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ABSTRACT: Assembly of nanoparticles into free-standing three-
dimensional networks has implications for a wide range of applica-
tions. We show that dynamic templating of surfactant hexagonal
domains is a facile technique to organize nanoparticles into a
network of particulate strands. Dispersed particles (>10 nm),
independent of particle chemistry, assemble into networks, when
the surfactant matrix cools into the hexagonal phase. We demon-
strate assembly of inorganic, polymeric, and protein nanoparticles
into networks. Where particle assembly is reversible, particles are
coated with polymers that are subsequently cross-linked to stabi-
lize the networks after surfactant removal. This technique involves
near ambient temperatures and a benign water wash for template
removal. The network mesh size can be varied from submicrom-
eters to tens of micrometers by controlling the cooling rate.
Particle networks can be flow-oriented prior to cross-linking,

and interpenetrating networks can also be formed.
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B INTRODUCTION

Assembly of nanoparticles into free-standing macroporous
materials has implications for a wide range of technologically
important applications, such as separation, chromatography,
catalysis, filtration, insulation, and biomedical scaffolds. A variety
of approaches have been demonstrated for nanoparticle assembly
into macroporous materials," including, spray drying,” polymer-
induced aggregation,” controlled destabilization of nanoparticle
dispersions,* and sol—gel assembly.” In these techniques, control
over pore morphology is possible by optimization of processing
parameters, but it is challenging. On the other hand, three-
dimensional writing with nanoparticle inks® affords precise
control over structure formation but is relatively complicated
to implement.

An elegant strategy to create macroporous materials is to
combine nanotectonics’ (assembly of preformed nanoparticles),
with templating of larger length scale structures,® includin
static templates, such as, colloidal crystals,9 membranes, "’ gels,1
polymer foams,'* and biological organisms.'® Nanoparticles can
also be assembled around dynamic templates such as solvent
drops in breath figures,'* or in dynamic processing operations
such as foaming.1 In these methodologies, control over pore
morphology remains a challenge and requires either preassembly
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of precisely defined templates or exquisite control over experi-
mental protocols (viz. solvent condensation or foaming con-
ditions). Recently, particles with specially tailored surface
chemistry have been shown to segregate to interphases'® and
jam, thus arresting structural evolution in phase separating
blends'” to produce a percolated particulate assembly. There
has also been renewed interest in dynamic templating of ice
crystals by polymer—nanoparticle dispersions.'® Ice templating
allows control over pore size, shape, and orientation."® While ice
templating is a powerful technique,18 it involves freezing tem-
peratures, and employs freeze-drying to remove the ice template.
Thus, it would be advantageous to have a simpler technique to
prepare macroporous materials using a wide variety of materials,
that retains the elegance of ice templating, but employs milder
conditions and involves easier template removal.

Templating of nematic domains, by particles expelled to
domain boundaries, results in the formation of particulate
networks."® This network formation is reversible, and the
particles redisgerse on heating above the liquid crystal clearing
temperature; thus, free-standing porous materials have not
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been prepared using this route. Further, the particles need to be
hydrophobic for dispersion in the liquid crystal, and network
formation is observed only when impurities in the liquid crystal
constrain the isotropic—nematic interface to propagate slowly.'”
In liquid crystal colloids with strong director anchoring, interac-
tions between topological defects formed around dispersed
particles result in particle organization.”® Particles dispersed in
lamellar phases segregate to defect nodes to stabilize “oily streak”
networks.”’ However, none of the aforementioned techniques
have been exploited to prepare macroporous materials.

Recently, we reported”” a systematic study of the effect of
particle size on their organization in a nonionic surfactant
hexagonal (H;) mesophase. Our results, in accord with the pre-
vious literature,”> demonstrated that particles smaller than the
characteristic H; spacing (spacing between surfactant assemblies,
a ~ § nm) template the surfactant structure, while larger particles
(>~10 nm) are expelled to form a network. For assemblgr of silica
particles, network formation is rendered reversible*” due to
formation of micellar structures on the particle surface. However,
interestingly, when the silica particles are coated with polyethy-
leneimine (PEI), it is observed that micelle-covered particle
structures do not form.>* Thus, PEI-coated particles can come
into true physical contact, and cross-linking the PEI coat layer
might enable us to stabilize the particulate networks.

