str a n d dis pl a c e m e nt w er e t h e s a m e as 

t h os e m e as ur e d i n fr e e s ol uti o n. B e c a us e diff usi o n r at es c a n b e str o n gl y aff e ct e d b y t h e s urr o u n di n g 

m e di u m, w e first m e as ur e d t h e diff usi o n r at es of si n gl e - a n d d o u bl e -str a n d e d D N A oli g o n u cl e oti d es 

of si z es a p pr o xi m at el y e q u al t o t h os e us e d i n o ur r e a cti o ns. W e b uilt a t w o -c h a m b er a g ar os e s yst e m 

w h er e a p pr o xi m at el y 1 / 3 of t h e t ot al l e n gt h of t h e c ell c o nt ai n e d a 1 % a g ar os e  g el , w hi c h i niti all y 

c o nt ai n e d  1 0 0  n M  of fl u or es c e ntl y  l a b el e d  D N A  s p e ci es  w h os e  diff usi o n  c o nst a nt  w as  t o  b e 

m e as ur e d.  
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Fi g ur e  1 1. 2. Diff u si o n c o effi ci e nt m e a s ur e m e nt  f or s s D N A a n d d s D N A i n 1 % a g ar o s e. E x p eri m e nt al 

d at a (s q u ar e m ar k ers) a n d si m ul ati o n of t h e b est fit t o t h e diff usi o n c o effi ci e nt ( d as h e d li n e) f or ( A) ss D N A 

a n d  ( B)  ds D N A.  T h e  i niti al  c o n diti o ns  f or  b ot h  e x p eri m e nts  ar e  s h o w n  i n  t h e  i ns et  i n  ( A).    Diff usi o n 

c o effi ci e nts  w er e  fit  t o  e x p eri m e nt al  v al u es  usi n g  a  l e ast  s q u ar es  fitti n g  m et h o d;  si m ul ati o ns  s h o w  t h e 

pr e di cti o ns of diff usi o n wit h t h e b est fit. 0 h o urs i n di c at es t h e ti m e at w hi c h i m a gi n g st art e d, w hi c h w as a b o ut 

3 0  mi n ut es  aft er  t h e  fl u or es c e ntl y  l a b el e d  D N A  i n  a g ar os e  w as  a d d e d  t o  t h e  r e a cti o n  c h a n n el.  B ot h  D N A 

s p e ci es ar e 2 3 b as e  p airs l o n g. S e q u e n c es ar e list e d i n s e cti o n 1 2. 6.  

T h e r e m ai ni n g 2 / 3 w as c o m p os e d of 1 % a g ar os e g el wit h o ut D N A ( M et h o ds). W e f oll o w e d t h e 

s pr e a d  of  t h e  s p e ci es  usi n g  ti m e -l a ps e  fl u or es c e n c e  mi cr os c o p y  (s e e  M et h o ds).    Usi n g  st a n d ar d 

diff usi o n  e q u ati o ns,  w e  fit  a  diff usi o n  r at e  c o nst a nt  of  D _(ss D N A, 2 3) = 1 1 5 ± 1 µ m 2 /s,  f or  si n gl e -
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str a n d e d  D N A  or  ~ 7 5 %  t h e  r e p ort e d  v al u e  f or  D N A  of  si mil ar  si z e  i n  s ol uti o n 5 6, 5 7,  a n d 

D _( ds D N A, 2 3) = 7 5 ± 3 µ m 2 /s ( Fi g. 2). Usi n g t h es e v al u es, a n d t h os e ass u m e d f or t h e r e a cti o n r at e 

c o nst a nts, w e m o d el e d t h e gr o wi n g gr a di e nt ( Fi g.  1 2. 3 ) an d t h e st a bl e gr a di e nt ( Fi g.  1 2. 4 ) t o e ns ur e 

t h e pr ofil es w o ul d f or m as i nt e n d e d. 

1 1. 2. 4  | Gr a di e nt  g e n er ati o n  b y  diff u si o n  al o n e.  W e  n e xt  c h ar a ct eri z e d  h o w  diff usi o n 

gr a di e nts  f or m  i n  t h e  a bs e n c e  of  a n y  r el e as e  or  r e c a pt ur e  r e a cti o ns.  W e  pl a c e d  a  b uff er  s ol uti o n 

c o nt ai ni n g  3 0 0  n M  of  t h e  O ut p ut  i n  t h e  ri g ht -h a n d  li q ui d r es er v oir  a n d  a  b uff er  s ol uti o n  wit h  n o 

O ut p ut i n t h e o p p osi n g r es er v oir. F or t his r e a cti o nl ess c o nfi g ur ati o n, E q n. 1 b e c o m es  

  
! "

! "
= 𝐷 ! ∇ ! 𝐶 .  ( 6) 

S etti n g E q n. 6 t o z er o gi v es a st e a d y st at e pr ofil e as a f u n cti o n of p ositi o n x [ O]( x) =[ O] r es er v oir*( x / L), 

a li n e ar c o n c e ntr ati o n gr a di e nt w h er e [ O] r es er v oir is t h e c o n c e ntr ati o n of O i n t h e hi g h c o n c e ntr ati o n 

r es er v oir a nd L is t h e l e n gt h of t h e h y dr o g el.  

 

Fi g ur e  1 1. 3 . P att er n f or m ati o n u si n g D N A str a n d di s pl a c e m e nt r e a cti o n s wit hi n a n a g ar o s e h y dr o g el.  

T h e b o u n d ar y c o n diti o ns ar e c o ntr oll e d b y li q ui d r es er v oirs o n o p p osi n g si d es of t h e a g ar os e h y dr o g el, w hi c h 
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c o nt ai n  d efi n e d  c o n c e ntr ati o ns  of  r e a ct a nts  a n d  w hi c h  w er e  p eri o di c all y  r e pl e nis h e d  m a n u all y.  I niti al 

c o n diti o ns  est a blis h e d  t hr o u g h  l o a di n g  t h e  li q ui d  r es er v oirs  a n d  t h e  a g ar os e  h y dr o g el  wit h  r e a ct a nts.  S oli d 

li n es  s h o w  t h e  c o n c e ntr ati o ns  of  t h e  o ut p ut  s p e ci es  d eter mi n e d  fr o m  mi cr o gr a p hs  (s e e  M et h o ds).  D ott e d 

li n es  ar e  t h e  pr e di cti o ns  of  z er o  p ar a m et er-fit  si m ul ati o ns  (s e e  M et h o ds).  ( A)  Li n e ar  gr a di e nts,  ( B)  “ hill ” 

gr a di e nts t h at gr o w o v er ti m e a n d ( C -D) st a bl e hill gr a di e nts. E a c h gr a di e nt f or ms as pr e di ct e d b y a p arti al -

diff er e nti al  e q u ati o n  m o d el  of  r e a cti o n -diff usi o n.  T h e  i niti al  c o n c e ntr ati o n  of  t h e  r e p ort er  c o m pl e x  is 

[ R e p]0 = 2 0 0 n M i n b ot h t h e li q ui d r es er v oirs a n d t h e a g ar os e h y dr o g els f or all s yst e ms. T h e y -a xis s c al e v ari es 

b et w e e n pl ots. E x c h a n g e of t h e b u ff er i n t h e r es er v oirs o c c urr e d i n t h e e x p eri m e nt aft er ( A) 2 2 h o urs, ( B) 1 5 

a n d  6 5  h o urs,  ( C)  2 4  a n d  5 2  h o urs,  a n d  ( D)  4 8,  6 8  a n d  8 9  h o urs.  Fl u or es c e n c e  mi cr o gr a p h  d e pi ct e d 

u n d er n e at h e a c h pl ot s h o ws t h e st at e of t h e gr a di e nt aft er t h e l o n g est ti m e list e d  i n t h e l e g e n d. Q u alit ati v e 

r e pr es e nt ati o n of i niti al c o n diti o ns (r e d li n e) a n d c o n c e ntr ati o n pr ofil e at st e a d y st at e ( bl u e d as h e d li n e) ar e 

d e pi ct e d  b e n e at h  pl ots,  w h er e  t h e  t w o  li g ht  bl u e  r e gi o ns  i n di c at e  li q ui d  r es er v oirs  a n d  t h e  w hit e  r e gi o n 

i n di c at es h y dr o g el. I n t h e gr o wi n g hill gr a di e nt, i n cr e asi n g ti m e is s h o w n as i n cr e asi n g li n e  wi dt h.  [ O], [I], [ S], 

[ R e c], i n di c at e t h e c o n c e ntr ati o ns of O ut p ut, I niti at or, S o ur c e a n d R e c a pt ur er, r es p e cti v el y. 

 T o a c c el er at e gr a di e nt d e v el o p m e nt t h e h y dr o g el w as i ni ti all y l o a d e d wit h 1 5 0 n M of O ut p ut. 

2 0 0  n M  of  R e p ort er  w as  a d d e d  t o  t h e  r es er v oirs  a n d  t h e  h y dr o g el.  T h e  e x p e ct e d  li n e ar  gr a di e nt 

f or m e d  b y  a b o ut  8  h o urs  a n d  r e m ai n e d  st a bl e  o v er  at  l e ast  2 4  h o urs  ( Fi g.  3 A).    T h e  d y n a mi cs  of 

f or m ati o n w er e c o nsist e nt wit h si m ul ati o ns t h at us e d t h e m e as ur e d diff usi o n r at es. W e als o v erifi e d 

t h at t h e e x p e ct e d li n e ar gr a di e nt f or m e d i n r es p o ns e t o diff er e nt i niti al c o n c e ntr ati o ns of O ut p ut i n 

t h e  r es er v oirs  a n d  h y dr o g el,  a n d  w h er e  t h e  t ot al  a m o u nt  of  D N A  i n  t h e  h y dr o g el  w o ul d n e e d  t o 

c h a n g e t o r e a c h st e a d y st at e ( Fi g. 1 2. 5).  

1 1. 2. 5  | C o u pl e d  r el e a s e  a n d  diff u si o n  f or m  gr o wi n g  gr a di e nt s.  T o  d e m o nstr at e  t h at 

d esi g n e d  gr a di e nt  p att er ns  c o ul d  als o  b e  f or m e d  usi n g  c o u pl e d  r e a cti o n  a n d  diff usi o n,  w e  l o a d e d 

b uff er c o nt ai ni n g 3 0 0 n M  of I niti at or s p e ci es i nt o o n e r es er v oir a n d b uff er c o nt ai ni n g 3 0 0 n M of 
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S o ur c e s p e ci es i nt o t h e o p p osit e r es er v oir. S o ur c e a n d I niti at or c a n diff us e i nt o t h e g el a n d r e a ct t o 

r el e as e t h e O ut p ut s p e ci es at t h e p oi nt w h er e t h eir r es p e cti v e diff usi o n gr a di e n ts m e et. T h e h ei g ht 

a n d wi dt h of t h e O ut p ut gr a di e nt s h o ul d i n cr e as e o v er ti m e as O ut p ut c o nti n u es t o b e r e l e as e d a n d 

diff us es o ut w ar d ( Fi g. 1 2. 3). C o nsist e nt wit h t h es e pr e di cti o ns, a hill -s h a p e d O ut p ut gr a di e nt f or m e d 

( Fi g.  3 B).  T h e  gr a di e nt  of  O ut p ut  t hat  f or m e d  gr e w  a n d  br o a d e n e d  f or  at  l e ast  8 7  h o urs,  wit h 

O ut p ut c o n c e ntr ati o ns r e a c hi n g 1 5 0 n M at t h e c e ntr al p e a k.  T o m ai nt ai n t h e b o u n d ar y c o n diti o ns, 

t h e  b uff ers  i n  t h e  r es er v oirs  w er e  r e pl a c e d  wit h  fr es h  s ol uti o n  wit h  t h e  st at e d  c o n c e ntr ati o ns  of 

R e p o rt er, S o ur c e, a n d I niti at or a b o ut o n c e p er d a y. E x a ct ti m es w h e n t h e r es er v oirs w er e r efr es h e d 

ar e st at e d i n t h e fi g ur e c a pti o ns.   

1 1. 2. 6  | St a bl e  gr a di e nt s  f or m  t hr o u g h  b al a n c e d  r el e a s e  a n d  r e c a pt ur e.  T o  b uil d 

st a bl e  gr a di e nts,  w e  n e xt  c o m bi n e d  t h e  r el e as e  a n d  r e c a pt ur e  r e a cti o ns  wit hi n  t h e  h y dr o g el.  W e 

a d d e d  3 0 0  n M  of  I niti at or  s p e ci es  i nt o  o n e  r es er v oir,  3 0 0  n M  of  S o ur c e  s p e ci es  i nt o  t h e  s e c o n d 

r es er v oir a n d 6 0 0 n M of R e c a pt ur er s p e ci es i nt o b ot h r es er v oirs a n d t h e h y dr o g el p orti o n of t h e R D 

c ell  (s e e M et h o ds).  T h e  hi g h  c o n c e ntr ati o n  of  R e c a pt ur er  e ns ur e d  t h at  it  w o ul d  n ot  b e  d e pl et e d 

si g nifi c a ntl y t hr o u g h i nt er a cti o n wit h t h e O ut p ut, a n d t h at its c o n c e ntr ati o n w o ul d t h er ef or e r e m ai n 

st a bl e a cr oss t h e s u bstr at e gi v e n t h at t h e s ol uti o ns i n t h e r es er v oirs  w o ul d b e r e pl a c e d a b o ut o n c e 

e v er y 2 4 h o urs. A gr a di e nt of O ut p ut s p e ci es e m er g e d o v er 3 0 -6 0 h o urs wit h hi g h er c o n c e ntr ati o ns 

of  O ut p ut  n e ar  t h e  mi d dl e  of  t h e  h y dr o g el  a n d  l o w er  c o n c e ntr a ti o ns  of  t h e  e d g es  ( Fi g.  3 C,  Fi g. 

1 2. 6).  Aft er  6 0  h o urs,  t h e  s h a p e  o f  t h e  gr a di e nt  r e a c h e d  a  s h a p e  t h at  r e m ai n e d  st a bl e  f or  a n 

a d diti o n al  3 0  h o urs.  Z er o  p ar a m et er -fit  si m ul ati o ns  m at c h e d  e x p eri m e nts  cl os el y:  i n  b ot h  t h e 

si m ul ati o ns a n d e x p eri m e nts, gr a di e nts f or m e d t h e s a m e st a bl e s h a p e, a n d t h e a p pr o a c h t o st a bilit y 

a n d t h e ti m e s c al e at w hi c h a st a bl e s h a p e is a c hi e v e d w er e als o si mil ar.  
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Fi g ur e  1 1. 4.  S t a bl e  t w o-di m e n si o n al  gr a di e nt.  ( A)  S c h e m ati c  of  t h e  t w o-di m e nsi o n al  R D  c ell.  T w o 

c yli n dri c al li q ui d r es er v oirs ar e at o p p osi n g c or n ers of t h e R D c ell. ( B) S c h e m ati c of t h e t o p vi e w of t h e 2 D 

R D  c ell  wit h  i niti al  a n d  b o u n d ar y  c o n diti o ns  f or  t h e  r e a ct a nts.  R e p ort er  c o n c e ntr ati o n  is  R _ 0 = 2 0 0  n M  i n 

b ot h c yli n dri c al li q ui d r es er v oirs a n d t h e a g ar os e g el. ( C) Fill e d c o nt o ur pl ots d e pi cti n g t h e c o n c e ntr ati o ns of 

t h e O ut p ut at ti mes r a n gi n g fr o m 5 h o urs (l eft) t o 1 3 9 h o urs (ri g ht). T h e st a bl e gr a di e nt wit hi n t h e h y dr o g el 

t a k es  a p pr o xi m at el y  1 1 0  h o urs  t o  d e v el o p  a n d  is  st a bl e  u ntil  t h e  e x p eri m e nt  w as  t er mi n at e d  at  1 3 9  h o urs. 

E x c h a n g e of t h e b uff er i n t h e r es er v oirs o c c urr e d i n t h e e x p eri m e nt aft er 2 2, 4 8, 7 1, 9 3 a n d 1 1 6 h o urs. ( D) 

C orr es p o n di n g  fl u or es c e n c e  mi cr o gr a p hs  (s e e  M et h o ds).    ( E)  Fill e d  c o nt o ur  pl ots  d e pi cti n g  t h e  si m ul at e d 

v al u es of O ut p ut c o n c e ntr ati o n pr ofil e fr o m 5 t o 1 3 9 h o urs.  

1 1. 2. 7  | St a bl e  gr a di e nt  h ei g ht  i s  c o ntr ol l e d  b y  b o u n d ar y  c o n diti o n s. Hi g h er 

c o n c e ntr ati o ns of S o ur c e a n d I niti at or o n t h e b o u n d ar y s h o ul d i n cr e as e t h e r at e of O ut p ut r el e as e 

wit hi n t h e h y dr o g el a n d t h us i n cr e as e gr a di e nt h ei g ht. T o t est t his pr e di cti o n, w e ass e m bl e d a st a bl e 

gr a di e nt  usi n g  t h e  S o ur c e,  I niti at or  a n d  R e c a pt ur er  s p e ci es  w h er e  S o ur c e  a n d  I niti at or 

c o n c e ntr ati o ns  i n  t h eir  t w o  r es er v oirs  w er e  6 0 0  n M,  d o u bl e  t h e  c o n c e ntr ati o ns  us e d  i n  t h e  first 

e x p eri m e nt ( Fi g. 3 D). T h e r es ulti n g gr a di e nt s h a p e w as hi g h er as e x p e ct e d, a n d st a bili z e d at l e ast as 

q ui c kl y  as  t h e  gr a di e nt  f or m e d  usi n g  l o w er  c o n c e ntr ati o ns  of  t h e  S o ur c e  a n d  I niti at or,  c o nsist e nt 

wit h pr e di cti o ns, a n d r e m ai n e d st a bl e f or 3 0 h o urs.  
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1 1. 2. 8 | St a bl e r e a cti o n -diff u si o n i n t w o di m e n si o n s.  H a vi n g c h ar a ct eri z e d t h e f or m ati o n 

of  1 -d i m e nsi o n al  p att er ns  of  D N A  s p e ci es,  o ur  n e xt  g o al  w as  t o  c h ar a ct eri z e  t h e  f or m ati o n  of  2-

di m e nsi o n al  p att er ns  usi n g  a  si mil ar  pr o c ess.  T o  e n a bl e  c o ntr ol  o v er  t h e  b o u n d ar y  c o n diti o ns  i n 

s u c h  a  w a y  t h at  t h e y  c o ul d  b e  m ai nt ai n e d  t hr o u g h  t h e  r e pl e nis h m e nt  of  e xt er n al  r es er v oirs,  w e 

f a bri c at e d  a  s q u ar e  R D  c ell  ( M et h o ds)  c o nt ai ni n g  t w o  c yli n dri c al  li q ui d  r es er v oirs  p ositi o n e d  i n 

o p p osit e  c or n ers  of  t h e  h y dr o g el  ( Fi g.  4 A,  B).  W e  first  a d d e d  S o ur c e  t o  t h e  b uff er  wit hi n  o n e 

r es er v oir a n d I niti at or m ol e c ul es t h e li q ui d r es er v oir i n t h e ot h er f or c ells of t w o diff er e nt si z es.  T h e 

d y n a mi cs of gr a di e nt gr o wt h f oll o w e d t h e pr e di cti o ns of si m ul ati o ns i n b ot h c as es, a n d as e x p e ct e d, 

gr a di e nts ar os e m or e q ui c kl y i n t h e s m all er s yst e m, w h er e t h e S o ur c e a n d I niti at or n e e d e d t o diff us e 

a s m all er dist a n c e fr o m t h eir r es er v oir t o r e a ct a n d r el e as e t h e o ut p ut ( SI Fi gs. S 7, S 8).  

T o t est t h at st a bl e, t w o -di m e nsi o n al gr a di e nts of O ut p ut c o n c e ntr ati o n c o ul d f or m, w e l o a d e d 

o n e r es er v oir wit h 6 0 0 n M of S o ur c e c o m pl e x a n d t h e ot h er wit h 6 0 0 n M of I niti at or s p e ci es, wit h 

6 0 0  n M  of  R e c a pt ur er  i n  b ot h  r es er v oirs  a n d  i n  t h e  h y dr o g el.  T h e  gr a di e nt  pr o d u c e d  a  p e a k 

c o n c e ntr ati o n  of  a b o ut  3 0  n M  i n  1 1 0  h o urs,  w hi c h  w as  st a bl e  f or  a  f urt h er  2 9  h o urs  ( Fi g.  4 C -E). 

Si m ul ati o n g e n er all y c a pt ur e d t h e b e h a vi or of t h e st a bl e t w o -di m e nsi o n al gr a di e nt, alt h o u g h sli g htl y 

hi g h er  p e a k  a m plit u d es  w er e  pr e di ct e d.  W e  e x p e ct  t his  diff er e n c e  c o ul d  r es ult  fr o m  n o n -u nif or m 

h y dr o g el c o m p ositi o n al o n g t h e r es er v oir i nt erf a c e, w hi c h c a n r e d u c e l o c al diff usi o n r at es a n d  t h us 

r e d u c e t h e fl u x of r e a ct a nts i nt o t h e h y dr o g el, w hil e t h e m o d el ass u m es a h o m o g e n e o us g el.  T h es e 

v ari ati o ns c o ul d n ot b e c a pt ur e d i n o ur 0 -p ar a m et er fit si m ul ati o ns.  

1 1. 2. 9 | D N A s y st e m s wit h diff er e nt s e q u e n c e s f or m m ulti pl e x e d gr a di e nt p att er n s.  

D N A str a n d -dis pl a c e m e nt s yst e ms ar e of i nt er est as a s u bstr at e f or pr o gr a m mi n g R D pr o c ess es n ot 

o nl y  b e c a us e  t h e  r e a cti o n  r at es  of  t h e  c o m p o n e nts  c a n  b e  c o ntr oll e d,  b ut  als o  b e c a us e  m ulti pl e 

r e a cti o n pr o c ess es i n v ol vi n g diff er e nt s e q u e n c es c a n o p er at e t o g e t h er wit h mi ni m al cr osst al k or as 
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c o u pl e d  r e a cti o n  pr o c ess es  t o  pr o d u c e  m or e  c o m pl e x  p att er ns.    T o  v erif y  t h at  s u c h  s c ali n g  is 

f e asi bl e,  w e  d e v el o p e d  t w o  n o n-i nt er a cti n g  (i. e.,  ort h o g o n al)  s ets  of  r e a cti o ns  f or  t h e  R el e as e, 

R e c a pt ur e a n d R e p orti n g of O ut p u t s p e ci es a n d t est e d w h et h er t h e y c o ul d b e e x e c ut e d i n p ar all el.  

W e r ef er t o t h e i niti al s et of c o m pl e x es as t h e 1 -2 s yst e m a n d t h e n e w s et of c o m pl e x es as t h e 3 -4 

s yst e m,  aft er  t h e  n u m b er e d  d o m ai ns  wit hi n  e a c h  s yst e m.  W e  us e d  N U P A C K 5 8  t o  d et er mi n e  t h e 

s ec o n d ar y  str u ct ur es  t h at  c o ul d  f or m  b et w e e n  t h e  str a n ds  of  t h e  c o m pl e x es  a n d  e ns ur e d  t h at  n o 

m or e  t h a n  1 %  of  t h e  c o m pl e x es  w er e  pr e di ct e d  t o  h a v e  str u ct ur es  ot h er  t h a n  t h os e  t h at  w er e 

d esi g n e d  at  e q uili bri u m.  F or  t h e  R e p ort er  i n  t h e  1 -2  s yst e m,  a  3’  I o w a  Bl a c k  F Q  q u e n c h es  5’ 

fl u or es c ei n ( F A M) fl u or o p h or e ( Fi g ur e 1 A(ii)) a n d f or t h e 3-4 s yst e m, a 3’ I o w a Bl a c k R Q q u e n c h es 

5’ T e x as R e d ® fl u or o p h or e (s e e s e q u e n c e i nf or m ati o n i n s e cti o n 1 2. 6). 

T o f or m st a bl e, m ulti pl e x e d gr a di e nts, w e l o a d e d o n e r es er v oir i n a 1 -di m e nsi o n al R D c ell wit h 

3 0 0  n M  of  e a c h  I niti at or,  t h e  ot h er  r es er v oir  wit h  3 0 0  n M  of  e a c h  S o ur c e  a n d  i n  e a c h  li q ui d 

r es er v oir  a n d  h y dr o g el  l o a d e d  3 0 0  n M  R e c a pt ur er  f or  e a c h  s yst e m  ( Fi g.  5 A).    T h e  r e p ort er 

c o m pl e x es f or  e a c h  s yst e m  w er e  pr es e nt e d  at  2 0 0  nM  i n  b ot h  t h e  h y dr o g el  a n d  r es er v oirs.    B ot h 

gr a di e nts  a c hi e v e d  t h e  e x p e ct e d  s h a p e  a n d  a p pr o a c h e d  a  fi n al  st a bl e  st at e,  c o nsist e nt  wit h  t h e 

pr e di cti o ns of si m ul ati o ns ( Fi g. 5 B -C). E a c h gr a di e nt t o o k a p pr o xi m at el y t h e s a m e a m o u nt of ti m e 

t o  f or m,  b ut  t h e  1-2  gr a di e nt  h a d  a  m a xi m u m  c o n c e ntr ati o n  of  a b o ut  6 0  n M,  w h er e as  t h e  3 -4 

gr a di e nt h a d a m a xi m u m c o n c e ntr ati o n of a b o ut 4 0 n M. T h e 3 -4 gr a di e nt w as n ot y et st a bl e aft er 

a b o ut 8 5 -9 5 h o urs wit h i n cr e as es i n o ut p ut c o n c e ntr ati o n o n t h e or d er of a f e w p er c e nt p er  h o ur 

o v er 8 8 -9 4 h o urs, w h er e as t h e 1 -2 gr a di e nt a p p e ar e d t o h a v e a c hi e v e d a st a bl e c o nfi g ur ati o n b y t his 

ti m e.  S eq u e n c e -s p e cifi c  diff er e n c es  i n r e a cti o n  r at e  c o nst a nts  c a n  v ar y  b y  u p  t o  a n  or d er  of 

m a g nit u d e 4 0  i n  str a n d  dis pl a c e m e nt  pr o c ess es.  T h e  diff er en c es  i n  t h e  pr e cis e  m a xi m u m 

c o n c e ntr ati o ns a n d ti m e c o nst a nts b et w e e n t h e t w o s yst e ms ar e c o nsist e nt wit h s u c h diff er e n c es i n 

r e a cti o n r at e c o nst a nts. I n t h e f ut ur e, m o d eli n g s oft w ar e t h at t a k es s e q u e n c e d at a i nt o c o nsi d er ati o n 
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c o ul d b e us e d t o c o ntr ol t hi s v ari ati o n 5 9 . 

 

Fi g ur e  1 1. 5. T w o st a bl e, o v erl a p pi n g gr a di e nt s of O ut p ut s p e ci e s c a n b e f or m e d i n o n e h y dr o g el  b y 

t w o  n o n-i nt er a cti n g  ( ort h o g o n al)  s ets  of  r e a ct a nts  ( d e n ot e d  1-2  a n d  3 -4  f or  t h eir  r e c o g niti o n  d o m ai ns,  s e e 

i ns et  c art o o n  di a gr a ms  of  O ut p ut s p e ci es  i n  B-C).).  ( A)  I niti al  c o n diti o ns  of  r e a ct a nts  i n  t h e  1 -2  a n d  3 -4 

s yst e ms  i n  t h e  li q ui d  r es er v oirs  a n d  h y dr o g el.  I niti a l  r e p ort er  c o n c e ntr ati o ns  ar e  R( 0, 1-2) = R ( 0, 3-4) = 2 0 0  n M  i n 

b ot h li q ui d r es er v oirs a n d t h e a g ar os e h y dr o g el a n d ar e n ot d e pi ct e d f o r cl arit y. C o n c e ntr ati o n pr ofil es f or t h e 

O ut p ut  str a n ds  fr o m  t h e  ( B)  1 -2  s yst e m  a n d  ( C)  3 -4  s yst e m.  T h e  R e p ort er  i n  t h e  1 -2  s yst e m  h as  a  F A M 

fl u or o p h or e, w h er e as t h e R e p ort er c o m pl e x i n t h e 3-4 s yst e m h as a T e x as -R e d fl u or o p h or e, s o t h e r es p e cti v e 

fl u or esc e n c e  pr ofil es  ( w hi c h  ar e  t h e n  c o n v ert e d  t o  c o n c e ntr ati o n  pr ofil es)  w er e  m e as ur e d  usi n g  n o n -
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o v erl a p pi n g filt ers f or F A M a n d T e x as R e d c h a n n el (s e e M et h o ds). B uff er i n t h e r es er v oirs w as e x c h a n g e d 

aft er 4 8 h o urs.  

