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ABSTRACT: We report the successful multifunctional colloids that enable reversible
phase transfer between organic and aqueous phases via layer-by-layer (LbL) assembly.
These colloids exhibited a high level of dispersion stability in a variety of solvents ranging
from nonpolar to aqueous media, based on the type of outermost layer adsorbed onto the
colloids. Hydrophobic nanoparticles (NPs) synthesized using carboxylic acid or
ammonium moiety-based ligands (i.e., oleic acid or tetraoctylammonium) in a nonpolar
solvent (toluene, hexane, or chloroform) were directly deposited onto dendrimer-coated
SiO, colloids via ligand exchange between the hydrophobic ligands and the amine-
functionalized dendrimers in the same organic solvent. Additionally, these hydrophobic
NPs were adsorbed onto the colloids forming the densely packed layer structure that
could not be easily achieved by conventional electrostatic LbL assembly. The subsequent
adsorption of amine-functionalized dendrimers onto hydrophobic NP-coated colloids led
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to well-dispersed colloids in aqueous media as well as alcohol solvent and possibly induced the deposition of electrostatic LbL-
assembled films, such as (cationic Auyp/anionic polyelectrolyte (PE)), or (cationic PE/anionic enzyme), multilayers.
Furthermore, the additional deposition of ligand exchange-induced multilayers (i.e, (dendrimer/hydrophobic NP),) onto
electrostatic multilayer-coated colloids produced colloids with highly dispersible properties in organic media. Given that previous
approaches to the reversible phase transfer of colloids have depended on the physicochemical properties of selective ligands
under limited and specific conditions, our approach may provide a basis for the design and exploitation of high-performance

colloids with tailored functionality in a variety of solvents.
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B INTRODUCTION

Coated colloidal particles, which can be prepared using layer-
by-layer (LbL)-assembled'™'* organic/organic or organic/
inorganic nanoparticle (NP) multilayers, are promising for a
wide range of applications, such as photonic materials,">~"”
surface-enhanced Raman scattering,18 and chemical and
biological sensing,'” because the properties and performances
of core—shell-type composite colloids can be altered or
enhanced through the coating of the colloidal cores with shells
that have desirable functionalities.

Two important requirements for obtaining high-performance
functional colloids and for promoting their use in a wide range
of applications need to be met: the dense adsorption of
functional components onto the colloids and sufficient
dispersion stability of the resultant colloids in a variety of
solvents. To date, studies have mainly focused on electrostatic
LbL assembly, which can produce colloidal coatings without
agglomeration in aqueous media.'~>* However, in the case of
the adsorption of electrostatically charged inorganic NPs (ie.,
small colloids) onto large colloids, the low packing density of
the NPs due to the electrostatic repulsion between similarly
charged NPs*'™** can have an unfavorable effect on the
performance of the functional colloids. In addition, functional
colloids prepared via electrostatic LbL assembly cannot be
directly utilized in petrochemical industries, which require high
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levels of dispersion in organic media (mainly nonpolar
solvents). Although the preparation of LbL (polymer/inorganic
NP), multilayer-coated SiO, colloids using a nucleophilic
substitution (NS) between an amine-functionalized polymer
and the bromo group-containing stabilizer of an inorganic NP
in organic media has recently been reported,® our previous
approach based on NS reaction-induced LbL assembly led to
the NPs being significantly destabilized in aqueous media,
which caused colloidal aggregation.

Several methods used to enhance the dispersion stability of
colloids in organic and aqueous media are based on the use of
selective ligands with unique physicochemical properties. For
example, a variety of colloids, such as Ag, Au, CoFe,0,, CdSe/
ZnS, or Si0,, can undergo reversible phase transfer with an aid
of selective ligands in controlled environments (e.g, pH
variation, temperature changes, or irradiation with UV
light).ZG_30 However, these approaches limit the integration
of functionalities into the composite colloids of interest.
Therefore, our goal is to develop a method for the dense
adsorption of a variety of functional NPs onto one large colloid
while retaining the ability of the colloid to simultaneously

Received: January 18, 2013
Revised:  March 18, 2013
Published: March 20, 2013

dx.doi.org/10.1021/cm400207d | Chem. Mater. 2013, 25, 1735—-1743


pubs.acs.org/cm

Chemistry of Materials

disperse in a variety of solvents (or to reversibly phase transfer
between organic and aqueous media) for use in a wide range of
potential applications.