Here, we demonstrate that dynamic templating of surfactant
hexagonal domains is a facile technique to organize inorganic,
organic, and biological nanoparticles into a network of particulate
strands. This technique involves near ambient temperatures,
and a benign water wash for template removal. The network
mesh size can be varied from submicrometer to tens of micro-
meters by controlling the cooling rate, and networks can be
flow-oriented.

B EXPERIMENTAL SECTION

Materials. Ludox LS-30 silica particles (referred to as “Si”) and
nonionic surfactant, nonaethylene glycol monododecyl ether, C;,Eq
(characterized earlier®) were used as received from Sigma Aldrich. All
other chemicals were used as obtained from Sigma Aldrich. Hydro-
xyapatite particles (HAP, Aldrich) were obtained as a 10 wt % dispersion
in water and were sonicated using a probe sonicator immediately prior to
coating with PEI (2000 g/mol). Fluorescent polystyrene latices were
obtained from Microparticles GmbH, Germany.

Silica particles (90 nm diameter) were synthesized using the Stober
method. Amine groups were grafted onto these silica particles using a
procedure reported earlier,” and finally, the particles were tagged with
a fluorescent dye (FITC), as indicated in Schematic 1 and 2 in the
Supporting Information. Details of the synthetic procedure can be found
in the Supporting Information. The particles were characterized by trans-
mission electron microscopy (TEM), thermogravimetric analysis (TGA),
and infrared (IR). Poly(N-isopropylacrylamide) (PNIPAM) microgels®’
and positively charged magnetite (Fe;0,2%) and ceria (Ce0,*) were
prepared according to procedures reported in the literature and are
described in detail in the Supporting Information. Particles without
surface amine groups were coated with PEI using a modification of
the reported method®® (Supporting Information). PEI coated silica
particles are referred to as Si-PEL

General Methodology for Assembly of Nanoparticles for
Making a Self-Standing Scaffold. Typically, a 10% (by weight)
dispersion of nanoparticles was added to surfactant C;,Eg at 50 °C, such
that the surfactant to water ratio was 1:1. To this, glutaraldehyde was
added, and then the solution was cooled to room temperature. Subse-
quently, sodium cyanoborohydride was added to the gel to reduce the

imine groups formed upon cross-linking of PEI and glutaraldehyde.
Finally, the scaffold was washed repeatedly with ethanol and water to
remove the surfactant and afford the free-standing macroporous material.

For example, to form a macroporous solid from Si—PEI nanoparti-
cles, the following procedure was followed. To 1000 mg of 10% (by
weight) Si—PEI, 900 mg of C;,Ey was added and homogenized in a
water bath at S0 °C. At this temperature, 20 mg of glutaraldehyde (25 wt %
solution) was added. The sample was then cooled to room temperature
in a feedback controlled convective oven. The particle concentration in
the overall composite is ~5 wt %. The sample was then allowed to cross-
link on standing at room temperature for a week. The sample was
reacted with 0.1 M NaCNBHj solution and then (4—5 times) with
water and ethanol to remove the surfactant. The silica scaffold was then
dried in a vacuum oven at 120 °C before characterization. All the other
particles were assembled and cross-linked by a similar procedure as
mentioned above. Horse spleen ferritin did not require coating of PEI
(due to presence of inherent amine functionalities) and was assembled
in the H; phase as obtained from the supplier.

Material Characterization. Characterization of the particles/
scaffolds was done using SAXS (Bruker Nanostar equipped with rotating
anode and 2D wire detector, used over a g-range of 0.01—0.20 A™").
Samples were imaged using a Quanta 200 3D scanning electron microscope
(SEM). Prior to SEM imaging, the sample was sputter coated using a
Polaron SC 6420 sputter coater giving an Au thickness of S nm on the
sample. An LSM 710 Carl Zeiss laser scanning confocal microscope
(LSCM) was used to image the fluorescent samples. We used a He—Ne
laser (543 nm) and an Argon-ion laser (488 and 514 nm) for our
experiments. Zeta potential measurements were performed on a 90
Plus particle size analyzer (Brookhaven Instruments, USA). TEM
measurements were done at 100 kV on an FEI Technai F30. Optical
microscopy was performed using an Olympus-BX 50 equipped with a
crossed polarizer setup.

