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dvanced futuristic technologies are

expected to consist of devices that

can operate and even make logical
decisions on their own. A successful evolu-
tion of such a technology must certainly in-
volve individual components that not only
are capable of sensing small changes in
their environment but also can respond to
such changes. Materials with such abilities
are broadly termed smart materials or
stimuli-responsive materials.'~* Materials
that can respond to various types of stimu-
lus such as mechanical stress,’
temperature,5” pH,8~12 electric field,'* mag-
netic field,™ redox potentials,' light,'s'”
and certain chemicals'®'® have been syn-
thesized in the past.’®'® Organic materials
such as polyelectrolyte multilayers,?® block
copolymers,?' phospholipids,? and gels?®
possess individual molecular components
that can respond to an external stimulus by
significantly altering their own physical or
chemical properties. On the other hand, in-
organic shape-memory alloys,?* piezoelec-
tric and pyroelectric materials,”> %’ and
smart window materials?® achieve their
smartness by virtue of their ability to revers-
ibly alter the crystal structure or lattice vol-
ume in response to an external stimulus. Re-
cently, there has been interest in the
synthesis of stimuli-responsive composite
materials that are made up of organic and
inorganic components.??~3¢ The compos-
ites, besides offering a wider range of op-
tions to tune the functionality at the molec-
ular scale (organic component), also
provide remarkable robustness (inorganic
component).?’ When such systems are
tuned to respond to changes in a window
of physiologically relevant conditions, many
applications in biodiagnosis and controlled
drug delivery can be achieved.?? In this re-
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ABSTRACT Stimuli-responsive organic—inorganic hybrid spheres were synthesized by coating the colloidal
polystyrene spheres with polyelectrolyte-protected aminoclay, Mg phyllo(organo)silicate layers in a layer-by-layer
method. The dlay layers are sandwiched between the polyelectrolyte layers. The aminoclay swells in water due
to protonation of amino groups, and the degree of swelling depends on the pH of the medium. As a result, the
hybrid spheres undergo a size change up to 60% as the pH is changed from 9 to 4. The stimuli-responsive property
of the hybrid spheres was used for the release of ibuprofen and eosin at different pH.

KEYWORDS: stimuli responsive - microcapsules - layer-by-layer assembly - layered
materials - hybrid materials

port, we describe the synthesis of stimuli-
responsive composite spheres composed of
organoclay layers protected within the
polyelectrolyte matrix. There have been ex-
amples in the literature where layered inor-
ganic materials have been used as one of
the components of stimuli-responsive ma-
terial. Brinker et al. reported a reversible
change in the interlayer spacing of hybrid
layered silicate derived from an
azobenzene-bridged silsesquioxane,*” in re-
sponse to photophysical stimuli. Neverthe-
less, the change in the interlayer spacing is
restricted by the dimensions allowed by
cis—trans isomerism of the azobenzene
moiety. Mann et al. reported the transfor-
mation of perforated microspheres of Mg
phyllo(hexadecyl)silicates to apple-shaped
structures by prolonged swelling in
n-octane.® However, the hydrophobic na-
ture of these materials limits their use in the
controlled delivery of hydrophilic drugs/
molecules in the physiological environ-

ment. Therefore, making hydrophilic lay- *Address correspondence to
ered materials in the form of spheres/ eswar@jncasr.ac.in

capsules that could respond to external Received for review April 6, 2010
stimuli will have an added advantage, as and accepted September 27, 2010.

they can be used to encapsulate and con- . .
L Published online October 7, 2010.
trol the release of drug molecules within the  19.1021/nn100700b
layers as well as from the core. Though
there are very few reports on the synthesis  © 2010 American Chemical Society
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Figure 1. Molecular structure of (a) PDADMAC, (b) PSS, and (c) aminoclay.

of clay hollow spheres, to our knowledge they did not
show any stimuli-responsive behavior with respect to
chemical or physical environment.3*~#! Here, we have
shown a clay, having the ability to swell at different pH,
wrapped in a polyelectrolyte matrix could reversibly
change the size of the spheres with pH, which has been
used in a controlled release of small molecules.

