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Colloidal particles fabricated with anisotropic interactions have emerged as
building blocks for designing materials with various nanotechnological
applications. We used coarse-grained Langevin dynamics simulations to probe
the morphologies of self-assembled structures formed by lobed particles dec-
orated with functional groups. We tuned the interactions between the func-
tional groups to investigate their effect on the porosity of self-assembled
structures formed by lobed particles with different shapes (snowman, dumb-
bell, trigonal planar, tetrahedral, square planar, trigonal bipyramidal, and
octahedral) at different temperatures. The dumbbell, trigonal planar, and
square planar shaped particles, with planar geometries, form self-assembled
structures including elongated chains, honeycomb sheets, and square sheets,
respectively. The particles with non-planar geometries (tetrahedral, trigonal
bipyramidal, and octahedral) self-assemble into random aggregate mor-
phologies. The structures formed by trigonal bipyramidal and octahedral
particles exhibit smaller and homogeneous pores compared to the structures
formed by trigonal planar and square planar particles. The porosity in self-
assembled structures is substantially enhanced by the functionalization of
particles.

Nomenclature
pH Potential of hydrogen
AuNP Gold nanoparticle
DNA Deoxyribonucleic acid
MD Molecular dynamics
MC Monte Carlo
kB Boltzmann constant
� Depth of the potential well in the Lennard-

Jones potential equation
r Diameter of the particle
m Mass of the particle
T Temperature
T* kBT/�
S Seed
L Lobe
F Functional group
NF Number of functional groups
SSM

1 Snowman particle
SDB

2 Dumbbell particle
STP

3 Trigonal planar particle
STH

4 Tetrahedral particle
SSP

4 Square planar particle

STB
5 Trigonal bipyramidal particle

SOC
6 Octahedral particle

kbond Force constant for bonds
kangle Force constant for angles
SSLJ Surface shifted Lennard-Jones potential
rij Distance between particles i and j
rcut Cut-off distance
RDF Radial distribution function
q Density
g(r) Pair correlation function
PSD Pore size distribution
DLFS Diameter of the largest free sphere
hEpi Average potential energy per particle

INTRODUCTION

Colloids with anisotropic interactions are the
nanoscopic building blocks for self-assembly into
complex structures with distinct morphologies.1–11

The bottom-up technique of colloidal self-assembly
facilitates the formation of well-defined superstruc-
tures by controllable and site-specific interac-
tions.12–16 The efforts to design building blocks
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with anisotropic properties have seen a transition in
the architecture of spherical patchy particles from
two-faced Janus colloids to multiblock colloidal
particles.17 Moreover, non-spherical customized col-
loids of different shapes with single or multiple
protrusions have been achieved using multi-step
swelling and emulsification techniques to further
enhance the anisotropic dimensionality and procure
particle assemblies with specific features.18–21

Colloidal particles have also found utility in
designing hydrogels that are cross-linked polymeric
materials with applications in drug-delivery sys-
tems, biomolecular sensors, tissue engineering, and
scaffolds for cell growth. The poly(vinyl alcohol)
hydrogels are biocompatible and possess stable me-
chanical characteristics at a broad range of temper-
atures and pH.22–25 Rossi et al.26 synthesized
polymeric hydrogels functionalized with biodegrad-
able nanoparticles to achieve a hydrogel matrix
useful for controlled drug delivery. Moreover, the
non-toxic b-peptide hydrogels self-assembled in
aqueous solvent to form a mechanically stable and
biocompatible matrix with enhanced self-healing
property.27 The hydrogels are functionally tailored
using proteins, nucleotides, polymers, nanoparti-
cles, and chemical scaffolds to facilitate the forma-
tion of extracellular matrix for biological
applications.28–32 The swelling/deswelling during
dispersion and emulsion polymerization-based tech-
niques are tuned by various external stimuli to
synthesize hydrogel colloids.33 For example, the
poly(N-isopropylacrylamide)-based microgel colloids
are functionalized with different groups to develop
characteristic features for versatile applications.34

Furthermore, a library of colloidal patchy mole-
cules with modified properties has been obtained by
attaching functional moieties with specific physico-
chemical properties.9 The patches on colloidal par-
ticles have also been site-specifically decorated by
oligonucleotides with sticky ends to obtain diverse
self-assembled morphologies.35 Klinkova et al.36

have achieved the linear aggregation of gold nanor-
ods functionalized with polystyrene at both ends.
Schreiber et al.37 controlled the self-assembly of
gold nanoparticles (AuNPs) functionalized with
cross-linked DNA helices by precisely varying the
position of complementary linker oligonucleotides.
They obtained long chains and square and hexag-
onal lattices of AuNPs after varying the position
and stoichiometry of the complementary linker
oligonucleotides.