B RESULTS AND DISCUSSION

Network formation by PEI-coated silica particles proceeds in
the same manner as previously described for the uncoated silica
particles.22 Above the H;-isotropic transition temperature, Ty ~2
45 °C, 15 nm PEl-coated silica nanoparticles (Si—PEI, 5%, by
weight) are well-dispersed in the isotropic micellar phase of a
50% aqueous solution of nonionic surfactant, C;,Eo. On cooling
below Ty (at S °C/min), the particles are expelled by growing
H, domains.”> Once the H, domains (observed as birefringent
bright regions between crossed polarizers, Figure la) grow to
impingement, the particles jam to form a network. A comparison
of optical micrographs of this sample viewed between crossed
(Figure 1a) and parallel polarizers (Figure 1b) shows that the H,
phase boundaries are optically dense. In contrast, for an H; phase
not containing silica particles, domain boundaries are not visible
between parallel polarizers. Thus, segregation of silica particles to
the H; domain boundaries results in the optical contrast ob-
served in Figure 1b.

The bulk three-dimensional structure of the particle network
formed can be visualized using confocal microscopy to image the
structure formed by assembly of fluorescently tagged 90 nm silica
particles in the H; phase (Supporting Information). Confocal
microscopy confirms that a three-dimensional connected net-
work is formed as the particles self-assemble into linear aggre-
gates. A two-dimensional projection of the three-dimensional
image is shown in Figure lc. The formation of linear aggregates
suggests that particles are localized specifically where multiple H,;
domains meet. A 2D slice of network structure (Supporting
Information) shows that the particle organization is similar to
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Figure 1. Optical microscopy of $% (by weight) PEI-coated 15 nm silica particles in H; phase at room temperature (sample thickness ~ 10 um). The
sample was cooled from isotropic phase at S0 °C to room temperature at S °C/min. (a) Between crossed polarizers, birefringent H; domains grown to
impingement. (b) Same sample as part a, viewed between parallel polarizers. This shows that the boundaries of the H; domains are optically dense. In
contrast, for an H; phase not containing silica particles, domain boundaries are not visible between parallel polarizers. Thus, segregation of the silica
particles to the H; domain boundaries results in the optical contrast observed here. (c) Confocal microscope 2D projection image of 90 nm FITC-tagged
Stober silica particles in the H; phase. The sample is prepared by cooling the particle—surfactant—water system from S0 °C to room temperature at
5 °C/min. A red dye (DCM) is dispersed in the H; phase. Thus, we observe a network of fluorescent green silica particles in the red H; matrix. (d) SEM
of a free-standing 3D scaffold prepared by cross-linking a network of PEI-coated 15 nm silica in the H, phase, (S wt %) using glutaraldehyde. SEM is
performed on a dry sample, after removal of the surfactant by washing. (e) Magnified section of the cross-linked scaffold.

that observed in optical micrographs on thinner samples (com-
pare with Figure 1a).

Networks form for particles larger than about 10 nm (viz.,
greater than characteristic H; spacing, a = 5.6 nm, in these
experiments). In practice, an upper bound for the size of particles
that we can use to form networks is determined by particle
sedimentation—we are unable to form networks from particles
that are too large to stay dispersed as the surfactant solution is
cooled (~1 um for silica particles, ~O(10 um) for polystyrene
particles). The nonionic surfactant H; phase in our experiments
is characterized by an elastic constant, K ~ O(1 pN), and we
estimate that the anchoring strength of surfactant micelles on the
particle surface is given by W = kg T/a” ~ 100 uJ/m”. For silica
particles whose size, R, varies from 10 nm to 1 um, the
nondimensional ratio of anchoring and elastic energies, WR/K
varies from ~O(1) to ~O(100). Thus, in our experiments, the
director is strongly anchored to the particles and we expect
deformation of the director field to govern long-range particle—
particle interactions.'”** However, in our system, particle as-
sembly appears to be governed primarily by expulsion of particles
from the mesophase.