RESULTS AND DISCUSSION

Polystyrene spheres (PS) used in this study were syn-
thesized by standard emulsion polymerization tech-
nique.*? The polyelectrolytes used were poly(diallyldim-
ethylammonium) chloride (PDADMAC) and
poly(styrenesulfonate) (PSS) (Figure 1a and b). The ami-
noclay used in this study is Mg phyllo(organo)silicates
having a structure analogous to 2:1 trioctahedral smec-
tites and was synthesized by a chemical method.*344
Its structure consists of a central brucite sheet of octa-
hedrally coordinated MgO/OH chains sandwiched be-
tween a tetrahedral organosilicate network containing
covalently linked propylamine pendant groups with an
approximate unit cell composition of RgSigMgsO16(OH).,
where R = CH,CH,CH,NH, (Figure 1¢).* In water, the
clay layers are positively charged over a wide range of
pH due to the protonation of the amine groups (Figure
2) (alkylamine pKj, ~ 3.4).% As a result, the electrostatic
repulsion between the protonated clay layers exfoli-
ates the clay and forms a transparent dispersion in wa-
ter. The extent of protonation of amine groups (and
hence the exfoliation) increases with a decrease in pH,
which, in turn, increases the charge density on the indi-
vidual clay layers. The decrease in clay particle size ob-
served in dynamic light scattering (DLS) with a decrease
in pH further supports the exfoliation of clay layers
due to the increased level of protonation at low pH (Fig-
ure 2).

The composite spheres were synthesized by a well-
established electrostatic layer-by-layer technique
(LbL)*~3 (Scheme 1). This technique usually involves
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the sequential adsorption of polyelectrolytes of oppo-
site charges on a charged planar surface or around the
colloidal spheres. The method has been successfully ap-
plied to generate composite films from nanoparti-
cles,”" nanotubes and nanowires,*>>3 nanoplates,>*>°
DNA,® proteins,®”°8 viruses,* lipids,® etc. This method
was further extended to make nano- and microcapsules
using sacrificial colloidal spheres as templates.®’ ¢ In
Scheme 1, we describe the experimental protocol to
synthesize the stimuli-responsive composite of clay and
polyelectrolytes. The as-prepared PS spheres were used
as cores around which the polyelectrolytes and clay
were sequentially coated. Initially, colloidal PS spheres
were coated with PDADMAC as layer 1 followed by the
adsorption of PSS as layer 2. The first two coatings of
charged polyelectrolytes over PS are essential to facili-
tate the subsequent adsorption of clay as the third
layer. Finally, the clay layer was wrapped with a layer
of negatively charged PSS. The as-prepared samples
were designated as PSL1, PSL2, PSL3, and PSL4, respec-
tively, depending on the number of layers coated on
the PS core. A control sample, PSL4-NC (PSL4-No Clay),
was also synthesized wherein the third layer of clay was
replaced with a layer of PDADMAC.
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Figure 2. Basic information about aminoclay. Plot of zeta
potential of clay vs pH (orange circles) and hydrodynamic di-
ameter of clay particles vs pH (olive diamonds).
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Scheme 1. Scheme showing the formation of PSL4 spheres.

The as-synthesized PS colloids were in the range
680 = 40 nm in diameter as measured by DLS and scan-
ning electron microscopy (FESEM). The success of the
coating of each layer of polyelectrolyte and clay was
verified by monitoring the changes in the surface
charge using zeta potential measurements at pH 7 (Fig-
ure 3a). As expected, the zeta potential for PSL1, PSL2,
PSL3, and PSL4 varied between positive and negative
values (+40 to —60 mV at pH 7) depending on the
charge on the polyelectrolyte or the clay on the outer
layer. However, in the case of PSL3, the increase in the
positive charge on the surface was minimal (+10 mV)
probably due to less charge density on the clay layers
compared to the polyelectrolytes at pH 7.