Inspired by these experimental studies, the self-
assembly of simplified models of hydrogels and
functionalized colloidal patchy particles has been
studied using molecular dynamics (MD) simula-
tions. For example, the damage and recovery of
hybrid cross-linked hydrogel models were investi-
gated using MD simulations.38 In another simula-
tion study,39 the degree of crosslinking of polymer
chains, with some magnetic beads, was investi-
gated. This study showed the size of microgels

contracts after increasing the concentration of mag-
netic beads. Adroher-Benı́tez et al.40 performed
coarse-grained Monte Carlo (MC) simulations and
showed that the swelling and the charge distribu-
tions inside thermo-responsive charged nanogels
can be controlled by the local concentration of
counterions in the media. Also, the self-assembly
of amphiphilic colloids (Janus particles), lobed
patchy particles, and spherical colloids have been
investigated in detail using computer simula-
tions.3,41–47 However, the self-assembly of hydrogel
type colloidal lobed particles decorated with differ-
ent functional groups has not been probed system-
atically yet.

In our earlier work,48,49 we introduced models of
different types of non-spherical hard-lobed patchy
particles and investigated their self-assembly using
coarse-grained MD simulations. We obtained dis-
tinct self-assembled amorphous as well as crys-
talline porous morphologies for all types of particles,
except the snowman shaped particles with a single
lobe. The tetrahedral, trigonal bipyramidal, and
octahedral shaped particles self-assembled into
compact porous crystalline structures, and the
linear dumbbell, trigonal planar, and square planar
shaped particles self-assembled into highly porous
morphologies. The self-assembly of particles was
scrutinized at different reduced temperatures (T*=
kBT/�SS, where kB is the Boltzmann constant and �SS

is the depth of the potential well for a pair of central
seeds in lobed particles). All lobed particles (except
the dumbbell shaped particles) exhibited self-
assembly at the lowest T* (0.4); however, none of
them self-assemble at the highest T* (1.0). In
another work,49 we also studied the influence of
the lobe size and temperature on the porosity and
morphology of the self-assembled superstructures
formed by five different types of lobed particles of
different shapes (snowman, dumbbell, trigonal pla-
nar, square planar, and tetrahedral). These parti-
cles self-assembled into crystalline structures,
liquid droplets, micelles, random aggregates, spher-
ical aggregates, and two-dimensional sheets, based
on the size and temperature. We also showed that
the porosity of the self-assembled morphologies,
which is a desired characteristic in hydrogel-like
materials, improved with an increase in
temperature.

Given the design of our previously proposed lobed
particles, we hypothesized that incorporating a
functional group on each lobe will likely create an
additional excluded volume around the non-spher-
ical particles that may enhance the porosity in a
given self-assembled structure. We tested this
hypothesis in this work by conducting coarse-
grained Langevin dynamics simulations to elucidate
the significance of functionalized lobed particles
during self-assembly. We have incorporated func-
tional groups into lobed particles with different
shapes reported in our previous work:48 snowman
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ðSSM
1 Þ, dumbbell ðSDB

2 Þ, trigonal planar ðSTP
3 Þ, square

planar ðSSP
4 Þ, tetrahedral ðSTH

4 Þ, trigonal bipyrami-

dal ðSTB
5 Þ, and octahedral ðSOC

6 Þ, where the values in
the superscript and subscript correspond to the
shape of the particle and the number of functional
groups attached to the lobes in each type of particle,
respectively (Fig. 1). We systematically studied the
effect of adding functional groups by tuning the
interactions between them and the influence of
temperature on the porosities of the self-assembled
morphologies. The theoretical approach outlined in
our work to understand the aggregation propensity
of the lobed particles decorated with functional
groups is potentially useful in creating porous self-
assembled morphologies relevant to hydrogel-like
materials.

