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Over the past few decades, numerous approaches have been
proposed to achieve site-specific and time-controlled delivery of
therapeutic agents, thus alleviating undesired side effects and
enhancing the efficacy of a treatment.1 Meanwhile, rapid advances
in the biomedical field pose new challenges to analytical chemistry
in the field of chemical sensors: real-time, noninvasive analysis
of chemical processes within tissues, inside live cells, and even
subcellular subcompartments.2 One of the common challenges
confronting the fields of therapeutics and bioanalytics is the need
to deliver hydrophobic materials into a biological environment
which, in most cases, requires a biocompatible coating/interface to
minimize the “enhanced permeability and retention (EPR) effect”.3

Many drugs and molecular probes are hydrophobic and therefore
require an appropriate vehicle to deliver them to a given target cell
or tissue. Micelles based on block copolymer,4 ceramic5 and
sapeptides,6 vesicles,7 liposomes,8 gel encapsulation,9 and prodrug/
sensor10 are examples of delivery systems for hydrophobic materials.
Dinsmore et al.11 recently introduced a swelling method to adsorb
rhodamine perchlorate from an organic medium into PMMA
particles, enabling confocal microscopic study of colloidal disper-
sions. However, these systems have limitations: (1) they may
require synthesis of new materials (copolymer or drug-polymer
conjugate); (2) they may be stable only under wet conditions; (3)
there may be difficulties in achieving uniform micro/nanocrystals.

Here, we describe a straightforward method for loading hydro-
phobic materials into commercially available polymer micro/
nanoparticles while, at the same time, retaining the native particle
surface charge. This is achieved by using an ionic surfactant to
stabilize swollen polymer particles. It is further demonstrated that
subsequent surface modification of those particles based on layer-
by-layer (LbL) self-assembly12 of oppositely charged polyelectro-
lytes is possible.

A schematic diagram of the process is illustrated in Scheme 1.

The first step of the particle modification method is to adsorb
surfactants onto the surfaces of the polymer particles in aqueous
solution. A small amount of organic solvent is then added to swell
the polymer matrix with gentle stirring. After this, a hydrophobic

material is added and transferred into the hydrophobic polymer
matrix. The organic solvent was partially removed by vaporizing.
Finally, the particles were centrifuged and rinsed with DI water to
remove unloaded substances.

A detailed description of the process is given in Supporting
Information. Briefly, 25µL of 5 mg/mL SDS was mixed into a
microcentrifuge tube containing 100µL of 0.5% (w/w) 1 µm
PMMA particles in DI water. Then, 25µL of CH2Cl2 was added
into the dispersion for another 30 min to allow the organic solvent
to swell the particles. The surfactant prevented swollen particles
from aggregating and fusing. Next, 25µL of 1 mg/mL Ru(dpp)3Cl2
in ethanol was added into the dispersion, followed by addition of
50 µL of acetone. The dispersion was stirred for 30 min and then
kept open to the atmosphere at room temperature for 30 min.
Finally, the particles were triple-rinsed with DI water and centri-
fuged at 10 000 rpm at 10°C to remove unloaded dyes. The same
procedure was confirmed to apply for FITC/ethanol, allowing FITC
doping of PMMA particles.

Figure 1 contains confocal micrographs of the Ru(dpp) and FITC-
loaded PMMA particles prepared by this procedure. It was shown
that the loaded particles, with strong fluorescence, remained
monodispersed. In hydrophilic matrices, Ru(dpp) exists as tiny
crystals.9c However, the fluorescent dye is more miscible with the
hydrophobic PMMA matrix at a molecular level; therefore, it is
uniformly distributed inside the particles, which could be reasonably
explained based on the principle of “like dissolves like” to lower
the system free energy. It was observed that FITC had a loading
result similar to that of Ru(dpp). This low molecular weight dye is
used as a model drug or indicator in our study. The loading
efficiency of the dye into PMMA particles can be easily adjusted
by adding different concentrations of dye solution.

