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Abstract: Multiresponsive poly(N-isopropylacrylamide-co-acrylic
acid) (pNIPAmM-AAc) microgels containing mechanically and
thermodynamically decoupled poly(N-isopropylmethacrylamide)
(PNIPMAmM) cores have been prepared. To achieve this structure,
pNIPMAmM microgels were used as templates in the synthesis of
an N,N’-(1,2-dihydroxyethylene)bisacrylamide (DHEA) cross-
linked pNIPMAmM inner shell. A pNIPAm-AAc outer shell was then
added, resulting in “core/double-shell” microgels. Erosion of the
inner shell via periodate-mediated cleavage of the 1,2-diol bond
in DHEA produced multiresponsive core/shell microgels with
independent cores. The striking structural changes and unique
multiresponsivity achieved in microgels prepared via this approach
illustrate the potential of multifunctional, multicomponent delivery
vehicles that do not suffer from antagonistic interferences arising
when different functional components are introduced within a
single particle.

Nanomaterials designed to interface with biological systems
comprise a continually expanding area of research. Of particular
interest are colloidal particles with core/shell or core/corona
structures. From simple poly(ethyleneglycol)-modified liposomes
to more advanced multiblock copolymer micelles, such structures
offer the promise of controlled (shell-mediated) biological interac-
tions plus excellent carrier (core-based) properties.* We and others
have employed this design in the fabrication of core/shell (CS)
hydrogel particles (microgels and nanogels), which have stimulated
interest in fields such as drug delivery,®* biosensing,*® chemical
separations,® and catalysis.”

In principle, one might naively expect the CS strategy to permit
independent tuning of the core and shell properties. In redlity,
mechanical coupling between the core and shell influences the
physicochemical properties of the two components.®~*? This is
particularly true for responsive particles, such as those containing
the common thermoresponsive polymer poly(N-isopropylacryla-
mide) (pNIPAm). In these particles, mechanical CS coupling leads
to thermodynamic coupling, where core desolvation can impact the
swelling of the shell and vice versa.® %12 Thus, the independent
tuning model for CS materials fails under these conditions.

Recently, “yolk/shell” structured particles have been developed
to impart a physical separation between the core and shell in
inorganic colloids.***® We have taken inspiration from those efforts
in the preparation of multicompartment CS microgels. The synthesis
of core/double-shell (CDS) microgels is shown schematically in
Figure 1. Core particles (C) composed of N,N’-methylenebis(acry-
lamide) (BIS) cross-linked pNIPMAmM were prepared by free-radical
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Figure 1. Schematic depiction of the synthetic approach used in the
synthesis of core/double-shell microgels.

precipitation polymerization. The core served as a seed for the
subsequent polymerization of an N,N’-(1,2-dihydroxyethylene)bi-
sacrylamide (DHEA) cross-linked pNIPMAmM shell, resulting in CS
microgels. CS microgels were then used as nuclei for the addition
of aBIS cross-linked poly(N-isopropylacrylamide-co-acrylic acid)
(PNIPAmM-AAC) shell, resulting in CDS microgels.

DHEA contains a 1,2-glycol bond that can be cleaved by NalO,,
permitting shell dissolution (see Figure Slc, Supporting Informa-
tion);*® periodate-triggered erosion of the inner shell is shown
schematically in Figure 2a. The result is a degraded core/double-
shell (CDS-D) microgel with a decoupled core and outer shell.
Figure 2b shows atomic force microscopy (AFM) height and phase
images and line profiles of CDS microgels before periodate
treatment. The microgels appear monodispersed and spherical, with
a taler feature at the particle center. Presumably, this feature
corresponds to the pNIPMAmM core and inner shell. Particle heights
were ~30 nm, which is taller than the ~23 nm height measured
for the core microgels (Figure S1a), thus indicating successful shell
addition.

Not surprisingly, CDS-D microgels have a very different
morphology than CDS microgels (Figure 2c¢). Without the con-
nectivity of the inner shell, the outer shell appears to have less
structural rigidity, spreading dramatically on the substrate during
the drying process. Indeed, the shell is now so flat that it is barely
observable in the height image at the scale presented. The phase
image, however, clearly illustrates the presence of the outer shell.
Note also that the pNIPMAmM cores are no longer located exactly
in the centers of the particles. This is especialy true when the
microgels are absorbed and dried from pH 6.5 buffer (Figure S1d).
This observation is suggestive of mechanical decoupling of the core
and outer shell, which is accompanied by free movement of the
core.