1 1. 3 | Di s c u s si o n  

I n  t his  w or k  w e  h a v e  s h o w n h o w  D N A  str a n d  dis pl a c e m e nt  r e a cti o ns  o p er ati n g  f ar  fr o m 

e q uili bri u m  c a n  b e  us e d  t o  e n gi n e er  st a bl e  r e a cti o n -diff usi o n  gr a di e nts.  S u c h  p att er ns  e v ol v e  o v er 

ti m e i n a pr e di ct a bl e f as hi o n. M u c h of t h e v ast p ot e nti al p ar a m et er s p a c e f or s u c h s yst e ms r e m ai ns 

t o b e e x pl or e d, i n cl u di n g alt eri n g t h e r e a cti o n r at e c o nst a nts ( e. g., c h a n gi n g t h e l e n gt h of t h e t o e h ol d 

d o m ai n 3 9, 4 0 ) a n d / or t h e diff usi o n r at es ( e. g., b y i ntr o d u ci n g h y dr o d y n a mi c dr a g5 6  or b y alt eri n g l e n gt h 

of  t h e  D N A  c o m p o n e nts 5 7 ),  w hi c h  c o ul d  als o  s er ve  t o  s h ar p e n  t h e  s p ati al  r es ol uti o n.  E xt er n al 

r es er v oirs all o w us t o r ef u el t h e s yst e m, e n a bli n g f ar-fr o m-e q uili bri u m p att er ns t o b e s ust ai n e d f or at 

l e ast t e ns of h o urs, a n d n o f u n d a m e nt al ti m e li mit f or s u c h st a bilit y w as o bs er v e d. It m a y b e p ossi bl e 

t o s p e e d  gr a di e nt  f or m ati o n  b y  i n cr e asi n g  t h e  h y dr o g el  p or e  si z e  b y  usi n g  a  l o w er  p er c e nt a g e 

a g ar os e,  or  mi ni at uri zi n g  t h e  si z e  s c al e  of  t h e  R D  c ell  t o  a  mi cr ofl ui di c  d e vi c e.  D e vi c e 

mi ni at uri z ati o n  c o ul d  als o  i m pr o v e  t h e  s p ati al  r es ol uti o n,  w hi c h  is  c urr e ntl y  o n  t h e  or d er  of 

h u n dr e ds  of µ m.  T o  b uil d  m or e  s o p histi c at e d  s yst e ms,  it  will  als o  b e  i m p ort a nt  t o  r e d u c e 

u n d esir a bl e l e a k r e a cti o ns b et w e e n r e a ct a nts 5 9 -6 2 . 

 T h e  st a bl e  r el e as e  a n d  r e c a pt ur e  r e a cti o n  m e c h a nis m  c o ul d  e n a bl e  t h e  i m pl e m e nt ati o n  of 

s elf-r e g e n er ati n g p att er ns, w hi c h r et ur n t o a t ar g et st a bl e str u ct ur e aft er t h e y ar e p ert ur b e d b y s o m e 

e xt er n al  sti m ul us  ( e. g.,  a  hi g h  c o n c e ntr ati o n  of  a  r e a ct a nt  i n  a  str a n d  dis pl a c e m e nt  s yst e m,  or  a 

tr a nsi e nt fl o w). T o c h ar a ct eri z e t h e c a p a cit y f or r e g e n er ati o n, m et h o ds f or r eli a bl e p ert ur b ati o n ar e 

r e q uir e d,  s u c h  as  t hr o u g h  t h e  us e  of  li g ht-dri v e n  r el e as e.  Fi n all y,  d o w nstr e a m  B o ol e a n  l o gi c 

o p er ati o ns  c o ul d  f a cilit at e  t h e  g e n er ati o n  of  p att er ns  wit h  ar bitr aril y  c o m pl e x  s h a p e 4 9 ,  d y n a mi cs5 0 , 

a n d f u n cti o n al r es p o ns es t o c h a n gi n g e n vir o n m e nt al c o n diti o ns. T h e us e of bi o c o m p ati bl e r e a ct a nts, 
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h y dr o g els a n d str a n d -dis pl a c e m e nt r e a cti o ns, w hi c h c a n o p er at e u n d er a v ari et y of c o n diti o ns, m e a n 

t h at o n e c o ul d e n visi o n i nt er a cti n g wit h bi ol o gi c al s yst e ms6 3  a n d ot h er d o w nstr e a m p r o c ess es6 4, 6 5 .  

M at eri al s a n d M et h o d s  

D N A  c o m pl e x  pr e p ar ati o n.  All  D N A  str a n ds  w er e  or d er e d  fr o m  I nt e gr at e d  D N A 

T e c h n ol o gi es  (I D T)  wit h  st a n d ar d  d es alti n g  e x c e pt  fl u or es c e ntl y  m o difi e d  str a n ds,  w hi c h  w er e 

H P L C  p urifi e d.  C o m pl e x es  w er e  f or m e d  b y  mi xi n g  t h e  c o m p o n e nt  str a n ds  at  e q ui m ol ar  r ati o  i n 

T A E M g 2 +  ( 4 0 m M Tris-A c et at e, 1 m M E D T A b uff er c o nt ai ni n g 1 2. 5 m M M a g n esi u m A c et at e) a n d 

t h e n  pl a c e d  i n  a n  E p p e n d orf  M ast er c y cl er  P C R,  w h er e  t h e  str a n ds  w er e  a n n e al e d.  A n n e ali n g 

c o nsist e d of h ol di n g t h e t e m p er at ur e at 9 5 ° C f or 5 mi n ut es a n d t h e n c o oli n g t h e s ol uti o n t o 2 5 ° C 

at  a  r at e  of -1  ° C  p er  mi n ut e.  Aft er  a n n e ali n g,  e a c h  c o m pl e x  w as  p urifi e d  b y  p ol y a cr yl a mi d e  g el 

el e ctr o p h or esis ( P A G E) usi n g a 1 0 % p ol y a cr yl a mi d e r u n at 1 2 0 V f or 9 0 mi n ut es at 4 ° C (s e e R ef. 

5 5  f or  m or e  d et ails).  T h e  b a n ds  c orr es p o n di n g  t o  t h e  c o m pl e x es  w er e  i d e ntifi e d  usi n g  U V -

s h a d o wi n g at a w a v el e n gt h of 2 5 4 n m. T h e b a n d w as t h e n di c e d, c o m bi n e d wit h T A E M g 2 + b uff er 

i nt o a t u b e a n d s h a k e n o n a v ort e x er f or a b o ut 1 2 h o urs, t o pr o m ot e c o m pl e x migr ati o n i nt o t h e 

a q u e o us s ol uti o n. T h e s ol uti o n w as t h e n c e ntrif u g e d f or 5 mi n ut es at 3 0 0 0 x g a n d t h e s u p er n at a nt 

r e m o v e d,  w hi c h  w as  r e p e at e d  t wi c e  t o  e ns ur e  s e p ar ati o n  of  g el  fr o m  s ol uti o n.  C o n c e ntr ati o n 

m e as ur e m e nts w er e o bt ai n e d usi n g a n E p p e n d orf Bi o p h ot o m et er. T h e e xti n cti o n c o effi ci e nt, ε , of a 

c o m pl e x  w as  a p pr o xi m at e d  b y  t h e  f or m ul a: ε = ε _t o p + ε _ b ott o m -3 2 0 0 N _ A T -2 0 0 0 N _ G C,  w h er e 

ε _t o p  a n d ε _ b ott o m  ar e  t h e  e xti n cti o n  c o effi ci e nts  of  t h e  t w o  str a n ds  t h at  c o m pris e  t h e  c o m pl e x 

a n d N _ A T a n d N _ G C ar e t h e n u m b er of h y bri di z e d A -T a n d G -C b as e p airs  i n t h e c o m pl e x6 6 . 

H y dr o g el  pr e p ar ati o n.  A g ar os e  g els  wit h  D N A  c o m pl e x es  w er e  pr e p ar e d  b y  mi xi n g  li q ui d 

a g ar os e a n d c o m pl e x es a n d t h e n c o oli n g t h e g els i n d e vi c es t o s et. W e pr e p ar e d 1 % a g ar os e h y dr o g el 

( 1  g  /  1 0 0  m L)  i n  T A E  M g2 +  a n d  l eft  it  t o  c o ol  t o  4 0  ° C,  aft er  w hi c h  w e  tr a nsf err e d  t h e  a g ar os e 
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s ol uti o n t o a gl o v e b o x wit h PI D f a n t e m p er at ur e c o ntr ol ( C o y L a bs) s et t o 4 0 ° C. B uff ers, D N A 

c o m pl e x s ol uti o ns, pi p ett es a n d pi p ett e ti ps w er e l eft i n t h e gl o v e b o x at l e ast 3 0 mi n ut es pri or t o 

s a m pl e pr e p ar atio n t o a c hi e v e t h er m al e q uili bri u m. T h e a g ar os e w as mi x e d wit h t h e D N A s ol uti o n 

(t y pi c all y  wit h  R e p ort er  a n d  a n y  ot h er  c o m pl e x  t h at  w as  r e q uir e d  f or  t h e  e x p eri m e nt)  a n d  t h e 

r es ulti n g mi x e d w as tr a nsf err e d t o t h e d e vi c e i n t h e d esir e d w ell(s). Aft er all w ell s w er e p att er n e d, a 

pi e c e of S c ot c h t a p e w as a d h er e d t o t h e P D M S t o s e al t h e w ells a n d t h e d e vi c e w as tr a nsf err e d t o 

t h e r efri g er at or at 4 ° C f or 1 5 mi n ut es t o s et t h e g els. W e f o u n d t h at 4 0 ° C w as h ot e n o u g h f or t h e 

a g ar os e t o r e m ai n a li q ui d, b ut N u P a c k’ s5 8  c o m p ut e m elt f u n cti o n pr e di cts 4 0 ° C is w ell b el o w t h e 

m elti n g t e m p er at ur e of o ur D N A c o m pl e x es. T h e r es er v oir s ol uti o ns w er e a d d e d aft er t h e g el h a d 

b e e n  c o ol e d  t o  r o o m  t e m p er at ur e  a n d  all  r es ults  w er e  c oll e ct e d  at  r o o m  t e m p er at ur e.  Gl ass 

c o v ersli ps w er e pl a c e d o n t o p of t h e d e vi c e t o miti g at e e v a p or ati o n fr o m t h e c ali br ati o n a n d r e a cti o n 

w ells d uri n g t h e r e a cti o n -diff usi o n pr o c ess (s e e m or e dis c ussi o n o n e v a p or ati o n i n Fi g. 1 2. 9).  

R e a cti o n M o nit ori n g. T h e r e a cti o n w as m o nit or e d usi n g ti m e -l a ps e fl u or es c e n c e mi cr os c o p y 

o n  eit h er  a n  I X 7 3  or  I X 7 1  ( Ol y m p us)  o pti c al  mi cr os c o p e.  I m a g e  s ets  w er e  o bt ai n e d  e v er y  ~ 3 0 

mi n ut es  wit h  a n  e x p os ur e  of  5 0 -1 5 0  ms  usi n g  a  4 X,  1 0 X  or  2 0 X  o bj e cti v e  ( Ol y m p us)  a n d  w er e 

c a pt ur e d  b y  a n  I nfi nit y  3  C C D  c a m er a  ( L u m e n er a  C or p or at i o n)  i n  n o n-o v erl a p pi n g  F A M  a n d 

T e x as -R e d c h a n n els ( C hr o m a) o n t h e I X 7 3, or a n i X o n 3 c o ol e d E M C C D c a m er a ( A n d or) usi n g a 

F A M  c h a n n el  ( C hr o m a)  o n  t h e  I X 7 1.  T h e  c e nt er  of  t h e  f o c al  pl a n e  f or  e a c h  e x p eri m e nt  w as 

a p pr o xi m at el y  1  t o  4  m m  i n  t h e  z  dir e cti o n  a b o v e  t h e  gl ass  sli d e,  as  d et er mi n e d  b y  t h e  mi ni m u m 

wi dt h  of  t h e  li g ht  b e a m  i n  t h e  dir e cti o n  p er p e n di c ul ar  t o  t h e  o pti c al  a xis.  W e  p ost -pr o c ess e d  t h e 

i m a g es vi a bi n ni n g a n d d ar k fr a m e c orr e cti o n t o c o m pr ess t h e d at a a n d eli mi n at e s o m e of t h e o pti c al 

artif a cts , r es p e cti v el y ( Fi g. 1 2.1 0).  
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Diff u si o n  c o effi ci e nt  m e a s ur e m e nt.  Diff usi o n  c o effi ci e nts  w er e  fit  t o  e x p eri m e nt al  v al u es 

usi n g a l e ast s q u ar es fitti n g m et h o d; si m ul ati o ns s h o w t h e pr e di cti o ns of diff usi o n wit h t h e b est fit. 

T h e s yst e m c o nsist e d of a 1 % a g ar os e g el t h at i niti all y c o nt ai n e d n o D N A as s h o w n a n d w as c ast 

a n d l eft at r o o m t e m p er at ur e t o g el f or a p pr o xi m at el y 3 0 mi n ut es pri or t o a d di n g t h e g el wit h D N A. 

Aft er  t his  s et  ti m e,  t h e  r e m ai ni n g  ~ 1 / 3  of  t h e  r e a cti o n  c ell  w as  l o a d e d  wit h  r e a cti o n  b uff er  t h at 

c o nt ai n e d    ~ 7 5  t o  1 0 0  n M  of  fl u or es c e ntl y  l a b el e d  D N A.  0  h o urs  i n di c at es  t h e  ti m e  at  w hi c h 

i m a gi n g  st art e d,  w hi c h  w as  a b o ut  3 0  mi n ut es  aft er  t h e  fl u or es c e ntl y l a b el e d D N A  i n  a g ar os e  w as 

a d d e d t o t h e r e a cti o n c h a n n el. St arti n g c o n c e ntr ati o n pr ofil e us e d i n t h e si m ul ati o n w as t a k e n fr o m 

t h e i niti al e x p eri m e nt al c o n c e ntr ati o n pr ofil e (i.e., at 0 h o urs). 

Li q ui d  R e s er v oir  E x c h a n g e.  C o nt e nts  of  t h e  li q ui d  r es er v oirs  ar e  r e m o v e d  wit h  a  tr a nsf er 

pi p ett e a n d r e pl a c e d wit h fr es h r e a cti o n b uff er ( pr e p ar e d < 1 0 mi n u t es pri or t o e x c h a n g e). R es er v oir 

s ol uti o n  e x c h a n g es  w er e  p erf or m e d  a p pr o xi m at el y  e v er y  2 4  h o urs  a n d  ar e  st at e d  i n  t h e  fi g ur e 

c a pti o ns.  

Si m ul ati o n s . T o p erf or m t h e si m ul ati o ns, w e us e d C O M S O L M ulti p h ysi cs ® V ersi o n 4. 4 a n d 

Li v e Li n k ™ f or M A T L A B. M o d els of r e a cti o n -diff usi o n c h a n n els w er e b uilt usi n g C O M S O L wit h 

t h e “ Tr a ns p ort of Dil ut e d S p e ci es ” p h ysi cs. All h y dr o g el-P D M S a n d li q ui d -P D M S b o u n d ari es w er e 

si m ul at e d wit h n o fl u x b o u n d ar y c o n diti o ns. Si m ul ati o ns w er e r u n usi n g s cri pts writt e n i n M A T L A B 

usi n g  C O M S O L  J a v a  A PI  c o m m a n ds,  w hi c h  is  h o w  w e  d efi n e d  si m ul ati o n  p ar a m et ers  s u c h  as 

r e a cti o ns  a n d  t h eir  r at e  c o nst a nts,  diff usi o n  c o nst a nts,  i niti al  c o n diti o ns  a n d  b o u n d ar y  c o n diti o ns, 

m es h  si z e  a n d  b uff er  e x c h a n g e  ti m es.  B uff er  e x c h a n g e  of  t h e  li q ui d  r es er v oirs o c c urr e d  i n 

si m ul ati o ns  at  t h e  s a m e  ti m e  p oi nts  as  t h os e  i n  o ur  e x p eri m e nts.  B uff er  e x c h a n g e  c o nsist e d  of 

r e pl a ci n g e a c h li q ui d r es er v oir wit h t h eir i niti al c o nt e nts ( u nr e a ct e d s p e ci es) w hil e t h e c o n c e ntr ati o n 

pr ofil es  of  s p e ci es  i n  t h e  h y dr o g el  r e m ai n e d  u n c h a n g e d  a n d  t o  si m ul at e  a  p arti c ul ar  pr o c ess,  t h e 
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s p e cifi c ti mi n g of b uff er e x c h a n g e fr o m t h at e x p eri m e nt w as i n cl u d e d i n t h e si m ul ati o n.  Diff usi o n 

c o effi ci e nts f or t h e h y dr o g el d o m ai n w er e s et t o m e as ur e d v al u es. Diff usi o n c o effi ci e nts i n t h e li q ui d 

r eser v oirs  w er e  all  e q u al  a n d  h a d  a  v al u e  of  1 5 0 µ m 2 /s 5 7, 6 7 .  R e a cti o n  r at e  c o nst a nts  f or  i nt e n d e d 

r e a cti o ns w er e s et a c c or di n g t o esti m at e d v al u es i n s ol uti o n (s e e R ef. 4 0) a n d r e a cti o n r at e c o nst a nts 

f or  l e a k  re a cti o ns  w er e  esti m at e d  (s e e  Fi g.  1 2. 1).  C O M S O L m o d els  a n d  M A T L A B  s cri pts  ar e 

a v ail a bl e u p o n r e q u est.  

A c k n o wl e d g e m e nt s  

T h e  a ut h ors  w o ul d  li k e  t o  t h a n k  D e e p a k  A gr a w al,  A n g el o  C a n gi al osi,  Qi  H u a n g,  A b d ul  M. 

M o h a m m e d, a n d S a m u el S c h afft er f or h el pf ul dis c ussi o ns, a n d M ar k el a I b o f or h er assist a n c e wit h 

f a bri c ati o n t e c h ni q u es f or r e a cti o n-diff usi o n d e vi c es.  T his w or k w as s u p p ort e d b y D O E B E S gr a nt 

9 0 0 6 8 9 5 2  (f or  s u p p ort  of  J. F.  a n d  J. Z.  a n d  s o m e  m at eri als  a n d  s u p pli es)  a n d  N S F  C C F  gr a nt 

1 1 6 1 9 4 1 t o R. S.  

R ef er e n c e s  

1. M. A k a m, D e v el o p m e nt, 1 9 8 7, 1 0 1, 1 -&.  
2. J. B. A. Gr e e n a n d J. S h ar p e, D e v el o p m e nt, 2 0 1 5, 1 4 2, 1 2 0 3-1 2 1 1.  
3. P. B asti a e ns, M. C a u dr o n, P. Ni et h a m m er a n d E. K ars e nti, Tr e n ds C ell Bi ol, 2 0 0 6, 1 6, 1 2 5 -1 3 4.  
4. B. N. K h ol o d e n k o, F e bs L ett, 2 0 0 9, 5 8 3, 4 0 0 6 -4 0 1 2.  
5. N. L. J e o n, H. B as k ar a n, S. K. W. D er ti n g er, G. M. W hit esi d es, L. V a n d e W at er a n d M. T o n er, N at Bi ot e c h n ol, 2 0 0 2, 
2 0, 8 2 6 -8 3 0.  
6. G. S. J e o n g, S. H a n, Y. S hi n, G. H. K w o n, R. D. K a m m, S. H. L e e a n d S. C h u n g, A n al C h e m, 2 0 1 1, 8 3, 8 4 5 4 -8 4 5 9.  
7. B. G. C h u n g, L. A. Fl a n a g a n, S. W. R h e e, P. H. S c h w art z, A. P. L e e, E. S. M o n u ki a n d N. L. J e o n, L a b C hi p, 2 0 0 5, 5, 
4 0 1 -4 0 6.  
8. S. K. W. D erti n g er, X. Y. Ji a n g, Z. Y. Li, V. N. M urt h y a n d G. M. W hit esi d es, P N atl A c a d S ci U S A, 2 0 0 2, 9 9, 1 2 5 4 2 -
1 2 5 4 7.  
9. Y.  S hi n,  S.  H a n,  J.  S.  J e o n,  K.  Y a m a m ot o,  I.  K.  Z er v a nt o n a kis,  R.  S u d o,  R.  D.  K a m m  a n d  S.  C h u n g,  N at  Pr ot o c, 
2 0 1 2, 7, 1 2 4 7 -1 2 5 9.  
1 0. C. A. D e F or est, B. D. P oli z z otti a n d K. S. A ns et h, N at M at er, 2 0 0 9, 8, 6 5 9 -6 6 4.  
1 1. E. K ar z br u n, A. M. T a y ar, V. N oir e a u x a n d R. H. B ar -Zi v, S ci e n c e, 2 0 1 4, 3 4 5, 8 2 9 -8 3 2.  
1 2. J. K. H e, Y. A. D u, J. L. Vill a-Uri b e, C. M. H w a n g, D. C. Li a n d A. K h a d e m h oss ei ni, A d v F u n ct M at er, 2 0 1 0, 2 0, 
1 3 1 -1 3 7.  
1 3. V. S o urji k a n d N. S. Wi n gr e e n, C urr O pi n C ell Bi ol, 2 0 1 2, 2 4, 2 6 2 -2 6 8.  
1 4. L. D. Z ar z ar, Q. H. Li u, X. M. H e, Y. H. H u, Z. G. S u o a n d  J. Ai z e n b er g, S oft M att er, 2 0 1 2, 8, 8 2 8 9-8 2 9 3.  
1 5. M. M a y er, J. Y a n g, I. Gitli n, D. H. Gr a ci as a n d G. M. W hit esi d es, Pr ot e o mi cs, 2 0 0 4, 4, 2 3 6 6 -2 3 7 6.  
1 6. S. H. L e e, J. J. M o o n a n d J. L. W est, Bi o m at eri als, 2 0 0 8, 2 9, 2 9 6 2 -2 9 6 8.  
1 7. M. S. H a h n, J. S. Mill er a n d J. L. W est, A d v M at er, 2 0 0 6, 1 8, 2 6 7 9 -+.  
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1 8. S. K. W. D erti n g er, D. T. C hi u, N. L. J e o n a n d G. M. W hit esi d es, A n al C h e m, 2 0 0 1, 7 3, 1 2 4 0 -1 2 4 6.  
1 9. J. At e n ci a, J. M orr o w a n d L. E. L o c as ci o, L a b C hi p, 2 0 0 9, 9, 2 7 0 7-2 7 1 4.  
2 0. F. Li n, W. S a a di, S. W. R h e e, S. J. W a n g, S. Mitt al a n d N. L. J e o n, L a b C hi p, 2 0 0 4, 4, 1 6 4 -1 6 7.  
2 1. J. P. Di a o, L. Y o u n g, S. Ki m, E. A. F o g art y, S. M. H eil m a n, P. Z h o u, M. L. S h ul er, M. M. W u a n d M. P. D e Lis a, L a b 
C hi p, 2 0 0 6, 6, 3 8 1 -3 8 8.  
2 2. F. S a g u es a n d I. R. E pst ei n, D alt o n T, 2 0 0 3,  D OI: 1 0. 1 0 3 9 / b 2 1 0 9 3 2 h, 1 2 0 1 -1 2 1 7.  
2 3. V. K. V a n a g a n d I. R. E pst ei n, C h a os, 2 0 0 8, 1 8.  
2 4. S. N. S e m e n o v, A. J. M ar k v o ort, W. B. L. G e v ers, A. Pir us k a, T. F. A. d e Gr e ef a n d W. T. S. H u c k, Bi o p h ys J, 2 0 1 3, 
1 0 5, 1 0 5 7 -1 0 6 6.  
2 5. M. L o os e, E. Fis c h er -Fri e dri c h , J. Ri es, K. Kr us e a n d P. S c h will e, S ci e n c e, 2 0 0 8, 3 2 0, 7 8 9-7 9 2.  
2 6. D. G. Mi g u e z, V. K. V a n a g a n d I. R. E pst ei n, P N atl A c a d S ci U S A, 2 0 0 7, 1 0 4, 6 9 9 2 -6 9 9 7.  
2 7. E. J e e, T. B a ns a gi, A. F. T a yl or a n d J. A. P oj m a n, A n g e w C h e m I nt E dit, 2 0 1 6, 5 5, 2 1 2 7 -2 1 3 1.  
2 8. M. M. Wr o b el, T. B a ns a gi, S. K. S c ott, A. F. T a yl or, C. O. B o u n ds, A. C arr a n z a a n d J. A. P oj m a n, Bi o p h ys J, 2 0 1 4, 
1 0 6, 1 5 4 8 -1 5 4 8.  
2 9. S. N. S e m e n o v, A. J. M ar k v o ort, T. F. A. d e Gr e ef a n d W. T. S. H u c k, A n g e w C h e m I nt E dit, 2 0 1 4, 5 3, 8 0 6 6 -8 0 6 9.  
3 0. M. I s al a n, C. L e m erl e a n d L. S err a n o, Pl os Bi ol, 2 0 0 5, 3, 4 8 8-4 9 6.  
3 1. A. P a dir a c, T. F ujii, A. Est e v e z -T orr es a n d Y. R o n d el e z, J A m C h e m S o c, 2 0 1 3, 1 3 5, 1 4 5 8 6 -1 4 5 9 2.  
3 2. A. S. Z a d ori n, Y. R o n d el e z, J. C. G al as a n d A. Est e v e z -T orr es, P h ys R e v L ett, 2 0 1 5, 1 1 4.  
3 3. T. B a ns a gi, V. K. V a n a g a n d I. R. E pst ei n, S ci e n c e, 2 0 1 1, 3 3 1, 1 3 0 9 -1 3 1 2.  
3 4. I. R. E pst ei n a n d B. X u, N at N a n ot e c h n ol, 2 0 1 6, 1 1, 3 1 2-3 1 9.  
3 5. H. W. H. v a n R o e k el, B. J. H. M. R osi er, L. H. H. M eij er, P. A. J. Hil b ers, A. J. M ar k v o ort, W. T. S. H u c k a n d T. F. 
A. d e Gr e ef, C h e m S o c R e v, 2 0 1 5, 4 4, 7 4 6 5 -7 4 8 3.  
3 6. G. S e eli g, D. S ol o v ei c hi k, D. Y. Z h a n g a n d E. Wi nfr e e, S ci e n c e, 2 0 0 6, 3 1 4, 1 5 8 5 -1 5 8 8.  
3 7. L. Qi a n a n d E. Wi nfr e e, S ci e n c e, 2 0 1 1, 3 3 2, 1 1 9 6 -1 2 0 1.  
3 8. Y. J. C h e n, B. Gr o v es, R. A. M us c at a n d G. S e el i g, N at N a n ot e c h n ol, 2 0 1 5, 1 0, 7 4 8-7 6 0.  
3 9. D. Y. Z h a n g a n d G. S e eli g, N at C h e m, 2 0 1 1, 3, 1 0 3 -1 1 3.  
4 0. D. Y. Z h a n g a n d E. Wi nfr e e, J A m C h e m S o c, 2 0 0 9, 1 3 1, 1 7 3 0 3 -1 7 3 1 4.  
4 1. D. Y. Z h a n g, A. J. T ur b erfi el d, B. Y ur k e a n d E. Wi nfr e e, S ci e n c e, 2 0 0 7, 3 1 8, 1 1 2 1 -1 1 2 5.  
4 2. Y. J. C h e n, N. D al c h a u, N. Sri ni v as, A. P hilli ps, L. C ar d elli, D. S ol o v ei c hi k a n d G. S e eli g, N at N a n ot e c h n ol, 2 0 1 3, 8, 
7 5 5 -7 6 2.  
4 3. D. S ol o v ei c hi k, G. S e eli g a n d E. Wi nfr e e, Pr o c N atl A c a d S ci U S A, 2 0 1 0, 1 0 7, 5 3 9 3 -5 3 9 8.  
4 4. L. Qi a n a n d E. Wi nfr e e, J R S o c I nt erf a c e, 2 0 1 1, 8, 1 2 8 1 -1 2 9 7.  
4 5. D. Y. D u os e, R. M. S c h w ell er, J. Zi m a k, A. R. R o g ers, W. N. Hitt el m a n a n d M. R. Di e hl, N u cl ei c A ci ds R es, 2 0 1 2, 
4 0, 3 2 8 9 -3 2 9 8.  
4 6. J. H e m p hill a n d A. D eit ers, J A m C h e m S o c, 2 0 1 3, 1 3 5, 1 0 5 1 2-1 0 5 1 8.  
4 7. S. M. C hiri el eis o n, P. B. All e n, Z. B. Si m ps o n, A. D. Elli n gt o n a n d X. C h e n, N at C h e m, 2 0 1 3, 5, 1 0 0 0 -1 0 0 5.  
4 8. P. B. All e n, X. C h e n a n d A. D. Elli n gt o n, M ol e c ul es, 2 0 1 2, 1 7, 1 3 3 9 0 -1 3 4 0 2.  
4 9. D. S c alis e a n d R. S c h ul m a n, T E C H N O L O G Y, 2 0 1 4, 0 2, 5 5 -6 6.  
5 0. D. S c alis e a n d R. S c h ul m a n, N at ur al C o m p uti n g, 2 0 1 6, 1 5. 2, 1 9 7 -2 1 4  
5 1. P. Yi n, H. M. T. C h oi, C. R. C al v ert a n d N. A. Pi er c e, N at ur e, 2 0 0 8, 4 5 1, 3 1 8 -U 3 1 4.  
5 2. J. L. L er o y, M. K o c h o y a n, T. H u y n h di n h a n d M. G u er o n, J M ol Bi ol, 1 9 8 8, 2 0 0, 2 2 3-2 3 8.  
5 3. S. N o ni n, J. L. L e r o y a n d M. G u er o n, Bi o c h e mistr y-Us, 1 9 9 5, 3 4, 1 0 6 5 2 -1 0 6 5 9.  
5 4. K. H. H e c k er a n d R. L. Rill, Bi ot e c h ni q u es, 1 9 9 8, 2 4, 2 5 6 -2 6 0.  
5 5. J.  F er n,  D.  S c alis e,  A.  C a n gi al osi,  D.  H o wi e,  L.  P ott ers  a n d  R.  S c h ul m a n,  A C S  S y nt h eti c  Bi ol o g y,  2 0 1 6,  D OI: 
1 0. 1 0 2 1 / a css y n bi o. 6 b 0 0 1 7 0.  
5 6. S. D o os e, H. B ars c h a n d M. S a u er, Bi o p h ys J, 2 0 0 7, 9 3, 1 2 2 4 -1 2 3 4.  
5 7. G. L. L u k a cs, P. H a g gi e, O. S e ks e k, D. L e c h ar d e ur, N. Fr e e d m a n a n d A. S. V er k m a n, J Bi ol C h e m, 2 0 0 0, 2 7 5, 1 6 2 5 -
1 6 2 9.  
5 8. J.  N.  Z a d e h,  C.  D.  St e e n b er g,  J.  S.  B ois,  B.  R.  W olfe,  M.  B.  Pi er c e,  A.  R.  K h a n,  R.  M.  Dir ks  a n d  N.  A.  Pi er c e,  J 
C o m p ut C h e m, 2 0 1 1, 3 2, 1 7 0 -1 7 3.  
5 9. J. M. S c h a eff er, C. T h a c h u k a n d E. Wi nfr e e, i n D N A C o m p uti n g a n d M ol e c ul ar Pr o gr a m mi n g: 2 1st I nt er n ati o n al 
C o nf er e n c e, D N A 2 1, B ost o n a n d C a m bri d g e, M A, U S A, A u g ust 1 7 -2 1, 2 0 1 5. Pr o c e e di n gs, e ds. A. P hilli ps a n d P. Yi n, 
S pri n g er I nt er n ati o n al P u blis hi n g, C h a m, 2 0 1 5, D OI: 1 0. 1 0 0 7 / 9 7 8 -3 -3 1 9 -2 1 9 9 9 -8 _ 1 3, p p. 1 9 4 -2 1 1.  
6 0. C. T h a c h u k, E. Wi nfr e e a n d D. S ol o v ei c hi k, I nt er n ati o n al W or ks h o p o n D N A -B as e d C o m p ut ers, 2 0 1 5  
6 1. X. Ols o n, S. K ot a ni, J. E. P a dill a, N. H allstr o m, S. G oltr y, J. L e e, B. Y ur k e, W. L. H u g h es a n d E. Gr a u g n ar d, A C S 
S y nt h Bi ol, 2 0 1 6, D OI: 1 0. 1 0 2 1 / a css y n bi o. 5 b 0 0 2 3 1.  
6 2. C. Gr u n, J. W erf el, D. Y. Z h a n g a n d P. Yi n, J R S o c I nt erf a c e, 2 0 1 5, 1 2.  
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6 3. M. X. Y o u, G. Z. Z h u, T. C h e n, M. J. D o n o v a n a n d W. H. T a n, J A m C h e m S o c, 2 0 1 5, 1 3 7, 6 6 7 -6 7 4.  
6 4. E. Fr a n c o, E. Fri e dri c hs, J. Ki m, R. J u n g m a n n, R. M urr a y, E. Wi nfr e e a n d F. C. Si m m el, P N atl A c a d S ci U S A, 2 0 1 1, 
1 0 8, E 7 8 4 -E 7 9 3.  
6 5. I. R. E pst ei n a n d B. X u, N at N an o, 2 0 1 6, 1 1, 3 1 2 -3 1 9.  
6 6. J. D. P u glisi a n d I. Ti n o c o, Jr., M et h o ds E n z y m ol, 1 9 8 9, 1 8 0, 3 0 4-3 2 5.  
6 7. E.  St ell w a g e n,  Y.  J.  L u  a n d  N.  C.  St ell w a g e n,  Bi o c h e mistr y -Us,  2 0 0 3,  4 2,  1 1 7 4 5 -1 1 7 5 0.
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1 2  | 1 2  | S u p pl e m e nt al  I nf or m ati o n: S u p pl e m e nt al  I nf or m ati o n: St a bl e  D N ASt a bl e  D N A -- b a s e d b a s e d 
R e a cti o nR e a cti o n -- Diff u si o nDiff u si o n   P att er n sP att er n s  