As a next step, we followed the size changes of the
spheres brought about by the coating of polyelectro-
lytes and clay (Figure 3b). From the DLS data, it is evi-
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dent that each layer of coating of polyelectrolyte in-
creased the thickness of the sphere by 100 nm (for PSL1
and PSL2). The size of PSL3 from DLS suggested an in-
crease in the layer thickness corresponding to the clay
coating of around 250 nm. However, the size of PSL3
was found to be unstable over a period of time due to
dissociation of clay layers from the surface of the
spheres (Figure 3c). In order to stabilize the size of PSL3,
it was necessary to protect the clay layers from getting
stripped away completely. Therefore, an additional
layer of negatively charged PSS over the positively
charged clay layers was essential to reduce the strip-
ping of clay. The significant increase in the size stabil-
ity of PSL4 is shown in Figure 3d. Moreover, it should be
mentioned that the thickness of layers obtained from
DLS is from the change in hydrodynamic radius of the
PS spheres on coating with polyelectrolytes and clay
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Figure 3. Monitoring coatings: (a) zeta potential variation with number of layers on PS; (b) hydrodynamic diameter of ami-
noclay, PS, PSL1, PSL2, PSL3, PSL4, and PSL4-NGC; (c) variation of hydrodynamic diameter of PSL3 with time; (d) variation of hy-
drodynamic diameter of PSL4 with time. For (c) and (d) diameter measured at pH 4 (blue squares), pH 7 (red circles), and

pH 9 (olive triangles).
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Figure 4. Statistical sizing using FESEM images: (a) PS, (b) PSL4-

layers and can be influenced by the density of charges
on the surface. We have also calculated the size increase
due to polyelectrolytes and the clay layer coating from
the FESEM images of the spheres in a dried state.

The average sizes calculated from FESEM for PS,
PSL4, and PSL4-NC spheres (Figure S1) were found to
be 685, 890 and 720 nm, respectively (Figure 4). From
the size differences between PS and PSL4-NC, it is esti-
mated that the thickness of 4 layers of polyelectrolyte
coating is around 18 nm, which is nearly the same as
the thickness reported (~4 nm per layer) in the
literature.2%8 The thickness due to clay coating is
around 89 nm (measured from the size difference be-
tween PS and PSL4 spheres, giving room for the three
polyelectrolyte layer thickness, ~14 nm). This suggests
that the thickness associated with the clay coating is
roughly equivalent to 64 layers of clay considering the
doo1 spacing of 1.4 nm for the aminoclay in the XRD pat-
tern (Figure 5e). The higher magnification FESEM (Fig-
ure 5a) and TEM image of PSL4 (Figure 5b) further
shows increased surface roughness as compared to PS
(Figures 5¢) due to the presence of the inorganic clay
structure. Energy dispersive X-ray analysis on PSL4
showed the presence of Mg and Si originating from
the clay sheets (Figure 5d). The broad, low-angle peak
appearing in the powder XRD pattern of PSL4 (Figure
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Figure 5. Characterization of PSL4: (a) high-resolution FESEM image of

PSL4, (b) TEM image of PSL4, (c) high-resolution FESEM image of PS, (d)

EDAX plot of PSL4, (e) XRD pattern of (ll) native clay and (I) PSL4.

A S . .
A@E\TA&KQ VOL. 4 = NO. 10 = CHATURBEDY ET AL.

Energy (eV)
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5e) was due to the reflection from (001) planes of clay
resulting from the turbo static stacking of the layers.

The dynamic role played by clay layers in PSL4
spheres was studied in its colloidal state using DLS tech-
nigue. The high dispersibility (zeta potential —40 mV
at pH 7) and the monodispersity of PSL4 allowed the
study of volume changes more easily using DLS. DLS
technique has been commonly used in the past to
study colloidal systems of size less than 5 pm.%~% The
hydrodynamic radius of PSL4 was monitored over a
wide range of pH from 3 to 12, and the data are pre-
sented in Figure 6a. It can be observed that the size of
PSL4 increased steadily from 1 to 1.62 pm as the pH
was decreased from 9 to 4. A slight increase in size at
pH values beyond 10 was also observed. Interestingly,
the size change was reversible over the pH range from
4 10 9. The absence of pH-dependent size oscillation in
the case of PS and PSL4-NC spheres highlights the im-
portance of clay in PSL4. The oscillation of size of PSL4
was repeatable for several cycles of pH changes be-
tween 4 and 9 (Figure 6b) and is significant that it oc-
curs in a physiologically relevant pH range. The size
change was also observed directly under a confocal mi-
croscope with the aid of rhodamine 6G labeled PSL4
(Figure S2). The sizes of a number of PSL4 spheres were
measured at pH values 4, 7, and 9, and a plot of the his-
togram is shown in Figure 7a. The sizes of the PSL4-NC
spheres at different pH were also measured for com-
parison (Figures 7b). The histogram clearly shows a shift
in the size distribution maxima for PSL4 (compared to
PSL4-NC) toward larger sizes with decreasing pH. Fur-
ther, the shift was reversible between pH 4 and 9 (Fig-
ure S3), a trend that was similar to the one observed in
DLS measurement.

