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Conceptual Insight:

Hybrid materials combine multiple disparate components (e.g., organic/inorganic) at molecular or
nanoscale level into one system. The hybridization endows these materials with desired properties that
are otherwise often not available from each constituent. As a result, hybrid materials can find applications
in diverse fields. Great efforts have been devoted to the development of new strategy for fabricating
hybrid materials such as inorganic nanoparticle/hydrogel particles. The ability to manipulate the
distribution of nanoparticles within hydrogels offers new opportunities to control the property of hybrid
hydrogels. Particularly, the use of autonomous migration of nanoparticles for fabrication is conceptually
novel and may advance the application of hybrid hydrogels.
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This Communication describes a facile strategy for the
fabrication of inorganic nanoparticle (NP)-loaded hybrid
core-shell microgels. The formation of core-shell microgels
constitutes a novel mechanism in which the ionic-crosslinking
of charged polymers (e.g., alginate) drives the unidirectional
migration of NPs towards the centre of droplets. This
versatile strategy allows the encapsulation of inorganic NPs
with different sizes, shapes and surface properties in the core
of the microgels in a single step.

Hybridization of microgels with inorganic nanoparticles
(NPs) can endow the system with new or advanced
functionalities that are often not attainable by any of individual
components.l'"'"! For instance, the integration of Au NPs in
thermoresponsive microgels makes them responsive to light
due to the photothermal effect of metal NPs (that is, the
conversion of absorbed light to heat).l'” As a result of
combined characteristic of organic and inorganic components,
these hybrid microgels have been used as “smart” vehicles for
the light triggered delivery of therapeutic agents.’®! When
magnetic NPs are introduced, the hybrid microgels can be used
as “smart” stabilizers for emulsions and the separation and
stability of the emulsions can be manipulated by external
magnetic field.!"! The optical, magnetic or catalytic properties
of hybrid microgels are strongly dependent on the nature and
spatial arrangement of NPs within the microgels. Among
hybrid microgels with different morphologies, core-shell
microgels are particularly attractive for applications in
photonics, catalysis, sensing, and biomedicine, due to their
unique characteristics, such as responsiveness to stimuli,
superior biocompatibility, and tailorable physical property.t'*'*]

@ ournal is © The Royal Society of Chemistry 2012

Currently, hybrid core-shell microgels are usually fabricated
by 1) localized deposition of NPs within templates of core-shell
emulsions or organic particles® and ii) coating as-synthesized
inorganic NPs with polymers.[?!! The former method involves
the synthesis of organic core-shell particles, and the subsequent
synthesis of inorganic NPs within the hydrogel reactor.??*
The latter approach relies on the coating of inorganic NPs with
a hydrogel layer by various polymerization techniques (e.g.,
atom transfer radical polymerization).[25'27] These conventional
approaches mostly utilize existing surfaces or interfaces
between different materials to guide the formation of core-shell
structures. However, they either require relatively sophisticated
surface modification of NPs or can only be applied to limited

types of inorganic NPs.
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Figure 1. (a) Schematic illustration of the formation process of
hybrid core-shell microgels via ionic crosslinking-induced
migration of inorganic NPs. An aqueous alginate droplet
containing NPs is immersed in a solution of Cal, in undecanol.
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The continuous gelation of alginate by Ca®>" ions diffused into
the droplet pushes the NPs radially into the center of the droplet
(rather than locally trapping the NPs in the gel), leading to the
formation of hybrid core-shell microgels. (b) Photographic
demonstration of the formation of a hybrid core-shell microgel.