In this study, we report the preparation of multifunctional
colloids with reversible phase transfer between organic and
aqueous media via LbL assembly (Figure 1). These colloids
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Figure 1. Schematic for the preparation of multifunctional colloids via
ligand exchange-induced (in organic media) and electrostatic LbL
assembly (in aqueous media).

were highly dispersible in a variety of solvents that ranged from
nonpolar (toluene or hexane) to aqueous media. For this study,
magnetically inducible colloids, which were used as a model
system, were first prepared using the ligand exchange between
hydrophobic NPs in a nonpolar solvent and amine-function-
alized dendrimers in alcohol; this approach significantly
increased the adsorbed amount of hydrophobic NPs per
layer. It is here highlighted that the densely packed structure of
hydrophobic NPs shown in our system has not been easily
achieved using electrostatic LbL assembly approaches. In the
case of anionic Fe;O, NP-multilayered colloids based on
electrostatic LbL assembly, the surface coverage of anionic
Fe;O, NP layer was extremely low compared to that of
hydrophobic Fe;O, NP layer. Additionally, the oleic acid (OA)
or tetraoctylammonium (TOA) ligands bound to the surface of
the Fe;O,, Ag, or Au NPs could be replaced by the dendrimers
because of the high affinity between the amine group-
containing dendrimer and the metal oxide or metal NP,
which allowed the vertical growth of LbL-assembled polymer/
hydrophobic NP multilayers.*' ~>*

The dendrimer layer deposited as an outermost layer on
these colloids gave them high dispersion stability in aqueous
media as well as alcohol solvent, which enabled the phase
transfer from organic to aqueous media and induced the
electrostatic LbL assembly of functional multilayers. Further-
more, the successive adsorption of ligand exchange-induced
multilayers onto the electrostatic multilayer-coated colloids
resulted in the phase transfer from the aqueous solution back to
the organic medium. To the best of our knowledge, the
colloids, which enable reversible phase transfer and densely
packed hydrophobic NP layers via LbL assembly, have not been
previously reported. Considering the fact that hydrophobic
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ligands (e.g., carboxylic acid or ammonium moieties) bound to
the surface of metal or metal oxide NPs (e.g, OA—Fe;O, NP,
OA—Agyyp, or TOA—Auyp) can easily be replaced by amine-
functionalized polymers via ligand exchange reaction, we
believe that our approach may provide a basis for designing
and exploiting smart functional colloids that can be used in a
variety of solvents.

B EXPERIMENTAL SECTION

Materials. Poly(amidoamine) dendrimer (core type: ethyl-
ene diamine), OA, oleylamine, 1,2-hexadecanediol, benzyl
ether, poly(allylamine hydrochloride) (PAH), tetraoctylammo-
nium bromide (TOA), NaBH,, and catalase enzymes (CAT)
(from bovine liver) were purchased from Sigma Aldrich. OA—
Fe;O, NP with approximately S nm diameter was synthesized
in toluene, as reported previously by Sun et al. Fe(acac); (2
mmol), 1,2-hexadecanediol (10 mmol), OA (5 mmol),
oleylamine (6 mmol), and benzyl ether (20 mL) were mixed
and stirred under a flow of nitrogen. The mixture was heated to
200 °C for 2 h and heated to reflux (approximately 300 °C) for
1 h under a blanket of nitrogen. The black mixture was cooled
to room temperature by removing the heat source. Ethanol (40
mL) was added to the mixture under ambient conditions, and a
black material was precipitated and separated via centrifugation.
The black product was dissolved in hexane or toluene in the
presence of OA (0.05 mL) and oleylamine (0.05 mL).
Centrifugation (6000 rpm, 10 min) was applied to remove
the undispersed residue. A black—brown toluene dispersion of
5.1 nm sized Fe;O, NPs stabilized by OA was produced, and its
concentration was adjusted to 0.5 wt % in toluene.