The unique property of size oscillation of PSL4 is a
phenomenon arising out of the confinement of clay lay-
ers (or bundle of layers) in the polyelectrolyte matrix. It
is important to note that the free aminoclay in water be-
comes exfoliated more and more as the pH is reduced.
However, when the clay is confined in a smaller volume,
the extent of exfoliation is greatly reduced. Unlike free
aminoclay, the clay in PSL4 is sandwiched between
polyelectrolyte layers, which physically entrap the clay
layers and prevents their free exfoliation. Rather, it
swells with a decrease in pH by the inclusion of water
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Figure 6. Breathing behavior of PSL4. (a) Size variation of PSL4 with increasing pH (olive stars) and with decreasing pH (wine
circles), of PSL4-NC (violet pentagons), of PS (blue diamonds). Cartoon in inset shows the size variation of PSL4, due to swell-
ing/deswelling of clay in the third layer, with respect to pH. (b) Reversible size change, for four cycles.

molecules around the protonated amine groups
(Scheme 2). Such swelling effects are observed in the
polyelectrolytes only at a very low pH (<2.5) or at a
very high pH (>11.5) and are not stable for a longer
period.®8%°

The size oscillation resulting from the degree of pro-
tonation of amino groups present in the clay is effec-
tively used to demonstrate a pH-dependent release of
oppositely charged molecules. In an acidic pH, the clay
sheets inside the PSL4 would be positively charged and
can intercalate negatively charged molecules.** To
demonstrate the application of PSL4 for small-molecule
delivery, a model drug, Ibuprofen (pK, = 4.4), which is
commonly used in the treatment of arthritis, primary
dysmenorrhea, fever, etc., was chosen. After an equili-
bration time of 10 h, at pH 6.3, the amount of ibupro-
fen adsorbed per gram of PSL4 was around 3 mg (Fig-

ure S4). The release properties of the drug over PSL4
was monitored for 1 h at pH 4, 7, and 9.8, and the re-
sults are given in the bar diagram in Figure 8a. The re-
lease behavior of the drug over PSL4-NC was also stud-
ied for comparison. From Figure 83, it is clear that nearly
40% of the drug was released at pH 7, a slightly higher
pH than the drug loading pH, 6.3. As the pH was in-
creased to 9.8, the release was about 90%. However, at
pH 4, the release of the drug was around 55%, signifi-
cantly lower than the release at pH 9.8, but still higher
than the release at pH 7. On the other hand, the sample
without the clay layer (PSL4-NC) did not show any ap-
preciable variation over the entire pH range studied. At
high pH, the extent of protonation in aminoclay is low,
and therefore, the electrostatic interaction between the
negatively charged ibuprofen molecules and the clay
layers in PSL4 will be very much reduced. The repulsion
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Figure 7. Statistical sizing at different pH using confocal images: (a) PSL4 and (b) PSL4-NC.
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Scheme 2. Schematic showing swelling and deswelling of aminoclay layers inside the polyelectrolyte matrix, which results
in size changes of PSL4 with pH (water molecules surrounding protonated amine groups are not shown for clarity).

between the negatively charged ibuprofen molecules
combined with the shrinking of spheres contributes to
the higher release at pH 9.8. At neutral pH, the strong
electrostatic interaction between the protonated amin-
oclay and the negatively charged ibuprofen reduces
the release level. As the pH goes below the pK, value
of the ibuprofen (pK, = 4.4), more amino groups in the
clay layers are getting protonated, whereas the drug
molecules are becoming neutral. This again reduces the
electrostatic interaction between the clay layers and
the drug molecules and hence enhances the drug re-
lease.”® This release behavior is different from the re-
lease of ibuprofen from the mesoporous materials,
where the rate of release was increased with increase
in pH in the first hour due to increased solubility of the
drug molecule.”’ However, when the dye eosin (pKy; =
3.25)72 was used to study the release properties of PSL4
spheres, it shows a different behavior (Figure 8b). About
70% of the dye was released even at pH 7, which was
more or less equal to the amount released at higher pH,

9.8 (~75%). Reducing the pH of the medium to 4 mark-

edly reduces the release of the eosin molecules to 27%,

a distinct deviation from the ibuprofen behavior. At

pH 4, the dye molecules are still negatively charged’?

and will have strong binding to the highly protonated

clay layer, which therefore reduces the dye release to
the observed lower level.