Herein, we report an unconventional strategy for the
fabrication of hybrid core-shell microgels encapsulated with
inorganic NPs within cores. This novel method utilizes the
unexpected unidirectional migration of inorganic NPs radially
towards the centre of an aqueous droplet of hydrogel precursors
during the ionic cross-linking of charged polymers (e.g.,
sodium alginate) by metal ions (e.g., Ca®") (Figure 1). The
shell thickness and core size of the hybrid particles can be
controlled by tuning the concentration of NPs ([NP]) or Ca*"
ions ([Ca”"]). This facile approach does not require laborious
surface modification of NPs, as in most conventional methods.
This method is applicable to the fabrication of hybrid core-shell
microgels from different combination of hydrogels (e.g.,
alginate, carrageenan, and carboxymethyl cellulose) and
inorganic NPs, such as Au NPs, Au nanorods (NRs), silica NPs,
Fe;04 magnetic NPs, CdSe quantum dots (QDs) (see Figure S1
in SI). The use of NPs with different surfaces, sizes, shapes,
and compositions dictates the unique features and resulting
applications of such hybrid core-shell microgels.
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Figure 2. (a, b) Optical image of spherical hybrid alginate core-
shell microgels with Au NRs concentrated in cores. The
concentration of NRs in the initial droplets is 1.0 mg/mL (a)
and 0.1 mg/mL (b). (c¢) SEM image of the cross-section of a
hybrid core-shell microgel with concentrated Au NPs as cores.
Bright dots (indicated by blue arrows) are NPs encapsulated in
the core. (d, e) Optical image of non-spherical hybrid core-shell
microgels with cylindrical shape (d) and hexagonal prism-like
shape (e). Insets indicate the shape of tubes used as templates
for confining alginate droplets. (f) Dependence of Dcore/DEngire
on the concentration of Au NPs or NRs.

Results and discussion

We used a microfluidic technique to generate
monodispersed  water-in-oil ~ emulsion  droplets  (see
experimental details in SI).”®3*' An aqueous solution

containing sodium alginate, inorganic NPs (e.g., Au NRs), and
poly(vinyl alcohol) (PVA) surfactant was used as the droplet
phase, while undecanol was used as the continuous phase.
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When the two liquids were forced through a narrow orifice,
monodispersed droplets were generated in the downstream
channel (Figure S2). The droplets were collected in a solution
of Cal, (~ 0.1-2 wt %) in undecanol. The Ca?" ions in
undecanol slowly diffused into alginate droplets and gradually
crosslinked sodium alginate.*?! The crosslinking of polymer
chains propagated radially from the interface towards the centre
of the droplets. It is surprising that the ionic crosslinking of
alginate triggered the unidirectional migration of NPs to form a
core with concentrated NPs (Figure 1b). This phenomenon
differs from our intuition that gelation traps the NPs locally
within the corsslinked polymer networks to produce microgels
with uniform distribution of NPs. After the complete
solidification, the microgels shrunk by ~10-50% in diameter,
depending on the crosslinking density of the biopolymer.

Figure 2a,b shows representative hybrid core-shell alginate
microgels with Au NRs (~ 95 nm in length and ~ 30 nm in
diameter) as cores. The presence of Au NRs in the centre area
of microgels provides high contrast between the core and shell
phases. The shell thickness of the core-shell microgels can be
tailored by controlling the concentration of NRs. Using the
same method, spherical Au NPs can be loaded in the core of
microgels. The accumulation of NPs in the core was confirmed
by imaging the cross-section of a fractured hydrogel particle
using scanning electron microscope (SEM) (Figure 2¢). A sharp
interface between the core and shell phase can be clearly
observed: the majority of NPs are presented in the core, while
almost no NPs can be found in the shell region. This approach
allows us to readily prepare hybrid core-shell hydrogel particles
with controlled shapes (e.g., cylinder-like and hexagonal prism-
like microgels) by confining the droplets within a shape-defined
geometry (Figure 2d,e) (see experimental details in SI).

Figure 3. (a) Optical image of hybrid core-shell microgels with
Au NPs in the cores. (b, ¢) Merged images from optical and
fluorescence images of hybrid core-shell microgels with
Rhodamin B doped silica NPs (b) and QDs (c) in the cores. (d,
e) Optical images of hybrid core-shell microgels with CaCOj3
NPs (d) and Fe;O04 NPs (e) in the cores.
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The overall diameter of the hybrid core-shell particles can
be tuned in the range of 10-900 um by varying the size of the
alginate droplets (Figure S3a, b). The core size of the hybrid
microgels can be controlled by varying [Ca®'] or [NP]. When
[Ca®'] was increased from 0.1 to 2.0 wt % and other parameters
were kept as constant, the ratio of core size to overall size of
hybrid microgels (Dcore/Dgniire) first decreased from ~ 0.75 to
0.6 and then increased from ~ 0.6 to 0.8 (Figure S3c). This can
be explained by the delicate interplay of the driving force for
NP migration arising from ionic crosslinking and the friction to
slow down the migration of NPs due to the crosslinked polymer
networks. On one hand, the fast ionic crosslinking occurred at
high [Ca*'] provides strong forces to accelerate the
unidirectional movement of NPs.*3! On the other hand, the
formation of dense polymer networks resulting from fast
crosslinking hinders the migration of NPs. Similar trend was
also observed when [NP] was increased. The D¢,/ DEpyive first
decreased from ~ 0.9 to 0.75 and then increased from ~ 0.75 to
0.8, when [NP] was increased from 0.001 to 2 mg/mL (Figure
21).