Anionic Fe;O, NPs were prepared as reported by other
research groups.35’36 Briefly, 1 M FeCl; (20 mL) and FeSO, (5
mL) in 2 M HCl were added to 0.7 M NH,OH (250 mL) with
mechanical stirring for 1 h. The black solid powder was
separated with the aid of a magnet. The product was then
redispersed in aqueous solution, and subsequently 1 M
tetramethylammonium hydroxide solution (10 mL) was
added. Finally, its concentration was adjusted to 0.5 wt %.

The 4-dimethylaminopyridine (DMAP)-stabilized Auyp
dispersion was synthesized, as reported previously.”” Thirty
millimolar aqueous HAuCl, (30 mL) was added to a 25 mM
solution of TOABr in toluene (80 mL). The transfer of the
HAuClI, to the toluene phase can be clearly seen within a few
seconds. A 0.4 M NaBH, solution (25 mL) was added to the
mixture. After 10 min, the separated aqueous phase was
removed and the toluene phase, containing the reduced Au
NPs, was subsequently washed with 0.1 M H,SO,, 0.1 M
NaOH, and H,O (three times). For transfer from toluene to
the aqueous phase, an aqueous 0.1 M DMAP solution (80 mL)
was added to the toluene solution (80 mL) containing TOA—
Auyp. After 24 h, the Au NPs dispersed in toluene were
completely phase-transferred to the aqueous phase and the
separated toluene phase was removed. The resulting Au NPs
dispersed in the aqueous phase were stabilized by the DMAP
ligands.

Build-Up of LbL Multilayers onto Colloids. The
(dendrimer/OA—Fe;O, NP), multilayer-coated SiO, colloids
were prepared as follows: A concentrated dispersion (6.4 wt %)
of anionic 585 nm sized SiO, colloids (100 uL) was diluted to
0.5 mL with deionized water. After centrifugation (radius
rotation ~5.5 cm) at 8000 rpm for 5 min (Micro 17TR, Hanil
Science Industrial Co. Ltd.) of the colloidal solution, the
supernatant water was removed, and then dendrimer ethanol
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solution (0.5 mL) of 1 mg:mL™" was added to the colloids,
which was followed by ultrasonication and sufficient adsorption
time (10 min). Excess dendrimer was removed by three
centrifugation (8000 rpm, S min)/washing cycles. Then §
mg-mL™" OA—Fe;O, NPs/toluene (0.5 mL) was added to
prepare multilayers on the dendrimer-coated SiO, colloids and
the excess OA—Fe;O, NPs was removed after deposition for 10
min by three centrifugation steps as described above. Then 1
mg-mL™" dendrimer/ethanol (0.5 mL) was deposited onto the
OA—Fe;0, NP-coated colloids under the same conditions. The
above process was repeated until the desired number of layers
was deposited on the colloidal SiO,. Subsequently, electrostatic
CAT/PAH or PAA/DMAP—Auy, multilayers were deposited
onto (dendrimer/OA—Fe;O, NP),/dendrimer multilayer-
coated SiO, colloids in aqueous solution. For this approach,
the concentrations of CAT, PAH, and PAA were adjusted to 1
mg-mL™". The procedure for the build-up of electrostatic
multilayers was exactly the same as that for (dendrimer/OA—
Fe;0, NP), multilayers.

Measurements. UV—vis spectra were obtained using a
UV—vis spectrometer (Lambda 35S, Perkin-Elmer). A QCM
device (QCM200, SRS) was used to examine the mass of the
material deposited after each adsorption step. The resonance
frequency of the QCM electrodes was approximately 5 MHz.
The adsorbed mass of dendrimer and OA—Fe;O, NPs, Am,
was calculated from the change in QCM frequency, AF, using
the Sauerbrey equation:>®

2F,*

AR,

AF(Hz) = —

Here, F, (~5 MHz) is the fundamental resonance frequency of
the crystal, A is the electrode area, and p, (~2.65 g-cm™) and
Hq (~295 X 10" g-cm™s7%) are the shear modulus and
density of quartz, respectively. This equation can be simplified
as follows:

AF(Hz) = —56.6 X Am,

where Amy, is the mass change per quartz crystal unit area in
ug-cm 2. Vibrational spectroscopic characterization of Au-
coated Si substrates was carried out using ATR-FTIR
spectroscopy (Spectrum 400, Perkin-Elmer) in the ATR
mode. The magnetism of (dendrimer/OA—Fe;O, NP),
multilayer-coated colloids was measured using a SQUID
magnetometer (MPMSS). The surface morphology and the
size of multilayer-coated colloids were obtained from Hitachi S-
4300 FE-SEM. We also determined the colloidal size from a
randomly selected sample of 20 colloids with the same bilayer
number and layer species.