MODELS AND METHODS

Simulation Setup

We have performed coarse-grained Langevin
dynamics simulations in reduced units using the
HOOMD-blue open-source particle simulation
toolkit.50 The diameters of the seed (rS), lobe (rL),
and functional group (rF) in each particle were set
to 2.0, 1.0, and 0.5 in reduced units, respectively.
The mass of each seed (mS), lobe (mL), and func-
tional group (mF) was set to 1.0. The harmonic
potentials were used to model all bonds and angles
in the lobed particles with the force constants (kbond

= kangle = 1000, in reduced units) aimed to preserve
the shapes of lobed particles during simulations.

The non-bonded interactions between the seed–seed
(S–S), lobe–lobe (L–L), seed–lobe (S–L), functional
group–functional group (F–F), seed–functional
group (S–F), and lobe–functional group (L–F) were
implemented using the surface shifted Lennard-
Jones (SSLJ) potential, given by Eq. 1.

VSSLJðrijÞ ¼
4�ij

r
rij�D

� �12
� r

rij�D

� �6
� �

; when rij < rcut þ D

0; when rij � rcut þ D

8<
:

ð1Þ

where rij is the distance between a pair of particles i
and j, �ij is the depth of the potential energy well for
the i–j pair, D ¼ ðri þ rjÞ=2 – 1, where ri and rj are
the diameters of the particles i and j, respectively.
The cut-off distance (rcut) between the i–j pairs was
set to 21=6r for repulsive S�S, S–L, and S–F pairs.
The �ij for the L–L and L–F pairs was set to 3.0 and
4.0 in reduced units, respectively. The attractive
interactions between the functional groups on lobes
were investigated by evaluating three values for the
parameter �FF = 5.0, 6.0, and 7.5. All simulations
were performed at five different temperature values
(kBT = 0.8, 0.9, 1.0, 1.1, and 1.2). Thus, each of the
seven types of lobed particles was simulated at five
different temperatures and three �FF values result-
ing in a total of 105 simulations. We carried out all
simulations in cubical simulation domains (200rL �
200rL � 200rL) with the periodic boundary condi-
tions, where each system was comprised of 15,625
particles. Each system was simulated for 108 steps
with a time step of 0.005.

Fig. 1. Seven types of functionalized lobed particles studied in this work are shown. The central seed (S), the lobe (L), and the functional group
(F) in each particle are represented by red, yellow, and blue spheres, respectively. The diameters of ‘S,’ ‘L,’ and ‘F’ are 2, 1, and 0.5 in reduced
units, respectively. The number of functional groups are denoted by NF (Color figure online).
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Morphology Analysis

The analyses of the radial distribution function
(RDF) for the seed�seed pair and qualitative visual
inspections using the VMD software51 were
employed to characterize morphologies of the self-
assembled structures. Specifically, the structures
were classified into seven different categories, listed
here alphabetically: cylindrical aggregates, dissoci-
ated states, elongated chains, honeycomb aggre-
gates, honeycomb sheets, random aggregates, and
square sheets. The structures with the dissociated
states are those where self-assembly is not
observed. Similar to our previous work,48,49 the
RDF is calculated using Eq. 2, where qðrÞ is the
density of particles at a distance r from the refer-
ence particle and q0 is the bulk density.

gðrÞ ¼ qðrÞ
q0

ð2Þ

Porosity Analysis

After extracting the largest possible cuboids from
the three-dimensional self-assembled structures,
the Zeo++ software52–54 was used to compute the
pore size distributions (PSD) and to estimate the
diameter of the largest free sphere (DLFS) that can
diffuse through the porous structure. A probe with
the radius equivalent to 1

2rL was used for the PSD
calculations. This value is consistent with our
previous work.48,49

RESULTS

Self-Assembled Morphologies

An understanding of the morphologies of self-
assembled structures at different temperatures and
interaction parameters is needed to design lobed
particles with desired characteristics. In Fig. 2, we
show the phase behavior for seven types of

functionalized lobed particles at various tempera-
tures and varied interaction strengths between the
functional groups (�FF). We observed that the func-
tionalized lobed particles self-assembled into dis-
tinct morphologies including cylindrical aggregates,
elongated chains, honeycomb aggregates, honey-
comb sheets, random aggregates, and square sheets,
except the SSM

1 particles that exist in a dissociated
state at all simulation conditions.

