
!















3











1

〈
x2

〉

〈
x2

〉
= 2dDt

D(T ) = (kBT )/(2dπηa)

η(T ) = 2.414× 10−5 · 10247.8 /(T−140 ),



d D

η(T ) a kB

T

µ 2 µ



10 μm



35˚C 55˚C47˚C46˚C45˚C

10 μm





2



20 30 40 50 60 70 80 90
0

0.2

0.4

0.6

0.8

1
a b

c
X

Y
Z Toehold

Si
ng
le
t F
ra
ct
io
n

Temperature (˚C)

DNA in solution

DNA-grafted particles

µ
L

X Y Z Y
Y X

XY ZY Y X



◦

kBT

∆H ∆S ◦



◦



63°C	 64°C	55°C	45°C	35°C	 64.5°C	

10	μm

60°C	 61°C	55°C	45°C	35°C	 60.5°C	

64°C	 65.5°C	51°C	50°C	49°C	 64.5°C	

Displacement-free

One displacement reaction

Two displacement reactions

B	
A	

&	 B	
A	

D1	

B	
A	

D1	
D2	

A B µ

CD1 = 1.2 µ
CD1 = CD2 = 100 µ

D1

◦

D2
◦



F (r, T ) F (r, T )

r T

r

∆F (r, T ) = F − F = −kT ln

(
Z (r)

Z (r)

)
,

kT Z(r)



Z Z

Z (r) = 1

Z (r)

P = 1/Z (r) Z (r)

Z (r) 1/P

∆F

kT
= lnP .

P ≈ (1− χ)N

χ N

χ N r

∆F

kT
= ln(1− χ)N .

N Ci0

V

N = Ci0V N

Z = Ωu Ωu

N



χ

∆F

∆F

kT
≈

∫
Ci0(r) ln[1− χ(r, T )] dr,

Ci0(r) r

T

N

∆F

f



f =
1 + 2KCp −

√
1 + 4KCp

2(KCp)2
,

K =
(
l2/4

)
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√
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K(1)
eq K(2)

eq CD10/C
◦ ≪

1 ∆G′

∆G′

RT
T−−−→ (∆HAB −∆HAD1)

RT
−

[
(∆SAB −∆SAD1)

R
+ ln

(
CD10

C◦

)]
.

∆HAB = ∆HAD1

∆G′

RT
T−−−→ −

[
(∆SAB −∆SAD1)

R
+ ln

(
CD10

C◦

)]
.

∆HAB = ∆HAD1

∆G′(T )

∆G′(T )

∆HAB

∆HAD1 ∆SAB ∆SAD1 CD1



A

B D1

◦

◦ ∆HAB ∆HAD1

A 51

B 51

D1

2

∆H ∆S
AB
AD1



CD1

µ ◦

◦

∆HAB ∆SAB ∆HAD1 ∆SAD1

8%

3%



25 30 35 40 45

Si
ng

le
t F

ra
c�

on

0

0.5

1

0 μM
4 μM

6 μM

7.5 μM

10 μM

& 

One displacement reac�on

Temperature (°C)

CD1 = µ



∆G′(T )

D2 B

A+B ⇀↽ AB

AB +D1 ⇀↽ AD1 +B

AB +D2 ⇀↽ A+BD2.



D1 D2

K(1)
eq (T ) =

CABC◦

CACB

K(2)
eq (T ) =

CAD1CB

CABCD1

K(3)
eq (T ) =

CBD2CA

CABCD2

CA0 = CA + CAB + CAD1

CB0 = bCA0 = CB + CAB + CBD2

CD10 ≈ CD1

CD20 ≈ CD2 .

χ = CAB/(CA+

CAB +CAD1) = CAB/CA0

∆G′

RT
= − ln

⎡

⎣ K(1)
eq CA0/C◦

(
1 +K(1)

eq K(2)
eq CD10/C

◦
)(

1 +K(1)
eq K(3)

eq CD20/C
◦
)

⎤

⎦ .

lnK ′
eq = −∆G′/RT

χ

∆G′

CD10 = CD20 = CD0

∆GAB = ∆GAD1 = ∆GBD2

∆G′

RT
T−−−→ −∆HAB

RT
+

[
∆SAB

R
+ ln

(
CA0

C◦

)
+ 2 ln

(
CD0

CA0

)]
.



∆HAB/RT

χ ∆F

∆F



A B D1 D2

◦

◦

◦ ◦

A 54

B 54

D1

D2

∆H ∆S
AB
AD1

BD2

∆GAB = ∆GAD1 = ∆GBD2

CD1 = CD2



30 40 50 60 70

Si
ng

le
t F

ra
c�

on

0

0.5

1

0 μM 

250μM
125μM

62.5μM
31.25  μM

Temperature (°C)

Two displacement reac�ons

µ ◦

µ ◦

µ

◦

∆HAB ∆HAD1 ∆HBD2

∆SAB ∆SAD1 ∆SBD2



5A 5C 5B

5E 5D1 5D2

5A 5B 5D1

5D2

◦ 5C 5E 5A 5B

◦



B

A

D1
D2

C E

≈27°C

5	μm

≈35°C ≈50°C ≈60°C

25 30 35 40 45 50 55

0

50

100

150

200

250

300

D
is
pl
ac
in
g 
St
ra
nd

C
on
ce
nt
ra
tio
n 
(μ
M
)

a

cb

Temperature (˚C)