B RESULTS AND DISCUSSION

Chemical Analysis of Ligand-Exchange Reaction. OA—
Fe;0, NPs, with diameters of approximately 5.1 & 0.5 nm (see
Supporting Information, Figure S1), prepared in toluene were
directly deposited onto substrates coated with poly-
(amidoamine) dendrimers in the form of an amine-function-
alized polymer. The OA ligands, which are loosely bound to the
surfaces of the Fe;O, NPs, can be easily replaced by the
dendrimers via ligand exchange because of the high affinity
between the Fe;O, NPs and the amine groups of the
dendrimers. Although the —COO™ group acts either as a
chelating ligand that binds to Fe via two O atoms, or as a
monodentate ligand that links to Fe via only one O atom,””*
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the carboxylate-based surfactants around each iron oxide NPs
can be replaced by other similarly structured acids or by
surfactants with a functional group that has a high affinity for
Fe.*! This ligand exchange between the OA ligands bound to
Fe;O, NPs and the dendrimers was confirmed using Fourier-
transform infrared spectroscopy (FTIR) in the attenuated total
reflectance (ATR) mode (Figure 2). The C—H stretching
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Figure 2. ATR-FTIR spectra of ligand exchange-induced (dendrimer/
OA—Fe;0, NP), multilayer films as a function of bilayer number (n).
The weak absorbance peak at 1710 cm™" was derived from the C=0
stretch of excess OA in the outermost OA—Fe;O, NP layer (i.e., 1 and
2 bilayered films).

(2850 and 2927 cm™!), COO™ asymmetric (1550 cm™) and
symmetric stretching (1640 cm™)* of the OA ligand bound to
Fe;0, NPs, which contains a carboxylic acid group and long
aliphatic chains, and the N—H stretching (3300 cm™) of the
amine groups were observed for the OA—Fe;O, NPs and the
dendrimers (see Supporting Information, Figure S2). It was
reported by Zhang et al. that the COO™ stretch bands at 1640

m~' appeared instead of the C=0 stretch band (1710 cm™)
by the carboxyl group X when the OA ligands are bound to the
surface of Fe;0, NPs.** Additionally, the N—H bending modes
(1550 and 1640 cm™) of the dendrimer are almost overlapped
with —COO™ stretching of OA ligands bound to Fe;O, NPs.
Therefore, the two absorption peaks (1550 and 1640 cm™")
attributable to —COO~ stretching of OA and N—H bending of
the dendrimer were due to substrate/(dendrimer/OA—Fe,0,
NP),.

In the case of the subsequent adsorption of a dendrimer layer
onto the OA—Fe;O, NP-coated film, the strong absorption
intensities of the peaks for C—H stretching (2850 and 2927
cm™"), which were due to the OA ligand as mentioned above
(see Supporting Information, Figure S2), significantly de-
creased during the deposition. This phenomenon indicates that
the OA ligands on the surface of the top Fe;O, layer are
replaced by the dendrimer layer when the outermost layer is
changed from OA—Fe;O, to a dendrimer layer via the
sequential adsorption process. When the outermost layer is
then changed from the dendrimers to OA—Fe;0, the
absorption peaks that originate from the OA ligands (i.e, C—
H stretching) are again observed. The absorption intensities of
the peaks for carboxylate (1550 and 1640 cm™") of OA—Fe;0,
NP and N—H stretching (3300 cm™") of dendrimer increased
due to the successive adsorption process. These results
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Figure 3. (a) The size change of (dendrimer/OA—Fe;O, NP), multilayer-coated SiO, colloids with increasing bilayer number (1). The insets show
FE-SEM images of (dendrimer/OA—Fe;O, NP), multilayer-coated SiO, colloids (n = 1 and 9). The colloidal size was determined from FE-SEM
images. (b) HR-TEM images of (dendrimer/OA—Fe;O, NP), multilayer-coated SiO, colloids. The image on the right (B) is magnified two times

the image on the left (A).

demonstrated that the driving force between the dendrimers
and OA—Fe;O, NPs is the ligand exchange reaction between
the OA and the NH, groups. Notably, OA—Agy, and TOA—
Auyp could also be LbL-assembled with an amine-function-
alized polymer using the ligand exchange approach (see
Supporting Information, Figure S3).

