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Interaction-energy between lock - and key-
particles

In this section we present the electrostatic Yukawa-potential
VL(z), from a lock-particle on the line parallel to c = C−L go-
ing through L, see Fig. S1. The resulting Eq. S5 is based on cal-
culations where the charge qL of the lock-particle is uniformly
distributed on its surface-area A, see Eq S1. In Eq. S5 κ−1 is the
Debye-length, 6 RLC and 6 RCL are described in Eqs. S2-S3, ε0

and εr are respectively the permittivitiy of vacuum and the rela-
tive permittivity of the dispersing medium. We define R as any
point on the circle where the spheres (L,RL) and (C,RC) inter-
sects, i.e. the rim of the cavity. Here a sphere is defined by its
center point and radius. In Eq. S4, z is described as a function
of the surface-to-surface distance d. An approximate expression
for the interaction between an arc and a sphere has been derived
elsewhere1 yet in the following we have derived an exact expres-
sion for the same problem.
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z =
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d + c−RC ∀ z > c−RC

−d−RL ∀ z≤−RL
(S4)

There are two special cases for which the denominators in Eq. S5
becomes zero: z = 0 or z = c. The first term using z→ 0 in Eq. S5
is described in Eq. S6 whereas the second term using z→ c is
described in Eq. S7.

VL(z)(
qL

4πε0εr

) =
2RLπ

Aκz

[
exp
(
−κ

√
R2

L−2cos(6 RLC)RLz+ z2
)
− exp(−κ|RL + z|)

]
+

+
2RCπ

Aκ(z− c)

[
exp
(
−κ

√
R2

C +2cos(6 RCL)RC(z− c)+(z− c)2
)
− exp(−κ|RC + z− c|)

] (S5)

lim
z→0

2RLπ

Aκz

[
exp
(
−κ

√
R2

L−2cos(6 RLC)RLz+ z2
)
− exp(−κ|RL + z|)

]
=

2RLπ

A
(cos(6 RLC)+1)e−κRL (S6)

lim
z→c

2RCπ

Aκ(z− c)

[
exp
(
−κ

√
R2

C +2cos(6 RCL)RC(z− c)+(z− c)2
)
− exp(−κ|RC + z− c|)

]
=−2RCπ

A
(cos(6 RCL)−1)e−κRC (S7)

In the limit κ → 0 we use the asymptotic limit
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Fig. S1 Schematic illustration of a lock -particle and a key -particle where
K is on the line parallel to C−L going through L.

lim
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)
= A−B (S8)

to get a valid expression for the potential.
The interaction energy between a lock- and a key-particle is re-
trieved by using Eq. S5 and the effective charge of the key-
particle2–4, q∗K =

sinh(κRK)
κRK

qK , such that in the limit κRK → 0,
q∗K = qK . Here qK is the charge of the key-particle. The result-
ing expression for the interaction-energy is ULK(z) = VL(z)q∗K . In
Fig. S2 we present the interaction energy between a lock- and a
key-particle as a function of the normalized distance d/RL, where
ULK and ULK represent the two different cases in Eq. S4 and ∆U
is the difference between the two.

Angular-dependent potential
The angular-dependent potential in the different regions is a lin-
ear combination of the exact expressions derived in the former
section, where the key-particle is perfectly in front (VL(zLK(r,c)))
and behind (VL(zLK(r,c))) the lock-particle. Here

zLK(r,c) = d(r,c)+ c−RC (S9)

and

zLK(r,c) =−d(r,c)−RL, (S10)

where the closeted distance to contact

d(r,c) =


RC−|r− c|−RK Region I & II

|r|− c+RC−RK Region III

|r|−RL−RK Region IV.

(S11)

The potential is described by

VL(r,c) = λ (r,c)VL(zLK(r,c))+(1−λ (r,c))VL(zLK(r,c)), (S12)

where λ (r,c) is defined as follows. In Region I and Region III

λI(r,c) = λIII(r,c) =
cos(6 RCL)− cos(6 LCK)

cos(6 RCL)−1
, (S13)

in Region II

λII(r,c) =
cos(6 RLC)− cos(6 KLC)

cos(6 RLC)−1
, (S14)

and finally in Region IV
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Fig. S2 Interaction-energy between a lock -particle and a key -particle
as a function of the normalized distance to contact. The radius of the
key -particle was RK = 0.8RL, RL = RC = c = 500 nm, and |σ |= 3.183 ·10−4

e/nm2. Energy calculations for the specific LK-configuration are shown
in the top panel, for the unspecific LK-configuration in the middle panel,
and the difference between the two energies is displayed in the bottom
panel. The gray dotted lines refer to explicit charge calculation using a
lock -particle decorated with 10000 point-charges, and an effective charge
of the key -particle for the ionic strengths 10−4 M, 10−5 M and 10−6 M.