Our efforts to obtain hollow capsules by dissolving

the PS core of PSL4 in tetrahydrofuran failed due to

the disruption of the fragile walls of the spheres. Fortifi-
cation of the walls by increasing the number of layers
to 13 (PSL13) with the clay layer in the middle (7th layer)
still results in the reversible volume oscillation with re-
spect to pH (Figure 9a). However, dissolution of polysty-
rene spheres once again leads to their collapse, prob-
ably due to osmotic swelling as the dissolved PS leaves
large polymer fragments that cannot permeate out
through the polyelectrolyte layers.’ We therefore made
composite spheres similar to PSL13 using CaCOs
spheres as cores. It was possible to successfully pro-
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Figure 8. Release behavior of PSL4 at different pH observed for 1 h: (a) release of loaded drug, ibuprofen; (b) release of dye,

eosin. Cyan bar is for PSL4 and purple bar is for PSL4-NC.
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Figure 9. Capsule preparation: (a) size variation of PSL13 spheres with respect to pH; (b) capsules prepared from CaL13 (in-

set shows a single buckled capsule).

duce hollow capsules of polyelectrolyte—clay compos-
ite by dissolving the CaCOs core using ethylenedi-
aminetetraacetic acid (EDTA) (see Experimental Section)
(Figure 9b). The absence of Ca in the EDX analysis (Fig-
ure S5) confirms the complete removal of CaCO;, leav-
ing the hollow spheres intact due to the presence of in-
organic clay component. This is in contrast to the
collapsed spheres usually obtained for polyelectrolyte
capsules. The buckled morphology (shown in the inset
of Figure 9b) templated from a very large calcium car-
bonate sphere reveals the hollow nature of the spheres
after removal of the template.

CONCLUSIONS

In conclusion, we have demonstrated for the first
time the utility of organoclays to form pH-responsive
spheres. The composites were shown to reversibly ex-

MATERIALS AND METHODS

Materials. Styrene monomers (Aldrich), K;S,0g (Merck, India),
PDADMAC (Aldrich, M,, < 200 000) and PSS (Aldrich, M,, 70 000),
MgCl, (Merck, India), 3-aminopropyltriethoxysilane (Aldrich), eth-
anol (HPLC grade), tetrahydrofuran, ethylenediaminetetraacetic
acid, CaCl, - 2H,0 (Merck, India), and Na,CO; (Ranbaxy, India)
were used.

Synthesis of PS. Monodisperse polystyrene spheres were syn-
thesized as described elsewhere.*? A 3.92 mL amount of styrene
monomer was added to 50 mL of water, maintained at 70 °C, fol-
lowed by slow addition of an aqueous solution of K,S,05 (0.082
g in 3.57 mL of water), with continuous stirring in nitrogen atmo-
sphere. The resulting solution was stirred for 24 h. Finally, the
emulsion was naturally cooled to ambient temperature and fil-
tered to get PS spheres.

Synthesis of Clay. An aminopropyl-functionalized magnesium
(organo)phyllosilicate clay was synthesized** at room tempera-
ture by dropwise addition of 3-aminopropyltriethoxysilane (1.3
mL, 5.85 mmol) to an ethanol solution of magnesium chloride
(0.84 g, 3.62 mmol in 20 g of ethanol). The white slurry obtained
after 5 min was stirred overnight, and the precipitate was iso-
lated by centrifugation, washed with ethanol (50 mL), and dried
at 40 °C.