On the basis of these results, 5.1 nm OA—Fe;0, NPs were
deposited onto dendrimer-coated SiO, colloids with diameters
of 585 + S nm, and dendrimers were subsequently adsorbed
onto the OA—Fe;0, NP-coated colloids. As shown in Figure
3a, the (dendrimer/OA—Fe;0, NP), multilayer-coated colloids
increased in diameter from approximately 585 + S to 691 + 6
nm without any colloidal aggregation when the bilayer number
(n) of multilayers was increased from 0 to 9. The uniform and
dense coating of the nanocomposite multilayers [i.e.,
(dendrimer/OA—Fe;O, NP), multilayers] was confirmed
using high-resolution transmission electron microscopy (HR-
TEM), as shown in Figure 3b. Additionally, the dispersion
stability of (dendrimer/OA—Fe;O, NP), multilayer-coated
colloids in various solvents strongly depends on the deposited
top layer (see Supporting Information, Figure S4). If the
dendrimer was deposited as a top layer, these colloids could
well disperse in polar organic solvent such as ethanol or
methanol. On the other hand, if OA—Fe;0, NP layer was used
as a top layer, the formed colloids could be well dispersed in
nonpolar solvent such as toluene, hexane, or chloroform.
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However, electrostatically charged colloids exhibited poor
dispersion stability, inducing precipitation in organic media.

Although the quantitative density of the OA—Fe;O, NPs on
the colloidal substrate could not be precisely determined, the
frequency change in a quartz-crystal microbalance (QCM) with
a flat Au electrode (see Supporting Information, Figure SS)
enabled the estimation of the amount of OA—Fe;O, NPs
adsorbed onto the 585 nm colloids, which had surface areas of
approximately 1.08 X 107® cm’ The average amount of
adsorbed OA—Fe;O, NPs calculated using the QCM frequency
change was approximately 1307 ng-cm™ (see Experimental
Section). Given that the density and volume of the 5.1 nm
OA—Fe;0, NPs were 5.17 grem™ and 695 X 107 cm?,
respectively, the mass of one NP was approximately 3.59 X
107" ng; therefore, the number of OA—Fe;O, NPs in a single
layer adsorbed onto a colloid with a surface area of
approximately 1.08 X 107® cm® was approximately 38 900
NPs per SiO, colloid.

Magnetic Properties of Iron Oxide NP-Based Colloids.
The magnetization of the (dendrimer/OA—Fe;O, NP),
multilayer-coated colloids was examined using superconducting
quantum interference device (SQUID) magnetometry. The
magnetization curves of the multilayered films that were
measured at room temperature (T = 298 K) were reversible
and did not exhibit any coercivity, remanence, or hysteresis,
which suggests typical superparamagnetic behavior (Figure 4a).
At liquid-helium temperature (T = S K), the magnetization
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Figure 4. Magnetic curves of (dendrimer/OA—Fe;0, NP), multilayer-coated SiO, colloids measured at (a) 298 K and (b) S K. (c) The temperature
dependence of zero-field-cooling (ZFC) and field-cooling (FC) magnetization measured at 150 Oe.

curves exhibited a loop shape with distinct hysteresis in the two
sweeping directions, which is typically observed for ferromag-
nets with frustrated superparamagnetic properties (Figure 4b).

We also investigated the temperature dependence of the
magnetization of the dendrimer/OA—Fe;O, NP multilayer-
coated colloids from 300 to S K using an applied magnetic field
of 150 Oe (Figure 4c). The blocking temperature,*** where
some deviation between the zero-field-cooling (ZFC) and field-
cooling (FC) magnetizations begins to be exhibited, was
approximately 30 K for the nanocomposite multilayers that
were coated with approximately 5 nm OA—Fe;O, NPs. The
blocking temperature of isolated Fe;O, NPs with diameters of 5
nm has been reported to be approximately 30 K.** The
blocking temperature of an Fe;O, NP array has also been
reported to shift to significantly higher temperatures when the
isolated array was changed into a 3D NP array because of the
relatively strong dipole interactions between the magnetic
moments of the individual particles.*® In this previous study,
the Langmuir—Blodgett method was used to build the NP
multilayers without the use of insulating polymers.