This general approach is applicable to the generation of
core-shell microgels from NPs with different sizes, shapes,
compositions, and surface properties (Figure 3). Firstly, we
demonstrated that NPs with size ranging from ~ 3 to 350 nm
can be encapsulated in the core of microgels in a single step
(see images of NPs in Figure S1). They include such as QDs (~
3-5 nm), Fe;04 NPs (~ 10-15 nm), Au NPs (~ 30 nm), CaCO;
NPs (~ 30-40 nm), and silica NPs (~ 350 nm) (Figure 3a-e).
Secondly, NPs with different shapes (e.g., Au NRs and
spherical NPs) can be encapsulated into the core of the
microgels (Figure 2a and 3a). Thirdly, it is interesting that the
encapsulation of NPs is not sensitive to the surface property of
NPs. We demonstrate that all types of NPs can be integrated
into alginate microgels as cores (Figure 2a and Figure 3),
regardless of whether they are positively charged (e.g., Au
NRs, CaCOj; NPs, or Fe;O, NPs), negatively charged (e.g., Au
NPs, QDs), or neutral (e.g., silica NPs) (see Zeta potential
measurements in Table S1 in SI). Moreover, other negatively
charged biopolymers (e.g., I-carrageenan and sodium
carboxymethylcellulose) can also be used for generating core-
shell structures (Figure S4). The ability to integrate various NPs
into core-shell microgels offers us a simple tool to tailor the
multi-functionality of the particles (Figure S5). The hybrid
microgels exhibit good stability in some organic solvents (e.g.,
ethanol) or acidic aqueous solution (e.g., pH=1) for weeks.
However, when they are placed in an aqueous salt solution
(NaCl at 100 mM), the hybrid microgels slowly dissolved after
about 24 hrs, due to the dissociation of ionic bonding between
polymers at high ionic strength.#

To understand the formation mechanism of hybrid
microgels with core-shell structures, we studied the kinetics of
the shell-forming process (Figure S6). The propagating front of
the gel was carefully measured as a function of time (t). Figure
4a summarizes the advancing rate of the gel front (Vavancing) for
three cases: i) pure biopolymer system in the absence of NPs;
ii) system with the presence of positively charged Au NRs; and

This journal is © The Royal Society of Chemistry 2012

iii) system with the presence of negatively charged Au NPs. We
observed that the propagating front of crosslinked gels was
consistent with the back of the migration line of NP swarms,
when NPs were used. Moreover, our control experiment
showed that slow UV-initiated polymerization of droplets
containing  N-isopropyl acrylamide, N,N'-methylene-bis-
acrylamide and initiator (Irgacure 2959) did not cause the
unidirectional migration of NPs to produce hybrid core-shell
microgels (Figure S7 and S8). Together these results suggest
that the ionic crosslinking of biopolymers drives the
unidirectional movement of NPs towards the centre of the
droplet to form cores.