We observed that the particle shapes with a
higher number of functional lobes form self-assem-
bled aggregates at higher temperatures. The STB

5

and SOC
6 particles self-assembled into a random

aggregate morphology but the SSP
4 particles formed

square sheets at all simulation conditions. The
transformation from cylindrical aggregates to ran-
dom aggregates for the STH

4 (kBT= 1.1 and 1.2 at
�FF= 6) particles was observed at a higher temper-
ature for higher �FF values (kBT= 1.1 and 1.2 at �FF=
7.5). The STH

4 particles exhibited a dissociated state
only at kBT= 1.2 with �FF= 5. For STP

3 particles, we
observed a transition in the morphology from hon-
eycomb sheets to honeycomb aggregates and to a
dissociated state with an increase in temperature
for each �FF. We also observed a transition for SDB

2
particles from the elongated chain-like structures to
a dissociated state with an increase in temperature.
Thus, the functionalized lobed particles self-assem-
bled into distinct morphologies with an increase in
the number of functional lobes, and the rate of self-
assembly is proportional to interactions between the
functional groups: 66%, 71%, and 77% of self-
assembled structures are observed at the �FF values
of 5 (Fig. 2a), 6 (Fig. 2b), and 7.5 (Fig. 2c),
respectively.

Average Potential Energy

The average potential energy per particle (hEpi) at
different simulation temperatures (kBT) and varied
interactions between the functional lobes (�FF) were
examined to probe the stability of the self-assembled
morphologies (Fig. 3). We noticed that hEpi

Fig. 2. Phase behavior of functionalized lobed particles at different temperatures is shown for (a) �FF= 5, (b) �FF= 6, and (c) �FF= 7.5, where �FF
signifies the attractive interactions between the functional groups on lobes. The morphologies shown are cylindrical aggregates (cyan cylinders),
dissociated states (black stars), elongated chains (orange circles), honeycomb aggregates (red pentagons), honeycomb sheets (blue diamonds),
random aggregates (green waves), and square sheets (purple squares) (Color figure online).
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decreases with an increase in the number of func-
tional groups leading to energetically-driven self-
assembled superstructures. The dumbbell shaped
particles (with one functional group) and octahedral
particles (with six functional groups) have the
highest and the lowest values of hEpi, respectively.
Specifically, the snowman and dumbbell shaped
particles with a lower number of functional groups
(< 3) have higher mean potential energy. At the
highest kBT (= 1.2), they possess positive hEpi
implying an unstable system due to enhanced
diffusion of particles in the simulation domain. At
lower kBT values (< 1.0), the hEpi values calculated
for the dumbbell shaped particles are lower (< –5
units), which indicates a stable self-assembled
system. We noted earlier that the dumbbell shaped
particles attain stable self-assemblies with an elon-
gated chain morphology at lower kBT. Interestingly,
in most of the cases the particles with three or more
functional groups exhibited distinct self-assembled
morphologies when hEpi< –10.5 units although
these particles fail to self-assemble when hEpi> –
10.5 units. Thus, we found that hEpi at a value of
10.5 units is a decisive parameter for the morpho-
logical transitions from disordered states to self-
assembled structures for the particles with three or
more functional groups. The hEpi values also reduce
with an increase in the interaction strength
between the functional groups, which suggests
stable self-assembled structures.

Structural Motifs in Self-Assembled
Structures

We further characterized self-assembled mor-
phologies by inspecting their key structural motifs.
We observed that SDB

2 particles self-assemble into
one-dimensional morphologies, while STP

3 and SSP
4

particles form two-dimensional structures (Fig. 4).
The SDB

2 particles acquire dissociated states at kBT
> 0.9 at the �FF values of 5 and 6. However, with a
higher �FF value of 7.5 their self-assembly is
observed at kBT = 1.0, but a dissociated state is
seen on further increasing the temperature (kBT >

1.0). The functional groups on the SDB
2 particles

rearrange themselves to exhibit elongated chain-
like structures (Fig. 4a). For the same �FF value, the
peak height observed in the RDF between the seed
particles, gSS(r), gradually decreases with an
increase in temperature which implies that the
probability of finding another seed in the immediate
vicinity of the central seed is reducing with the
temperature. This observation further reveals that
the length of the elongated chains may gradually
shorten with an increase in temperature. Moreover,
the gSS(r) peaks, at the same kBT value, marginally
increase with an increase in the �FF value indicating
that the number density of availability of other
seeds around the central seed is proportional to the
�FF value.