On the basis of these previous findings, our results suggest
that the dendrimer/OA—Fe;O, NP multilayers could preserve
the intrinsic magnetic properties of the isolated NPs because
the interposed dendrimer layers separate the NPs and, thus,
effectively block the dipole interactions between the magnetic
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NPs. In the case of the colloids that were coated with
alternating layers of anionic Fe;O, NPs with a broad size
distribution (approximately 8.4 + 2.6 nm), which were
synthesized in an aqueous solution and cationic PAH (see
Supporting Information, Figure S6), the packing density of the
anionic Fe;O, NPs was extremely low due to the electrostatic
repulsion between the aqueous NPs with the same charge
(Figure 5); consequently, we did not obtain meaningful
magnetization curves for these colloidal particles.
Water-Dispersible Enzymatic Colloids with Hydro-
phobic Iron Oxide NP layers. On the basis of these results,
we prepared multifunctional colloids (i.e, magnetically
inducible enzymatic or metallic colloids) with good dispersion
in an aqueous solution and in organic media. Although the
ligand exchange multilayer-coated colloids were prepared via
the alternating deposition of OA—Fe;O, NPs (in toluene) and
dendrimers (in alcohol) in organic media, the colloids that were
coated with an outermost dendrimer layer [ie., SiO,/
(dendrimer/OA—Fe;O, NP),/dendrimer] could be well
dispersed in aqueous media (ie., deionized water with a pH
of 5.8) without any colloidal aggregation. This phenomenon is
due to the amine protonation of the dendrimers, which induces
electrostatic repulsion between neighboring positively charged
colloids in aqueous media. It was reported by Choi and Rubner
that the pK, value (ie., the pH value at which 50% of the
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Figure 5. SEM images of (a) (PAH/anionic Fe;0, NP), and (b)
(PAH/anionic Fe;O, NP); multilayer-coated SiO, colloids. The
(PAH/anionic Fe;0, NP), multilayers assembled onto colloids were
prepared from 1 mg-mL™' PAH aqueous solution containing 0.2 M
NaCl and 2 mg-mL~" anionic Fe;O, aqueous solution. The deposition
time for PAH and anionic Fe;O, NPs was adjusted to 30 and 60 min,
respectively.

functional groups of a polymer are ionized) of an amine-
functionalized polymer, such as PAH, was approximately 8.0—
9.0.” Furthermore, this colloidal dispersion in an aqueous
solution indicates that traditional electrostatic multilayers could
be deposited onto ligand exchange multilayer-coated colloids.

To confirm our hypothesis, negatively charged CAT and
positively charged PAH were used in an aqueous solution at pH
9 for the adsorption of electrostatic multilayers onto the
colloids that were coated with an outermost dendrimer layer
[ie, SiO,/(dendrimer/OA—Fe;0, NP),/dendrimer]. CAT,
which has an isoelectric point of 5.6, is well-known to have
an overall positive charge at pH < 5.6 and a negative charge at
pH > 5.6.*°7°% First, electrophoresis experiments were
performed to monitor the CAT/PAH multilayer growth on
the ligand exchange multilayer-coated colloids because the zeta
(£) potential has been shown to be an indicator of stable
growth for electrostatic multilayer films (Figure 6a). When the
colloids with an outermost dendrimer layer, which were
prepared in an organic solvent, were dispersed in a pH 9.0
aqueous solution, the initial zeta potential of the colloids was
approximately +29.2 + 0.7 mV. However, when CAT and PAH
were alternately adsorbed onto the colloids with an outermost
dendrimer layer, the zeta potential of anionic CAT and cationic
PAH periodically and uniformly oscillated from —37.3 + 1.1 to
+23.5 + 1.4 mV, which indicates stable electrostatic multilayer
growth. The uniform adsorption of (CAT/PAH),_,_, multi-
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layers onto the ligand exchange multilayer-coated colloids was
confirmed by SEM experiments (Figure 6b).