Fluorescence spectroscopy was used to analyze the emission
spectrum of Ru(dpp)-loaded PMMA particles and was compared
to the emission observed in ethanol and DI water (Figure 2). It can
be seen that the emission peak of Ru(dpp) in ethanol is at 608 nm,
but this shifts to 623 nm due to polarity of the solvent when the
medium is changed to DI water. The spectrum of Ru(dpp) in
PMMA particles (610 nm) is clearly more similar to that of Ru-
(dpp) in ethanol solution, which indicates PMMA matrix may serve

Figure 1. Confocal microscope images of 1µm PMMA particles with
loaded (A) Ru(dpp)3Cl2 and (B) FITC.

Scheme 1. Loading of Hydrophobic Material into Polymer
Particles
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as a good solvent to Ru(dpp). It can also be observed that the
Ru(dpp) remained sensitive and accessible to O2. Preliminary tests
showed an oxygen sensitivity of∼42%, which is comparable with
results from Ru(dpp) in ormosil and silica particles.2

The loaded particles are hardened again because the organic
solvents are easily removed. The particles can be dried without
aggregation and stored without loss of dye and can be further
resuspended in DI water with sonication upon use. As a result, this
approach may have advantages over other techniques for long-term
storage.

Following production of Ru(dpp)-loaded particles, a polyelec-
trolyte (PE) pair{PAH/PSS} was used to deposit multilayers on
the colloids. The LbL assembly of PE layers was monitored by
electrophoretic mobility measurements. The surface potential of the
PMMA particles was strongly negative (-57.52( 2.25 mV), only
slightly changed after Ru(dpp) loading (-50.70( 3.23 mV), and
was observed to alternate regularly from+50 mV for PAH to-50
mV for PSS, indicating the formation of{PAH/PSS}3 multilayer
wall architecture. We note that it is also possible to use LbL to
endow a stealth property by PEG or other hydrophilic biocompatible
materials conjugated to PE as the outermost coating.13-15 Further-
more, targeting of selected cells can be achieved by decorating the
particle surface- with cell-specific ligands.16

Figure 3 contains confocal images of Ru(dpp)-loaded particles
deposited with/without PAH/PSS coating, then cultured with 3T3
fibroblasts. It was surprising to find that the 1µm coated particles
were apparently endocytosed, while the uncoated particles were
not. It should be noted that all of the uncoated or coated particles
are negatively charged, like the cell surface. This finding suggests
that the surface property of the fluorescent dye-loaded particles has
been tuned by surface modification via LbL assembly, and that
cellular uptake can be accomplished without microinjection tech-
nique. Our further investigation is now focusing on other more
biocompatible PE materials and O2 sensing properties of these
particles.

In additional experiments, the same loading result was also
achieved for smaller PS particles (0.132-0.520µm, Seradyn). The
negatively charged surface also facilitates further assembly of LbL
nanofilm coating onto dye-loaded particles. This simple and

straightforward technique should be scalable to large batch or
continuous processes and extendable to a variety of hydrophobic
molecules into different polymer colloids for micro/nanosensor and
drug-delivery applications.

In conclusion, we have demonstrated a simple method for loading
hydrophobic material into stabilized polymer colloids. Although
the experimental work presented here demonstrated only two
different fluorescent dyes into PMMA and PS particles, the method
should be applicable to a wide variety of hydrophobic materials
and polymer colloids. It offers better physicochemical stability than
other reported techniques and flexibility in processing and storage,
and the post-treatment of loaded particles via LbL technique allows
further surface modification of those particles according to require-
ments of specific application.
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Figure 2. Emission spectrum of Ru(dpp) in different media: (A) EtOH,
(B) DI water, (C) within PMMA particles in DI water, (D) within PMMA
particles purged with O2, and (E) within PMMA particles, purged with N2.

Figure 3. Confocal microscope images of 3T3 fibroblasts with Ru(dpp)3-
loaded PMMA particles (a) with and (b) without{PAH/PSS}3 coating.

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 39, 2005 13449