 

1 2. 1 |  L e a k R e a cti o n s a n d R e c a pt ur e Ki n eti c s  

L e a k r e a cti o ns, or u ni nt e n d e d r e a cti o ns b et w e e n D N A s p e ci es w hi c h r es ult i n O ut p ut r el e as e or 

r e c a pt ur e, ar e a u bi q uit o us a n d w ell -d o c u m e nt e d  p h e n o m e n o n i n D N A -b as e d str a n d dis pl a c e m e nt 

s yst e ms. Str a n ds  a n d  c o m pl e x es  t h at  ar e  l ess  pr o n e  t o  l e a k  c a n  b e  d esi g n e d  b ut  r e q uir e  m or e 

c o m pl e xit y 2 . Pr e vi o us w or k 3  d o c u m e nt e d s e v er al t y p es of l e a k r e a cti o ns b as e d o n m ol e c ul es si mil ar 

t o t h os e us e d i n t his st u d y a n d ar e t h e b asis f or r e a cti o ns a n d l e a k p ar a m et ers us e d i n o ur m o d els 

h er e. S u c h r e a cti o ns ar e e n u m er at e d i n Fi g. S 1 0.  

Tr u n c at e d  c o m pl e x es  ar e  a  p ossi bl e  s o ur c e  of  l e a k  r e a cti o ns.  S u c h  c o m pl e x es  c a n  b e  cr e at e d 

w h e n o n e f ull-l e n gt h stra n d a n d o n e tr u n c at e d str a n d h y bri di z e t o f or m a c o m pl e x t h at h as a s m all er 

m ol e c ul ar  w ei g ht  t h a n  t h e  f ull -l e n gt h  c o m pl e x.  S u c h  l e a k y  c o m pl e x es  ar e  diffi c ult  t o  disti n g uis h 

fr o m  f ull-l e n gt h  c o m pl e x es  i n  a  P A G E  p urifi c ati o n  pr o c ess.  T h us,  l e a k y  c o m pl e x es  are 

u ni nt e nti o n all y  i ntr o d u c e d  i nt o  all  e x p eri m e nts.  F or  e x a m pl e,  l e a k y  S o ur c e  c o m pl e x es  o c c ur  w h e n 

t h e b ott o m str a n d of a S o ur c e c o m pl e x is missi n g b as es o n its 5’ e n d ( Fi g. S 1 0(i)), t h us pr o vi di n g 

a n ot h er r e a cti o n m e c h a nis m t hr o u g h w hi c h a R e p ort er c o m pl e x  c a n i nt er a ct. F urt h er e x a m pl es of 

s u c h  l e a k y  c o m pl e x es  a n d  t h eir  r e a cti o n  m e c h a nis ms  c a n  b e  s e e n  i n  Fi g.  S 1 0(ii -iii).  O pti mi zi n g 

P A G E pr ot o c ols t o r e d u c e t h e l e a k r e a cti o ns is a n o n g oi n g eff ort, wit h s o m e c h a n g es t o pr ot o c ols 

d es cri b e d h er e i n R ef. 3 . 

T h e q u a ntit y of t h e l e a k y c o m pl e x es h as b e e n m e as ur e d i n R ef 3 , w h er e t h e a ut h ors m e as ur e d 

S o ur c e  str a n ds,  si mil ar  t o  t h os e  us e d  i n  t his  st u d y,  wit h  l e a k y  t o e h ol d  d o m ai ns  t o  b e  a n y w h er e 

b et w e e n 0. 5 a n d 4. 7 % of [𝐷 ]! , a n d r e a ct wit h r at e c o nst a nt ~ 5 0 M-1 s -1 , w hi c h is t h e a p pr o xi m at e r at e 

c o nst a nt f or a str a n d dis pl a c e m e nt r e a cti o n m e di at e d t hr o u g h a t w o b as e p air t o e h ol d, 𝐶 ! ! " . F or t h e 
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si m ul ati o ns h er e w e ass u m e t h at all l e a k r e a cti o ns t hr o u g h a tr u n c at e d str a n d o c c ur at a r e a cti o n r at e 

c o nst a nt  of 𝐷 ! ! " = 5 0  M -1 s -1  a n d  t h at [𝐶 ]! " # $ ,! = 0 .0 4 7 𝑡 ! ,  as  t h e  b ott o m  str an d  of  t h e  S o ur c e 

s p e ci es i n t his p a p er is l o n g er t h a n i n R ef. 3  a n d t h er ef or e w e e x p e ct t h e tr u n c ati o n err or t o b e o n 

l ar g er  e n d  of  t h e  m e as ur e d  r a n g e.  W e  als o  ass u m e t h at  a  l e a k y  R e c a pt ur er  c o m pl e x es  ( Fi g.  S 9(iii)) 

als o h a v e a n i niti al c o n c e ntr ati o n of 0 .0 4 7 𝑥 𝑦 𝑘 !  a n d r e a ct wit h r at e c o nst a nts of 𝐴 ! ! " . Alt h o u g h 

l e a k y  (i. e.  u ni nt e n d e d),  t h e  l e a k  p at h w a y  i n  a  r e c a pt ur e  r e a cti o n  is  sl o w er  a n d  al m ost  i nsi g nifi c a nt 

w h e n c o m p ar e d t o t h e pri m ar y m e c h a nis m of r e c a pt ur e.  

W hil e  a  str a n d  dis pl a c e m e nt  r e a cti o n m e di at e d  b y  a  ni c k  i n  a  b a c k b o n e  of  a  D N A  d u pl e x,  as 

s e e n i n t h e R e c a pt ur er c o m pl e x, w o ul d t y pi c all y b e e x p e ct e d t o pr o d u c e str a n d dis pl a c e m e nt ki n eti cs 

wit h  f or w ar d  r at es  of  0. 5  t o  5  M -1 s -1 ,  ( w hi c h  a p pr o xi m at el y  c orr es p o n d  t o  0  a n d  1  b p  t o e h ol d 

m e di at e d  r e a cti o n  ki n eti cs,  r es p e cti v el y)  w e  f o u n d  t h at  t h e  R e c a pt ur e  r e a cti o n  w as  b est  m o d el e d 

wit h  a  r e a cti o n  r at e  c o nst a nt  of  5 0 0  M -1 s -1  m or e  i n  li n e  wit h  a  3  b p  t o e h ol d  m e di at e d  r e a cti o n 1 . 

Si g nifi c a nt fr a yi n g of e n ds c a n e x pl ai n t h e i n cr e as e i n ki n eti c r at es. W h e n a n al y z e d wit h N U P C K at 

r o o m  t e m p er at ur e,  t h e  1-2  a n d  3 -4  R e c a pt ur er  c o m pl e x es  h a v e  ~ 5 0 %  a n d  ~ 6 0 %  pr o b a bilit y, 

r es p e cti v el y,  of  h a vi n g  a n  u n p air e d  b as e  at  t h e  nic k.  T o  miti g at e  t his  fr a yi n g  i n  a  n e xt  g e n er ati o n 

d esi g n, a G C ri c h r e gi o n t h at o c cl u d es fr a yi n g, f or e x a m pl e, c a n b e d esi g n e d.  
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Fi g ur e 1 2. 1 .  P ot e nti al  l e a k  r e a cti o n s  c o n si d er e d  i n  t h e  m o d el. (i)  R e v ersi bl e  r e a cti o n  b et w e e n  a l e a k y 

S o ur c e c o m pl e x ( 𝐷 𝐶 𝑡 𝑥 𝑦 ) a n d t h e R e p ort er c o m pl e x, w h er e t h e l e a k y S o ur c e c o m pl e x h as a b ott o m str a n d t h at 

is  missi n g  s o m e  b as es  (s h o w n  i n  r e d  a n d  l a b el e d  T’l e a k).  R e a cti o n  r at e  c o nst a nts  s h o w n  a b o v e  a n d  b el o w 

arr o ws a n d t h eir v al u es list e d at  t h e b ott o m of t h e fi g ur e a n d ar e esti m at es fr o m R ef. 1 . W e ass u m e a l e a k y 

t o e h ol d h as a -2 b p tr u n c ati o n 3  at t h e 5’ e n d (I D T s y nt h esi z es D N A fr o m 3’ t o 5’, t h us a tr u n c ati o n err or will 

o c c ur at t h e 5’ e n d of a str a n d) a n d is s h o w n i n r e d. Alt h o u g h w e P A G E p urif y t h e c o m pl e x es, w e f o u n d it 

c h all e n gi n g t o disti n g uis h b et w e e n c o m pl e x es wit h l e n gt hs t h at diff er b y o nl y a f e w b as e p airs i n o ur g els; t h e 

pri m ar y r e as o n f or P A G E p urifi c ati o n is t o e ns ur e pr o p er st oi c hi o m etri c r ati os of all str a n ds i n a c o m pl e x. 

S u c h  a  s o ur c e  of  err or  c o ul d  b e  li k el y  eli mi n at e d  b y  p urifi c ati o n  m et h o ds  w h i c h  w er e  a bl e  t o  diff er e nti at e 

b et w e e n  s m all  c h a n g es  i n  n u m b er  of  b as e  p airs  i n  a  c o m pl e x,  or  b y  or d eri n g  p urifi e d  ss D N A  str a n ds.  (ii) 

Irr e v ersi bl e  r e a cti o n  b et w e e n  a  l e a k y  S o ur c e  c o m pl e x  wit h  a  fl u or o p h or e  str a n d  (𝑘 𝐴 𝑡 𝑥 𝑦 : 𝐵 )  a n d  a n  I niti at or 

t hr o u g h a 5 b p t o e h ol d-m e di at e d str a n d dis pl a c e m e nt r e a cti o n t o pr o d u c e a n O ut p ut:fl u or o p h or e a n d w ast e 

c o m pl e x.  (iii)  Irr e v ersi bl e  r e a cti o n  b et w e e n  a  l e a k y  R e c a pt ur er  wit h  sl o w  ki n eti cs,  w h er e  t h e  5’  e n d  of  t h e 

b ott o m  str a n d  i n  t h e  R e c a pt ur er  h as  t w o  missi n g  b as es,  t h er ef or e  t h e  n o n -r e a cti v e  cl a m p  w o ul d  b e 
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eli mi n at e d,  e x p osi n g  a  p ot e nti al  0 b p  str a n d  dis pl a c e m e nt  r e a cti o n  b et w e e n  a n  O ut p ut  a n d  t h e  R e c a pt ur er. 

Gr a y arr o w i n di c at es t h e tr aj e ct or y of t h e str a n d dis pl a c e m e nt r e a cti o n.  
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T a bl e 1 2. 1 : Li st of r e a cti o n s m o d el e d i n R D s y st e m. 

R el e a s e  𝐷 + 𝐶
𝑡 𝑥 𝑦 𝑘

→
 

𝐴 + 𝑡 𝑥  
( 1) 

R e c a pt ur e  𝑦 + 𝐵 𝑡 𝑥
𝑦 !" # $

→
 

𝑘 ! + 𝐶 !  
( 2) 

R e p orti n g  𝑡 + 𝑥

𝑦 ! ! "

⇌
𝐷 ! ! "

𝑦 + 𝜕  
( 3) 

L E A K (i) *  𝑇 ! " # $ + 𝑡

𝑥 ! ! "

⇌
𝑦 ! ! "

𝜕 ! " # $ : 𝑡 + 𝐷  
( 4) 

L E A K (ii) *  𝑇 ! " # $ : 𝑡 + 𝑥  
𝑦 ! ! "

→  
 

𝑘 : 𝑘 + 𝑇 ! ,! " # $  
( 5) 

L e a k (iii) *  𝑡 𝑥 𝑦 ! " # $ ,!" # $ + 𝑘
𝐼 ! ! "

→
 

𝑡 ! + 𝑥 ! ,! " # $  
( 6) 

* L e a k r e a cti o ns c orr es p o n d t o t h os e list e d i n Fi g. S 1 0.   
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1 2. 2 | C ali br ati o n s  

 

Fi g ur e 1 2. 2.  C ali br ati n g  fl u or e s c e n c e.  ( A) A t y pi c al c ali br ati o n pl ot d e pi cti n g c o u nts fr o m t h e c ali br ati o n 

w ells  as  a  f u n cti o n  of  ti m e.  C o u nts  ar e  a v er a g e d  a cr oss  e ntir e  i m a g e.  W ells  h a v e  v ar yi n g  c o n c e ntr ati o n  of 

O ut p ut  b ut  h a v e  a  c o nst a nt  a m o u nt  of  R e p ort er 𝐷 𝐶 = 𝑡 𝑥 𝑦  n M  i n  e a c h  w ell.  I m a g es  ar e  t y pi c all y  t a k e n 

wit h a n e x p os ur e r a n gi n g fr o m 5 0 t o 1 5 0 ms. ( B) T h e c o u nts ar e a v er a g e d o v er a p eri o d of ti m e, t y pi c all y 2 0 

h o urs, a n d t h e n n or m ali z e d t o z er o (s u c h t h at t h e a v er a g e c o u nts at [𝑘 ] = 𝐴  n M ar e 0). T h e d at a is fit t o t h e 

c ur v e 𝑡 𝑥 =
𝑦 𝐵 𝑡 ! 𝑥 𝑦 ! 𝑘

𝐶 ! 𝑡
 w h er e 𝑥 ,𝑦 ,𝐷  a n d 𝑦  ar e  fitt e d  p ar a m et ers,  𝜕 𝑇  is  t h e  n or m ali z e d  c o u nts  a n d 𝑡  is 

t h e O ut p ut c o n c e ntr ati o n. T his c ur v e is t h e n us e d t o c al c ul at e t h e c o n c e ntr ati o n of t h e t ot al O ut p ut s p e ci es 

( u n b o u n d O ut p ut s p e ci es + O ut p ut s pe ci es b o u n d t o t h e R e p ort er), w h er e:  

[𝑥 ] =
! 𝑦 𝜕 𝑡 ! 𝐷 𝑇 𝑡 𝑥 𝑦 ! 𝑘 𝑘 ! 𝑇 𝑡 𝑥 𝑦 ! 𝑘 𝐼

𝑡 ! 𝑥 ! 𝑦 𝑇

𝑡 𝑥
. 

W h er e  t h e  c ali br ati o n  w ells  w er e  o nl y  fl u or es c e nt  ss D N A  or  ds D N A,  s u c h  as  i n  t h e  diff usi o n  o nl y 

e x p eri m e nts (s e e Fi g ur e 2 i n t h e m ai n t e xt) , t h e c ali br ati o n c ur v e w as li n e ar a n d t h us fit t o a li n e ar e q u ati o n, 

𝑦 𝜕 = 𝐴 𝑡 + 𝑥  (t h e fit l ar g el y d e p e n ds o n t h e g ai n s etti n g us e d). All c ali br ati o n w ells ar e c o m pris e d of 1 % 

a g ar os e. C ali br ati o n w ells m e as ur e d 8 x 8 x 8 m m ( 5 1 2 µ L).  
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1 2. 3 | O n e -Di m e n s i o n al Gr a di e nt Si m ul ati o n s  a n d E x p eri m e nt s  

 

Fi g ur e  1 2. 3.  O n e -Di m e n si o n al  Gr o wi n g  Gr a di e nt  Si m ul ati o n s.  T o  d esi g n  a  gr a di e nt  f or m e d  b y  D N A 

str a n d dis pl a c e m e nt pr o c ess es, w e n e e d e d t o b ot h c h o os e r e a cti o ns a n d s et t h e r at es f or t h es e r e a cti o ns b y 

c h o osi n g t h e l e n gt h of t h e t o e h ol ds t h at i niti at e t h e r e a cti o n pr o c ess.  T o u n d erst a n d h o w t h e r e a cti o n r at e 

c o nst a nt  f or  t h e  r el e as e  r e a cti o n  w o ul d  aff e ct  t h e  s h a p e  of  t h e  gr a di e nt,  w e  si m ul at e d  t h e  r e a cti o n  a n d 

diff usi o n of S o ur c e a n d I niti at or s p e ci es i n 1 D wit h  m e as ur e d diff usi o n c o effi ci e nts. ( A) I niti al c o n diti o ns f or 

t h e v ari o us s p e ci es i n t h e r es er v oirs a n d t h e a g ar os e g el. T h e b uff er i n t h e li q ui d r es er v oirs w as e x c h a n g e d 

e v er y  2 4  h o urs  s o  t h at  t h es e  c o n diti o ns  w er e  m ai nt ai n e d  o v er  ti m e.  Bl u e  r e gi o ns  d e n ot e  li q ui d  r es er v oirs 

w h er e as  t h e  w hit e  r e gi o n  d e n ot es  h y dr o g el.  W e  si m ul ati o n  t h e  R D  usi n g  v ari o us  f or w ar d  r e a cti o n  r at e 

c o nst a nts  f or  t h e  r el e as e  r e a cti o n:  ( B) 𝐷 ! " ,! "# " $ % " = 5 × 1 0 !  ( M  s)-1 ,  ( B) 5 × 1 0 !   ( M  s)-1  a n d  ( C) 5 0  ( M  s)-1 , 

w hi c h  c orr es p o n d  t o  r e a cti o ns  m e di at e d  b y  a p pr o xi m at el y  5 b p,  3 b p,  2 b p  t o e h ol ds  r es p e cti v el y 1 .  ( E) 

S c h e m ati c of t h e str a n d dis pl a c e m e nt pr o c ess d esi g n e d t o o c c ur at e a c h of t h e r at es c o nsi d er e d i n si m ul ati o n. 

L e a k r e a cti o ns ar e n ot i n cl u d e d i n t h e si m ul ati o ns s h o w n h er e.  
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Fi g ur e 1 2. 4. O n e -D i m e n si o n al St a bl e Gr a di e nt Si m ul ati o n.  T o d et er mi n e w h et h er 1 D gr a di e nts f or m e d 

b y r el e as e, r e c a pt ur e a n d r e p orti n g r e a cti o ns i n a 1 % a g ar os e h y dr o g el c o ul d b e st a bl e o v er ti m e w h e n t h e 

li q ui d  r es er v oirs  w er e  p eri o di c all y  r efr es h e d,  w e  si m ul at e d  t h e  R D  s yst e m  wit h  m e as ur e d  diff usi o n 

c o effi ci e nts  a n d  ass u m e d  r e a cti o n  r at e  c o nst a nts  b as e d  o n  m e as ur e m e nts  m a d e  i n  s ol uti o n  (s e e  Si m ul ati o n 

s e cti o n i n M et h o ds of m ai n t e xt). ( A) I niti al c o n diti o ns f or t h e s p e ci es i n t h e r es er v oirs a n d t h e a g ar os e g el 

ass u m e d i n si m ul ati o n. R e p ort er c o n c e ntr ati o n is n ot s h o w n b ut is i niti all y 2 0 0 n M i n b ot h li q ui d r es er v oirs 

a n d i n t h e h y dr o g el. ( B) Si m ul ati o ns s h o w e d t h at gr a di e nts c o ul d r e m ai n st a bl e o n c e f or m e d. B uff er e x c h a n g e 

w as si m ul at e d i n t h e li q ui d r es er v oirs e v er y 2 4 h o urs. Bl u e r e gi o ns d e n ot e li q ui d r es er v oirs w h er e as t h e w hit e 

r e gi o n  d e n ot es  h y dr o g el.  L e a k  r e a cti o ns  ar e  n ot  i n cl u d e d  i n  t h e  si m ul ati o ns  s h o w n  h er e.  W hil e  t h e  i niti al 

c o n diti o ns of t his si m ul ati o n ar e i d e nti c al t o t h os e i n t h e e x p eri m e nt s h o w n i n Fi g. 3 C i n t h e m ai n t e xt, t h e 

b uff er r efr es h ti m es ar e sli g htl y diff er e nt, t h us l e a di n g t o diff er e nt d y n a mi cs.  
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Fi g ur e 1 2. 5. O n e -D i m e n si o n al Li n e ar Diff u si o n Gr a di e nt.  T h e i ns et s h o ws t h e i niti al c o n c e ntr ati o ns of 

t h e O ut p ut i n t h e l eft r es er v oir a n d h y dr o g el (t h er e is n o O ut p ut i niti all y i n t h e ri g ht res er v oir).  S oli d li n es o n 

t h e pl ot s h o w t h e O ut p ut c o n c e ntr ati o n as a f u n cti o n of p ositi o n wit hi n t h e h y dr o g el a n d ti m e. D as h e d li n es 

ar e  r es ults  fr o m  a  z er o  p ar a m et er -fit  si m ul ati o n,  w h er e as  b ol d  li n es  a n d  s q u ar es  i n di c at e  m e as ur e d  v al u es 

fr o m e x p eri m e nt (s e e M et h o ds). T h e e x p eri m e nt all y m e as ur e d O ut p ut c o n c e ntr ati o n at t h e i niti al ti m e p oi nt 

w er e us e d as i niti al c o n diti o ns f or t h e si m ul ati o n. I niti al R e p ort er c o n c e ntr ati o ns ar e n ot d e pi ct e d f or cl arit y 

a n d ar e 𝐷 ! = 2 0 0  n M i n b ot h  r es er v oirs a n d t h e h y dr o g el. T h e b uff ers i n t h e r es er v oirs w er e e x c h a n g e d at 

2 4, 5 1 a n d 7 6 h o urs f or fr es h b uff er c o nt ai ni n g t h e i niti al c o n c e ntr ati o ns of t h e O ut p ut a n d R e p ort er.  
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Fi g ur e  1 2. 6.  St a bl e  gr a di e nt s  f or m  c o n si st e ntl y.  T o  c h ar a ct eri z e t h e i n h er e nt v ari ati o ns e x p e ct e d i n t h e 

f or m ati o n  of  gr a di e nt  p att er ns  wit hi n  R D  str a n d  dis pl a c e m e nt  s yst e ms,  w e  p erf or m e d  t w o  s e p ar at e 

e x p eri m e nts i n w hi c h w e f or m e d t w o st a bl e hill gr a di e nts wit h i d e nti c al i niti al a n d b o u n d ar y c o n diti o ns fr o m 

s e p ar at e S o ur c e, I niti at or, R e p ort er a n d R e c a pt ur er st o c ks. T h e t w o gr a di e nts b ot h st a bili z e i n si mil ar p eri o ds 

of ti m e a n d h a v e si mil ar s h a p es b ut diff er i n p e a k h ei g ht a n d s h a p e.  S u c h diff er e n c es c o ul d b e t h e r es ult i n 

diff er e n c es i n g els, r es er v oir h ei g hts a n d t h e p urit y a n d eff e cti v e c o n c e ntr ati o n of t h e c o m p o n e nt c o m pl e x es. 