The STP
3 particles self-assemble to form super-

structures composed of honeycomb units (Fig. 4b).
At the lowest kBT value, STP

3 particles exhibit a
honeycomb sheet morphology, where the central

Fig. 3. Average potential energy per particle (hEpi). The per residue potential energy of each system averaged over the simulation time for all
particles at different temperatures and �FF values are represented by stacked bar plots. The potential energies in all systems were calculated at
kBT of 0.8 (cyan), 0.9 (dark cyan), 1.0 (blue), 1.1 (orange), and 1.2 (red) values. The potential energy of each system at the �FF values of 5.0, 6.0,
and 7.5 is shown in the top, middle, and bottom panels, respectively (Color figure online).
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seeds resemble the vertices of a hexagonal ring unit.
The peaks of the gSS(r) obtained for the STP

3 particles
show trends similar to the gSS(r) of SDB

2 , as the peak
height reduces with an increase in temperature and
results in structural transitioning. For example, STP

3
(with �FF= 5) particles exhibited a honeycomb sheet
morphology at kBT = 0.8, honeycomb aggregate
morphology at kBT = 0.9, and a dissociated state at
kBT � 1.0. However, the peaks in the gSS(r) for SSP

4
particles show a reverse trend in comparison to
gSS(r) of SDB

2 and STP
3 particles (Fig. S1). The heights

of the peaks reduce with an increase in temperature
for the SDB

2 and STP
3 particles, but in contrast the

gSS(r) peak heights for SSP
4 particles increase with

an increase of temperature (Fig. S1c). Thus, the SSP
4

particles maintain a square sheet morphology at all
kBT and �FF values (Fig. 4c). Moreover, the size of
square sheets formed by the SSP

4 particles at a
higher temperature (kBT= 1.2) are larger in com-
parison to the size of self-assembled square sheets
formed at a lower temperature (kBT= 0.8) (Fig. S2).
This observation is due to the higher density of
lobed particles in each coordination shell at higher
temperature, as noticed from the gSS(r) plot
(Fig. S2c).

We further analyzed the pattern of two-dimen-
sional sheets formed by STP

3 and SSP
4 particles.

Interestingly, the structural motif of the honeycomb
sheet-like structure formed by the STP

3 particles is

mainly constituted by six-membered rings and
partly by five- and seven-membered rings (zoomed
view in Fig. 4b). However, a four-membered square
ring formed by the four units of the SSP

4 particles
(zoomed view in Fig. 4c) is the sole structural motif
of the square planar sheets. We suggest that the
variability in the structural motif allows a higher
conformational degree of freedom, thereby affording
a relatively higher curvature for the sheets formed
by the STP

3 particles compared to the self-assembled

sheets formed by the SSP
4 particles.

Three-Dimensional Self-Assemblies

We now describe the details of the self-assembled
morphologies formed by the non-planar particles,
i.e., STH

4 , STB
5 , and SOC

6 shaped particles. The STH
4

particles self-assembled into random aggregates, a
concoction of varied types of morphologies, at the
�FF value of 7.5. At a lower �FF value of 5, the
random aggregates (for kBT = 0.8–1.0) undergo a
transition to cylindrical aggregates (at kBT = 1.1)
and then to a disordered state (kBT = 1.2). At an
intermediate �FF value of 6, we observed distinct
structural transitions for the STH

4 particles (Fig. 5).
The random aggregates with branched morpholo-
gies are observed at a lower range of kBT = 0.8–1.0
(Fig. 5a). However, the random aggregates partially
segregated into cylindrical aggregates at kBT = 1.1
(Fig. 5b) at the �FF value of 6. We observed that the

Fig. 4. One- and two-dimensional self-assembled morphologies at different conditions. (a) Elongated chain, (b) honeycomb sheet, and (c)
square sheet morphologies are obtained for the dumbbell (SDB

2 ), trigonal planar (STP
3 ) and square planar (SSP

4 ) particles, respectively. The
zoomed views of structural motifs of the self-assembled morphologies are shown. The structural motif in the honeycomb sheets is constituted by
a 5-, 6-, and 7-membered ring arrangement of STP

3 particles. The structural motif in the square sheets is constituted by a square-like arrangement
of SSP

4 particles. (d) The RDF curves for SDB
2 , STP

3 , and SSP
4 shaped particles are shown in black, red, and cyan lines, respectively (Color

figure online).
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second and third peaks of the gSS(r) curves at kBT of
1.0 and 1.1 are nearly identical and the first intense
peak at kBT = 1.0 is marginally lower than that of
the first intense peak at kBT = 1.1 (Fig. 5d), which is
plausible for the structural transitioning from ran-
dom aggregates to cylindrical aggregates. At the
highest temperature (kBT = 1.2), we observed
distinct cylindrical as well as spherical aggregates
(Fig. 5c) at the �FF value of 6. The first and the
second peaks in the gSS(r) curve are significantly
lower at kBT = 1.2, likely due to the increased
diffusion of particles at higher temperatures.