To stabilize the particulate network against dispersion after H,
template removal, the PEI-coated silica particles were cross-
linked with glutaraldehyde upon network formation. Subsequent
to cross-linking, the surfactant could be readily removed by
washing with water, to yield a free-standing particulate macro-
porous solid (Figure 1d). Scanning electron microscopy reveals a
network structure (Figure 1d) comprised of a dense mesh of
strands, with strand thickness varying from about 100 nm to a

micrometer as seen at higher magnification (Figure le). Typi-
cally, scaffolds prepared using PEI-coated silica particles had an
organic content of 12—13% (by weight). Macroscopic centi-
meter size samples of the macroporous materials were readily
prepared (Supporting Information) and can be readily handled
despite their high void fraction.

On cooling below Ty, H; domains nucleate and grow31 to
impingement. Thus, by varying the nucleation density of H;
domains, it is possible to vary the size of the domains and,
therefore, the characteristic spacing of the particulate network.
Fast cooling, for example at 10 °C/min (Figure 2a), results in
particulate networks with smaller “strut” spacing as compared to
cooling at S °C/min (Figure 2b and Figure la and b). As the
sample is cooled at even slower cooling rates of 0.5 °C/min, the
strut spacing increases (Figure 2c). Optical micrographs of
networks formed by cross-linking Si—PEI reveal that the average
mesh spacing can be varied from ~3.1 & 0.7 to ~26.4 £ 5.6 um,
on decreasing the cooling rate from 40 to 0.5 °C/min
(Figure 2a—c and f, spacings obtained by averaging over at least
150 domains from optical micrographs taken at more than 10
separate locations; optical micrographs for samples cooled at 20
and 40 °C/min are in the Supporting Information). Freeze
fracture TEM of rapidly cooled (>300 °C/min) samples indicate
a mesh size of about 0.450 & 0.12 «m.** Thus, the mesh spacing
can be varied by ~50-fold, by simply controlling the cooling rate.
The anisotropic shape of the particle-templated regions reflects
the geometry of growing H; domains—in hexagonal meso-
phases, domains develop as elongated “batonnets”,*” before they
grow into characteristic fan-shaped domains. For rapid cooling
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Figure 2. Optical micrographs of cross-linked network structures formed from assembly of 15 nm Si—PEI particles (S wt %), at the domain boundaries
of the H, phase at cooling rates of (a) 10, (b) S, and (c) 0.5 °C/min. As the cooling rate is increased, we observe a decrease in the domain size. (d) SEM
micrograph of self-standing scaffold prepared at a cooling rate of 10 °C/min. (e) Confocal micrograph image of cross-linked self-standing scaffold, tagged
with a green dye, fluorescein isothiocyanate (FITC), after removal of the surfactant template and imaged using an argon laser at an excitation wavelength
of 488 nm. The scaffold was formed by cooling 15 nm Si—PEI particles in the H; phase at S °C/min. (f) Decrease in pore size (from optical micrographs
and SEM) observed as a function of cooling rate. The error bars represent the standard deviation over multiple measurements as indicated in the main
text.

Figure 3. Optical micrographs of cross-linked networks of PEI-coated 15 nm silica particles (S wt %) assembled by cooling at 0.5 °C/min from the
isotropic dispersed phase to room temperature and then sheared at 0.01s~ " for (a) 0, (b) 10, and (c) 20 s. The scale bar indicated represents 50 #m. The

inset shows the Fourier transform of the optical microscopy images, and the scale bar corresponds to 2.6 um™ .

rates (>5 °C/min), where dense nucleation precludes extensive
domain growth before impingement, the final domain morphol-
ogy (and therefore, particle organization in the particle—H,
composite) is determined by the elongated shapes of the initially
developed batonnets.

We observe that the elongated shape of the particle assembly is
not retained after cross-linking and surfactant removal, when the
final macroporous solid is imaged using SEM (Figure 1d and e,
Figure 2d; also see the Supporting Information) and confocal
microscopy (Figure 2e). While the anisotropic shape of the pores
in the network are not retained after surfactant removal, the
decrease in average pore size in the free-standing macroporous
solid with cooling rate is preserved and correlates with the
decrease in mesh width in the particle—surfactant composite
(Figure 2f). Thus, while the cross-linked particulate mesh of
coated silica particles has sufficient mechanical stability to retain
macroporosity after surfactant removal, and even on drying, it is
unable to retain the elongated domain shapes observed in the
particle—surfactant composite.