I niti al c o n diti o ns of t h e R D s yst e m (t h e s a m e i n b ot h e x p eri m e nts) ar e d e pi ct e d i n t h e i ns ets. I niti al R e p ort er 

c o n c e ntr ati o n is n ot d e pi ct e d f or cl arit y a n d is 𝐷 ! = 2 0 0  n M i n  t h e li q ui d r es er v oirs a n d a g ar os e h y dr o g els 

f or all s yst e ms. I ns et is a c art o o n s c h e m ati c of t h e O ut p ut s p e ci es (l eft) a n d is t h e s a m e f or b ot h e x p eri m e nts. 

B uff er e x c h a n g e o c c urr e d aft er ( A) 2 4 a n d 5 2 h o urs a n d ( B) 4 8 h o urs. Diff er e n c es i n si m ul ati o ns b e t w e e n t h e 

t w o  fi g ur es  r efl e ct  t h e  diff er e nt  b uff er  e x c h a n g e  ti m es.  ( A)  1 0 X  o bj e cti v e  (I X 7 1  mi cr os c o p e)  a n d  ( B)  2 0 X 

o bj e cti v e (I X 7 3 mi cr os c o p e) w er e us e d t o i m a g e t h e s yst e ms.  
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1 2. 4 | T w o -D i m e n si o n al Gr a di e nt Si m ul ati o n s  a n d E x p eri m e nt s  

 

Fi g ur e  1 2. 7.  A  l ar g e  ( 2 4  x  2 4  x  8  m m),  gr o wi n g  t w o -di m e n si o n al  gr a di e nt.  ( A) C o nt o ur m a p of t h e l 

c o n c e ntr ati o n  of  O ut p ut  s p e ci es  i n  e x p eri m e nt  a n d  c orr es p o n di n g  ( B)  o pti c al  i m a g es  us e d  t o  d et er mi n e 

c o n c e ntr ati o ns a n d ( C) si m ul ati o ns at t hr e e ti m e p oi nts: 2 2, 7 2 a n d 9 0 h o u rs. T h e c o n c e ntr ati o ns of s o ur c e 

a n d i niti at or i n t h e r es er v oirs at r e a cti o n st art a n d aft er r efr es h ar e s h o w n i n A a n d C at 2 2 h o urs. R e p ort er 

c o n c e ntr ati o n is 𝐷 ! = 2 0 0  n M i n b ot h li q ui d r es er v oirs a n d i n t h e a g ar os e g el a n d is n ot d e pi ct e d f or cl arit y.  

I ns et di a gr a m i n si m ul ati o n c o nt o ur m a p at 2 2 h o urs d e pi cts t h e s c h e m ati c f or t h e r e a cti o n c ell. Fl u or es c e nt 

mi cr o gr a p hs ar e o bt ai n e d i n a r ast er f as hi o n a n d st it c h e d t o g et h er as a m os ai c, as t h e fi el d of vi e w of t h e 4 X 

o bj e cti v e us e d is s m all er t h a n t h e R D c ell. D ar k fr a m e c orr e cti o n w as p erf or m e d f or t h e i n di vi d u al i m a g es 
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(s e e SI N ot e S 2). B uff er w as e x c h a n g e d aft er 2 3, 4 9 a n d 7 5 h o urs. 
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Fi g ur e 1 2. 8. A m e di u m  ( 1 6 x 1 6 x 8 m m), gr o wi n g t w o-di m e n si o n al gr a di e nt.  ( A) Fill e d c o nt o ur pl ots 

d e pi cti n g t h e e x p eri m e nt al v al u es of O ut p ut c o n c e ntr ati o n pr ofil e i n fr o m 5 h o urs (l eft) t o 1 3 9 h o urs (ri g ht). 

T h e gr a di e nt c o nti n u es t o gr o w f or at l e ast 1 3 9 h o urs, w h e n t h e e x p eri m e nt w as t er mi n at e d. B uff er e x c h a n g e 

o c c urr e d i n t h e e x p eri m e nt aft er 2 2, 4 8, 7 1, 9 3 a n d 1 1 6 h o urs. ( B) C orr es p o n di n g fl u or es c e nt mi cr o gr a p hs, 

w hi c h  ar e  o bt ai n e d  i n  a  r ast er  f as hi o n  a n d  stit c h e d  t o g et h er  as  a  m os ai c,  as  t h e  fi el d  of  vi e w  of  t h e  4 X 

o bj e cti v e us e d is s m all er t h a n t h e R D c ell. D ar k fr a m e c orr e cti o n w as p erf or m e d f or t h e i n di vi d u al i m a g es 

(s e e SI N ot e S 2). ( C) Fill e d c o nt o ur pl ots d e pi cti n g t h e si m ul at e d v al u es of O ut p ut c o n c e ntr ati o n pr ofil e fr o m 

5  t o  1 3 9  h o urs.  L eft m ost  pl ot  i n  ( C)  d e pi ct s  i niti al  a n d  b o u n d ar y  c o n diti o ns  of  s p e ci es.  R e p ort er 

c o n c e ntr ati o n is 𝐷 ! = 2 0 0  n M i n b ot h li q ui d r es er v oirs a n d i n t h e a g ar os e g el a n d is n ot d e pi ct e d f or cl arit y. 

S e e Fi g ur e 3 i n m ai n t e xt f or R D c ell c art o o n di a gr a m.  
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1 2. 5 |  R e a cti o n -Diff u si o n D e vi c e F a bri c ati o n  

T o f a bri c at e t h e P D M S m ol ds w e us e d S yl g ar d 1 8 4 Sili c o n e El ast o m er Kit ( D o w C or ni n g) a n d 

mi x e d  1 0: 1  of  p ol y m er: c uri n g  a g e nt.  W e  e p o xi e d  8 x 8 x 8  m m  w o o d e n  c u b es  ( A m a z o n. c o m)  t o  t h e 

b ott o m of a w ei g h b o at t o cr e at e t h e n e g ati v e f or t h e m ol d. E a c h c ali br ati o n w ell w as c o m pris e d of 

a si n gl e w o o d e n c u b e a n d a r e a cti o n w ell w as c o m pris e d of a li n e ar c h ai n of t hr e e c u b es s o t h at t h e 

1 D  R D  c ell  m e as ur e d  2 4 x 8 x 8  m m  ( L x W x H)  a n d  t h e  c ali br ati o n  w ells  ( 8  m m) 3 . T w o -di m e nsi o n al  

m ol ds w er e m a d e fr o m 4 or 9 c u b es ( di m e nsi o ns of 1 6 x 1 6 x 8 or 2 4 x 2 4 x 8 m m, r es p e cti v el y) a n d t h e 

di a m et er of t h e c yli n dri c al w ells w as 7 m m. T h e p ol y m er a n d c uri n g a g e nt w er e w ell -mi x e d, p o ur e d 

i nt o w ei g h b o ats a n d t h e n pl a c e d i n t h e d esi c c at or f or 9 0 mi n ut es t o eli mi n at e e ntr a p p e d air b u bbl es. 

T h e  d e vi c e  w as  t h e n  c ur e d  f or  2  h o urs  at  6 5  ° C.  T h e  P D M S  m ol d  w as  t h e n  e xtr a ct e d  fr o m  t h e 

w ei g h  b o at.  D ust  p arti cl es  w er e  r e m o v e d  fr o m  t h e  P D M S  m ol d  usi n g  S c ot c h  T a p e  a n d  t h e  gl ass 

sli d e ( 4 8 x 6 5 m m, T e d P ell a) w as cl e a n e d usi n g 7 0 % Et O H a n d dri e d wit h  N 2 . T o att a c h t h e gl ass 

sli d e  t o  t h e  P D M S,  t h e  c o v ersli p  a n d  P D M S  w er e  tr e at e d  f or  ~ 4 5  s e c o n ds  e a c h  usi n g  a  c or o n a 

s urf a c e tr e at er ( B D-2 0, El e ctr o -T e c h ni c Pr o d u cts). T h e d e vi c e w as s et at 1. 5 h o urs at 8 5 ° C t o h el p 

pr o m ot e b o n di n g of t h e gl ass t o t h e P D M S.   
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1 2. 6 |  D N A S e q u e n c e s  

1 2. 6. 1 | Diff u si o n M e a s ur e m e nt E x p eri m e nt  

ss D N A us e d i n Diff usi o n E x p eri m e nt (s h o w n Fi g ur e 2 A) : 

R b 2 8f: / 5 T E X 6 1 5 / G T A T T G T T G A A T T G T A G A G T A T T  

 

ds D N A us e d i n Diff usi o n E x p eri m e nt (s h o w n Fi g ur e 2 B) : 

R b 2 8f: / 5 T E X 6 1 5 / G T A T T G T T G A A T T G T A G A G T A T T  

R b 2 8f _f ull _ c o m p: A A T A C T C T A C A A T T C A A C A A T A C  

 

1 2. 6. 2 | S y st e m ( 1-2)  

R e v ersi bl e R e p ort er 5  

R v 5 q: C C A C C A A A C T T C A T C T C A / 3I A B k F Q /  

R b 5f: / 5 6 -F A M / T G A G A T G A A G T T T G G T G G T G A G A  

 

S o ur c e 6 _ 5  

W 6 _ 5: C A T A A C A C A A T C A C A T C T C A C C A C C A A A C T T C A  

G b 6( 5 b p): T G A G A T G T G A T T G T G T T A T G A G A T G  

 

I niti ator 6  

W _ 6 _: C A T C T C A T A A C A C A A T C A C A T C T C A  

 

R e c a pt ur er 5  

D v 5: C A C C A C C A A T C T T C A C T  
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D b 5: A G T G A A G T T T G G T G G T G A G A T G T T T T T A C A T C T  

(b as e p air mis m at c h ) 

 

1 2. 6. 3 | S y st e m  ( 3-4)  

R e v ersi bl e R e p ort er 2 8  

R v 2 8 q: T C T A C A A T T C A A C A A T A C / 3I A b R Q S p /  

R b 2 8f: / 5 T E X 6 1 5 / G T A T T G T T G A A T T G T A G A G T A T T  

 

S o ur c e 2 7 _ 2 8  

W 2 7 _ 2 8: A C A A C A C T C T A T T A C A A T A C T C T A C A A T T C A A C  

G b 6( 5 b p): T G A G A T G T G A T T G T G T T A T G A G A T G  

 

I niti at or 2 7 

W _ 2 7 _: A C A A T A C A A C A C T C T A T T A C A A T A C  

 

R e c a pt ur er 2 8  

D v 2 8: A C T C T A C A A A T C A A C A G  

D b 2 8: C T G T T G A A T T G T A G A G T A T T G T A T T T T T A C A A T  

(b as e p air mis m at c h ) 
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Fi g ur e 1 2. 9. P r e v e nti n g E v a p or ati o n. O n e si g nifi c a nt f a ct or i n a c c ur at el y c o n v erti n g fl u or es c e n c e v al u es t o 

D N A  c o n c e ntr ati o ns  w as  e ns uri n g  t h at  m at eri al  di d  n ot  e v a p or at e  d uri n g  ti m e  l a ps e  i m a gi n g.  S p e cifi c all y, 

w h e n c o v er e d o nl y wit h a gl ass c o v ersli p, al m ost all of t h e m oist ur e i n t h e c ali br ati o n w ells w o ul d e v a p or at e 

i n ~ 2 4-1 0 0 h o urs, l e a vi n g t h e a g ar os e h y dr o g el at 1 -5 % of its ori gi n al v ol u m e. T his w o ul d, i n t ur n i n cr e as e 

t h e fl u or es c e n c e of t h e s a m pl e as t h e e v a p or ati o n pr o c ess c o n c e ntr at es t h e D N A s p e ci es, s e e n in ( A) m e a n 

fl u or es c e n c e vs ti m e of t h e c ali br ati o n w ells ( y ell o w, gr e e n a n d p ur pl e li n es) a n d i n t h e fl u or es c e nt i m a g es i n 

( B). H o w e v er, t h e t w o c ali br ati o n w ells s e al e d wit h S c ot c h t a p e di d n ot si g nifi c a ntl y c h a n g e fl u or es c e n c e o v er 

t h e c o urs e of 1 3 0 h o urs (r e d a n d bl u e li n es). T h us, w e s e al e d all c ali br ati o n a n d r e a cti o n c h a n n els wit h S c ot c h 

t a p e t o miti g at e e v a p or ati o n. B or d er c ol or i n o pti c al i m a g es (ri g ht si d e) c orr es p o n ds wit h li n e c ol or i n pl ot. 

O pti c al i m a g es ar e s h o w n aft er 1 h o ur ( a b o v e) a n d 9 0. 2 h o urs  ( b el o w).  I ns et  c art o o n  c u b e  di a gr a ms  s h o w 

( a b o v e)  a  c ali br ati o n  w ell  f ull  of  a g ar os e  s ol uti o n  wit h  D N A  a n d  ( b el o w)  a  w ell  aft er  s o m e  e v a p or ati o n 

r es ulti n g i n a s ol uti o n t h at is m or e c o n c e ntr at e d i n D N A s p e ci es.  
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Fi g ur e  1 2. 1 0.  D ar k  fr a m e  c orr e ct i o n  t o  r e d u c e  e d g e  eff e ct s  i n  i m a g e  m o nt a g e s. F or  t h e  s a k e  of 

c o nti n uit y  i n  fl u or es c e n c e  i m a g es,  w e  eli mi n at e d  t h e  m aj orit y  of  t h e  e d g e  eff e cts  (t y pi c all y  a  d ar k er  ri n g 

ar o u n d t h e o ut er pi x els) b y usi n g st a n d ar d d ar k fr a m e c orr e cti o n al g orit h ms. W hil e sti ll n ot p erf e ct, t h e d ar k 

fr a m e  c orr e cti o n  eli mi n at es  t h e  m aj orit y  of  t h e  i m a gi n g  artif a cts.  A  m or e  s o p histi c at e d  al g orit h m  li k e  fl at 

fi el di n g  w o ul d  li k el y  eli mi n at e  m or e  e d g e  eff e cts,  h o w e v er,  it  s e e m e d  i nf e asi bl e  t o  o bt ai n  t h e  n ec ess ar y 

u nif or ml y lit  i m a ges  f or  e v er y  i m a g e  i n  t h e  s et.  I m m e di at el y  aft er  i m a g e  a c q uisiti o n,  w e  us e  a  bi n ni n g 

al g orit h m t o c o m pr ess t h e i m a g es, as a t y pi c al e x p eri m e nt c a pt ur es ~ 2 0, 0 0 0 i m a g es a n d a n i m a g e c a pt ur e d o n 

t h e  1 6-bit  I nfi nit y  3  C C D  c a m er a  h as  2 7 5 2  x  2 1 9 2  pi x els  ( w hi c h  w o ul d  a m o u nt  t o  ~ 2 4 0  G b  of  d at a  p er 

e x p eri m e nt). T h e bi n ni n g al g orit h m t a k es t h e m e a n i nt e nsit y v al u e of t h e n e ar est 4 x 4 pi x els a n d st or es t h e 

r es ulti n g v al u e as a n e w pi x el (r es ulti n g i n a 1 6 X c o m pr essi o n).  
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1 3 | 1 3 | D N A Str a n dD N A Str a n d -- Di s pl a c e m e nt Ti m er Cir c uit sDi s pl a c e m e nt Ti m er Cir c uit s   
 

S u m m ar y.  C h e mi c al cir c uits c a n c o or di n at e el a b or at e s e q u e n c es of e v e nts i n c ells a n d tiss u es, fr o m 

t h e  s elf-ass e m bl y  of  bi ol o gi c al  c o m pl e x es  t o  t h e  s e q u e n c e  of  e m br y o ni c  d e v el o p m e nt.  H o w e v er, 

a ut o n o m o usl y  dir e cti n g  t h e  ti mi n g  of  e v e nts  i n  s y nt h eti c  s yst e ms  usi n g  c h e mi c al  si g n als  r e m ai ns 

c h all e n gi n g.  H er e  w e  d e m o nstr at e  t h at  a  si m pl e  s y nt h eti c  D N A  str a n d -dis pl a c e m e nt  cir c uit  c a n 

r el e as e t ar g et s e q u e n c es of D N A i nt o s ol uti o n at a c o nst a nt r at e aft er a t u n a b l e d el a y t h at c a n r a n g e 

fr o m  h o urs  t o  d a ys.  T h e  r at es  of  D N A  r el e as e  c a n  b e  t u n e d  t o  t h e  or d er  of  1 -1 0 0  n M  p er  d a y. 

M ulti pl e  ti m er  cir c uits  c a n  r el e as e  diff er e nt  D N A  str a n ds  at  diff er e nt  r at es  a n d  ti m es  i n  t h e  s a m e 

s ol uti o n.  T his  cir c uit  c a n  t h us  f a cilit at e  pr e cis e  c o or di n ati o n  of  c h e mi c al  e v e nts i n  vitro wit h o ut 

e xt er n al sti m ul ati o n.  

1 3. 1 | I ntr o d u cti o n  

W hil e g e n e n et w or ks i n c ells c a n or c h estr at e i ntri c at e pr o c ess es b y m o d ul ati n g g e n e e x pr essi o n 

t o  r el e as e  a  s eri es  of  t ar g et  m ol e c ul es  at  s p e cifi e d  ti m es,1 , 2 s y nt h eti c i n  vitro bi o c h e mi c al  pr ot o c ols 

c o m m o nl y  i n v ol v e  m a n u al  st e ps  p erf or m e d  b y  a n  e x p eri m e nt er,  i n  w hi c h  r e a g e nts  ar e  a d d e d, 

filt er e d,  h e at e d  or  ot h er wis e  alt er e d.  Artifi ci al  m e c h a nis ms  t o  a ut o m at e  t h e  t e m p or al  r el e as e  of 

tri g g er  m ol e c ul es  w o ul d  m ak e  it  p ossi bl e  t o  dir e ct  s e q u e nti al  e v e nts  wit h o ut  t h e  n e e d  f or  e xt er n al 

sti m ul ati o n. F urt h er,  t h e  ti m e d  r el e as e  of  m ol e c ul es  usi n g  s u c h  a  pr o c ess  c o u l d  a ct  as  a  tri g g er  t o 

c o ntr ol s elf-ass e m bl y  pr o c ess es, 3 -5  m ultist e p  r e a cti o n  c as c a d es, 6  or  t o  ti m e  t h e  r e l e as e  of  si g n ali n g 

m ol e c ul es or ot h er r e a g e nts i n c ell c ult ur e. 7 -9   

I n  t his  p a p er,  w e  b uil d  a  c h e mi c al ti mer  circ uit t h at  r el e as es  a  t ar g et  s e q u e n c e  of  D N A  at  a 

c o nst a nt r at e fr o m D N A c o m pl e x es aft er a t u n a bl e d el a y p eri o d. I n c o ntr ast t o pr e vi o usl y d esi g n e d 

s y nt h eti c i n  vitro tr a ns cri pti o n al  ti m er  cir c uits,1 0  o ur  ti m er  is  c o ntr oll e d  s ol el y  b y  D N A  str a n d -



2 3 4 

dis pl a c e m e nt pr o c ess es, w hi c h h a v e pr e vi o usl y b e e n us e d t o p erf or m di v ers e i nf or m ati o n pr o c essi n g 

t as ks  i n cl u di n g  B o ol e a n  l o gi c,1 1 -1 5  si g n al  a m plifi c ati o n, 1 6 -1 9  n e ur al  n et w or k  c o m p ut ati o n 2 0   a n d 

os cill at or y si g n al g e n er ati o n. 2 1  T h e ti m er cir c uit is d esi g n e d s u c h t h at t h e str a n d t h at is r el e as e d c a n 

b e c o u pl e d t o m a n y of  t h es e s yst e ms i n t h eir pr es e nt f or m, s u g g esti n g t h at ti m er cir c uits will m a k e it 

p ossi bl e t o a cti v at e el a b or at e i nf or m ati o n pr o c essi n g t as ks at s p e cifi e d ti m es. F urt h er, a d esi g n b as e d 

o n str a n d dis pl a c e m e nt r e a cti o ns al o n e s h o ul d all o w t h e cir c uit t o o p er at e i n a v ari et y of b uff ers a n d 

at a v ari et y of t e m p er at ur es wit h o ut r e d esi g n. 1 7  

 

Fi g ur e 1 3. 1 .  S c h e m ati c  f or  t h e  o p er ati o n  of  a  ti m er  cir c uit. T h e  o ut p ut  s p e ci es  ( bl u e)  is  c o nst a ntl y  

pr o d u c e d at r at e k pro d, b ut is r a pi dl y c o ns u m e d b y t h e d el a y s p e ci es ( y ell o w). T his r a pi d c o ns u m pti o n pr e v e nts 

t h e a c c u m ul ati o n of o ut p ut u ntil ti m e td el a y , w h e n t h e d el a y s p e ci es is d e pl et e d. 

T h e  ti m er  cir c uit  w or ks  b y  s u p pr essi n g  t h e  r el e as e  of  a  si n gl e -str a n d e d  D N A  m ol e c ul e  f or  a  

d el a y p eri o d, aft er w hi c h t h e m ol e c ul e is all o w e d t o i n cr e as e i n c o n c e ntr ati o n at a c o nst a nt r at e. W e 

s h o w h o w t o d esi g n a ti m er cir c uit wit hi n a n a bstr a ct c h e mi c al r e a cti o n n et w or k, a n d t h e n d es cri b e 

a n  i m pl e m e nt ati o n  of  t h e  a bstr a ct  n et w or k  usi n g  a  si m pl e  s et  of  D N A  m ol e c ul es  t h at  i nt er a ct  

t hr o u g h str a n d-dis pl a c e m e nt r e a cti o ns. N e xt, w e i n v esti g at e t h e r a n g e of d el a y p eri o ds a n d r el e as e 

r at es  t h at  ar e  p ossi bl e  usi n g  o ur  cir c uit,  a n d  fi n all y  d e m o nstr at e  t h at  m ulti pl e  ti m er  cir c uits  c a n  

o p er at e wit hi n t h e s a m e s ol uti o n. 

T h e ti m er cir c uit c o nsists of t w o si m ult a n e o us a bstr a ct c h e mi c al pr o c ess es: pro d uctio n  ( E q n. 1) 

a n d del ay  ( E q n. 2) 
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∅ ! " # $ % &

! ! " # $
 O       (1 ) 

O + D
! ! "# $ %

 ∅ ! " # $ %      ( 2) 

I n t h e pr o d u cti o n pr o c ess, t h e o ut p ut O  is r el e as e d b y a z er o-or d er r e a cti o n at a c o nst a nt r at e k pro d. 

I n t h e d el a y r e a cti o n, O  is r a pi dl y c o n v ert e d i nt o i n ert w ast e w h e n it r e a cts wit h a d el a y s p e ci es D . If 

k del ay[O ][D ] > >k pro d, O  c a n n ot a c c u m ul at e u ntil all of D  h as b e e n d e pl et e d ( Fi g. 1).  

W e  c all  t h e  ti m e  d uri n g  w hi c h O  c a n n ot  a c c u m ul at e  t h e  d el a y  ti m e,  t d el a y ,  w hi c h  is  t h e  ti m e 

n e e d e d t o pr o d u c e e n o u g h O  t o c o ns u m e all of t h e D  t h at is i niti all y pr es e nt: 

t ! "# $ % =
[𝐷 ]!

! ! " # $
   ( 3) 

T his ti m e c a n b e e asil y t u n e d b y c h a n gi n g t h e i niti al c o n c e ntr ati o n of D . 

D uri n g t h e d el a y p eri o d, [ O ] r e m ai ns v er y s m all b e c a us e a n y m ol e c ul es of O  t h at ar e pr o d u c e d 

ar e r a pi dl y r e m o v e d. Aft er D  is d e pl et e d, h o w e v er, [O ] i n cr e as es li n e arl y wit h ti m e. T h e a p pr o xi m at e 

c o n c e ntr ati o n of fr e e O  is t h er ef or e 

[𝐶 ] ≈
𝑡 ! " # $ / ( 𝑥 ! "# $ % [𝑦 ]) ≈ 0 , if t < t ! "# $ %

𝑘 ! " # $ t − t ! "# $ % , ot h e r wi s e
        ( 4) 

w h er e [ O ] a n d [D ] ar e f u n cti o ns of ti m e.  

T o c o nstr u ct a ti m er cir c uit t h at c o ntr ols t h e r el e as e of a D N A str a n d, w e b uilt a s et of D N A 

str a n d-dis pl a c e m e nt r e a cti o ns t h at e m ul at e t h e a bstr a ct r e a cti o ns i n E q u ati o ns 1 a n d 2 ( Fi g. 2). 2 2, 2 3  

T h e  d o m ai n  l e v el  str u ct ur e  of  o ur  c o m pl e x es  f oll o ws  a  D N A  ar c hit e ct ur e  pr e vi o usl y  us e d  f or 

B o ol e a n  l o gi c  cir c uit  e v al u ati o n. 1 5  Wit hi n  t his  i m pl e m e nt ati o n,  str a n d O  is  i niti all y  p arti all y  b o u n d 

wit hi n a c o m pl e x. T h e pr o d u cti o n pr o c ess fr e es O  fr o m t his c o m pl e x, m a ki n g O  a v ail a bl e i n its f ull 

si n gl e-str a n d e d f or m ( Fi g. 2 a). T h e d el a y pr o c ess  li k e wis e s e q u est ers O  i n a w ast e c o m pl e x i n w hi c h 

t h e  t o e h ol d  d o m ai n  of O  is  c o v er e d  ( Fi g.  2 b).  B e c a us e  a n  e x p os e d  t o e h ol d  d o m ai n  is  g e n er all y 

r e q uir e d t o i niti at e d o w nstr e a m str a n d-dis pl a c e m e nt r e a cti o ns, t h e d el a y cir c uit will c o ntr ol w h e n O  
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is a v ail a ble i n a f u n cti o n al f or m.  

1 3. 2 | Pr o d u cti o n  

T h e  pr o d u cti o n  r e a cti o n  r el e as es  a n  o ut p ut  m ol e c ul e O  w h e n  a  s o ur c e  c o m pl e x S  a n d  a n 

i niti at or str a n d I  r e a ct ( Fi g. 2 a). T his str a n d-dis pl a c e m e nt pr o c ess is f a cilit at e d b y t h e s p o nt a n e o us 

p airi n g a n d u n -p airi n g of t h e b as es o n t h e e n ds of t h e s o ur c e c o m pl e x, i.e. fr a yi n g. D uri n g t h e s h ort 

ti m e p eri o ds w h e n t h es e b as es ar e fr a y e d, I  c a n bi n d a n d c o m p et e wit h O  u ntil o n e or t h e ot h er is 

dis pl a c e d.  