On the basis of the stable growth of the CAT/PAH
multilayers, we investigated the functionality of the colloids
coated with ligand exchange and electrostatic multilayers. As
shown in Figure Sc, the ligand exchange multilayer-coated
colloids that were dispersed in toluene phase transferred to
aqueous media because of the successive adsorption of
electrostatic CAT/PAH multilayers, and the resulting colloids
accumulated near a handheld magnet that was placed near the
plastic tube. The magnetically responsive colloids were
expected to exhibit electrocatalytic behavior toward H,0,
because CAT, which has iron-containing heme groups, is an
efficient catalyst for H,0,.**7>* Figure 5c shows the catalytic
response of indium tin oxide (ITO) electrodes modified with
(CAT/PAH),/ligand exchange multilayer-coated colloids in
pH 7.0 phosphate-buffered saline for scan rates increased from
50 to 250 mV-s~" over the potential range of 0 to —0.8 V. The
catalytic current increased significantly with increasing scan
rate, which is characteristic of an electrocatalytic reduction
process. The bare ITO electrode exhibited no current response
within this potential range.

Iron heme CAT (i.e, CAT—Fe™) has been reported to first
form reactive oxidants with H,0,, including a cation radical on
the heme porphyrin [(CAT—Fe"Y=0)"].* (CAT-Fe""=0)*
then accepts an electron from H,0, to form a nonradical
compound [(CAT—Fe"V=0)], which causes the oxidation of
H,0,. This nonradical compound can accept a second electron
to regenerate the iron heme CAT. The catalytic H,0, current is
attributed to the reduction of (CAT—FeV=0)*.*** However,
all the CAT/PAH multilayer domains deposited onto the
magnetic colloids are not electrocatalytically active because of
the limited electron transfer distance between the CAT
molecules and the electrode surface. Therefore, we conclude
that the electrocatalytic behaviors of enzymatic and magnetic
colloids are mainly due to the CAT multilayers that are near the
electrodes. These results demonstrate that the combination of
hydrophobic and hydrophilic multilayers with different
functionalities could provide a strategy for the design of
colloids with desirable multifunctionality.

Water-Dispersible Colloids with Magnetic and Sur-
face Plasmon Resonance Properties. Our approach can be
extended to noble-metal NP-coated colloids that exhibit a
magnetic response, which enables the reversible phase transfer
of large functional colloids between organic and aqueous media.
For this study, cationic Auyp, stabilized by 4-dimethylamino-
pyridine (DMAP) ligands (DMAP—Auyp,),>” which display a
surface plasmon absorption peak at 520 nm, were alternately
LbL-assembled with anionic poly(acrylic acid) (PAA) at pH 4
onto colloids that were coated with an outermost dendrimer
layer [i.e., SiO,/(dendrimer/OA—Fe;O, NP),]. Similar to the
(CAT/PAH), multilayer-coated colloids shown in Figure Sa,
these colloids exhibited zeta potentials that periodically
changed from —152 + 1.1 to +32.9 + 1.8 mV as PAA and
DMAP—Auyp, were alternately deposited onto the dendrimer-
coated colloids (see Supporting Information, Figure S7).

This approach, in which electrostatic PAA/DMAP—Auyp
multilayers were deposited onto (dendrimer/OA—Fe;O,
NP),s-coated colloids, produced a more rugged structure
without inducing colloidal aggregation (Figure 7a). Further-
more, by increasing the number of PAA/DMAP—Auyp bilayers
(n) from 1 to S, the surface plasmon absorption peak due to the
DMAP—Auyp, became more evident and notably red-shifted to
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Figure 6. (a) Periodic change in zeta potential values occurring with the alternating deposition of anionic catalase (at pH 9) and cationic PAH (at
pH 9) onto the (dendrimer/OA—Fe;0, NP), ; multilayer-coated SiO, colloids with an outermost dendrimer layer. (b) SEM images of (dendrimer/
OA-Fe,0, NP), s/(CAT/PAH), multilayer-coated colloids (n = 1, 2, 3, and 4). (c) Phase transfer of (dendrimer/OA—Fe;O, NP), multilayer-
coated colloids from toluene to aqueous solution after the deposition of (CAT/PAH); multilayers and photographic image of (CAT/PAH),/
dendrimer/(dendrimer/OA—Fe;O, NP), multilayer-coated colloids displaying magnetic responsive properties. (d) Cyclic voltammograms of ITO
electrode modified with the (CAT/PAH),/dendrimer/(dendrimer/OA—Fe,O, NP), multilayer-coated colloids in pH 7.0 PBS containing 15 mM

H,0, as a function of scan rate.