λIV(r,c) = 0. (S15)

There is one exception to the previous formulas, more pre-
cisely Eq. S11, and that is in zLK(r,c) in Region III where d =√

R2
L + r2−2RLr cos(6 RLC− 6 KLC), that is the closest distance

to the rim of the lock-particle.
The model was compared to the potential obtained by ran-
domly distributing 10000 point charges at the surface of the lock-
particle. The results for different ionic strengths are summarized
in Figs. S3-S5. The upper parts show a lock-particle where the sur-
face is decorated with 10000 randomly positioned point-charges
(left) and the approximate model (right). The lower parts show
the potential from the respective models (left and middle) and
the difference between the two (right).

Notes on the angular-dependent potential and the regions
• In Region I/II/III, given that { 6 LCK, 6 KLC, 6 LCK} =

{0,0,π} (i.e. perfectly in front of the cavity of the lock-
particle), the expression reduces to VL(r,c) = VL(zLK(r,c))
and is thus exact. Similarly in Region IV, given that 6 LCK =

π (i.e. perfectly behind the lock-particle), the expression re-
duces to VL(r,c) =VL(zLK(r,c)) and is thus also exact.

• When c ≤ RL cos(6 RLC), then Region II disappears. Note
that 6 RLC is independent of c.
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Fig. S3 Potential from (lower-left) 10000 randomly distributed particles
on the surface of a lock -particle and (lower-middle) the approximate po-
tential using Eq. S12. The far right panel shows the difference between
the two models. The screening for both figures was 10−4M. The upper
figures illustrates the respective models.

• When c = 0, then the cavity is either (assuming RC < RL)
enclosed by the sphere (L,RL), or (assuming RC ≥ RL) en-
closing the entire volume of the lock-particle.

• When c + RC < RL, the cavity is enclosed by the sphere
(L,RL) and thus by using a hard overlap potential no key-
particle can penetrate into the cavity.

Simulation results
Results using RK = 0.8RL

In Fig. S6, we show configurations from simulations where higher
order structures are formed for low degree of indentation and
low number ratios, NL/NK = {1,2}. For NL/NK = 1, short dipolar
chains coexist with larger aggregates. For NL/NK = 2, the two
particles form aggregates with no clear ordering.

Results using RK = RL

In Fig. S7, the number of specific, unspecific and total bonds are
presented for simulations using RK = RL. We observe that the
specific bonds are predominant in most cases, but that the assem-
bly becomes more unspecific at the lowest ionic strengths. The
maximum number of specific bonds realized is larger than by us-
ing RK = 0.8RL. From an energetic point of view, the electrostatic
contribution is maximized while matching the curvatures of the
cavity and the key-particle, and here overcomes the entropic cost.
In addition, as the key-particle is larger than by using RK = 0.8RL,
more lock-particles can assemble at the surface of a key-particle
and the total number of bonds is larger. With decreasing inden-
tation, the assembly is shifted to lower ionic strength and the
increase of the number of bonds become sharper. After this point
the number of specific and total bonds is enhanced by shifting the
indentation slightly outwards, while before this point the number
of specific and total bonds is the largest for low c. For high NL/NK

ratios the spherical lock-particle generally gives the highest yield
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Fig. S4 Potential from (lower-left) 10000 randomly distributed particles
on the surface of a lock -particle and (lower-middle) the approximate po-
tential using Eq. S12. The far right panel shows the difference between
the two models. The screening for both figures was 10−5M. The upper
figures illustrates the respective models.

of bonds, yet for smaller ratios the indentations does not have an
hampering effect with regard to maximizing the total number of
bonds. For large ionic strengths an indentation does even seem
to promote more bonds as compared to no indentation.

Results using RK = 1.2RL

Typical simulation snapshots generated with NL/NK = 1 at dif-
ferent ionic strengths including the uncharged conditions (∼ in-
finite screening) are shown in Fig. S8 (top) where the size of
the key-particles was set to RK = 1.2RL, which is slightly larger
than the lock-particles and their cavities. In Fig. S9, the num-
ber of specific, unspecific and total bonds are presented for sim-
ulations using RK = 1.2RL. All but the NL/NK = 10 ratio shows
larger clusters consisting of more than one key-particle. We ob-
serve that the unspecific bonds are predominant in most cases,
and only for c = 1.2−1.4RL is the number of specific bonds com-
parable to the number of unspecific ones. The maximum num-
ber of specific bonds is generally lower than by using RK = RL,
akin the RK = 0.8RL results. For large RK , the entropic contri-
bution is roughly independent of RK , see Fig. 1 in main article,
and thus it is primarily the energetics which differs between the
RK = RL and RK = 1.2RL systems. Again, from an energetic point
of view, the electrostatic contribution is maximized while match-
ing the curvatures of the cavity and the key-particle, and thus it
is not surprising that the RK = RL results shows more specificity
than by using RK = 1.2RL. However, as the key-particle is larger
more lock-particles can assemble at the surface of the key and
the total number of bonds is larger than by using a smaller RK .
The key-particles seem to maximize the total number of bonds
which forces systems with small NL/NK ratios to aggregate their
clusters which in turn leads to formation of higher order struc-
tures. However, for large number ratios this is not necessary since
the valancy shell is already saturated. Interestingly, the maximal
number of specific bonds is generally retrieved using NL/NK = 4
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Fig. S5 Potential from (lower-left) 10000 randomly distributed particles
on the surface of a lock -particle and (lower-middle) the approximate po-
tential using Eq. S12. The far right panel shows the difference between
the two models. The screening for both figures was 10−6M. The upper
figures illustrates the respective models.