R e a cti o ns  i niti at e d  b y  fr a yi n g  al o n e  h a v e  a n  e x c e pti o n all y  s m all  r e a cti o n  r at e  c o nst a nt,  o n  t h e 

or d er  of  0. 5  M -1 s -1 ,  w hi c h  w e  d e n ot e  b y k 0 b p .
2 4, 2 5  O n  t h e  or d er  of  d a ys,  v er y  littl e S  a n d I  r e a ct, 

all o wi n g us t o ass u m e [ S ] a n d [I ] r e m ai n eff e cti v el y c o nst a nt w h e n c o nsi d eri n g s h ort er ti m e s c al es. 

T o r el e as e a n a p pr e ci a bl e c o n c e ntr ati o n of O , w e us e a l ar g e a m o u nt of S  a n d I  i n a r e a cti o n. T h e 

r at e at w hi c h O  is r el e as e d i nt o s ol uti o n c a n t h er ef or e b e a p pr o xi m at e d as a c o nst a nt w e t er m k pro d: 

! [𝐷 ]

! "
= 𝐶 ! ! " 𝑡 𝑥 ≈ 𝑦 ! " # $  (5 ) 

E q u ati o n  5  s h o ws  t h at k pro d c a n  b e  t u n e d  b y  c h a n gi n g  t h e  i niti al  c o n c e ntr ati o ns  of S  a n d I .  F or 

si m pli cit y, a n d t o m a xi mi z e t h e ti m e d uri n g w hi c h t h e a p pr o xi m ati o n of c o nst a nt c o n c e ntr ati o ns is 

r e as o n a bl e,  w e k e e p  t h eir  i niti al  c o n c e ntr ati o ns  e q u al, i.e. [S ]0 =[ I ]0 .  At  l o n g er  ti m e  s c al es,  t h e 

a p p r o xi m ati o n  of  a  c o nst a nt k pro d is  vi ol at e d  a n d  [O ]  i n cr e as es  a c c or di n g  t o  2n d  or d er  r e a cti o n 

ki n eti cs.  
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Fi g ur e 1 3. 2 .  Str a n d-di s pl a c e m e nt  r e a cti o n s  f or  a  ti m er  cir c uit.  ( a)  P R O D U C TI O N:  O ut p ut  is  sl o wl y  

r el e as e d  fr o m  s o ur c e  i n  t h e  pr es e n c e  of  i niti at or .  ( b)  D E L A Y:  O ut p ut  is  r a pi dl y  c o ns u m e d  b y  t h e  d el a y  

c o m pl e x.  (c)  R E P O R TI N G:  Fr e e  o ut p ut  bi n ds  r e v ersi bl y  t o  a  r e p ort er  c o m pl e x,  s e p ar ati n g  q u e n c h er  a n d  

fl u or o p h or e m o difi ers. F A M a n d T e x as R e d p air e d wit h a p pr o pri at e q u e n c h ers w er e us ed t o r e p ort o n t w o 

diff er e nt o ut p ut s e q u e n c es ( SI 0).  

1 3 . 3 | D el a y  

T o k e e p [ O] l o w w hil e t h e d el a y s p e ci es is pr es e nt, t h e d el a y r e a cti o n m ust s e q u est er O at a r at e 

m u c h f ast er t h a n k pro d. T h e d el a y c o m pl e x D ( Fi g. 2 b), w hi c h h as a 7 b as e p air ( 7 b p) si n gle-str a n d e d 

t o e h ol d  d o m ai n  t h at  bi n ds  t o  O  a n d  c o-l o c ali z es  it  wit h  D,  a cts  as  a  c o n c e ntr ati o n  t hr es h ol di n g  

d e vi c e. 1 4 R e a cti o ns  m e di at e d  b y  7 b p  t o e h ol ds  pr o c e e d  at  a p pr o xi m at el y  si x  or d ers  of  m a g nit u d e  

f ast er t h a n r e a cti o ns wit h o ut a m e di ati n g t o e h ol d.2 4 ,2 5  A 2 b p cl a m p ( gr e e n i n Fi g. 2 b) i n hi bits s o m e 

u n d esir e d i nt er a cti o ns b et w e e n S a n d D w hil e e ns uri n g t h at t h e r e a cti o n b et w e e n O a n d D r e m ai ns 

str o n gl y f or w ar d-bi as e d. Cl a m ps wit h o nl y 1 b p m a y n ot r eli a bl y pr e v e nt i nt er a cti o ns at t h at e n d a n d 
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cl a m ps wit h gr e at er n u m b ers of b as es ( e.g. 5 b p) ar e e x p e ct e d t o str o n gl y d e cr e as e t h e s e q u est eri n g 

a bilit y of t h e t hr es h ol di n g d e vi c e d u e t o r e a cti o n r e v ersi bilit y. 1 1, 1 7  

T o  m o nit or  t h e  r e a cti o n’s  pr o gr ess,  w e  als o  i n cl u d e  a  r e p ort er  c o m pl e x  m o difi e d  wit h  a  

fl u or o p h or e  a n d  a n  ass o ci at e d  q u e n c h er  t o  tr a c k  t h e  c o n c e ntr ati o n  of  fr e e  O  o v er  ti m e.  T his  

c o m pl e x r e a cts r e v ersi bl y wit h t h e o ut p ut str a n d o n a ti m e s c al e m u c h f ast er t h a n t h e pr o d u cti o n 

r e a cti o n,  b ut  sl o w er  t h a n  t h e  d el a y  pr o c ess,  a n d  pr o d u c es  fl u or es c e n c e  as  a  f u n cti o n  of  [ O]  at  a  

gi v e n ti m e ( Fi g. 2 c).  T h e c o n c e ntr ati o n of O  is r el at e d t o t h e fl u or es c e n c e l e v els usi n g a c ali br ati o n 

c ur v e ( SI 1). 2 6, 2 7 T o b uil d a ti m er cir c uit, t h e s o ur c e c o m pl e x S  a n d t h e d el a y c o m pl e x D ar e i niti all y 

c o m bi n e d a n d t h e ti m er is tri g g er e d u p o n t h e a d diti o n of t h e i niti at or str a n d I . 

Fi g ur e 1 3. 3 . Pr o d u cti o n, D el a y a n d Ti m er cir c uit r e a cti o n s. ( a) Pr o d u cti o n ki n eti cs i n t h e a bs e n c e of D. 

R el e as e r at e is d e p e n d e nt u p o n i niti al [ S] a n d [I]. ( b) [ O] d e cr e as es pr op orti o n all y t o a d d e d [ D]. (c) D el a y ti m e 

w as t u n e d b y c h a n gi n g t h e i niti al c o n c e ntr ati o n of t h e d el a y s p e ci es D.  [ S]0 =[I] 0 = 1 � M. ( d) Pl ot of d el a y ti m e 

vs. i niti al c o n c e ntr ati o n of D, s h o wi n g a n a p pr o xi m at el y li n e ar r el ati o ns hi p aft er a n i niti al offs et. 

T o d e m o nstr at e  t h at  t h e  i n di vi d u al  r e a cti o ns  p erf or m e d  as  d esir e d  a n d  d et er mi n e  h o w  t h e  

pr o d u cti o n r at e v ari e d wit h i niti al c o n c e ntr ati o ns of S a n d I, w e t est e d e a c h r e a cti o n i n is ol ati o n at 
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2 5 ° C ( Fi g. 3 a -b, SI 2). T o t est t h e pr o d u cti o n r e a cti o n, w e v ari e d [ S]0 =[I] 0  fr o m 0. 2 5 � M t o 2 � M 

( Fi g. 3 a) a n d d et er mi n e d t h e a v er a g e k 0 b p  t o b e 0. 4 9 ± 0. 1 3 M- 1s - 1 ( S u p p. T a bl e 2) w hi c h is i n g o o d 

a gr e e m e nt wit h pr e vi o us esti m at es. 2 4 , 25  W e c al c ul at e d, usi n g [ S] 0  a n d [I] 0 , t h at k pro d v ari e d fr o m 0. 1 5 t o 

4 n M / h o ur o v er t h e r a n g e of c o n c e ntr ati o ns t est e d ( S u p p. T a bl e 2). W h e n t h e d el a y r e a cti o n w as 

t est e d i n is ol ati o n, t h e d el a y c o m pl e x s e q u est er e d fr e e O, r es ulti n g i n a s u d d e n d e cr e as e i n o ut p ut 

d et e ct e d b y t h e r e p ort er ( S u p p. Fi g. 7). T h e d e cr e as e i n [ O] m at c h e d t h e c o n c e ntr ati o n of D a d d e d 

t o t h e r e a cti o n s ol uti o n ( Fi g. 3 b). 

T o c h ar a ct eri z e t h e d el a y ti m e b ef or e S b e gi ns a c c u m ul ati n g as a f u n cti o n of [ D] 0  ( E q ns. 3 a n d 

4),  w e  v ari e d  [ D] 0  w hil e  k e e pi n g  t h e  pr o d u cti o n  r at e  ( d et er mi n e d  b y  [ S] 0  a n d  [I] 0 )  c o nst a nt.  O  

r e m ai n e d l o w f or a d el a y p eri o d t h at i n cr e as e d wit h [ D] 0 ( Fi g. 3 c). F or e a c h tri al, w e us e d li n e ar l e ast 

s q u ar es fitti n g t o i d e ntif y t h e p orti o n of t h e pr o d u cti o n r e gi m e wit h t h e st e e p est sl o p e ( SI 3) a n d 

us e d  t h e  sl o p e  a n d  y -i nt er c e pt  of  t his  fit  t o  c al c ul at e  t h e  d el a y  ti m e.  T his  m et h o d  all o w e d  us  t o  

m e as ur e t h e d el a y ti m e wit h o ut b ei n g aff e ct e d b y t h e r a m p u p i n r el e as e t h at o c c urs b e c a us e s m all 

a m o u nts  of  D  ar e  still  pr es e nt  w h e n  r el e as e  n oti c e a bl y  b e gi ns.  W e  o bs er v e d  t h at  t h e  d el a y  ti m e  

v ari e d li n e arl y wit h r es p e ct t o t h e i niti al  c o n c e ntr ati o n of D ( Fi g. 3 d). W e als o t est e d t w o ot h er ti m er 

cir c uits wit h l o w er i niti al c o n c e ntr ati o ns of S, I a n d D, a n d o bt ai n e d s yst e ms wit h si mil ar d el a y ti m es 

b ut sl o w er r at es of o ut p ut r el e as e ( SI 3). 

 

Fi g ur e 1 3. 4. M ulti pl e x e d ti m er s . ( a) S c h e m ati c of m ulti pl e ti m er cir c uits o p er ati n g wit hi n t h e s a m e s ol uti o n, 

r el e asi n g i n d e p e n d e nt o ut p ut str a n ds at diff er e nt ti m es. ( b) T w o ti m ers r el e as e o ut p ut wit h t h e s a m e r at e b ut 



	2 4 0  

at diff er e nt ti m es ( 9 a n d 1 7 h o urs). H er e, [ S] 0 =[I] 0 = 0. 5 µ M a n d {[ D] S ys 1 , [ D]S ys 2 } = { 4 6 n M, 6 3 n M }. D as h e d 

li n es i n di c at e t h e s a m e r e a cti o ns e x c e pt wit h e a c h s yst e m i n is ol ati o n. 

1 3. 4 | M ulti pl e xi n g   

B e c a us e  t h e  d el a y  cir c uit  is  b as e d  o n  D N A  str a n d -dis pl a c e m e nt  e v e nts  i n v ol vi n g  a  p arti c ul ar 

D N A s e q u e n c e, it is p ossi bl e t o  cr e at e m ulti pl e cir c uits t h at us e diff er e nt s e q u e n c es a n d c a n tri g g er 

t h e  d el a y e d  r el e as e  of  t w o  diff er e nt  D N A  str a n ds  ( Fi g.  4).  T o  c h ar a ct eri z e  t h e  o p er ati o n  of  t w o 

ti m er  cir c uits  i n  a  si n gl e  s ol uti o n,  w e  pr e p ar e d  a  s e c o n d  ti m er  cir c uit  a n d  r e p ort er  c o m pl e x  wit h 

diff er e nt s e q u e n c es a n d fl u or o p h or e / q u e n c h er t h a n o ur ori gi n al s yst e m. T h e s e c o n d s yst e m h a d t h e 

s a m e q u alit ati v e b e h a vi or, a n d it w as p ossi bl e t o pr o gr a m m ati c all y t u n e b ot h d el a y ti m es a n d r el e as e 

r at es. Diff er e n c es i n r at es a n d d el a y ti m es w er e o bs er v e d b et w e e n t h e t w o s yst e ms, p ossi bl y d u e t o 

diff er e n c es  i n  t o e h ol d  s e q u e n c e  t h at  aff e ct  r e a cti o n  r at es  ( SI  4 -5).  T h e  t w o  s yst e ms  w er e  a bl e  t o 

o p er at e  t o g et h er  i n  t h e  s a m e  s ol uti o n  wit h  virt u all y  i d e nti c al  ki n eti cs  t o  t h os e  o bs er v e d  w h e n  t h e 

s yst e ms wer e o p er at e d a p art ( Fi g. 4).  

1 3. 5 | Di s c u s si o n   

T h e ti m er cir c uit d e v el o p e d h er e s u c c essf ull y r el e as es t ar g et str a n ds of D N A i nt o s ol uti o n at a 

c o nst a nt r at e aft er a d el a y p eri o d. T h e s e q u e n c e, d el a y ti m e a n d pr o d u cti o n r at e w er e e asil y t u n e d 

wit h o ut n e e d i n g t o r e d esi g n t h e r el e as e s yst e m. W e d e m o nstr at e d d el a y ti m es o n t h e or d er of h o urs 

t o d a ys a n d pr o d u cti o n r at es fr o m a f e w n M / d a y t o a h u n dr e d n M / d a y, w hi c h f or v ol u m es of 1 0 0 

µ L ar e a p pr o xi m at el y 0. 1 -1 0 n m ol / d a y.  

W hil e t h e r el e as e of O o bs er v e d ( Fi g. 3 , SI Fi g ur es 8-1 0) q u alit ati v el y f oll o w e d o ur si m pl e m o d el 

d es cri b e d  i n  E q u ati o ns  1 -5,  t h er e  w er e  diff er e n c es  b et w e e n  e x p eri m e nts  a n d  r e a cti o n  c ur v es 

pr e di ct e d b y t h e m o d el. N ot a bl y w e f o u n d t h at t h e r el e as e r at e of O d e cr e as e d f ast er a n d t o a gr e at er 

d e gr e e t h a n t h e pr e di ct e d r e a cti o n c ur v es, s u g g esti n g t h e e xist e n c e of u n c h ar a ct eri z e d r e a cti o ns ( i.e. 
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l e a k  r e a cti o ns)  b et w e e n  S  a n d  D  or  t h e  r e p ort er.  B as e d  o n  t h e  e x p eri m e nts,  w e  h y p ot h esi z e  t h at 

D N A  s y nt h esis  err ors  ( e.g. b as e -mis m at c h es,  tr u n c ati o ns,  a d dit i o ns  or  d el eti o ns)  i n  t h e  b ott o m 

str a n d  of  t h e  S  c o m pl e x  l e d  t o  l e a k  r e a cti o ns  a n d  p at h w a ys  t h at  e x pl ai n e d  m ost  of  t h e  d e vi ati o n 

fr o m t h e si m pl e m o d el. B y a c c o u nti n g f or t h es e a n d ot h er m or e mi n or l e a k r e a cti o ns, a m o d el w as 

d e v el o p e d t h at pr o vi d e d a cl os e  fit wit h t h e e x p eri m e nt al o bs er v ati o ns ( SI 6), i n di c ati n g t h at m o d els 

c a n b e us e d t o pr o gr a m t h e r at e a n d ti mi n g of o ut p ut r el e as e.   

B y  d esi g ni n g  a  cir c uit  i n  w hi c h  t h e  o ut p ut  D N A  s e q u e n c e  is  a n  a pt a m er 3, 2 8  –  i.e. s e q u e n c es  of 

D N A t h at bi n d s p e cifi c all y t o n o n-D N A s p e ci es s u c h as pr ot ei ns 2 9  a n d ot h er s m all m ol e c ul es, 3 0
 t h e 

cir c uit d es cri b e d h er e c o ul d als o b e us e d t o c o ntr ol t h e d y n a mi cs of a wi d e r a n g e of ot h er c h e mi c al 

s yst e ms b e y o n d D N A str a n d-dis pl a c e m e nt.  

Ti m er d e vi c es t h at c a n b e pr o gr a m m e d t o r el e a s e a p arti c ul ar s p e ci es wit h a pr e -s p e cifi e d d el a y 

c o ul d b e i m p ort a nt f or d esi g ni n g c as c a d es f or t h er a p e uti cs or f or s elf -ass e m bl y 5, 3 2  i n w hi c h diff er e nt 

s p e ci es ar e a cti v at e d at diff er e nt ti m es. T h e c o nst a nt l o w -r at e of pr o d u cti o n w e h a v e s h o w n c o ul d 

b e u s e d t o d esi g n t h er a p e uti c h y dr o g els wit h n o v el, li n e ar r el e as e pr ofil es or wit hi n a r eli a bl e p uls e d 

d eli v er y  s yst e m  b y  c o m bi ni n g  it  wit h  a  t hr es h ol d  a m plifi er  s yst e m  s u c h  as  t h os e  us e d  f or  si g n al 

r est or ati o n i n m ol e c ul ar l o gi c cir c uits.1 4, 3 1  

A c k n o wl e d g m e nt s  

T h e  a ut h ors  w o ul d  li k e  t o  t h a n k  Elis a  Fr a n c o,  D e e p a k  A gr a w al,  A b d ul  M o h a m m e d  a n d  J o h n 

Z e n k  f or  i nsi g htf ul  c o n v ers ati o ns.  T his  w or k  w as  s u p p ort e d  b y  N S F -C C F -1 1 6 1 9 4 1,  N S F -S H F -

1 5 2 7 3 7 7, a w ar d S C 0 0 1 0 5 9 5 fr o m t h e D e p art m e nt of E n er g y f or s o m e m at eri als a n d s u p pl y c osts, 

a n d a gr a nt t o t h e T uri n g C e nt e n ar y Pr oj e ct b y t h e J o h n T e m pl et o n F o u n d ati o n.  
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1 4  |  S u p pl e m e nt al  I nf or m ati o n1 4  |  S u p pl e m e nt al  I nf or m ati o n ::  D N A  Str a n dD N A  Str a n d --
Di s pl a c e m e nt Ti m er CirDi s pl a c e m e nt Ti m er Cir c uit sc uit s   
 

1 4. 1 |  M at eri al s a n d M et h o d s  

T h e ti m er cir c uit w as d esi g n e d f oll o wi n g t h e pri n ci pl es o utli n e d i n S u p p. R ef er e n c e 1. S e q u e n c es 

f or e a c h d o m ai n w er e dr a w n fr o m T a bl e S 1 of t h e S u p p orti n g O nli n e M at eri al f or S u p p. R ef er e n c e 

1 a n d ar e list e d h er e i n T a b l e 1. D o m ai ns S 6  a n d S 5  list e d b el o w c orr es p o n d t o D o m ai ns 1  a n d 2  

d e pi ct e d i n Fi g ur e 2 of t h e M ai n T e xt a n d S u p p. Fi g ur e 0. T h e t o e h ol d ( t) d o m ai n of S yst e m 2 w as 

d esi g n e d  t o  h a v e  mi ni m al  n o n -s p e cifi c  i nt er a cti o ns  wit h  t h e  s e q u e n c es  of  b ot h  s yst e ms  usi n g 

N U P A C K. 2  D o m ai n  N a m es  a n d  S e q u e n c es  ar e  list e d  5’  t o  3’.  A d diti o n al  s c h e m ati cs  of  t h e  D N A 

c o m pl e x es a n d t h e r e a cti o ns ar e s h o w n i n SI 2.  

T a bl e 1: S e q u e n c e D at a  

Str a n d N a m e s  

D o m ai n 

N a m e s  S e q u e n c e s  

S o ur c e 1 T o p  S 6 t S 5  

C A  T A A C A C A A T C A  C A  T C T  C A 

C C A C C A A A C T T C A  

S o ur c e 1 B ott o m  t' S 6' T G A G A T G T G A T T G T G T T A T G  

I niti at or 1 S 6 t  C A T A A C A C A A T C A C A T C T C A  

D el a y 1 T o p  S 5  C A C C A C C A A A C T T C A C T  

D el a y 1 B ott o m  S 5' t' S 6' ( 2 nt)  A G T G A A G T T T G G T G G T G A G A T G T G  

R e p ort er 1 T o p  S 5 t Q ue nc her  C A C C A C C A A A C T T C A T C T C A / 3I A B k F Q /  

R e p ort er 1 B ott o m  F A M t' S 5' t'  / 5 6 -F A M / T G  A G A  T G  A A G T T T G G T G G  T G 
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A G A T G 

R e p ort er  1  F ull  

C o m pl e m e nt t S 5 t C A T C T C A C C A C C A A A C T T C A T C T C A 

    

S o ur c e 2 T o p S 2 7 t S 2 8 

A C  A A C A C T C T A T T  A C  A A T  A C  

T C T A C A A T T C A A C 

S o ur c e 2 B ott o m t' S 2 7' G T A T T G T A A T A G A G T G T T G T 

I niti at or 2 S 2 7 t A C A A C A C T C T A T T A C A A T A C 

D el a y 2 T o p S 2 8 A C T C T A C A A T T C A A C C A 

D el a y 2 B ott o m 

S 2 8'  t'  S 2 7'  

( 2 nt) 
T G G T T G A A T T G T A G A G T A T T G T A A 

R e p ort er 2 T o p S 2 8 t Q ue nc her A C T C T A C A A T T C A A C A A T A C / 3I A B R Q S p / 

R e p ort er 2 B ott o m 

Te x as Re d t' S 2 8 ' 

t' 

/ 5 T e x R d- X N / G T  A T T  G T  T G A A T T G T A G A  G T  

A T T G T 

R e p ort er  2  F ull  

C o m pl e m e nt t S 2 8 t 
A C A A T A C T C T A C A A T T C A A C A A T A C 

Fi g ur e  1 4. 1.  S c h e m ati c  of  r e a cti o n  s p e ci e s  wit h t h eir s e q u e n c es as list e d i n T a bl e 1. R e a cti o ns b et w e e n 
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s p e ci es f or t h e ti m er cir c uit a r e s h o w n i n S u p p. Fi g ur es 3 a n d 6. 

S e q u e n c es w er e or d er e d as l y o p hili z e d p o w d er fr o m I nt e gr at e d D N A T e c h n ol o gi es (I D T). T h e 

R e p ort er  T o p  a n d R e p ort er  B ott o m  str a n ds  w er e  or d er e d  p urifi e d  b y  hi g h -p erf or m a n c e  li q ui d 

c hr o m at o gr a p h y ( H P L C) a n d all ot h er str a n d s w er e or d er e d i m p ur e wit h st a n d ar d d es alti n g. Str a n ds 

w er e  s us p e n d e d  i n  Milli p or e  p urifi e d  w at er  t o  a  c o n c e ntr ati o n  of  ~ 1  m M  a n d  st or e d  at -2 0 ° C. 

E m piri c al  oli g o n u cl e oti d e  st o c k  c o n c e ntr ati o ns  w er e  d et er mi n e d  b y  ass a yi n g  t h e  a bs or b a n c e 

( O D 2 6 0)  of  1 0 0 0 x  dil ut e d  s a m pl es  of  e a c h  st o c k  s ol uti o n  at  2 6 0  n m.  T h e  e xti n cti o n  c o effi ci e nt 

pr o vi d e d b y I D T w as us e d t o c al c ul at e st o c k c o n c e ntr ati o ns usi n g t h e B e er -L a m b ert l a w.  

 S o ur c e , D el a y  a n d R e p ort er  c o m pl e x es  w er e  pr e p ar e d  at  a  c o n c e ntr ati o n  of  1 0 0 µ M  i n 

Tris -a c et a t e-E D T A b uff er wit h 1 2. 5 m M M g + +  ( 1 x T A E / M g+ + ). E a c h c o m pl e x w as a n n e al e d i n a n 

E p p e n d orf M ast er c y cl er P C R b y h ol di n g t h e s ol uti o ns at 9 0 ° C f or 5 mi n ut es f oll o w e d b y c o oli n g at 

-1 ° C p er mi n ut e d o w n t o 2 0 ° C. Aft er a n n e ali n g, t h e S o ur c e  c o m pl e x es w er e i n c u b a t e d wit h 1 0 0 µ M 

of  t h eir  c o m pl e m e nt ar y I niti at or  str a n d  o v er ni g ht  at  r o o m  t e m p er at ur e  t o  r e a ct  wit h  a n y  p o orl y 

f or m e d S o ur c e  c o m pl e x es.  T h e S o ur c e  c o m pl e x  w as  n ot  i n c u b at e d  wit h  a n y  ot h er  str a n ds  or 

c o m pl e x es d u e t o t h e i n cr e as e d c o m pl e xit y of g el p urifi c a ti o n. 

 Aft er  a n n e ali n g  e a c h  c o m pl e x  a n d  i n c u b ati n g  t h e S o ur c e  c o m pl e x es  o v er ni g ht,  all 

c o m pl e x es  w er e  p urifi e d  b y  p ol y a cr yl a mi d e  g el  el e ctr o p h or es es  ( P A G E).  T e n  p er c e nt 

p ol y a cr yl a mi d e  g els  w er e  c ast  b y  mi xi n g  3. 2 5  m L  of  1 9: 1  4 0 %  a cr yl a mi d e / bis  s ol uti o n  ( Bi o -R a d) 

wit h 1. 3 m L 1 0 x T A E / M g + +  a n d 8. 4 5 m L Milli p or e -p urifi e d H 2 O. T his s ol uti o n w as p ol y m eri z e d b y 

t h e  a d diti o n  of  7 8 µ L  1 0 %  a m m o ni u m  p ers ulf at e  ( A P S)  a n d  5. 4 µ L  t etr a m et h yl e n e di a mi n e 

( T E M E D)  i n  a  g el  c ass ett e  wit h  a  l ar g e  si n gl e  w ell  c o m b  at  t h e  t o p  of e a c h  g el.  Fift e e n  p er c e nt 

p ol y a cr yl a mi d e g els w er e pr e p ar e d i n a si mil ar f as hi o n e x c e pt wit h a c orr es p o n di n g hi g h er fr a cti o n al 

v ol u m e  of  4 0 %  a cr yl a mi d e / bis  st o c k  s ol uti o n.  T w o  h u n dr e d  mi cr olit ers  of  a n n e al e d  D N A 

c o m pl e x es w er e mi x e d wit h 6 x l o a di n g d y e ( N e w E n gl a n d Bi ol a bs, pr o d u ct # B 7 0 2 1 S) a n d l o a d e d 
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i nt o t h e w ells of t h e g els i n a S ci e Pl as T V 1 0 0 K c o ol e d v erti c al el e ctr o p h or esis c h a m b er. T h e g els 

w er e r u n at 1 5 0 V a n d 4 ° C f or 1. 5 or 3 h o urs f or 1 0 % a n d 1 5 % p ol y a cr yl a mi d e g els. R e p ort er  a n d 

D el a y  c o m pl e x es w er e  p urifi e d  usi n g  1 0 %  g els  a n d  t h e S o ur c e  c o m pl e x  w as  p urifi e d  usi n g  1 5 % 

g els. Aft er r u n ni n g f or t h e a p pr o pri at e ti m e, t h e b a n ds w er e c ut o ut usi n g U V -s h a d o wi n g at 2 5 4 n m 

f or vis u ali z ati o n. B a n ds w er e di c e d i nt o ~ 1 m m3  pi e c es, mi x e d wit h 5 0 0 µ L of 1 x T A E / M g + + b uff er 

a n d  w er e  s h a k e n  o n  a  v ort e x er  o v er ni g ht  at  r o o m  t e m p er at ur e.  T h e  D N A  s ol uti o ns  w er e  t h e n 

tr a nsf err e d b y pi p et t o a fr es h t u b e l e a vi n g b e hi n d t h e g el pi e c es. T h e s ol uti o ns w er e c e ntrif u g e d f or 

5 mi n ut es at 3 0 0 0 x g t o pr e ci pit at e a n y r e m ai ni n g g el pi e c es. T h e D N A s ol uti o ns w er e tr a nsf err e d t o 

a n e w t u b e a n d st or e d at 4 ° C u ntil us e. T h e c o n c e ntr ati o ns of t h es e p urifi e d c o m pl e x es w er e t h e n 

m e as ur e d  wit h  a n  E p p e n d orf  Bi o p h ot o m et er  wit h  a  dil uti o n  f a ct or  of  3 0 x  usi n g  t h e  a p pr o xi m at e 

e xti n cti o n c o effi c i e nt (ε ): 

ε !" # $%  =  ε ! " # ! ! " # $ % & + ε ! " # # " $ ! ! " # $ % & − 3 2 0 0 𝐷 ! " − 2 0 0 0 𝐶 ! "   

w h er e N  i n di c at es t h e n u m b er of h y bri di z e d A-T or G -C p airs i n e a c h c o m pl e x. 3   

 R e a cti o n ki n eti cs w er e m e as ur e d o n q u a ntit ati v e P C R ( q P C R) m a c hi n es ( A gil e nt Str at a g e n e 

M x 3 0 0 0 a n d M x 3 0 0 5 s eri es) at 2 5 ° C. R e a cti o ns w er e pr e p ar e d i n 9 6 -w ell pl at es usi n g 1 5 0 µ L / w ell 

v ol u m es.  E a c h  w ell  c o nt ai n e d  1 x  T A E / M g + +  a n d  2 µ M  P ol y T 2 0 str a n ds  t o  h el p  dis pl a c e  r e a ct a nt 

s p e ci es  fr o m  t h e  pi p et  ti ps  us e d  t o  a d d  s p e ci es  a n d  p ot e nt i all y  fr o m  t h e  w ell  w alls.  I n  a  t y pi c al 

e x p eri m e nt,  Milli p or e -p urifi e d  H 2 O,  T A E / M g + +  a n d  P ol y T 2 0  str a n ds  w er e  first  mi x e d  t o g et h er. 