1451

The particulate network/H; system is a gel that can be readily
restructured and oriented by application of shear (Figure 3).
Shearing of H; gels results in orientation of the surfactant
cylinders along the flow direction at low shear rates and in shear
melting at higher rates.*®> In polydomain samples, there is
yielding as shear aligns the various domains, and eventually, a
monodomain forms. In our Si-PEI/H; systems, shearing at a rate
of 0.01 s~ ' results in progressive flow-direction alignment of the
particulate strands and a concomitant decrease in the strand—
strand spacing with increasing strain units (Figure 3). Fourier
transforms of the optical micrographs (insets) clearly indicate an
increase in flow-direction alignment, with increasing strain. We
note that extensional flow, imposed, for example, by squeezing
the particle/H; gel through a syringe with a tapered exit, also
efficiently orients the particle networks. In all flow-orientation
experiments, the glutaraldehyde cross-linker concentrations are
adjusted so that the orientation is complete at time scales
significantly shorter than that required for extensive cross-
linking. We have also applied a similar shearing protocol on
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Figure 4. (a) Optical micrograph of a network of PEI-coated hydroxyapatite particles (HAP). (b) Laser scanning confocal micrograph (514 nm filter)
showing 3D image of 120 X 120 X 25 um self-standing HAP scaffold. The scaffold is functionalized with biotin, and the biotin functionalized network is
incubated with fluorescent streptavidin-phycoerythrin and imaged using confocal.

Figure S. Optical micrographs of self-assembled networks formed by positively charged particles: (a) Fe;O, particles and (b) Ceria particles.

self-assembled 978 nm PS-red particles in the H; phase, that can
be observed using confocal microscopy. Confocal microscopy
reveals the formation of a highly oriented structure comprised
of interconnected particulate strands (see the Supporting
Information).

Network formation by segregation of nanoparticles is ob-
served to be independent of particle chemistry. Here, we describe
preparation of self-supporting macroporous solids from disper-
sions of other inorganic nanoparticles. For example, PEI-coated
hydroxyapatite particles (HAP), in C,,Eo—water assembled into
a network by cooling at § °C/min and by subsequent cross-
linking using glutaraldehyde as seen in the optical micrograph in
Figure 4a. This material showed a mesh spacing of 20 um,
comparable to the minimum dimensions required for mamma-
lian cell growth.> Materials with larger pore sizes can be
prepared by slower cooling. Interestingly, as not all amine groups
in the PEI react with glutaraldehyde, the strands of the macro-
porous solid are amenable to chemical modification. Such
modification would be advantageous, for example, to graft cell
adhesion promoters in scaffolds for cell growth. To demonstrate
the possibility of chemical modification, the amine groups of
PEI were further reacted with a biotin-NHS. The presence of
the biotin on the scaffold was then probed using fluorescently
labeled streptavidin, a tetrameric protein, which has a very high
binding affinity for biotin. The biotin modified macroporous
scaffold upon incubation with streptavidin-phycoerythrin turned
fluorescent and could be imaged using confocal microscopy
(Figure 4b). Control samples of scaffolds not treated with
biotin-NHS did not show significant fluorescence. Thus, these
macroporous materials allow diffusion of reactants through them

and allow on-demand surface functionalization through the
amine groups.

Inorganic nanoparticles with a positive surface charge can also
be assembled into macroporous materials in the H; phase—in
this case, we adopt the layer-by-layer technique to initially coat
the nanoparticles with a polyanion (sodium salt of polystyrene
sulfonate), followed by PEL. We have assembled cross-linked
macroporous materials from 16 nm Fe;O, magnetite particles,
prepared with a positive surface charge to demonstrate this
(Figure Sa). Similarly, positively charged ceria particles were
coated with PSS and PEI and were also observed to assemble to
form a network of strands in the surfactant H, phase (Figure Sb).