590 nm (Figure 7b). In addition, the resultant colloids were
strongly affected by an external magnetic field because of the
OA—Fe;0, NP layers beneath the DMAP—Auyp multilayers
(Figure 7c). We also investigated the possibility of phase
transferring the water-dispersible colloids with magnetic and
metallic properties back to the organic phase. To explore this
possibility, a dendrimer layer was adsorbed onto the outermost
DMAP—Auy, layer-coated colloids (ie, SiO,/(dendrimer/
OA—-Fe;0, NP),/dendrimer/(PAA/DMAP—Auyp),) in an
ethanol solvent (Figure 6d). It was reported that DMAP
ligands are readily detached from the Auyp surface due to the
high affinity existing between amine groups of dendrimer and
Aupp.”* Then the OA—Fe;O, NPs were consecutively
deposited onto the colloids via ligand exchange-induced LbL
assembly in a toluene solvent. The resultant colloids (i.e., SiO,/
(dendrimer/OA—Fe;0, NP),/dendrimer/(PAA/DMAP—
Auyp),/(dendrimer/OA—Fe;0, NP), multilayer) exhibited
the high dispersion stability of functional colloids in nonpolar
solvent such as toluene or hexane. It should be noted here that
these behaviors allowing reversible phase transfer are very
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useful in various applications including magnetically separable
catalyst or magnetic resonance imaging (MRI). Notably, our
approach can be effectively applied to a variety of hydrophobic
NPs, including OA- or TOA—metal NPs (see Supporting
Information, Figures S8 and S9) and OA-stabilized transition
metal oxide NPs, such as OA—Fe;0, NPs. TOA—metal NPs
dispersed in toluene can be deposited onto dendrimer-coated
colloids because of the high binding energy between the
primary amine group and the metal NPs, which is similar to the
ligand exchange reaction between the dendrimer and the OA—
Fe;0, NP. In the case of (dendrimer/TOA—Auyp), multilayer-
coated colloids, these colloids exhibited a highly protuberant
surface structure, which led to dense surface coverage of the
TOA—Auyp layers as the bilayer number (n) was increased
from 1 to 7 (see Supporting Information, Figure S9).
Furthermore, as previously mentioned, when these colloids
are coated with an outermost dendrimer layer, they can be well
dispersed in aqueous media. These investigations demonstrate
that our approach can be used to significantly improve the
functionality of colloids to widen the range of their potential
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coated colloids (from left to right).

applications and to enable the reversible phase transfer of
functionality integrated colloids via the easy integration of

hydrophobic and hydrophilic multilayers.

B CONCLUSIONS

We demonstrated that multifunctional colloids coated with
hydrophobic multilayers [ie., (dendrimer/OA—Fe;O, NP),]
and with electrostatic multilayers [i.e., (CAT/PAH), or (PAA/
DMAP—Auyp),] could be successfully prepared using a ligand
exchange-induced, electrostatic LbL assembly method. The
most important aspect of our study is that the functionality of
the colloids can be easily tailored and integrated using the
advantages of hydrophobic (i.e., ligand exchange-induced) and
hydrophilic (ie., electrostatic) LbL assembly. This study also
demonstrates that our approach is effective for the preparation
of functional colloids and enables reversible phase transfer in
environments milder than those of previous approaches
reported by other research groups. These multifunctional
colloids can be widely used in numerous applications, such as
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catalysis, sensing, and optical guides, irrespective of the type of
solvent used because a variety of hydrophobic metal or metal
oxide NPs (e.g, OA—Ag or TOA—Au) can be used instead of
OA—Fe;0, NPs. We believe that our approach provides a basis
for the design and exploitation of high-performance multifunc-
tional colloids in a variety of solvents.
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TEM images of nanoparticles, photographic images, FT-IR,
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