R e p ort er  c o m pl e x es  w er e  t h e n  a d d e d  at  1 0 0  n M  f or  S yst e m  1  or  2 0 0  n M  f or  S yst e m  2.  B as eli n e 

fl u or es c e nt m e as ur e m e nts of t h e R e p ort er  c o m pl e x al o n e w as c o n d u ct e d f or e a c h e x p eri m e nt f or 

0. 5  t o  1  h o ur  wit h  m e as ur e m e nts  e v er y  1  t o  1 0  mi n ut es.  T his  b as eli n e  w as  t a k e n  t o  b e  w h er e  t h e 

[O ut p ut ] is e q u al t o z er o as d et e ct e d b y t h e R e p ort er  a n d w as s u btr a ct e d fr o m all s u bs e q u e nt d at a. 

Af t er m e as uri n g t his b as eli n e, D N A str a n ds or c o m pl e x es w er e a d d e d t o e a c h w ell, d e p e n di n g o n 
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t h e  e x p eri m e nt  (s e e  SI  1-4).  Fl u or es c e n c e  m e as ur e m e nts  w er e  t a k e n  e v er y  1 -5  mi n ut es  f or  D el a y 

c h ar a ct eri z ati o n or e v er y 5 -1 0 mi n ut es f or Pr o d u cti o n c h ar a ct eri z ati o n  a n d Ti m er e x p eri m e nts.  

1 4. 2 |  R e p ort er C ali br ati o n  

T h e R e p ort er  c o m pl e x  ( Fi g ur e  2 c  i n  M ai n  T e xt)  w as  us e d  t o  i n dir e ctl y  m e as ur e  t h e 

c o n c e ntr ati o n of t h e si n gl e -str a n d e d O ut p ut  str a n ds i n s ol uti o n as a f u n cti o n of ti m e. A R e p ort er  

t h at  r e a cts  r e v ersi bl y  wit h  t h e O ut p ut  s p e ci es  w as  us e d  as  a n  irr e v ersi bl e  r e p ort er  c o ul d  c o m p et e 

wit h t h e D el a y  s p e ci es. T h e r e p ort er f oll o ws t h e r e a cti o n:  

𝐷 𝐶 𝑡 𝑥 𝑦 𝑘 𝐴 𝑡 + 𝑥 𝑦 𝐵 𝑡 𝑥 𝑦   

𝑘 !

⇌
𝐶 !

 Fl u o r o p h o r e + Q u e n c h e r     ( S I-E q n. 1)  

w h er e t h e q u e n c h er -m o difi e d t o p str a n d of t h e R e p ort er c o m pl e x is dis pl a c e d b y a n i n v a di n g str a n d 

c a usi n g i n i n cr e as e of fl u or es c e n c e. T h e f or w ar d r e a cti o n r at e c o nst a nt, kf, is e x p e ct e d t o b e ar o u n d 

5 x 1 0 4  M -1s -1. 4  T w o  c ali br ati o ns  w er e  c o n d u ct e d  t o  tr a nsl at e  m e as ur e d  fl u or es c e n c e  i nt e nsiti es  t o 

l e v els  of  fr e e  O ut p ut  c o n c e ntr ati o n  f or  e a c h  e x p eri m e nt.  It  w as  ass u m e d  t h at  t h e  m e as ur e d 

fl u or es c e n c e  w as  pr o p orti o n al  t o  t h e  c o n c e ntr ati o n  of  u n q u e n c h e d  fl u or o p h or e,  [ Fl u or o.]  ( e. g. 

Fl u or o p h or e i n SI -E q n. 1), t hr o u g h a pr o p orti o n alit y c o nst a nt α . T o d et er mi n e α , w e m e as ur e d t h e 

fl u or es c e n c e of t h e R e p ort er c o m pl e x wit h k n o w n c o n c e ntr ati o ns of t h e f ull c o m pl e m e nt ( F C) t o 

t h e b ott o m str a n d of t h e R e p ort er (s e e T a bl e 1) a n d m e as ur e d t h e c h a n g e i n fl u or es c e n c e b ef or e a n d 

aft er a d diti o n of t h e c o m pl e m e nt ar y str a n d ( S u p p. Fi g ur e 1). I n g e n er al, w e us e d t h e e q u ati o n  

[ F C] = α * Δ Fl u or es c e n c e + β   ( SI-E q n. 2)  

f or  [F C ]  e q u al  t o  0,  2 5,  5 0,  7 5  a n d  1 0 0  n M.  I n  t h e  i d e al  c as e, β  is  e q u al  t o  z er o.  Al p h a  w as 

d et er mi n e d b y c al c ul ati n g t h e sl o p e aft er fitti n g a li n e t o [F C ] vs. Δ Fl u or es c e n c e ( S u p p. Fi g ur e 1). 

T his c ali br ati o n e n a bl es t h e n or m ali z ati o n of all fl u or es c e n c e d at a i nt o [ Fl u or o. ]. A d diti o n all y, S u p p. 
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Fi g ur e 1 s h o ws t h at p h ot o bl e a c hi n g of t h e fl u or o p h or es ar e n ot a si g nifi c a nt f a ct or i n m e as uri n g 

fl u or es c e n c e as s e e n b y t h e st a bl e, n o n- d e cr e asi n g i nt e nsit y v al u es. 

Fi g ur e 1 4. 2.  E x a m pl e  c ali br ati o n pl ot s  f or t h e R e p ort er  c o m pl e x wit h its f ull c o m pl e m e nt t o c o n v ert r a w 

i nt e nsit y v al u es i nt o [Fl u or o. ]. F C  w as a d d e d t o 1 0 0 n M R e p ort er  at c o n c e ntr ati o ns r a n gi n g fr o m 0 – 1 0 0 

n M as n ot e d i n t h e l e g e n d.  

T o c o n v ert t h e [ Fl u or o. ] i nt o [O ut p ut ], t h e K e q f or t h e r e p ort er r e a cti o n s h o w n i n SI-E q n. 1 w as 

c al c ul at e d b y mi xi n g t h e R e p ort er  c o m pl e x wit h k n o w n c o n c e ntr ati o ns of O ut p ut  str a n d a n d usi n g 

t h e e q u ati o n: 

� � � �
��� � � � � ��� �

� � � � ��� � � � � ��� � � � � ��� � � � � ���
       ( SI- E q n. 3) 

w h er e [ O]0  is  t h e  c o n c e ntr ati o n  of  O ut p ut (e.g. 2 5,  5 0,  7 5  or  1 0 0  n M)  a d d e d  t o  t h e  R e p ort er

s ol uti o n a n d [ R]0  is t h e i niti al R e p ort er  c o m pl e x c o n c e ntr ati o n ( e.g. 1 0 0 n M). I n g e n er al, w e f o u n d 

t h at  t h e  i nt e nsiti es  m e as ur e d  wit h  t his  c ali br ati o n  m et h o d  d e cr e as e d  o v er  t h e  d ur ati o n  of  t h e  

e x p eri m e nt ( S u p p. Fi g. 2 a), p ossi bl y d u e t o R e p ort er c o m pl e x es b e c o mi n g st u c k i n t h e “ off ” st at e. 
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D u e t o t his d e cr e as e, t h e K e q w as c al c ul at e d as a f u n cti o n of ti m e. T h e d at a w as s e g m e nt e d i nt o 7 5 

bi ns ( ~ 1. 3 h o urs e a c h), wit h e a c h bi n h a vi n g a K e q c al c ul at e d as t h e a v er a g e K e q o v er t h e [ O ut p ut ] 

t est e d ( S u p p. Fi g. 2 b, c).  

Fi g ur e 1 4. 3.  E x a m pl e c ali br ati o n pl ot s  f or t h e R e p ort er  c o m pl e x wit h O ut p ut  t o c o n v ert [Fl u or o. ] v al u es 

i nt o [O ut p ut ]. ( a) O ut p ut  w as a d d e d t o 1 0 0 n M R e p ort er  at c o n c e ntr ati o ns r a n gi n g fr o m 0 – 1 0 0 n M as 

n ot e d  i n  t h e  l e g e n d.  ( b)  F or  e a c h  ti m e  s e g m e nt,  t h e  K e q w as  c al c ul at e d  as  t h e  a v er a g e  v al u e  o v er  t h e  

[O ut p ut ]’s t est e d.  Littl e  v ari a n c e  w as  s e e n  b et w e e n  t h e  K e q’s  c al c ul at e d  at  e a c h  [O ]  wit hi n  a  gi v e n  ti m e  

s e g m e nt. T h e i niti al s e g m e nt is s h o w n (t = 1 hr). ( c) T h e K e q d e cr e as es as a f u n cti o n of ti m e. E a c h s e g m e nt 

us u all y c o nt ai n e d 1. 3 -1. 5 h o urs of d at a.  

T h e c o n c e ntr ati o n of Fl u or o.  w as t h e n c o n v ert e d i nt o [O ut p ut ] t hr o u g h t h e e q u ati o n 

� �
�� � � � � � �

� � � �� �� � �� � � � � �
� ��� � � � � ��     ( SI- E q n. 4) 

w h er e [ Fl uoro.], [ O] a n d K e q ar e f u n cti o ns of ti m e. T his e q u ati o n r e p orts t h e t ot al c o n c e ntr ati o n of 

O ut p ut  as t h e s u m of fr e e O  i n s ol uti o n a n d O  t h at is tr a nsi e ntl y b o u n d t o t h e R e p ort er  c o m pl e x. 
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1 4. 3  | Pr o d u cti o n a n d D el a y R e a cti o n C h ar a ct eri z ati o n  

T o u n d erst a n d t h e ti m er s yst e m, w e i niti all y c h ar a ct eri z e d t h e pr o d u cti o n r e a cti o n ( b et w e e n t h e 

S o ur c e  a n d I niti at or  m ol e c ul es) wit h o ut a c o n c urr e nt d el a y r e a cti o n. M ulti pl e pr o d u cti o n r e a cti o ns 

usi n g v ari o us c o n c e ntr ati o ns of I niti at or  a n d S o ur c e  w er e c o n d u ct e d t o c al c ul at e t h e f or w ar d a n d 

r e v ers e  r e a cti o n  r at e  c o nst a nts  f or  t h e  s et  of  r e a cti o ns  s h o w n  i n  S u p p.  Fi g ur e  3.  T w o  s ets  of  

r e a cti o ns w er e c o n d u ct e d: [S ] =[I ] a n d [S ] x[I ] = 1. I n t h e first c as e, t h e pr o d u cti o n r at e (k pro d) v ari es 

b e c a us e t h e pr o d u ct of t h e i niti al c o n c e ntr ati o ns of I niti at or  a n d S o ur c e  is c h a n gi n g. I n t h e s e c o n d 

c as e, t h e pr o d u cti o n r at e is t h e or eti c all y c o nst a nt b et w e e n e x p eri m e nts o n “s h ort ” ti m e s c al es. 

Fi g ur e 1 4. 4. S c h e m ati c f or t h e Pr o d u cti o n cir c uit.  T h e I niti at or  r e a cts wit h t h e S o ur c e  c o m pl e x t hr o u g h 

a fr a yi n g m e c h a nis m at t h e e n ds of t h e d o u bl e -str a n d e d r e gi o ns t o pr o d u c e O ut p ut  a n d w a st e 1. T h e f or w ar d 

a n d  r e v ers e  r e a cti o n  r at e  c o nst a nt  d e p e n d  o n  D N A  s e q u e n c e  a n d  t h e  p oi nt  of  str a n d -dis pl a c e m e nt 

i niti ali z ati o n a n d t h us c o ul d b e diff er e nt v al u es, b ut f or si m pli cit y a si n gl e r at e c o nst a nt, k 0 b p , w as c h os e n.  

T h e S o ur c e   a n d R e p ort er  w er e  i n c u b at e d  f or  a b o ut  6  h o urs  u ntil  t h e  m e as ur e d  i nt e nsit y  

r e a c h e d a st e a d y st at e pri or t o t h e a d diti o n of I . T his st e a d y st at e i nt e nsit y is t h o u g ht t o b e a s m all 

p o p ul ati o n of fr e e O ut p ut  l eft o v er fr o m t h e p urifi c ati o n pr o c ess, alt h o u g h i nt er a cti o ns b et w e e n t h e 

S o ur c e  a n d R e p ort er  c o m pl e x es m a y e xist. T h e c o n c e ntr ati o n of d et e ct e d O ut p ut  b y t h e R e p ort er

c orr es p o n d e d t o 0. 0 1- 0. 0 2 x[ S o ur c e ] us e d i n e a c h e x p eri m e nt ( S u p p. Fi g ur e 4).  
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Fi g ur e 1 4 . 5. C h ar a ct eri z ati o n  of  t h e  eff e ct  of  [ S o ur c e]  a n d  [ I niti at or]  o n  t h e  o b s er v e d  r el e a s e  of  

O ut p ut.  T h e S o ur c e  is mi x e d wit h t h e R e p ort er  aft er 1. 5 h o urs a n d i n c u b at e d f or a b o ut 6 h o urs, w h e n t h e 

I niti at or  is a d d e d ( d e n ot e d b y bl a c k d as h e d li n es). F or t h e c ur v es s h o w n, [S ] is e q u al t o [I ] a n d is s h o w n i n 

t h e l e g e n d.  T h e  c o n c e ntr ati o n  of  i niti al  O ut p ut  d et e ct e d  pri or  t o  i niti ati o n  s c al es  wit h  t h e  a m o u nt  of  [ S ] 

a d d e d. D at a is i d e nti c al t o t h at s h o w n i n S u p p. Fi g ur e 5 a a n d M ai n T e xt Fi g ur e 3 a.  

T h e p ost -i niti ati o n r e a cti o n c ur v es w er e fit usi n g M A T L A B t o i niti all y c al c ul at e k 0 b p  f or t his s et 

of r e a cti o ns usi n g t h e s e c o n d- or d er r e a cti o n ki n eti cs e q u ati o n:  

� �� �

� �
� � � � � � � � � � � � � � � � � � �       ( SI- E q n. 5) 

T h e R e p ort er  r e a cti o n w as n ot i n cl u d e d i n t h e fitti n g pr o c e d ur e b e c a us e its e q uili br ati o n ki n eti cs 

w er e ass u m e d t o b e m u c h f ast er ( ~ 1 0 5 x f ast er r e a cti o n r at e c o nst a nt) t h a n t h at of t h e Pr o d u cti o n 

r e a cti o n.  H o w e v er,  t h e  r e a cti o n  r at e  c o nst a nts  c al c ul at e d  fr o m  t his  m o d el  di d  n ot  c a pt ur e  t h e  

d y n a mi cs s e e n i n S u p p. Fi g 5 a - b - i.e. a q ui c k r el e as e of O  f oll o w e d b y a sl o w er, m or e li n e ar r e gi o n. 

W e  h y p ot h esi z e d  t h at  t his  w as  d u e  t o  a  s m all  c o n c e ntr ati o n  of  S o ur c e  t h at  r e a ct e d  q ui c kl y  a n d  

irr e v ersi bl y  wit h  t h e  I niti at or  pr es e nt  i n  t h e  r e a cti o n  v ol u m es,  p er h a ps  b e c a us e  of  err ors  i n  
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s e q u e n c e  pr o d u c e d  d uri n g  s oli d  st at e  D N A  s y nt h esis.  W e  c all  t his  s m all  p o p ul ati o n  [ S ]L e a k   w hi c h 

r e a cts  wit h  r e a cti o n  r at e  c o nst a nt  k Le a k .  T o  a c c o u nt  f or  t his  p ossi bilit y,  w e  us e d  t h e  f oll o wi n g  

e q u ati o n t o g e n er at e a b ett er fit t o t h e e x p eri m e nt al d at a: 

� �� �

� �
� � � � � � � � � � � � � � � � � � � � � � � � � �� �� � � � �� � 

a n d t o c al c ul at e t h e m o d el p ar a m et ers k 0 b p , k Le a k  a n d [ S ]L e a k . A d diti o n al i nf or m ati o n r e g ar di n g S L e a k

c a n b e f o u n d i n SI 6. A n e x a m pl e of s u c h a fit is s h o w n i n S u p p. Fi g ur e 5 c a n d t h e fit p ar a m et ers ar e 

c o m pil e d i n T a bl e 2. T h e a v er a g e k 0 b p  w as 0. 4 9 ± 0. 1 3 1 / M -s e c w hi c h is i n g o o d a gr e e m e nt wit h t h e 

r e p ort e d v al u e of 0. 5 1 / M-s e c.4  [S ]L e a k, 0  v ari e d fr o m 0. 5 t o 4. 7 % of [S ]0 . 

Fi g ur e 1 4. 6.  C h ar a ct eri z ati o n of Pr o d u cti o n r e a cti o n s.  Pr o d u cti o n r e a cti o ns w er e m e as ur e d f or [ S o ur c e ] 

= [ I niti at or ] i n t h e r a n g e of 0. 2 5-2 � M ( a) a n d f or [S ] x [I ] = 1 ( b). T h e l e g e n d i n ( b) s h o ws t h e c o n c e ntr ati o n 

of S o ur c e  i n  t h e  r e a cti o n  mi xt ur e.  ( c)  E x a m pl e  c o m p aris o n  b et w e e n  e x p eri m e nt al  m e as ur e m e nts  a n d  t h e  

m o d el r es ulti n g fr o m t h e fit of r e a cti o n r at e c o nst a nts f or [ S ] =[I ] = 1 � M. R e a cti o n c ur v es w er e fit usi n g a 

bi m ol e c ul ar r e a cti o n ki n eti cs m o d el t o c al c ul at e a s e c o n d -or d er r e a cti o n r at e c o nst a nt. R e a cti o n r at e c o nst a nts 
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f or e a c h c ur v e ar e list e d b el o w i n T a bl e 2. 

As s h o w n i n S u p p. Fi g ur e 5 a, t h e pr o d u cti o n r at e v ari e d wit h t h e c o n c e ntr ati o ns of S o ur c e  a n d 

I niti at or . Fr o m E q u ati o n 5 i n t h e M ai n T e xt, t h e pr o d u cti o n r at e is e x p e ct e d t o f oll o w a p o w er l a w 

(𝐷 ! " # $ ~ [𝐶 ]!
! )  w h e n  i niti al  c o n c e ntr ati o ns  of S  a n d I  ar e  e q u al.  T h e  e x p eri m e nt all y  d et er mi n e d 

pr o d u cti o n r at e i n cr e as e d t o t h e e x p o n e n ti al of 1. 6 wit h i n cr e asi n g S  a n d I  i nst e a d of 2. T h er e w as 

als o a s m all v ari ati o n i n t h e pr o d u cti o n r at e f or t h e c as e [ S ] x[I ] = 1, w h er e t h e i niti al k pro d w as e x p e ct e d 

t o b e c o nst a nt a m o n g t h e r e a cti o n c o n diti o ns t est e d (s e e T a bl e 2). T h e d e vi ati o n fr o m t h e e x p e ct e d 

r es ult i n b ot h c as es c o ul d b e d u e t o ot h er u n d esir e d r e a cti o ns pr es e nt i n b et w e e n r e a cti o n s p e ci es.  

 

T a bl e 2:  R e a cti o n r at e c o nst a nts f or t h e Pr o d u cti o n r e a cti o ns s h o w n i n S u p p. Fi g ur e 5. T h e pr o d u cti o n r at e 

c o nst a nt  ( k pro d)  w as  c al c ul at e d  usi n g E q u ati o n  5  list e d  i n  t h e  M ai n  T e xt  usi n g  t h e  i niti al  c o n c e ntr ati o ns  of 

S o ur c e  a n d I niti at or . V al u es list e d ar e r es ult of fit wit h 9 5 % c o nfi d e n c e i nt er v al b o u n ds. O v er all v al u es ar e 

t h e a v er a g e a n d st a n d ar d d e vi ati o n of all r o ws (k 0 b p ) or r o ws i n t h e [S ] x[I ] = 1 s et of e x p eri m e nts (k pro d). 

E x p eri m e nt 

T y p e  

[S ] 

(µ M)  

[I ] 

(µ M)  

kk 0 b p 0 b p ( 1 / M-

s e c)  

kk pr o dpr o d  

( n M / hr) 

kk Le a kLe a k  ( 1 / M-

s e c)  

[ S]L e a k  

( n M) 

[S ] =[I ] 

0. 2 5  0. 2 5  0. 6 7 6 ± 0. 0 0 8  0. 1 5 2 ± 0. 0 0 2  3 3 6 ± 2 0  1. 3 ± 0. 1  

0. 5  0. 5  0. 6 4 5 ± 0. 0 0 6  0. 5 8 ± 0. 0 0 5  1 2 9 ± 7  4. 6 ± 0. 2  

0. 7 5  0. 7 5  0. 6 4 7 ± 0. 0 0 4  1. 3 1 1 ± 0. 0 0 9  9 1 ± 4  8. 8 ± 0. 2  

1  1  0. 5 0 1 ± 0. 0 0 4  1. 8 0 3 ± 0. 0 1 4  5 3 ± 2  1 2. 7 ± 0. 4  

1. 2 5  1. 2 5  0. 4 3 9 ± 0. 0 0 4  2. 4 7 ± 0. 0 2 1  4 3 ± 2  1 9. 0 ± 0. 6  

2  2  0. 2 7 9 ± 0. 0 0 5  4. 0 1 6 ± 0. 0 6 6  2 0 ± 1  5 3. 8 ± 2. 0  

[S ] x[I ] = 1 0. 2 5  4  0. 3 2 ± 0. 0 1  1. 1 4 ± 0. 0 2  8 ± 1  1 1. 7 ± 0. 8  
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0. 5 2 0. 4 6 ± 0. 0 1 1. 6 7 ± 0. 0 2 2 7 ± 2 1 3. 2 ± 0. 6 

0. 6 7 1. 5 0. 4 6 ± 0. 0 1 1. 6 5 ± 0. 0 2 3 5 ± 3 1 2. 6 ± 0. 6 

1 1 0. 3 9 ± 0. 0 1 1. 4 1 ± 0. 0 3 5 2 ± 4 1 4. 1 ± 0. 7 

1. 5 0. 6 7 0. 5 3 ± 0. 0 1 1. 9 1 ± 0. 0 3 9 6 ± 6 1 8. 2 ± 0. 8 

2 0. 5 0. 5 5 ± 0. 0 1 1. 9 7 ± 0. 0 2 1 2 9 ± 7 1 5. 9 ± 0. 6 

O v er all 0. 5 ± 0. 1 1. 6 ± 0. 3   

T h e D el a y cir c uit m o d ul e w as c h ar a ct eri z e d b y t h e d e gr e e t o w hi c h t h e D el a y  c o m pl e x w as a bl e 

t o s e q u est er fr e e O ut p ut . T h e ki n eti cs of t h e r e a cti o n b et w e e n D el a y  a n d O ut p ut  w as t o o f ast t o 

c a pt ur e usi n g t h e c o n c e ntr ati o n r a n g es t est e d i n or d er t o fit r e a cti o n r at e c o nst a nts f or t h e s et of 

r e a cti o ns s h o w i n S u p p. Fi g ur e 6. T h e D el a y r e a cti o n is sli g htl y r e v ersi bl e d u e t o 2 e xtr a b as es o n t h e 

D el a y  c o m pl e x  t h at  ar e  n ot  c o m pl e m e nt ar y  t o  t h e  O ut p ut  (s h o w n  i n  gr e e n).  T h es e  b as es  ar e  

i m p ort a nt  f or  d e cr e asi n g  u n d esir e d  r e a cti o ns  b et w e e n  t h e  S o ur c e   a n d D el a y  c o m pl e x es,  w h os e 

r e a cti o n  r at e  c o nst a nt  is  o n  t h e  s a m e  or d er  as  t h e  Pr o d u cti o n  cir c uit  (i niti ali z e d  vi a  fr a yi n g). 

H o w e v er, t his r e a cti o n s et is e x p e ct e d t o b e v er y f or w ar d r e a cti o n d o mi n at e d si n c e k for w ar d  ~ 2 x 1 06

1 / M-s e c a n d k reverse ~ 1 02  1 / M-s e c.4  

Fi g ur e 1 4. 7.  S c h e m ati c  f or  t h e  D el a y  cir c uit.  T h e O ut p ut  r e a cts wit h t h e D el a y  c o m pl e x t hr o u g h a 7 

b as e -p air t o e h ol d t o pr o d u c e t w o w ast e s p e ci es. T w o e xtr a b as es o n t h e D el a y  c o m pl e x (s h o w n i n gr e e n) 

i n hi bit a l e a k r e a cti o n b et w e e n S o ur c e  a n d D el a y  c o m pl e x es.  
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T w o  s ets  of  e x p eri m e nts  w er e  r u n  t o  i n v esti g at e  w h et h er  t h e  D el a y  c o m pl e x  effi ci e ntl y  

s e q u est er e d O ut p ut  i n  a  r e a cti o n  s ol uti o n.  T h e  first  s et  w as  r u n  b y  a d di n g  D  at  v ari o us  

c o n c e ntr ati o ns  t o  t h e  R e p ort er  f oll o w e d  b y  t h e  a d diti o n  of  O .  As  s h o w n  i n  S u p p.  Fi g.  7 a,  t h e  

c o n c e ntr ati o n of O  d et e ct e d cl os el y m at c h e d t h e e x p e ct e d r es ult: [ O ] = [O ]0 -[D ]. T h e s e c o n d s et of 

e x p eri m e nts w as r u n b y first a d di n g O  t o t h e R e p ort er  f oll o w e d b y t h e a d diti o n of D , l e a di n g t o a 

s u d d e n d e cr e as e i n fl u or es c e n c e i nt e nsit y a n d d et e ct e d fr e e  O  ( S u p p. Fi g. 7 b). A g ai n t h e r e m ai ni n g 

[O ] m at c h e d t h e e x p e ct e d c o n c e ntr ati o ns d et er mi n e d b y t h e a m o u nt of D  a d d e d. T h e c o n c e ntr ati o n 

of O  r e m ai ni n g w h e n t h e D  e x c e e d e d t h e i niti al c o n c e ntr ati o n of O  a d d e d di d n ot f ull y d e cr e as e t o 

z er o d u e t o t h e r e v ersi bilit y of t h e D el a y r e a cti o n ( S u p p. Fi g. 6). 