This methodology was also extended to form cross-linked
three-dimensional networks from soft organic microparticles,
such as polymer latices and proteins. We demonstrate assembly
of 220 nm microgel particles of a temperature responsive
polymer, PNIPAM in the H; phase. PEI-coated PNIPAM
particles were cooled in aqueous surfactant solutions at § °C
and were observed to assemble into networks as the surfactant
H; phase formed. Interconnected strands of cross-linked PNI-
PAM microgel particles are seen in optical microscopy
(Figure 6a). The PNIPAM microgel networks are self-standing
after removal of the surfactant template and could be imaged
using confocal microscopy after incubation with 10 ppm of
rhodamine red dye for 24 h (Figure 6b). Such PNIPAM microgel
networks are anticipated to have applications where relatively
rapid volume transition kinetics are important,*® as well as in
sensing36 and for dru§ delivery.36 We note here, that we have also
previously reported’” the phase separation of PNIPAM linear
chains to H; domain boundaries.
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Figure 6. Self-standing network of 220 nm PEI-coated PNIPAM microgel particles cross-linked with glutaraldehyde. (a) Optical micrograph of the self-
standing scaffold of PNIPAM in water, after the removal of surfactant. (b) 2D confocal micrograph of rhodamine tagged PNIPAM—PEI microgel network.

Figure 7. Confocal microscopy images of the interpenetrating structure formed by two different fluorescent PS particles (978 nm PS-Red and 490 nm
PS-Green). (a) Structure formed by PS-Red on cooling at 0.5 °C in the H; phase. (b) Structure formed by PS-Green within the initially formed red
particle structure. (c) Composite interpenetrating structure of PS-Green network within the PS-Red network. The scale bar in all images is 20 xm.
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Figure 8. Optical micrograph of a network of ferritin, after cross-linking
with glutaraldehyde.

Interpenetrating particle networks can also be formed using a
two-step variation of this technique. We have assembled red
fluorescently labeled 978 nm PS particles into a network on

cooling at 0.5 °C/min. Subsequently, networks of a green fluo-
rescently labeled 490 nm polystyrene (PS) particle were assem-
bled from dispersions in the H; phase, by cooling at 5 °C/min,
within the previously assembled network of red fluorescent
particles (Figure 7c). Confocal microscopy indicates that each
of the red and green fluorescent PS particles form an intercon-
nected network (Figures 7a and b).

Finally, we tested this methodology to synthesize macropor-
ous materials from a 450 kDa globular protein, ferritin. This
bionanoparticle contains an iron oxide core within an assembly
of 24 protein subunits. Assembly of such bionanoparticles
into three-dimensional networks is still very challenging,*® and
chemical modification of the ferritin surface is typically necessary
for assembly into networks. We demonstrate that native horse
spleen ferritin can be organized into networks by dispersion in
the surfactant H; phase. We cross-linked surface amine groups
on the ferritin with glutaraldehyde to form a network that is
stable in water, after template removal (Figure 8). Since different
inorganic materials can be incorporated by using biomineraliza-
tion into the core of ferritin from which the iron oxide core has
been removed, this offers a route to develop macroporous
scaffolds with unique functionalities.

B SUMMARY

We demonstrate that dynamic phase separation of nonionic
surfactant hexagonal domains is a generic technique for assembly
of three-dimensional nanoparticulate networks. Inorganic, organic,
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and protein particles can be assembled into networks. The large
surfactant content in solution renders the matrix amphiphilic,
and therefore, hydrophobic nanoparticles can also be dispersed
in such matrices.”*¥ Dynamic templating of H; mesophases
involves mild conditions—near ambient temperatures and a
facile water wash for template removal. Thus, we demonstrate
that it is possible to employ our technique to prepare networks of
even relatively delicate bionanoparticles, such as ferritin protein,
that would aggregate irreversibly on freezing. We believe that
materials prepared using this technique have potential for
application in a wide variety of technologically important areas.

Il ASSOCIATED CONTENT

© supporting Information.  Particle synthesis, particle chara-
cterizations, formation of self-standing scaffolds from the parti-
cles mentioned in the study, and the characterization of the
scaffolds.This material is available free of charge via the Internet
at http://pubs.acs.org.
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