To further establish the formation of CDS-D microgels, we
employed fluorescence spectroscopy.*® The DHEA cross-linked
pNIPMAmM shell was tagged with a 4-acrylamidofluorescein. The
fluorescein-labeled CS and CDS microgels show characteristic

10.1021/ja105616v © 2010 American Chemical Society



COMMUNICATIONS

riodate
pe_h

-]
nm

Deg

Figure 2. (8) Schematic depiction of CDS-D microgel formation by
degradation and solubilization of the inner shell. AFM height and phase
images and line profiles of (b) CDS and (c) CDS-D microgels adsorbed
and dried on glass substrates from microgel dispersions prepared in
deionized water. Scans are 10 x 10 um.

emission spectra, with an emission peak centered at 515 nm upon
excitation at 493 nm (Figure 3). Following periodate treatment and
purification via centrifugation, the emission peak is no longer
observed, indicating shell removal from both CS-D and CDS-D
microgels.
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Figure 3. Fluorescence spectra (lex = 493 nm) of CDS and CDS-D
microgels. Inset: spectra of CS and CS-D microgels.

In addition to changes in structure/morphology and composition,
the erosion of the inner shell should impact the thermodynamic
coupling of the core and outer shell. Such coupling should be
evident in the microgel pH- and thermo-responsivity, which we
have studied by photon correlation spectroscopy (PCS). The
successful addition of a shell at each step can also be confirmed
by the increase of the microgel size in the collapsed state (Figure
4 and Figure S2, Supporting Information). Figure 4a shows a
pNIPMAmM core volume phase transition temperature (VPTT) of
~43°C at pH 3, which is consistent with the lower critical solution
temperature of pNIPMAmM. At this pH, CDS particles display two
distinct transitions, with one at ~31 °C resulting from the collapse
of the pNIPAm-AAc outer shell and the other at ~42 °C due to
the collapse of the pNIPMAm-based core and inner shell. These
two transitions can also be observed from changes in scattering
intensity as a function of temperature (Figure S3, Supporting

Information). These two transitions are still observed following
periodate treatment and inner shell removal, with only dight changes
observed in the particle sizes in the swollen and deswollen states.
At temperatures below the first transition, the radius of CDS-D
microgels is dlightly larger than that of the CDS microgels,
presumably due to decreased connectivity; this has been observed
previously in the fabrication of hollow microgels.*® It isinteresting
to note that core collapse for CDS-D microgels at pH 3 is
accompanied by a decrease in the overall size of the microgel,
despite the shell having already collapsed at a lower temperature.
Thisis due to the swollen core preventing the shell from complete
collapse at temperatures lower than ~43 °C. Upon core deswelling,
further shell collapse is then permitted, resulting in an overal
particle size decrease. Additionally, a decrease in microgel sizeis
observed in the fully deswollen state, which likely arises from the
decrease in segment density following shell removal.

The impact of inner shell removal is more apparent when the
shell-localized AAc groups are deprotonated. At pH 6.5, the CDS
microgels swell to ~390 nm due to AAc deprotonation and the
associated increase in osmotic pressure.”'® At ~50 °C, a small
decreasein sizeis observed, which islikely due to hindered collapse
of the acid-free core.™® Following inner shell removal, the CDS-D
microgels swell more than 150 nm in radius to ~540 nm.
Importantly, the thermally induced collapse observed for the CDS
particles is now absent, with the CDS-D particle radius being
temperature independent at pH 6.5. This observation is in stark
contrast, however, to what is observed in the scattering intensity
(Figure 4c). An increase in scattering is observed at ~44 °C for
both the CDS and CDS-D microgels, indicating collapse of the
pNIPMAmM-based core. Indeed, following inner shell removal, the
increase in scattering is ~1.5-fold larger than that for the CDS
particle, suggesting unhindered deswelling of the core component.
The fact that core deswelling is observable via light scattering
intensity, but is not apparent in the overall particle size, is a clear
indication of mechanical and thermodynamic decoupling of the
microgel core and shell.
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Figure 4. CDS and CDS-D microgel radii as afunction of temperature in
(a) pH 3 and (b) pH 6.5 buffers. (c) Light scattering intensity as a function
of temperature at pH 6.5. The core data are shown in panel (a) for
comparison. All buffers have an ionic strength of 10 mM.

In summary, we have demonstrated a practical route to the
synthesis of multicompartment microgels containing a pNIPMAmM
core displaying mechanica and thermodyanamic independence from
the outer pNIPAmM-AAc shell. Presumably the core and shell
components are separated by a low polymer density or polymer-
free agueous region. Such structures, which contain an amphiphilic,
thermo-responsive region (the core), an interstitial agueous region,
and a pH- and thermo-responsive shell, suggest opportunities for
multicomponent encapsulation and release strategies wherein the
particle—biology interface (the shell) remains unperturbed by the
properties, contents, or responsivity of the core. This kind of
architectural control alows for the rational design of multifunc-
tional, multicomponent colloids without concern over antagonistic
effects that may occur between the different components.
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