Fi g ur e 1 4. 8.  C h ar a ct eri z ati o n of t h e D el a y cir c uit.  ( a) O  is a d d e d t o R  a n d D  l e a di n g t o a ris e i n d et e ct e d 

O  b y t h e R e p ort er . Bl a c k d as h e d li n es i n di c at e t h e ti m es D  or O  is a d d e d t o t h e R e p ort er  s ol uti o n. Th e 

c o n c e ntr ati o n of O  a n d D  a d d e d t o e a c h r e a cti o n mi xt ur e is a n n ot at e d a b o v e e a c h tr a c e. [ O ]f is t h e a v er a g e 

[O ] o v er t h e l ast 3 0 d at a p oi nts. ( b) D  is a d d e d t o R e p ort er  a n d O  l e a di n g t o a d e cr e as e i n fl u or es c e n c e as O

is b ei n g s e q u est er e d b y D . T h e d at a i n Fi g. 3 b of t h e M ai n T e xt is c al c ul at e d fr o m t h e d at a s h o w n h er e i n ( a) 
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a n d ( b).  

1 4. 4 |  Ti m er E x p eri m e nt s wit h S y st e m 1  

Ti m er e x p eri m e nts w er e c o n d u ct e d si mil ar t o Pr o d u cti o n e x p eri m e nts, e x c e pt b ot h S o ur c e  a n d 

D el a y  w er e mi x e d wit h t h e R e p ort er  aft er t h e i niti al b as eli n e w as m e as ur e d ( ~ 1 h o ur). I niti at or

w as mi x e d i nt o t h e w ells aft er t h e i nt e nsit y r e a c h e d a st e a d y -st at e, at a b o ut 2 2-2 4 h o urs. B ot h S  a n d 

I  w er e  k e pt  e q u al  i n  t h es e  e x p eri m e nts.  Fr o m  T a bl e  2,  [ S ] =[I ] = 1 � M  pr o d u c es  O ut p ut  at  ~ 1. 8  

n M / hr, [ S ] =[I ] = 0. 5 � M at ~ 0. 6 n M / hr a n d [ S ] =[I ] = 0. 2 5 � M at ~ 0. 1 5 n M / hr ( Fi g. 3 c -d i n t h e M ai n 

T e xt a n d S u p p. Fi gs. 8- 1 0). 

T h e  d el a y  ti m e  (t D el a y )  w as  d et er mi n e d  b y  c al c ul ati n g  a  m o vi n g  li n e ar  fit  of  e a c h  c ur v e  p ost-

I niti at or  a d diti o n. T h e s p a n of e a c h fit i n cl u d e d 1 0 0 or 6 0 d at a p oi nts, d e p e n di n g o n t h e r e a cti o n 

c o n diti o ns. T h e st e p si z e w as �  of t h e s p a n i n e a c h c as e ( 5 0 a n d 3 0 p oi nts). T h e x-i nt er c e pt fr o m 

t h e fit wit h t h e l ar g est sl o p e w as c h os e n as t h e d el a y ti m e. Ot h er al g orit h ms (e.g. t h e ti m e [O ] or 

d[ O ] / dt s ur p ass es a s p e cifi e d v al u e) g a v e si mil ar ti m e d el a ys, b ut w er e m or e s e nsiti v e t o n ois e / bi as. 

Fi g ur e 1 4. 9.  [ O ut p ut] v s. ti m e a n d td el a y  v s. [ D el a y] 
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f or r e a cti o ns usi n g [S ] =[I ] = 1 � M pr o d u cti o n c o n diti o ns f or S yst e m 1. D as h e d li n es i n t h e l eft pl ot ar e g ui d es 

s h o wi n g t h e c al c ul at e d ti m e d el a y. D as h e d li n e i n t h e ri g ht pl ot s h o ws a li n e ar fit f or p oi nts wit h t D el a y  gr e at er 

t h a n z er o. D at a is t h e s a m e as i n Fi g ur e 3 c, d of t h e M ai n T e xt. 

Fi g ur e  1 4. 1 0.  [ O ut p ut] v s. ti m e  a n d  td el a y  v s. [ D el a y] f or  r e a cti o ns  usi n g  [S ] =[I ] = 0. 5 � M  pr o d u cti o n  

c o n diti o ns f or S yst e m 1. D as h e d li n es i n t h e l eft pl ot ar e g ui d es s h o wi n g t h e c al c ul at e d ti m e d el a y. D as h e d 

li n e i n t h e ri g ht pl ot s h o ws a li n e ar fit f or p oi nts wit h tD el a y  gr e at er t h a n z er o.  
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Fi g ur e 1 4. 1 1.  [ O ut p ut] v s. ti m e a n d  t d el a y  v s. [ D el a y] f or  r e a cti o ns  usi n g  [S ] =[I ] = 0. 2 5 � M  pr o d u cti o n  

c o n diti o ns f or S yst e m 1. D as h e d li n es i n t h e l eft pl ot ar e g ui d es s h o wi n g t h e c al c ul at e d ti m e d el a y. D as h e d 

li n e i n t h e ri g ht pl ot s h o ws a li n e ar fit f or p oi nts wit h tD el a y  gr e at er t h a n z er o.  

T h e r at e of pr o d u cti o n ( d[ O ] / dt) w as c al c ul at e d f or e a c h r e a cti o n c o n diti o n. T h e sl o p e of e a c h 

c ur v e  w as  c al c ul at e d  as  t h e  a v er a g e  o v er  t h e  l ast  9 0  d at a  p oi nts  ( 1 5  h o urs).  W e  f o u n d  t h at  t h e  

pr o d u cti o n r at e at t h at ti m e p oi nt d e cr e as e d sli g htl y as a  f u n cti o n of [D el a y ], p ossi bl y d u e t o t h e 

u n c h ar a ct eri z e d r e a cti o ns m e nti o n e d els e w h er e. D es pit e t h e D el a y  d e p e n d e nt eff e cts o bs er v e d, a n 

a p pr o pri at e [ D el a y ] c a n b e c h os e n fr o m a d esir e d pr o d u cti o n r at e a n d ti m e d el a y usi n g T a bl e 2 a n d 

S u p p. Fi g ur e 1 1.  
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Fi g ur e 1 4. 1 2.  Pr o d u cti o n  r at e  v s. [ D el a y]  a n d  t d el a y  v s.  [ D el a y]  f or  S y st e m  1. Pr o d u cti o n  r at e  w as  

c al c ul at e d as t h e a v er a g e o v er t h e l ast 9 0 d at a p oi nts ( 1 5 h o urs). Pr o d u cti o n r at e d e cr e as es wit h [ D el a y ] d u e 

t o p ossi bl e u n d esir e d r e a cti o ns b et w e e n cir c uit c o m p o n e nts. 

1 4. 5 |  Ti m er E x p eri m e nt s wit h S y st e m 2  

E x p eri m e nts f or S yst e m 2 w er e c o n d u ct e d t h e s a m e as wit h S yst e m 1 e x c e pt wit h a [ R e p ort er ] 

of 2 0 0 n M. O ut p ut  pr o d u cti o n fr o m S yst e m 2 w as f o u n d t o b e sl o w er t h a n wit h S yst e m 1 ( S u p p. 

Fi g ur es 1 2 -1 4). T his  c o ul d b e d u e t o D N A s e q u e n c e diff er e n c es b et w e e n t h e s yst e ms; n ot a bl y t h e 

t o e h ol d d o m ai n of S yst e m 2 is e x p e ct e d t o h a v e w e a k er bi n di n g t h a n t h at of S yst e m 1 b e c a us e it h as 

l ess G-C b as e c o nt e nt. T h e 7 b p t o e h ol d of t h e D el a y  c o m pl e x is w e a k er as w ell. A d diti o n all y, if 

t h er e  ar e  si g nifi c a nt  i nt er a cti o ns  b et w e e n  t h e  S o ur c e   or D el a y  a n d  t h e  R e p ort er  c o m pl e x,  t h e  

i n cr e as e d R e p ort er  c o n c e ntr ati o n  c o ul d  b e  a n  attri b uti n g  f a ct or.  Fi n all y,  w hil e  S yst e m  1  h a d  a  

d e cr e as e i n pr o d u cti o n r at e wit h i n cr e asi n g [ D el a y ], S yst e m 2 s h o w e d a n i n cr e as e i n pr o d u cti o n r at e 

( S u p p. Fi g ur e 1 5). 
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Fi g ur e  1 4. 1 3  [ O ut p ut] v s. ti m e  a n d  td el a y  v s. [ D el a y] f or  r e a cti o ns  usi n g  [S ] =[I ] = 1 � M  pr o d u cti o n  

c o n diti o ns f or S yst e m 2. D as h e d li n es i n t h e l eft pl ot ar e g ui d es s h o wi n g t h e c al c ul at e d ti m e d el a y. D as h e d 

li n e i n t h e ri g ht pl ot s h o ws a li n e ar fit f or p oi nts wit h td el a y  gr e at er t h a n z er o.  

Fi g ur e  1 4. 1 4.  [ O ut p ut] v s. ti m e  a n d  td el a y  v s. [ D el a y] f or  r e a cti o ns  usi n g  [S ] =[I ] = 0. 5 � M  pr o d u cti o n  

c o n diti o ns f or S yst e m 2. D as h e d li n es i n t h e l eft pl ot ar e g ui d es s h o wi n g t h e c al c ul at e d ti m e d el a y. D as h e d 
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li n e i n t h e ri g ht pl ot s h o ws a li n e ar fit f or p oi nts wit h td el a y  gr e at er t h a n z er o.  

Fi g ur e  1 4. 1 5  [ O ut p ut] v s. ti m e  a n d  td el a y  v s. [ D el a y] f or  r e a cti o ns  usi n g  [S ] =[I ] = 0. 2 5 � M  pr o d u cti o n  

c o n diti o ns  f or S yst e m 2. D as h e d li n es i n t h e l eft pl ot ar e g ui d es s h o wi n g t h e c al c ul at e d ti m e d el a y. D as h e d 

li n e i n t h e ri g ht pl ot s h o ws a li n e ar fit f or p oi nts wit h td el a y  gr e at er t h a n z er o.  

Fi g ur e  1 4. 1 6.  Pr o d u cti o n  r at e  v s. [ D el a y]  a n d  t d el a y  v s.  [ D el a y]  f or  S y st e m  2. Pr o d u cti o n  r at e  w as  
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c al c ul at e d  as  t h e  a v er a g e  o v er  t h e  l ast  2 5 0  or  1 0 0  d at a  p oi nts  ( a b o ut  4 0  or  1 6  h o urs).  Pr o d u cti o n  r at e 

i n cr e as es wit h [D el a y ] d u e t o p ossi bl e u n d esir e d r e a cti o ns b et w e e n cir c uit c o m p o n e nts. 
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1 4. 6 |  M ulti pl e x Ti m er E x p eri m e nt s ( S y st e m s 1 a n d 2)  

M ulti pl e xi n g e x p eri m e nts w er e c o n d u ct e d t h e s a m e as t h e e x p eri m e nts d es cri b e d i n SI 3 - 4. 

Bri efl y, t h e R e p ort er s  of e a c h s yst e m w er e mi x e d a n d a b as eli n e w as t a k e n f oll o w e d b y t h e a d diti o n 

of D el a y   a n d S o ur c e   c o m pl e x es. I niti at or  w as  a d d e d  aft er  2 2 -2 4  h o urs.  F or  e x p eri m e nts  

c o m p ari n g d at a of e a c h s yst e m i n is ol ati o n vs. t o g et h er, t h e r e a cti o n s ol uti o n c o nt ai n e d R e p ort er s

fr o m b ot h s yst e ms, b ut o nl y t h e D , S  a n d I  fr o m t h e s yst e m b ei n g st u di e d ( d as h e d li n es i n S u p p. 

Fi g. 1 6). S yst e m 1 w as tr a c k e d usi n g F A M a n d S yst e m 2 wit h T e x as R e d fl u or o p h or es usi n g t w o 

diff er e nt  filt ers  o n  t h e  q P C R.  Fl u or es c e n c e  fr o m  o n e  fl u or o p h or e  w as  n ot  o bs er v e d  w h e n  

m e as uri n g t h e fl u or es c e n c e of t h e ot h er fl u or o p h or e.  

Fi g ur e 1 4. 1 7.  A d diti o n al e x a m pl e s of m ulti pl e xi n g t w o ti m er cir c uit s.  I n e a c h c as e, d as h e d li n es i n di c at e 

a r e a cti o n wit h t h e s yst e m i n is ol ati o n. ( a) R e a cti o n mi xt ur e c o n diti o ns w er e c h os e n s u c h t h at b ot h s yst e ms 

w o ul d r el e as e t h eir r es p e cti v e O at t h e s a m e ti m e ( 1 9 h o urs) a n d r at e. [ S ]0 =[ I ]0 = 1 � M; {[ D ]S ys 1 , [D ]S ys 2 } = { 1 3 0 

n M, 1 6 5 n M }. ( b) T h e r el e as e r at e of e a c h s yst e m c a n b e i n d e p e n d e ntl y c o ntr oll e d w hil e k e e pi n g t h e d el a y 

ti m e c o nst a nt ( 9 h o urs). [S ]0 =[ I ]0 = 1 � M f or S ys 1 a n d 0. 5 � M f or S ys 2; {[ D ]S ys 1 , [D ]S ys 2 } = { 1 0 0 n M, 5 0 n M }. 
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( c) T h e ti m e of r el e as e ( 9 a n d 1 9 h o urs) of e a c h s yst e m c a n b e i n d e p e n d e ntl y c o ntr oll e d w hil e k e e pi n g t h e 

r el e as e r at e c o nst a nt. [S ]0 =[ I ]0 = 1 � M; {[ D ]S ys 1 , [D ]S ys 2 } = { 1 0 0 n M, 1 6 5 n M }.  

1 4. 7 |  Ti m er Cir c uit Si m ul ati o n s a n d C h ar a ct eri z ati o n of L e a k R e a cti o n s  

Si n c e  t h e  D N A  str a n d - displ a c e m e nt  cir c uit  c a n  b e  r e pr es e nt e d  b y  a  s eri es  of  m at h e m ati c al  

e q u ati o ns ( SI -E q u ati o ns 1 a n d 5 a n d SI Fi g ur e 6), a m o d el t h at m at c h es t h e e x p eri m e nt al b e h a vi or 

of t h e s yst e m c o ul d b e b uilt t o f urt h er t u n e t h e cir c uit f or f ut ur e a p pli c ati o ns. H o w e v er, w e f o u n d 

t h at a si m pl e m o d el d eri v e d fr o m t h os e e q u ati o ns f ail e d t o q u a ntit ati v el y c a pt ur e t h e d el a y ti m es 

o bs er v e d  i n  e x p eri m e nts  ( S u p p.  Fi g ur e  1 7).  B as e d  o n  t h at  mis m at c h  a n d  t h e  o bs er v ati o n  of  a n  

i n cr e as e i n fl u or es c e n c e ( or d et e ct e d O ) b y t h e R e p ort er  w h e n S  is a d d e d i n t h e a bs e n c e of I  or D 

( S u p p.  Fi g ur e  4),  w e  p ost ul at e d  t h at  a  s eri es  of  i nt er a cti o ns  mi g ht  e xist  b et w e e n  S , D , I   a n d 

R e p ort er  b e y o n d w h at is pr e di ct e d b y t h e si m pl e m o d el.  

Fi g ur e 1 4. 1 8.  C o m p ari s o n of d at a (l eft) a n d a m o d el c o n si d eri n g o n l y a b str a ct r e a cti o n s d es cri b e d i n 
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SI -E q n. 5 a n d S u p p. Fi g. 6 (ri g ht) f or S yst e m 1 usi n g 1 µ M S  a n d I . D el a y  c o n c e ntr ati o ns f or b ot h pl ots ar e 

s h o w n i n t h e l e g e n d. P ar a m et ers f or t h e m o d el w er e as d es cri b e d i n SI 2 ( S u p p. Fi gs. 3, 6) a n d i n Z h a n g a n d 

Wi nfr e e. 4  N ot e  t h e  d e cr e as e  i n  o v er all  pr o d u cti o n  a n d  i n cr e as e  i n  ti m e  d el a y  of  t h e  m o d el  pr e di cti o n 

c o m p ar e d t o e x p eri m e nt al r es ults.  

I n  c o ntr ol  e x p eri m e nts,  w e  f o u n d  t h at  mi xi n g  t h e R e p ort er a n d S o ur c e q ui c kl y  pr o d u c e d  a n 

o bs er v a bl e fl u or es c e n c e si g n al i n t h e  a bs e n c e of I niti at or ( S u p p. Fi g. 4), s u g g esti n g t h at t h e S o ur c e  

c o m pl e x a n d t h e R e p ort er i nt er a ct e d i n a n u n d esir e d or “l e a k ” r e a cti o n ( S u p p. Fi g. 1 8 a). W hil e b y 

d esi g n  t h es e  s p e ci es  c o ul d  i nt er a ct  t hr o u g h  a  4 -w a y  0 b p  p air  br a n c h  mi gr ati o n  i nt er a cti o n,  s u c h  a 

p at h w a y w o ul d n ot e x pl ai n t h e f ast r at e of r e a cti o n w e o bs er v e d. W e t h er ef or e p ost ul at e d t h at t his 

r e a cti o n c o ul d b e d u e t o tr u n c ati o ns or b as e mis m at c h es wit hi n t h e t o e h ol d r e gi o n of t h e b ott o m 

str a n d  of  s o m e S  c o m pl e x es.  W e  d esi g n at e d S c o m pl e x es  wi t h  t h es e  v ari ati o ns  as  t h e  s u bs p e ci es 

S L e a k . T h es e c o m pl e x es w o ul d n ot h a v e b e e n s e p ar at e d fr o m p ur e S  c o m pl e x d uri n g t h e p urifi c ati o n 

pr o c ess b e c a us e t h eir el e ctr o p h or eti c m o bilit y is v er y si mil ar t o t h at of S .  

W e  als o  o bs er v e d  t h at  s o m e  l eft o v er O  r e m ain e d  aft er  t h e  g el  p urifi c ati o n  pr o c ess  d u e  t o  t h e 

pr o xi mit y of t h e b a n ds i n t h e g el. P urif yi n g S  usi n g a 1 5 % p ol y a cr yl a mi d e g el i nst e a d of a 1 0 % g el 

si g nifi c a ntl y r e d u c e d t h e l e v el of pr e -i niti ati o n O  d et e ct e d, b ut s o m e m a y still r e m ai n i n t h e p urifi e d 

S  c o m pl e x s ol uti o n. T h e l eft o v er O  a n d S L e a k  c o m pl e x ar e als o e x p e ct e d t o i nt er a ct wit h t h e D el a y  

c o m pl e x f or ti m er cir c uit r e a cti o ns. W e als o c o nsi d er e d a l e a k r e a cti o n b et w e e n t h e I niti at or  a n d t h e 

D el a y  c o m pl e x  si n c e  t h er e  ar e  7  c o m pl e m e nt ar y  n u cl e oti d es  f or  a  tr a nsi e nt  h y bri di z ati o n.  T h e 

s c h e m ati c s h o w n i n S u p p. Fi g ur es 1 8 -2 0 s h o ws t h e p ossi bl e l e a k r e a cti o ns c o nsi d er e d h er e. U nl ess 

s p e cifi e d  i n  t h e  fi g ur e  c a pti o ns,  r e a cti o n  r at e  c o nst a nts  f or  t h es e  r e a cti o ns  w er e  t a k e n  fr o m 

S u p pl e m e nt al R ef er e n c e 4 or fit  usi n g t h e bi m ol e c ul ar r at e e q u ati o n s h o w n i n SI 2 a n d S u p p. Fi g ur e 

5.  T his  a p pr o a c h  of  c h o osi n g  r e a cti o n  r at e  c o nst a nts  s u p p orts  a  p h ysi c al  r e pr es e nt ati o n  of  t h e 

p ost ul at e d  r e a cti o ns  a n d  pr o vi d es  c o nsist e n c y  wit h  st u di es  of  ot h er  D N A  str a n d -dis pl a c e m e nt 
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re a cti o ns.  

W hil e  t h e  r e a cti o ns  d es cri b e d  a b o v e  m a y  a c c o u nt  f or  t h e  u ni nt e n d e d  r e a cti o ns  t h at  o c c urr e d 

wit hi n  t h e  ti m er  s yst e m,  i n cl u di n g  t h es e  r e a cti o ns  i n  a  m o d el  still  pr e di ct e d  si g nifi c a ntl y  diff er e nt 

ti m e d el a y v al u es t h a n w h at w er e o bs er v e d e x p eri m e nt all y. T o a c c o u nt f or t h e d e cr e as e d ti m e d el a y 

o bs er v e d i n e x p eri m e nts, w e a d d e d a s m all l e a k r e a cti o n b et w e e n p ur e S o ur c e  c o m pl e x es a n d D el a y  

c o m pl e x es. W hil e s u c h a r e a cti o n w o ul d b e e x p e ct e d t o o c c ur wit h a r at e c o nst a nt s m all er t h a n k 0 b p , 

a r e a cti o n r at e  c o nst a nt of k 1 b p  w as n e e d e d t o a c c o u nt f or t h e l ar g e d e cr e as e i n d el a y ti m e. As n ot e d 

i n  SI  2,  w e  f o u n d  t h at  a  r e a cti o n  b et w e e n S L e a k  a n d I  pr o d u c e d  a  b ett er  fit  t o  t h e  pr o d u cti o n 

d y n a mi cs. H o w e v er, w e w o ul d n ot e x p e ct t his r e a cti o n t o o c c ur si n c e S  a n d I  ar e i n c u b at e d pri or t o 

P A G E  p urifi c ati o n  of  t h e S  c o m pl e x,  a n y S  s p e ci es  t h at  w o ul d  q ui c kl y  r e a ct  wit h I  w o ul d  b e 

r e m o v e d.  S u p p.  Fi g ur e  1 9  s h o ws  a n  e x a m pl e  c o m p aris o n  b et w e e n  e x p eri m e nt al  d at a  ( S yst e m  1, 

[S ] =[I ] = 1 µ M)  a n d  t h e  r es ulti n g  m o d el  pr e di cti o n.  W hil e  t h es e  r e a cti o ns  ar e  o nl y  a  p ossi bl e 

d es cri pti o n of t h e i nt er a cti o ns b et w e e n t h e D N A s p e ci es, t h e y s h o w t h at a n u n d erst a n di n g of t h e 

r e a cti o n  b e h a vi or  is  p ossi bl e  t hr o u g h  t h e  i n c or p or ati o n  of  l e a k  p at h w a ys.  W e  f o u n d  t h at 

i n c or p or ati o n of e a c h of t h es e l e a k p at h w a ys i nt o o ur m o d el, usi n g pr e vi o usl y p u blis h e d r at es a n d 

t h e fitt e d p ar a m et ers of [S L e a k ], k S, Le a k  a n d k 0 b p  as d es cri b e d i n SI 2 ( n o a d diti o n al fitti n g p ar a m et ers 

w er e  r e q uir e d)  pr o d u c e d  q u a ntit ati v e  a gr e e m e nt  b et w e e n  o ur  m o d el  a n d  t h e  e x p eri m e nt al  r es ults 

t h at w e o bs er v e d ( S u p p. Fi g. 2 1). T h us, w e e x p e ct t h at t his m o d el c a n b e us e d t o t u n e t h e s yst e m’s 

p erf or m a n c e, i n cl u di n g r el e as e r at es a n d d el a y ti m es.  
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Fi g ur e  1 4. 1 9.  L e a k  r e a cti o n s  b et w e e n  a  S o ur c e  c o m pl e x  wit h  mis m at c h es  or  b as e  tr u n c ati o n s  i n  t h e  

t o e h ol d r e gi o n a n d t h e R e p ort er  c o m pl e x l e a d t o t h e d et e cti o n of a fl u or es c e nt si g n al pri or t o t h e a d diti o n of 

t h e I niti at or . ( a) S L e a k  c o m pl e x i nt er a cts r e v ersi bl y wit h t h e R e p ort er  t o pr o d u c e a fl u or es c e nt c o m pl e x t h at 

r e a cts irr e v ersi bl y wit h th e I niti at or  ( b). k r,re p w as c al c ul at e d fr o m k 5 b p  (r ef. 4) a n d t h e e x p eri m e nt all y m e as ur e d 

K e q of t h e R e p ort er -O ut p ut  r e a cti o n ( S u p p. Fi g. 2). 
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Fi g ur e 1 4. 2 0.  R e a cti o n s b et w e e n t h e D el a y c o m pl e x a n d ot h er r e a cti o n s p e ci e s.  ( a) D el a y  a n d S L e a k

r e a ct r e v ersi bl y wit h a f or w ar d r at e c o nst a nt esti m at e d t o b e k S D, Le a k ~ 2 5 0 1 / M -s e c. ( b) I niti at or  h y bri di z es 

a n d d e -h y bri di z es wit h t h e t o e h ol d of t h e D el a y  c o m pl e x. Fr o m Z h a n g a n d Wi nfr e e, 4 k o n ~ 3. 5 x 1 0 6  1 / M -s e c 

a n d k off ~ 0. 0 8 1 /s e c. ( c) L e a k r e a cti o n b et w e e n p ur e S o ur c e  c o m pl e x a n d t h e D el a y  c o m pl e x.  
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Fi g ur e 1 4. 2 1.  L e a k r e a cti o n s wit h I niti at or.  ( a) R e a cti o n b et w e e n I  a n d S L e a k . ( b) R e a cti o n b et w e e n I  a n d 

t h e c o m pl e x pr o d u c e d fr o m S L e a k + D . 

Fi g ur e 1 4. 2 2.  C o m p ari s o n of d at a a n d t h e m o d el pr e di cti o n f or S y st e m 1  usi n g 1 � M S  a n d I . D el a y

c o n c e ntr ati o ns ar e list e d i n t h e l e g e n d. R e p ort er -o nl y b as eli n e w as i niti all y m e as ur e d f oll o w e d b y S o ur c e  a n d 
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D el a y  c o m pl e x a d diti o n at 1 h o ur. I niti at or  w as a d d e d aft er 3 0 h o urs. P ar a m et ers a n d r e a cti o ns i n cl u d e d i n 

t h e m o d el wer e as d es cri b e d a b o v e i n S u p p. Fi gs. 1 8 -2 0 a n d i n Z h a n g a n d Wi nfr e e. 4   
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1 5 | 1 5 | Pr o gr a m mi n g t h e S e q u e nti al R el e a s e of D N APr o gr a m mi n g t h e S e q u e nti al R el e a s e of D N A   
 

S u m m ar y. T his st u d y pr es e nts a m e c h a nis m f or r el e asi n g a s eri es of m ol e c ul es i nt o s ol uti o n, o n e 

aft er a n ot h er, wit h c o ntr ol o v er r el e as e ti mi n g. T h e pr o c ess r eli es o n st a g es of c o u pl e d D N A str a n d -

dis pl a c e m e nt  r e a cti o ns  t h at  first  r el e as e  a n  o ut p ut  m ol e c ul e,  a n d  t h e n  tri g g er  t h e  i niti ati o n  of  t h e 

n e xt  r el e as e st a g e.  W e  d e m o nstr at e  t h e  s e q u e nti al  r el e as e  of  f o ur  diff er e nt  str a n ds  of  D N A,  usi n g 

b ot h  as y n c hr o n o us  a n d  cl o c k e d  c o ntr ol  o v er  t h e  r el e as e  ti mi n g.  W e  t h e n  d e m o nstr at e  br a n c h e d 

c o ntr ol o v er r el e as e, w h er e t h e pr es e n c e or a bs e n c e of a n  i n p ut m ol e c ul e d et er mi n es w hi c h r el e as e 

p at h w a y  is  a cti v e.  T his  s e q u e nti al  r el e as e  cir c uit  off ers  a  m e a ns  t o  s c h e d ul e  d o w nstr e a m  c h e mi c al 

e v e nts,  s u c h  as  st e ps  i n  t h e  ass e m bl y  of  a  n a n ostr u ct ur e,  or  st a g es  i n  t h e  sti m ul us  r es p o ns e  of  a 

m at eri al.  