Fig. S6 Configurations from simulations using (left) NL/NK = 1 and (right)
NL/NK = 2, I = 10−5 M, c = 1.6RL, and RK = 0.8RL.

and not by using NL/NK = 10. Thus by increasing NL/NK from
four to ten the total number of bonds increase while the specific
number of bonds decrease. This points toward many-body effects
in the system, and that unbound lock-particles rather interact with
unspecifically bound lock-particles rather than specifically bound
ones. The number of specific bonds is enhanced by shifting the
indentation slightly outwards, seemingly for any ionic strength.

Impact of cavity indentation
In Fig. S10, the number of bonds is presented for different RK as
a function of the degree of indentation. The number of specific

bonds seems to have a maxima at RK = RL independently of the
degree of indentation. The peak of the LK curves seems to shift
towards lower c as RK is increased. Interestingly, the peak value
of the total number of bonds is seemingly always higher by using
an indentation than by not using one, independently of c and
RK . Another interesting feature is the local minima in unspecific
bonds for RK = 1.2RL. The total number of bonds using RK =

1.2RL is fairly constant (at least for high number ratios) and thus
the shift in cavity does only shift the particles from back to front
or vice versa.
Encapsulation

Four simulation snapshots obtained for two different surface
charge-densities at I = 10−5 M with NK/NL = {1,4} are shown
in Fig. S11. At |σ |= 3.183 ·10−4 e/nm2, most of the key-particles
were found to be freely dispersed. By charging up both types of
particles by a factor

√
10, the entropic barrier for encasulation

was overcome, which lead to the almost complete encapsulation
of all key-particles by the "Pac-Man"-like lock-particles.

Impact of cavity radius

In Fig. S12 we present configurations from simulations where
the radius of the cavity perfectly matches the radius of the key-
particle, i.e. RC = RK , (left) and when it does not, i.e. RC < RK ,
(right). The total number of bonds per key-particle is roughly the
same, ∼ 9, however for a geometrically perfect match between
the cavity and the key-particle the specific number of bonds is ∼ 8
while the same number using RC < RK is ∼ 0. Here it is obvious
that the impact of RC is great, and that one basically can tune
which types of bonds are included in the assembly.
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Fig. S7 Number of specific (top), unspecific (middle), and total (bottom) bonds per key -particle. The radius of the key -particle was RK = RL. The
figures show results using: c = 1.0RL (far left), c = 1.2RL (left), c = 1.4RL (right), and c = 2RL (far right), for different ratios NL/NK according to the legend.
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Fig. S8 (top) Configurations from simulations using NL/NK = 1 for different ionic screenings and (far left) no charges (∼ infinite screening). (bottom)
Configurations from simulations using I = 10−5M for different ratios NL/NK . The lock -particles are described by RC = c = RL and the key -particles by
RK = 1.2RL.
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Fig. S9 Number of specific (top), unspecific (middle), and total (bottom) bonds per key -particle. The radius of the key -particle was RK = 1.2RL. The
figures show results using: c = 1.0RL (far left), c = 1.2RL (left), c = 1.4RL (right), and c = 2RL (far right), for different ratios NL/NK according to the legend.

0

1

2

3

4

5

0

1

2

3

4

5

〈#
K

ey
−

bo
nd

s〉

1
2
3
4
10

1.0 1.2 1.4 1.6 1.8 2.0

c/RL

0

1

2

3

4

5

1.0 1.2 1.4 1.6 1.8 2.0

c/RL

1.0 1.2 1.4 1.6 1.8 2.0

c/RL

0

1

2

3

4

5

0

1

2

3

4

5

0

1

2

3

4

5

LK

LK

LK
+

LK

RK = 0.8RL RK = RL RK = 1.2RL

Fig. S10 Number of specific (top), unspecific (middle) and total (bottom) bonds per key -particle as a function of the degree of indentation. The radius
of the key -particle is indicated above the columns. The figures show results using different ratios NL/NK according to the legend at ionic strength
I = 10−5 M.
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Surface charge-density

Fig. S11 Configurations from simulations using NK/NL = 1, ionic strength 10−5 M, c = 0.1RL, RC = 0.95RL, and RK = 0.3RL. The left configurations are
sampled by using the same surface charge-density as described in Sec. III, the right configurations used the same scaled with

√
10.

Fig. S12 Configurations from simulations using NL/NK = 10, ionic strength 10−5 M, and RK = 2.0RL. The left configuration is sampled by using
c = RC = RK (i.e. perfect geometric match between cavity and key -particle) and the right by using c = RC = RL.
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