The STB
5 and SOC

6 shaped lobed particles self-
assemble into similar random aggregate morpholo-
gies. We did not observe any significant morpholog-
ical phase transitions in these particles as they self-
assemble under all simulation conditions. The peaks
obtained from the gSS(r) calculation for both types of
particles are similar, although the SOC

6 particles
which have more functional groups exhibited a
higher density of lobed particles in their three
coordination shells compared to the STB

5 particles.
At lower temperatures, the random aggregates
formed by both types of particles are similar in size
and gradually inflate with an increase in tempera-
ture (Figs. S3 and S4). The height of the first gSS(r)
peak for STB

5 and SOC
6 particles sequentially

decreases with an increase in temperature, but the
second and third peaks marginally increase with an
increase in temperature (Figs. S3f and S4f), thereby
indicating the formation of an inflated self-assem-
bled structure at higher temperatures.

Porosity Analysis

The self-assembled structures were further char-
acterized for their porosities after extracting the
largest possible cuboids from the three-dimensional
structures formed at the three �FF values evaluated
in this study. It is worth noting that these cuboids
can only be extracted for the structures formed by
the self-assembly of STP

3 , STH
4 , STB

5 , and SOC
6 parti-

cles, since these were the only particles that formed
three-dimensional aggregates.

The pore size distribution (PSD) plots (Fig. S5)
indicate that the structures formed by the STB

5 and

SOC
6 particles have pores that are smaller and more

homogeneous in pore diameters (2.0rL�4.7rL, and
1.7rL�3.8rL, respectively) when compared to the
structures formed by STP

3 and STH
4 particles

(4.0rL�10.5rL, and 3.0rL�6.2rL, respectively) at
�FF ¼ 5:0 (Fig. S5a). We also observed that an
increase in �FF leads to broader pore size distribu-
tions for the STB

5 and SOC
6 particles, indicating that

their self-assembled structures have pores that are
larger in size and more heterogeneous at those
conditions (Fig. S5). For instance, at �FF ¼ 7:5
(Fig. S5c), the PSD ranges for the STB

5 and SOC
6

particles widen to 2.0rL�5.3rL, and 1.8rL�4.5rL,
respectively.

The porosity of each self-assembled structure was
also compared using the diameter of the largest free
sphere (DLFS) as a metric (Fig. 6). We observed that
the addition of functional groups to the lobes
resulted in a significant increase in the porosities

Fig. 5. Self-assembly of tetrahedral shaped lobed particles at �FF = 6. The assembled morphologies of tetrahedral shaped lobed particles into (a)
random aggregates, (b) cylindrical aggregates, and (c) a blend of cylindrical and spherical aggregates at kBT � 1.0, kBT = 1.1 and kBT = 1.2,
respectively, is depicted. The zoomed views of the cylindrical and spherical aggregates are shown. (d) The RDF curves at kBT values of 1.0, 1.1
and 1.2 are shown in black, red, and cyan lines, respectively (Color figure online).

Design of Functionalized Lobed Particles for Porous Self-Assemblies 2419



of the self-assembled structures compared to the
structures formed in our previous work, where the
lobes were not functionalized.48 The highest poros-
ity in this study was observed for the aggregates
formed by the STP

3 particles (DLFS ¼ 6:0rL), followed
by the STH

4 particles (DLFS ¼ 4:0rL), the STB
5 parti-

cles (DLFS ¼ 2:8rL), the SOC
6 particles

(DLFS ¼ 2:6rL), and the SSP
4 particles

(DLFS ¼ 2:0rL). We conclude that the porosities in
the three-dimensional structures formed by the self-
assembly of these particles are inversely propor-
tional to the number of lobes in the particle, except
for the SSP

4 particles which form the least porous
structures due to a tighter packing in the square
sheet morphology.