CD1 = CD2

CD1 = CD2 = µ



5A 5B 5D1 5D2 5C 5E

A

B χAB = CAB/CA0 lnK ′
eq = −∆G′/RT

C E χCE = CCE/CE0

∆F

kT
= ln(1− χAB)

NA + ln(1− χCE)
NE ,

Ni i

f1 f2 f3 f1∆HAB

f1∆SAB f2∆HAD1 f2∆SAD1 f2∆HBD2 f2∆SBD2 f3∆HCE f3∆SCE fi

◦



µ

µ

◦ ◦

◦

◦



5A 54 µ
5C 59 µ
5B 54 µ
5E 59 µ
5D1 µ
5D2 µ

∆H ∆S
5A5B
5A5D1

5B5D2

5C5E

◦



30 35 40 45 50 55 60
0

0.5

1

Si
ng
le
t F
ra
ct
io
n

Temperature (˚C)

a

b50
100

150

200

250

300

350

400

450

500

50

100

150

200

250

300

350

400

450

500

50

100

150

200

250

300

350

400

450

500

5 μm	

CD1 = CD2 =
µ

A 51 µ
B 51 µ
E 59 µ
F 59 µ
D1 µ
D2 µ

◦



∆H ∆S
AB
AD1

BD2

EF

◦



30 40 50 60
0

0.2

0.4

0.6

0.8

1

-4

-2

0

2

4

-4

-2

0

2

4

-4

-2

0

2

4

30 40 50 60
0

0.2

0.4

0.6

0.8

1

30 40 50 60 70
0

0.2

0.4

0.6

0.8

1

&	

Increasing surface 
DNA concentration

Increasing displacing 
strand concentration

Increasing displacing 
strand concentration

Displacement-free One displacement reation Two displacement reation

Temperature (˚C) Temperature (˚C) Temperature (˚C)

Si
ng
le
t f
ra
ct
io
n

∆G
'/R
T

∆G′

∆G′

CA0 = µ
∆HAB = ∆HAD1 = ∆HBD2 = − ∆SAB = ∆SAD1 = ∆SBD2 = −

µ
CD1 =

µ CD1 =
CD2 = µ







∆HAB = ∆HAD1

∆GAB = ∆GAD1 = ∆GBD2

◦

≥ µ

https://github.com/manoharan-lab/DNA-colloid-design
https://github.com/manoharan-lab/DNA-colloid-design


◦

µ µ

≥

µ

µ

µ

µ µ

µ

◦



◦

2

µ

×



104 µ 2

×

µ



r′ b′

r g b

r = r′ −
√
r′b′

g =
√
r′b′

b = b′ −
√
r′b′.

∆HAB ∆HAD1 ∆SAB ∆SAD1



∆HAB = − ∆SAB = −

∆HAD1 = − ∆SAD1 = −

∆HAB = − ∆SAB = − ∆HAD1 = −

∆SAD1 = −

∆HAB ∆SAB

∆HAB ∆SAB

f

f∆HAD1 f∆HBD2 ∆SAD1 ∆SBD2

∆HAB = − f = 1.016 CD = µ f = 1.024 CD = µ

f = 1.028 CD = µ f = 1.033 CD = µ

∆HAB

∆SAB ∆HAB =

∆HAB f

f∆HAD1 f∆HBD2



∆HAB = −

f =

∆HAB ∆HAD1 ∆HBD2 ∆HCE

f1 f2

f3 f1∆HAB f1∆SAB f2∆HAD1

f2∆SAD1 f2∆HBD2 f2∆SBD2 f3∆HCE f3∆SCE

f1

◦

CD1 = CD2 = µ f3

◦

f1 f3 f2

CD1 = CD2 = µ

f1 = 1.04 f2 = 1.11 f3 = 1.07



3





0

1
BR GB RG

321

3
2 1

T1

T2

T3

T1

T3 T2 T1

Temperature

Temperature

Si
ng
le
t F
ra
ct
io
n

a

b



T1 T2

T3

T1 T2 T2 T3

T3 T1 T3

T1



ts

t k

p(tb = t) = ke−kt.

t

p(tb < t) =

∫ t

0
ke−kt′dt′ = 1− e−kt,

t

p(tb12 < t) = p(tb1 < t, tb2 < t) = p(tb1 < t) p(tb2 < t) =
(
1− e−kt

)2
,

pb = p(tb12 < ts) =
(
1− e−kts

)2
.

n n+ 1
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Pb Pb

Pb

db

p(Pb | D, db) ,

D = {(b1, n1), (b2, n2), . . . , (bl, nl)} ni

i bi i i+1 l

Pb

p(Pb)

p(D | Pb, db)

p(Pb | D, db) =
p(Pb) p(D | Pb, db)
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,
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|

Pb

p(Pb) =
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⎪⎪⎨
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Pb Pb
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∑
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=
Sb

Sn
,

Sn =
l∑

i=1

ni.

Pb

P̂b

P̂b =
α

α+ β
=

1 +
∑l

i=1 bi

2 +
∑l

i=1 ni

=
1 + Sb

2 + Sn
.

σ2
Pb

=
αβ

(α+ β)2(α+ β + 1)
=

(1 + Sb)(1 + Snb)

(2 + Sn)2(3 + Sn)
.

1σ

(P̂b − σPb) < P̂b < (P̂b + σPb) .
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