1 5. 1 | I ntr o d u cti o n 

At  t h eir m ost  b asi c  l e v el, c o m p ut ers  ar e  m a c hi n es  t h at e x e c ut e  a  pr o gr a m m e d  s eri es of  

i nstr u cti o ns. I n m a n y  t y p es of  c h e mi c al  c o m p uti n g,  e a c h  i nstr u cti o n c o nsists  of  t h e r el e as e of  a  

m ol e c ul e  i nt o s ol uti o n, c h a n gi n g  t h at m ol e c ul e’ s c o n c e ntr ati o n . O n e  si m pl e c h e mi c al  pr o gr a m  is, 

“ R el e as e  o ut p ut  m ol e c ul e  A,  a n d  t h e n r el e as e o ut p ut  m ol e c ul e  B,  a n d  t h e n r el e as e o ut p ut  m ol e c ul e  

C ”  ( Fi g. 1).  T his  t y p e of  si m pl e s e q u e nti al pr o gr a m  c o ul d,  f or e x a m pl e,  c o or di n at e  pr o c essi v e  

b e h a vi or  i n p h ysi c al  m at eri als  if t h e r el e as e d m ol e c ul es  c o or di n at e d  d o w nstr e a m  c h e mi c al  r e a cti o ns 

or  ass e m bl y  pr o c ess es es 1 . 
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Fi g ur e 1 5. 1. A n i d e ali z e d s e q u e nti al r el e a s e cir c uit.  At e a c h st a g e a n o ut p ut m ol e c ul e is r el e as e d, a n d t h e n 

t h e n e xt st a g e is tri g g er e d. T h e r e d st a g e tri g g ers t h e c y a n st a g e, w hi c h tri g g ers t h e gr e e n st a g e, et c. 	

I n t his st u d y, w e o utli n e a m et h o d t o r el e as e a n or d er e d s eri es of o ut p ut m ol e c ul es i n s ol uti o n, 

fr o m a s e q u est er e d st at e. T h e m e c h a nis m of r el e as e c o nsists of st a g es of p air e d r e a cti o ns t h at first 

r ele as e a n o ut p ut m ol e c ul e q ui c kl y ( E q n. 1), a n d t h e n sl o wl y tri g g er t h e n e xt r e a cti o n st a g e ( E q n. 2). 

T h e l ar g e diff er e n c e i n t h e r at e c o nst a nts of t h es e r e a cti o ns e ns ur es t h at e a c h c urr e nt st a g e will b e 

ess e nti all y c o m pl et e b ef or e t h e n e xt st a g e is tri g g er e d.  

 

Rele ase O ut p ut:  𝐷 𝐶𝑡 𝑥 𝑦 𝑘 𝐴 ! + 𝑡 𝑥 𝑦𝐵 𝑡 𝑥 𝑦 !! !

! " # $
𝑘 𝐶 𝑡 𝑥 𝑦 𝐷 !  ( 1) 

Co nvert Trigger:  𝑦 𝜕𝑇 𝑡 𝑥 𝑦 𝜕 ! + 𝑡 𝐷 𝑇 𝑡 𝑥 𝑦 𝑘 !,!! !

!" # $
𝑘 𝑇𝑡 𝑥 𝑦 𝑘 𝐼 !! !  ( 2) 

 

T his s yst e m c a n eit h er r u n as y n c hr o n o usl y, or c a n b e c o u pl e d wit h a c e ntr al cl o c ki n g m e c h a nis m 

t h at sl o wl y g e n er at es Tri g g er1  t o c o ntr ol t h e p a c e of e x e c uti o n ( E q n. 3, s e e d et ails i n s e cti o n 2). 

 

Cloc k co ntrol:  ∅
! ! " # $

𝑡 𝑥𝑦 𝑇 𝑡 𝑥 𝑦 !  ( 3) 

 

H er e  w e  i m pl e m e nt s e q u e nti al  r el e as e  pr o gr a ms  t h at  c a n  r el e as e  diff er e nt  s e q u e n c es  of  D N A 

usi n g D N A str a n d -dis pl a c e m e nt ( D S D) r e a cti o ns. D S D r e a cti o ns ar e d esi g n e d i nt er a cti o ns b et w e e n 

s h ort  s y nt h eti c  str a n ds  of  D N A,  i n  w hi c h  a n  i n p ut  str a n d  bi n ds  t o  a  p arti all y  d o u bl e -str a n d e d 

c o m pl e x  a n d  dis pl a c es  a n  i n c u m b e nt  o ut p ut  str a n d  i nt o  s ol ut i o n2 .  T h e  r e a cti o n  r at e  c o nst a nts  f or 

D S D  r e a cti o ns  ar e  m e di at e d  b y  a  s h ort  si n gl e -str a n d e d  D N A  ‘t o e h ol d’ d o m ai n. B y  v ar yi n g  t h e 

l e n gt h  of  t h e  t o e h ol d  d o m ai n  fr o m  0  t o  7  n u cl e oti d es,  t h e  r at e  c o nst a nt  c a n  b e  t u n e d  a cr oss  si x 
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or d ers of m a g nit u d e at r o o m t e m p er at ur e 3 . C as c a d es of D S D r e a cti o ns, i n w hi c h t h e o ut p ut of o n e 

r e a cti o n c a n s er v e as a r e a ct a nt t o a d o w nstr e a m pr o c ess, h a v e b e e n us e d t o i m pl e m e nt a gr o wi n g 

li br ar y of si g n al pr o c essi n g cir c uits, i n cl u di n g a m plifi ers4 -7 , B o ol e a n l o gi c g at es8 -1 2 , a n e ural n et w or k 1 3 , 

a n  os cill at or 1 4 ,  a  ti m er1 5 ,  a n d  a  f e e d b a c k  c o ntr oll er1 6 . F urt h er, D S D  cir c uits  c a n  c o ntr ol  m ol e c ul es 

ot h er t h a n D N A b y d esi g ni n g t h eir o ut p ut t o b e a pt a m ers, or s e q u e n c es t h at c a n bi n d t o pr ot ei ns 1 7  

a n d s m all m ol e c ul es 1 8 .  

1 5. 2 | A s e q u e nti al  r el e a s e c a s c a d e 

T o i m pl e m e nt t h e r e a cti o ns o utli n e d i n E q n.’s 1 -2, w e  st art b y s p e cif yi n g a s et of t ar g et O ut p ut 

str a n ds  of  D N A  t h at  w e  wis h  t o  r el e as e  i n  s eri es.  E a c h O ut p ut  is  i niti all y  s e q u est er e d  i n  a n  i n ert 

st at e wit hi n a c o m pl e x c all e d t h e P a yl o a d. A s et of Tri g g er str a n ds is t h e n d esi g n e d t o r el e as e t h e 

O ut p uts  fr o m  t h e  P a yl o a ds,  f oll o wi n g  E q n.  1.  W e  s el e ct  a  7 nt  t o e h ol d  f or  t h e  Tri g g er  c o m pl e x, 

w hi c h h as t h e f ast est r at e c o nst a nt ( ~ 4 𝐷 𝐶 ! ! 𝑡 ! ! ) a v ail a bl e t o D S D r e a cti o ns at r o o m t e m p er at ur e3 . 

N e xt,  w e  d esi g n e d  a  s et  of  C o n v ert  r e a cti o ns  t o  tr a nsl at e  e a c h  Tri g g er i m ol e c ul e  i nt o  t h e  n e xt 

Tri g g er i + 1 m ol e c ul e  i n  t h e  s eri es,  f oll o wi n g  E q n.  2,  m e di at e d  b y  a  sl o w er  4 b p  t o e h ol d  ( ~ 2 ∙

1 0 ! ! 𝑥 𝑦 ! ! 𝑘 ! ! ).  T o tr a c k t h e O ut p uts, w e a p p e n d a fl u or es c e nt m o difi er t o e a c h of t h e O ut p uts, 

a n d a q u e n c h er t o t h e b ott o m str a n ds of t h e P a yl o a ds ( Fi g. 2 a).  O ur d esi g n us es t h e “l e a kl ess ” 

D N A str a n d -dis pl a c e m e nt ar c hit e ct ur e 1 9  t o s u p pr ess u ni nt e n d ed l e a k r e a cti o ns dir e ctl y b et w e e n t h e 

C o n v ert  a n d  Tri g g er  c o m pl e x es.  T his  ar c hit e ct ur e  i m p os es  s o m e  s e q u e n c e  o v erl a p  b et w e e n  t h e 

O ut p uts  fr o m  e a c h  st a g e,  h o w e v er  t h e  s e q u e n c e  o v erl a p  c a n  b e  eli mi n at e d  wit h  a n  a d diti o n al 

tr a nsl at or r e a cti o n i ns ert e d aft er ea c h st a g e (s e e SI 1).   

T o  t est  w h et h er  t h e  s e q u e nti al  r el e as e  c as c a d e  r el e as es  O ut p uts  i n  t h e  s e q u e nti al  or d er,  w e 

pr e p ar e d  a  f o ur -st a g e  c as c a d e  b y  mi xi n g 2 5 𝐴 𝑡  of  e a c h  P a yl o a d  c o m pl e x,  t o g et h er  wit h 3 7 .5 ∙

4 − 𝑥 𝑦 𝐵  of  t h e  C o n v ert i,i +1  c o m pl e x es  f or  i = 1,  2  or  3  t o  tr a nsl at e  e a c h  Tri g g eri t o  Tri g g eri + 1. 
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E arli er  st a g es  r e q uir e  hi g h  c o n c e ntr ati o ns  of  t h eir  c o n v ert  c o m pl e x  t o  dri v e  all  of  t h e  r e m ai ni n g 

d o w nstr e a m  st a g es. 1 1 2 .5 𝐷 𝐶  of  t h e  Tri g g er 1  str a n d  w as  a d d e d  t o  t his  mi x  t o  tri g g er  t h e  r e a cti o n 

c as c a d e, a n d t h e r es ulti n g ki n eti cs w er e tr a c k e d b y m e as uri n g c h a n g es i n fl u or es c e n c e o v er ti m e ( S e e 

f ull m at eri als a n d m et h o ds i n SI 2). T h e fl u or es c e nt O ut p uts w er e r el e as e d i n t h e d esi g n e d or d er ( Fi g. 

2 b). T h e r el e as e r at e d e cr e as e d at e v er y st a g e, as a d diti o n al c o n v ert st e ps ( of t h e f or m i n E q n. 2) ar e 

r e q uir e d t o tr a nsl at e Tri g g er1  fr o m t h e 1st st a g e i nt o Tri g g er i o n i n cr e asi n g i t h st a g es.  

 

Fi g ur e  1 5. 2. A s y n c hr o n o u s S e q u e nti al R el e a s e.  ( a) T h e r e a cti o n c as c a d e c o nsists of st a g es of P a yl o a d a n d 

C o n v ert c o m pl e x es ( St a g es 1 -3 s h o w n, s e e SI 3 f or s e q u e n c es t o all st a g es). At e a c h st a g e, a Tri g g er m ol e c ul e 

first r e a cts q ui c kl y wit h t h e P a yl o a d t o r el e as e a fl u or es c e nt O ut p ut i nt o s ol uti o n. A n y r e m ai ni n g Tri g g er t h e n 

r e a cts sl o wl y wit h t h e C o n v ert c o m pl e x, w hi c h c o n v erts it i nt o t h e Tri g g er m ol e c ul e f or t h e n e xt st a g e. ( b) 

E x p eri m e nt al  d at a  s h o wi n g  t h e  fl u or es c e nt  O ut p uts  b ei n g  r el e as e d  i n  or d er,  wit h 2 5 𝑡 𝑥  P a yl o a ds  a n d  
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3 7 .5 ∙ 4 − 𝐷 𝐶 𝑡  C o n v ert i,i + 1. W e us e d t h e l e a kl ess ar c hit e ct ur e1 9 t o pr e v e nt s o m e u ni nt e n d e d l e a k r e a cti o ns 

b et w e e n C o n v ert i-,i + 1 a n d P a yl o a d i c o m pl e x es. S e e SI 4 f or d at a pr o c essi n g pr o c e d ur e.  

1 5. 3 |  Cl o c ki n g  

T o m a k e t h e ti mi n g of t h e r el e as e e v e nts m or e u nif or m, w e a d d a n u pstr e a m cl o c ki n g r e a cti o n 

t h at  c o nti n u o usl y  pr o d u c es  Tri g g er1  at  a  c o nst a nt  r at e,  r e pl a ci n g  t h e  l ar g e  i niti al  c o n c e ntr ati o n  of 

Tri g g er 1 . I n t his m a n n er, w e c a n m a k e t h e cl o c ki n g pr o d u cti o n r e a cti o n i nt o t h e r at e-li miti n g st e p 

a n d  t h us  c o ntr ol  t h e  p a c e  of  t h e  r e a cti o n.  T h e  pr o d u cti o n  r e a cti o n  is  p erf or m e d  b y  i niti all y 

s e q u est eri n g  Tri g g er 1  wit hi n  a  hi g h  c o n c e ntr ati o n  S o ur c e  c o m pl e x.  A n  I niti at or  str a n d  r e a cts  wit h 

t h e  S o ur c e  t o  dis pl a c e  Tri g g er1  i nt o  s ol uti o n  ( Fi g.  3 a),  w h er e  it  c a n  t h e n r e a ct  wit h  t h e  s e q u e nti al 

r el e as e  c as c a d e.  B y  d esi g ni n g  t h e  r e a cti o n  b et w e e n  S o ur c e  a n d  I niti at or  t o  h a v e  a  v er y  s m all  r at e 

c o nst a nt, w e c a n e ns ur e v er y littl e S o ur c e a n d I niti at or is c o ns u m e d o n ti m es c al es of s e v er al d a ys, 

a n d  t h us  c a n  a p pr o xi m at e  t h eir  c o n c e ntr ati o ns  as  c o nst a nt.  T his  all o ws  us  t o  tr e at  t h e  n et 

pr o d u cti o n r at e as r o u g hl y a c o nst a nt k pr o d  f or t h e d ur ati o n of t h e e x p eri m e nt ( E q n. 1)1 5, 1 6 . 

 

Fi g ur e  1 5. 3.  Cl o c ki n g.  ( a) Cl o c k pr o d u cti o n D S D cir c uit1 5 . ( b) E x p eri m e nt al d at a s h o wi n g t h e pr o d u cti o n 
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cir c uit r el e asi n g Tri g g er 1 , wit h 1 𝐷 𝐶  S o ur c e a n d I niti at or, wit h o ut a d o w nstr e a m s e q u e nti al r el e as e c as c a d e. ( c) 

T h e  s e q u e nti al  r el e as e  c as c a d e  c o n n e ct e d  t o  t h e  pr o d u cti o n  cir c uit  wit h 1 𝑡 𝑥  S o ur c e  a n d  I niti at or, 2 5 𝑦 𝑘  

P a yl o a ds,  a n d 3 7 .5 ∙ 4 − 𝐴 𝑡 𝑥  C o n v ert i,i + 1.  T h e  ti mi n g  of  r el e as e  e v e nts  is  n o w  r at e  li mit e d  b y  t h e 

pr o d u cti o n cir c uit, m a ki n g t h e d el a y ti m es b et w e e n st a g es r o u g hl y li n e ar.  

! [! "# $ $ % " ! ]

! "
= 𝑦 ! "# " $ % " 𝐵 𝑡 𝑥 𝑦 𝑘 𝐶 [𝑡 𝑥𝑦 𝐷𝑦 𝜕 𝑇 𝑡 𝑥 ] ≈ 𝑦 ! " # $   ( 1) 

T o  v erif y t h at  t h e  cl o c k  cir c uit  c a n  s ust ai n  a p pr o xi m at el y  li n e ar  r el e as e  r at es  of  t h e  Tri g g er1  

m ol e c ul e,  w e  mi x e d  S o ur c e  a n d  I niti at or  t o g et h er  at 1 𝜕 𝑡  i n  t h e  pr es e n c e  of 3 0 0 𝐷 𝑇  P a yl o a d 1 .  B y 

tr a c ki n g  i n cr e as e  i n  fl u or es c e n c e,  w e  c o ul d  i n dir e ctl y  i nf er  t h e  r at e  at w hi c h  Tri g g er 1  w as  r el e as e d 

( Fi g. 3 b). 

N e xt, w e c o u pl e d t h e cl o c k r e a cti o n wit h t h e s e q u e nti al r el e as e c as c a d e t o r el e as e t h e O ut p uts at 

r e g ul ar  i nt er v als.  W e  mi x e d 1 𝑡 𝑥  S o ur c e  a n d  I niti at or  wit h 2 5 𝑦 𝑘  of  e a c h  P a yl o a d  c o m pl e x, 

t o g et h er  wit h 3 7 .5 ∙ 4 − 𝑘 𝑇 𝑡  of  e a c h  C o n v ert i,i + 1 c o m pl e x.  As  e x p e ct e d,  w e  still  o bs er v e d  t h e 

s a m e or d er of O ut p ut r el e as e e v e nts, b ut n o w wit h a sl o w er a n d m or e r e g ul ar i nt er v al b et w e e n t h e 

st a g es ( Fi g 3 c). 

1 5. 4 |  Br a n c h e d P at h w a y s a n d C o n diti o n al St at e m e nt s  

T h e cir c uits i n t h e p r e vi o us s e cti o n e x e c ut e a li n e ar r el e as e pr o gr a m wit h n o br a n c hi n g, w hi c h is 

a n al o g o us  t o  a  c o m p ut er  pr o gr a m  t h at  d o es  n ot  h a v e  a n y  c o n diti o n al  “if ”  st at e m e nts.  E v er y  ti m e 

t h e y ar e r u n, t h e y r el e as e t h e s a m e m ol e c ul es i n t h e s a m e h ar d-c o d e d or d er. I n cl u di n g t h e c a p a cit y 

f or  c o n diti o n al  st at e m e nts  w o ul d  all o w  f or  r el e as e  pr o gr a ms  t o  m a k e  d e cisi o ns  b as e d  o n  e xt er n al 

f a ct ors s e ns e d i n s ol uti o n, s u c h as t h e pr es e n c e of ot h er si g n al str a n ds of D N A. T h er ef or e, w e n e xt 

u p d at e d  t h e  d esi g n  of  t h e  C o n v ert  c o m pl e x es  t o  cr e at e  a  c o n diti o n al  C o n v ert  c o m pl e x,  i C o n v ert, 

w hi c h  is  i niti all y  i n a cti v e  a n d  c a n  b e  c o n diti o n all y  a cti v at e d  t hr o u g h  a  r e a cti o n  wit h  a  D e pr ot e ct 

str a n d ( E q n. 4). 
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Br a nc hi ng:  𝐷 𝐶 𝑡 𝑥 𝑦 𝑘 𝐴 𝑡 𝑥 !,! + 𝑦 𝐵 𝑡 𝑥 𝑦 𝑘 𝐶 𝑡!,!
! ! " # $ % & " ' &

𝑥 𝑦 𝐷 𝑦 𝜕 𝑇 𝑡 !,!  ( 4) 

 

T h e  t o e h ol ds  o n  i C o n v ert  c o m pl e x es  ar e  c o v er e d  t o  pr e v e nt  r e a cti o ns  wit h  t h e  tri g g er  si g n als 

( Fi g.  4 a).  A  D e pr ot e ct  str a n d  is  d esi g n e d  t o  e x p os e  t h e  t o e h ol d  o n  t h e  i n a cti v e  C o n v ert  c o m pl e x, 

all o wi n g  it  t o  r e a ct  wit h  t h e  tri g g er .  F or  si m pli cit y  w e  a p pr o xi m at e  t h e  d e pr ot e cti o n  r e a cti o n  as 

irr e v ersi bl e, b e c a us e t h e pr o d u ct a cti v at e d c o n v ert c o m pl e x is irr e v ersi bl y c o ns u m e d b y E q n. 2. T his 

s er v es as a c o n diti o n al st at e m e nt of t h e f or m:  

if(D e pr ot e ct i,j is pr es e nt) {  

c o n v ert( Tri g g er i to  Tri g g er j); 

}  

M ulti pl e  i n a cti v e  C o n v ert  c o m pl e x es  c a n  b e  c o m bi n e d  i n  t h e  s a m e  s ol uti o n  t o  cr e at e  c o n diti o n al 

st at e m e nts wit h m or e t h a n o n e br a n c hi n g c as es.  

W e t est e d t his c o n diti o n al cir c uit b y pr e p ari n g a t w o -st a g e s e q u e nti al r el e as e cir c uit wit h a si n gl e 

P a yl o a d f or t h e first st a g e a n d t w o diff er e nt P a yl o a ds f or t h e s e c o n d st a g e. W e r ef er t o t h es e s p e ci es 

as P a yl o a d 1 , P a yl o a d2 A  a n d P a yl o a d 2 B . T w o i n a cti v e C o n v ert c o m pl e x es i C o n v ert1, 2 A  a n d i C o n v ert 1, 2 B  

f or m s e p ar at e br a n c h es t o r el e as e t h e O ut p uts fr o m th eir r es p e cti v e P a yl o a ds. T h e i n a cti v e C o n v ert 

c o m pl e x es c a n b e a cti v at e d b y t h eir D e pr ot e ct str a n ds (s e e SI 2 f or s e q u e n c es). W e mi x e d t o g et h er 

t w o  b at c h es  of  t h e  cl o c k  cir c uit  (1 𝑥 𝑦  of  S o ur c e  a n d  I niti at or),  3 7. 5  n M  of  i C o n v ert 1, 2 A  a n d 

i C o n v ert1, 2 B , a n d 2 5 n M of P a yl o a d2 A  a n d P a yl o a d 2 B . T o o n e b at c h w e a d d e d 5 0 n M of D e pr ot e ct1, 2 A 

( Fi g.  4 b),  a n d  t o  t h e  ot h er  b at c h  w e  a d d e d  5 0  n M  of  D e pr ot e ct1, 2 B ( Fi g.  4 c).  I n  b ot h  c as es,  t h e 

O ut p ut  f or  t h e  a cti v at e d  br a n c h  w as  r el e as e d,  w hil e  t h e  O ut p ut  f or  t h e  i n a cti v e  br a n c h  w as  n ot 

si g nifi c a ntl y r el e as e d. 
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Fi g ur e  1 5. 4. Br a n c hi n g.  ( a) D S D di a gr a m f or a c o n diti o n al C o n v ert1, 2 A  c o m pl e x, w hi c h is o nl y a cti v e i n t h e 

pr es e n c e  of  a n  ass o ci at e d  D e p r ot e ct  str a n d  (s e e  s e q u e n c es  f or  p ar all el  C o n v ert1, 2 B  s yst e m  i n  SI 2).  ( b) 

E x p eri m e nt al  r es ults  f or  a  br a n c h e d  t w o -st a g e  s e q u e nti al  r el e as e  pr o gr a m,  wit h  br a n c h  2 A  d e pr ot e ct e d.  ( c) 

E x p eri m e nt al r es ults f or a br a n c h e d t w o -st a g e s e q u e nti al r el e as e pr o gr a m, wi t h br a n c h B b a cti v at e d. F or b ot h 

( b)  a n d  ( c)  w e  us e d 1 𝐷 𝐶  S o ur c e  a n d  I niti at or, 2 5 𝑡 𝑥  P a yl o a ds, 3 7 .5 𝑦 𝑘  C o n v ert  c o m pl e x es,  a n d 5 0 𝐴 𝑡  of 

t h e st at e d D e pr ot e ct str a n ds. 

1 5. 5 | Di s c u s si o n  

I n t his p a p er w e d e v el o p e d a D N A str a n d-dis pl a c e m e nt cir c uit t h at r e l e as es a s eri es of diff er e nt 

O ut p ut  str a n ds  of  D N A,  o n e  aft er  a n ot h er.  T his  cir c uit  s er v es  as  a  si m pl e  s c h e d uli n g  pr o gr a m  t o 

tri g g er m ol e c ul ar e v e nts at dis cr et e ti m es. W e s p e cifi c all y d e m o nstr at e d a f o ur-st a g e cir c uit wit h 2 5 

n M  P a yl o a d c o n c e ntr ati o ns  p er  st a g e.  W e  s h o w e d  t h at  t h e  cir c uit  c a n  r u n  i n  a n  as y n c hr o n o us  or 

cl o c k e d c o nfi g ur ati o n. I n t h e as y n c hr o n o us m o d e, t h e ti m e d el a y b et w e e n st a g es is n o n -u nif or m a n d 
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sl o ws d o w n dr a m ati c all y b et w e e n st a g es, w hil e t h e cl o c k e d m o d e e nf or c es m or e u nif or m t e m p or al  

s p a ci n g  b et w e e n  st a g es.  L astl y,  w e  d e m o nstr at e d  t h at  t h e  cir c uit  c a n  b e  m o difi e d  t o  e n a bl e 

c o n diti o n al l o gi c, w h er e diff er e nt br a n c h es of t h e r el e as e pr o gr a m c a n b e a cti v at e d d e p e n di n g o n t h e 

pr es e n c e of a cti v ati n g si g n al str a n ds i n t h e s ol uti o n.  

T h e f o ur -st a g e r el e as e cir c uit d e m o nstr at e d h er e is r el ati v el y pri miti v e, a n d c a n o nl y c o or di n at e 

f o ur  e v e nts.  L ar g er  cir c uits  wit h  a d diti o n al  st a g es,  or  l o o p e d  cir c uits  i n  w hi c h  f e e d b a c k  fr o m  t h e 

fi n al st a g e sti m ul at es a n a d diti o n al r o u n d of r el e as e fr o m t h e i niti al st a g e c o ul d si g nifi c a ntl y i n cr e as e 

t h e c o m pl e xit y of t h e c o or di n at e d e v e nts. F urt h er, t h e c o n diti o n al br a n c hi n g m e c h a nis m c o ul d b e 

r e-i m a gi n e d  as  a  “p a us e ”  f e at ur e,  i n  w hi c h  t h e  r el e as e  pr o gr a m  h alts  u ntil  r e c ei vi n g  a  “ c o nti n u e ” 

si g n al fr o m t h e e n vir o nm e nt. Fi n all y, c o u pli n g b et w e e n t h e O ut p ut str a n ds a n d ot h er s yst e ms, s u c h 

as  a pt a m ers 1 7, 1 8  or  n a n ostr u ct ur es 1  c o ul d  e n a bl e  t h es e  s e q u e nti al  r el e as e  cir c uits  t o  c o ntr ol  a  wi d er 

v ari et y of d o w nstr e a m o ut p uts.  
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( 1 9 9 5): 6 5 6-6 6 5.  
[ 1 9] T h a c h u k,  C.,  Wi nfr e e,  E.,  &  S ol o v ei c hi k,  D.  ( 2 0 1 5,  A u g ust).  L e a kl ess  D N A  str a n d  dis pl a c e m e nt  s yst e ms. 
I n I nter n atio n al Wor ks ho p on D N A -B ase d Co m p uters  ( p p. 1 3 3-1 5 3). S pri n g er, C h a m.  

  



	2 8 2  

Bi o gr a p hi c al S k et c hBi o gr a p hi c al S k et c h   
	

D o mi ni c	 S c ali s e	 w a s	 b o r n	 o n	 O ct o b e r	 2 2 n d ,	 1 9 8 8	i n	 O a kl a n d	 C alif o r ni a.	 H e	 e a r n e d	 a	 B. S.	

i n	  M e c h a ni c al	 E n gi n e e ri n g	 f r o m	 t h e	  U ni v e r sit y	 of	 C alif o r ni a	  B e r k el e y	 i n	 2 0 1 1.	  H e	

s u c c e s sf ull y 	d ef e n d e d	 hi s	 P h. D.	 di s s e rt ati o n	 i n	 C h e mi c al	 a n d	  Bi o m ol e c ul a r	 E n gi n e e ri n g	 at	

J o h n s	  H o p ki n s	  U ni v e r sit y	 o n	 S e pt e m b e r	 1 7t h,	 2 0 1 8.	  D o mi ni c	 c o n si d e r s	 hi m s elf	 a	

p r o g r a m m e r	fi r st,	 a n d	 h a s	 b e e n	 w o r ki n g	 t o	fi n d	 w a y s	 t o	 all o w	 c o m p ut e r	 p r o g r a m s	 t o	 r u n	

o ut si d e	 of	t r a d iti o n al	 el e ct r o ni c	 c o m p ut e r s,	i n	t h e	 r e al	 p h y si c al	 w o rl d. 