Fabrication of Composite PSL4 and PSL13. Polyelectrolytes and clay
were coated on polystyrene colloids (~680 nm) using a layer-by-
layer method. For PSL4 the order of coating was PDADMAC,
PSS, clay, and PSS, and for PSL13 the order was (PDADMAC/
PSS);, clay, and (PSS/PDADMAC)s. The concentration of the poly-
electrolytes and clay solutions used was 2 mg/mL. The adsorp-
tion of polyelectrolytes was carried out in 0.5 M NaCl solution for
20 min followed by centrifugation at 13 500 rpm for 15 min.
This was followed by three cycles of centrifugation/washing in
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pand and shrink in size by 1.6 times over a wide range
of pH (4 to 9) due to the protonation of amino groups in
the clay layers. This unique behavior of composite
spheres was used to demonstrate pH-dependent re-
lease of a negatively charged drug molecule like ibupro-
fen in the physiologically relevant pH range, i.e., 4.5 to
7.5. It was also shown that the composite sphere could
be successfully used to adsorb eosin quite effectively.
The future development of this material could involve
changing the hydrophilicity of the clay layers. By in-
creasing the length of the alkylamino pendent groups,
one can load both hydrophobic and hydrophilic drugs.
Furthermore, the hollow capsules prepared after core
dissolution can have special advantages over the exist-
ing microcapsules, as they can be loaded with two dif-
ferent kinds of guest molecules, reactants, or drugs for
dual delivery applications.

water. The clay coating was done in 0.5 M NaCl solution for 1 h
followed by washing with water.

DLS Size and Zeta Potential Measurements. The hydrodynamic di-
ameter and the zeta potential measurements at different pH
were carried out using Zetasizer Nano ZS (Malvern Instruments).
The temperature for the measurement was kept at 25 °C. The
concentration of the samples was 0.03% w/v. The pH of the so-
lutions was adjusted using 0.5 M aqueous HCI/NaOH solutions.

Confocal Imaging. Confocal laser scanning fluorescence micro-
copy of PSL4 was done on a Zeiss LSM 510 Meta (Carl Zeiss).
The instrument was equipped with 100X oil immersion objec-
tive with numerical aperture of 1.3. Dilute solutions of PSL4 were
maintained at the desired pH using 0.5 M aqueous HCI/NaOH so-
lutions. To 100 pL of these solutions was added 2 p.L of 0.1%
w/v rhodamine 6G solution. Samples were excited using a
He—Ne laser, wavelength 543 nm. For precise size measure-
ments of spheres at different pH, fluorescence profiling was
done along a diametric line. Size of the sphere was calculated
by taking the difference between the intensity minima positions
at the two ends of this line.

Adsorption and Release of Ibuprofen/Eosin. The ibuprofen (or eosin)
adsorption and release studies were done by monitoring photo-
luminescence (PL) intensity at an emission wavelength of 303
nm (or 538 nm) (Aex = 219 nm for ibuprofen and 515 nm for
eosin). To load ibuprofen drug, 1.7 mg of PSL4 was dispersed in
1 mL of aqueous solution containing 63 g of the drug. This was
allowed to equilibrate for 10 h at pH 6.3 followed by syringe fil-
tration (Puradisc 4, Whatman). The amount of drug adsorbed at
pH 9 was calculated using a calibration plot (PL intensity vs drug
concentration). This pH was chosen to avoid the experimental er-
ror likely to occur in the measurement of PL intensity due to
large fluctuations in dissociation near the pK, value of the drug/
dye. Finally the drug or dye loaded PSL4 (1.7 mg) was dispersed

VOL.4 = NO. 10 = 5921-5929 = 2010 ACSNJANIC)
J

5927



in Milli-Q water (1 mL) at different pH (4, 7, 9) for 1 h and was fil-
tered. On the basis of the PL intensity of the filtrate measured
at pH 9 the amount of released drug or dye was calculated.
Capsule Preparation. The capsules were prepared from the
polyelectrolyte- and clay-coated CaCOj3 spheres by dissolving
the template. The CaCO; spheres, 3—4 um in size, were synthe-
sized as described elsewhere.”® These spheres were coated with
multiple layers of polyelectrolytes keeping the clay layer in the
middle in the following order: (PSS/
PDADMAC);—PSS—clay—(PSS/PDADMAC),—PSS. To dissolve
the CaCO; core of these polyelectrolyte/clay-coated spheres, 10
mg of the sample was added to 1 mL of 0.2 M EDTA solution. The
solution was stirred for 30 min and then centrifuged at 2000
rpm for 5 min. The solid precipitate was dispersed in Milli-Q wa-
ter and centrifuged. Washing with water was done three times.
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