Numerically, Viguncing can be derived based on the
diffusion and reaction stoichiometry.?> The flux of alginate (J,)
and flux of Ca*" (J.) consumed by the reaction zone in the
vicinity of the gel front are given by:

s~ p .
Ox (1)
Ja = vAdvancing ) An (2

Where D, is the diffusion coefficient of Ca®" ions through
alginate gel, C is the concentration of Ca®" ions at x position,
and A4, is the initial concentration of bulk sodium alginate. In
the traveling wave approximation, stoichiometrically equivalent
amount of alginate must be converted to gel by the Ca*"
reaching the reaction zone, given by:

=—N .
JL' c Ja (3)

Where N, is the the stoichiometric coefficient of the
Ca’'—alginate reaction. Therefore, we can derive:

oC
D' I Nc ' vAdvancing : A

c 8x [ (4)
The solving of the boundary conditions of the eq (4) yields the
expression for v sgyancing a8:

1/2
) _1(2D,.C,
Advancing 2 Nl, . An .t (5)

Where C, is the initial concentration of Ca®" jons in undecanol.
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Figure 4. (a) The evolution of v,4cing as a function of time
with and without the addition of NPs in the alginate droplets. (b)
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Schematic illustration of the formation of an “egg-box”, arising
from the coordination between a single Ca®" cation and four
sugar units from two polymer chains. (¢) Schematic illustration
of the proposed formation mechanism of hybrid core-shell
microgels based on an “egg-box” model. Red arrows indicate
the diffusion direction of Ca*" ions.

First of all, the vV 4uncing €Xponentially decays as a function
of reaction time from eq. (5) due to the reduced diffusion rate
of Ca®' through crosslinked alginate gels, which is in good
agreement with experimental (Figure 4a).
Secondly, both numerical and experimental results indicate that
the Vigvancing increased with the increase in the initial
concentration of Ca** ions (C,) (Figure 4a). More importantly,
we observed that the presence of NPs, and the size and surface
property of NPs do not affect the Viguncing: The Vaavancing Of
positively or negatively charged NPs are almost consistent with
that of pure biopolymer system at various concentrations of
Ca®" ions. This result ruled out the possible diffusiophoresis
mechanism in which a charged colloidal particle undergoes
diffusiophoretic migration under the electric field arising from
the flux of charged ions.’®! We are aware that the possible
absorption of negatively charged sodium alginate on both
positively charged and neutral NPs may alternate the charges
on NPs. It is noted that the overall charge of droplets are
negative, regardless of the charges carried by NPs (SI Table S2,
S3).

measurements

In the light of current “egg-box” model — coordination
between a single Ca®" cation and four sugar units from two
neighboring polymer chains (Figure 4b) — for ionic crosslinking
of hydrogels,?”*” we propose a possible mechanism for the
formation of core-shell hydrogel structures through the
unidirectional migration of NPs (Figure 4c). Upon the gradual
diffusion of Ca®" ions into the droplets, alginate chains first form
“egg-box” structures and further produce nanofibrils with a
diameter of ~ 10-15 nm. The long axis of the nanofibrils is
perpendicular to the diffusion direction of Ca*" flux. The
formation of fibrils and their orientation has been previously
confirmed in different ionic-crosslinked hydrogel systems (e.g.,
alginate, carrageenan, carboxymethylcellulose, and chitosan) by
small-angle X-ray scattering.[*"! The “zipping” of polymer chains
to form “egg-box” structures and nanofibrils pushes NPs to
migrate along the direction of Ca®" flux, that is, the centre of
droplets. However, the exact interactions underlying this process
are still not clear, and further investigation is needed in future
work.

Conclusions

In summary, we have demonstrated an unconventional
approach for the preparation of hybrid core-shell hydrogel
with different The
unidirectional NP immigration induced by ionic-crosslinking of

particles shapes and morphologies.
polymers distinguishes our technique from any existing
approaches. This method we developed shows at least three

advantages over conventional techniques: i) It is simple and
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robust, and does not require any sophisticated surface
modification of NPs; ii) It can be applied to the fabrication of
hybrid core-shell microgels from different combinations of
inorganic NPs and ionic polymers; and iii) It offers excellent
control over the overall size, shell thickness, shape, and
composition of hybrid microgels. The unique capability offered
by this work will potentially advance the application of hybrid
core-shell microgels in diverse areas, such as photonics, sensing,
biomedicine, catalysts, and micro-motor (Figure S9).
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Abstract: A facile and unconventional strategy has been developed for the fabrication of
inorganic nanoparticles (NPs)-loaded hybrid core-shell microgels. The formation of core-
shell microgels constitutes a novel mechanism in which the ionic crosslinking of charged
polymers (e.g., alginate) drives the unidirectional migration of NPs towards the center of

droplets.