DISCUSSION

The fabrication of patchy particles with diverse
anisotropic functional motifs has utility in forming
three-dimensional scaffolds for various applica-
tions.5,6,8,55 In the current study, we have eluci-
dated the ability of seven different types of
functionalized lobed particles to self-assemble into
superstructures with distinct morphologies. The
magnitude of attractive interactions between the
functional groups incorporated in the lobes and the
temperature are chief attributes that regulate the
size, morphology, porosity, and phase behavior of
self-assembled structures. The selection of the rcut
value in MD simulation is also an indispensable
parameter that governs the morphology and poros-
ity of the self-assembled structures. The value of rcut
can be adjusted to tune the excluded volume
interactions between the colloidal particles. In our

study, the L–L, F–L, and F–F pairs were made
attractive, whereas the interactions among S–S, S–
L, and S–F pairs were made purely repulsive after
setting rcut to the 21=6r value. The purely repulsive
potential minimizes the interaction radius, eventu-
ally reducing the interacting pairs to 5–6. To model
both repulsive and attractive interactions or short-
range attractive hydrophobic interactions, one may
set the rcut to 2.5r value.56 The repulsive rcut value
may generate larger morphologies with higher
porosity and one may observe compact self-assem-
bled structures at higher rcut value of 2.5r. The
propensity of lobed particles to self-assemble
enhances by increasing the number of functional
lobes as well as by tuning the attractive interactions
between them. The interactions between the func-
tional groups may be tuned to explore the effect of a
wide range of weak (e.g., hydrogen bonding, dipole-
dipole interactions, dispersion forces, p-stacking,
metallophilic, or hydrophobic/hydrophilic interac-
tions) to strong (e.g., ionic bonds or covalent bonds
driven by photoresponsive motifs and electromag-
netic excitations57,58) intermolecular interactions on
the physicochemical properties of the self-assembled
structure. The dumbbell and trigonal planar parti-
cles with two and three functional groups, respec-
tively, are unable to assemble at higher
temperatures, rather particles with more functional
groups (� 4) exhibited self-assembly at a wider
temperature range.

We also tallied our results with our earlier
simulation study performed on lobed particles with
similar shapes but without the functional groups on
lobes.48 In the previous study, we observed that the
self-assembly of the non-functionalized lobed parti-
cles were obtained mostly at lower temperatures
(kBT< 0:7) compared to the functionalized lobed
particles where we observed that the particles self-
assemble over a wider range of temperatures (0.8
� kBT � 1.2). The lobed particles without functional
groups self-assemble into porous and crystalline
structures. However, we observed highly non-crys-
talline porous self-assembled structures for lobed
particles with the functional groups. Notably, the
porosity analysis reveals the diameter of the largest
free sphere (DLFS) for each self-assembled structure.
The DLFS values for the functionalized lobed parti-
cles are significantly higher than those for non-
functionalized particles reported in our previous
work.49 As an example, the DLFS values calculated
for the functionalized STP

3 and STH
4 self-assembled

structures are doubled compared to the non-func-
tionalized self-assembled structures (Fig. 6).

Based on our results, we propose that the func-
tionalized STP

3 and STH
4 lobed particles are the most

suitable candidates for designing porous, biodegrad-
able, and biocompatible self-assembled morpholo-
gies for applications in tissue engineering. The
hydrogels formed by the functional lobed particles

Fig. 6. Porosity of self-assembled structures as characterized via the
diameter of the largest free sphere (DLFS). A comparison of the
porosities of self-assembled structures, as measured by DLFS , is
shown for particles with functionalized lobes and non-functionalized
lobes. The data for non-functionalized particles are based on our
previous work.48
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may be tailored to meet specific requirements in
biomedical engineering. Specifically, the functional
lobes with higher interaction strengths may gener-
ate highly porous and mechanically stable matrices
appropriate for cell growth and migration.31,32 The
surface area of the functionalized hydrogels could be
tuned to stimulate drugs and biomolecules adsorp-
tion for targeted drug and gene delivery, respec-
tively. We conclude that the lobed particles with the
functional groups substantially enhanced the
porosities of the assembled superstructures com-
pared to the non-functionalized self-assembled
structures. Importantly, the self-assemblies of the
functionalized STP

3 particles are highly porous and
interconnected with enhanced mechanical stability,
which makes such assemblies a compatible microen-
vironment for optimal cell growth and function.
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