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N
anotechnology has provided
many improvements in the pro-
cessing and formulation of materi-

als. In many cases, nanoscopic size is benefi-

cial for instance in providing better matrix

dispersion in composite materials, in en-

hancing controlled release of molecules, or

in increasing solubility. Here we show how

an advanced bottom-up approach in drug

formulation can be used as a tool to over-

come some of the key problems in drug de-

livery. The major problems in delivering

solid drugs include poor aqueous solubility

of the pharmaceutically active ingredients,

poor permeation properties, and stability

problems in the gastrointestinal (GI) tract,

due to which many highly potent drugs fail

to reach commercialization. Nanoparticles

as drug carriers offer several possibilities to
improve the bioavailability of these prob-
lematic drug compounds. In addition to the
small size, by modifying other physico-
chemical properties of the drug carrier sys-
tem more efficient drug targeting strategies
can be achieved.1�3

Several methods and materials are avail-
able to synthesize small, monodisperse par-
ticles of different shapes and surface coat-
ings. Precipitation is a commonly used, well-
known bottom-up method to produce
nanosized particles.4�7 In the antisolvent
precipitation method very small particles
are formed because of sudden supersatura-
tion when a dissolved material is mixed
with an antisolvent. The solvent, solvent/
antisolvent ratio, stirring rate, temperature,
and selection and amount of stabilizer are
the critical parameters to the controlled par-
ticle size and morphology during a precipi-
tation process.6�9

The physical and chemical instabilities
are the major challenges with the colloidal
nanoparticle systems. The high ionic
strength and variation in pH of the environ-
ment make the design of drugs and drug
carrier systems to be delivered to the hu-
man body especially difficult. Typically sur-
factants and/or polymers are used to stabi-
lize nanosuspensions by preventing
aggregation and agglomeration. These
also have been shown to have a pro-
nounced effect on the in vivo behavior.10

Most of the commonly used materials suf-
fer from the fact that the particles are not
stable indefinitely and aggregation might
occur during storage or when the suspen-
sion is dried. To overcome stability prob-
lems as well as poor bioavailability or bio-
compatibility challenges, new strategies
including new materials must be explored.

*Address correspondence to
hanna.valo@helsinki.fi.

Received for review December 3, 2009
and accepted February 23, 2010.

Published online March 8, 2010.
10.1021/nn9017558

© 2010 American Chemical Society

ABSTRACT Efficient delivery of nanosized drug formulations to the desired body sites is not always reached

despite the rapid development of pharmaceutical nanotechnologies. In spite of the undoubted effect of the size for

increased bioavailability and controlled drug delivery, submicrometer formulations also require a deeper level of

design. The surface properties of the particles determine the stability of the particles, interactions with the body,

and targeting potentials of drugs. Thus, the efficacy of the drug can be increased utilizing the surface layer of

the nanoparticles. Influencing the surface characters of the drug is the main focus of the present work, which

introduces a method for preparing nanoparticles with functional sites from low-solubility drugs using hydrophobin

(HFB) proteins. Particles were prepared by precipitating a lipophilic drug (beclomethasone dipropionate) in water

in the presence of the HFB proteins. Particle size below 200 nm could easily be reached with increasing HFB

concentration. The particles were shown to be stable for at least 5 h in suspension, and they could be stored for

longer periods of time after freeze-drying. Labeling studies using green fluorescent protein (GFP) genetically fused

to a HFB clearly demonstrated that the surface of the nanoparticles was covered with the hydrophobins and that

the surface could be further modified by utilizing fusion proteins. This provides a template for a variety of different

functional surface-bound groups that could be tailored by modifying the hydrophilic side of the HFB via protein

bioengineering. In this study, the combination of proteins and traditional pharmaceutical technology was used to

synthesize functionalized protein-coated nanoparticles for drug delivery purposes.

KEYWORDS: nanoparticles · hydrophobins · fusion proteins · beclomethasone
dipropionate · labeling · functionalization
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On the other hand, stability of the system is not the only
requirement for successful drug delivery via nano-
particles. Drug carrier systems without nonspecific inter-
actions with cells and proteins are quickly cleared from
the bloodstream or cannot be accumulated in targeted
tissue.11,12 To achieve active targeting, specific ligands
have to be attached to the surface of the drug carrier. In
addition to permeation, absorption, and targeting as-
pects, the surface properties of the carrier system have a
major influence also on the formulation stability.13

Hydrophobins form a family of amphiphilic proteins
having the ability to form self-assembled monolayers on
hydrophobic materials.14 This results in lower surface free
energy and formation of a protein shell around hydro-
phobic particles, which both facilitates the dispersion in
water and protects the particles against aggregation. The
protein coating can then be modified in various ways to
gain other benefits such as assembly on a target surface
or controlled release rate. The protein used in the present
study was a class II hydrophobin (HFBII) expressed in Tri-
choderma reesei.15 Hydrophobins have been divided into
two classes on the basis of the hydropathy nature of their
amino acid sequences. These classes also have signifi-
cant differences among the solubility of the assembled
structures they form.16 The class II hydrophobins (e.g.,
HFBI, II, and III) are small, less than 10 kD, and they can
be easily dissolved at rather high concentrations in aque-
ous solutions.17�19 Class I (e.g., SC3) hydrophobins form
highly insoluble structures, which can be disassembled
only by treatment with strong acids.20 Hydrophobins are
not toxic by themselves21 and have actually been shown
to prevent immune responses by forming a surface layer
on the airborne fungal spores,22 making them a highly at-
tractive material for applications for release of drugs or
food ingredients.

Because of the amphiphilic nature of hydrophobins,
their adsorption to hydrophobic/hydrophilic interfaces
without losing their folded structure is possible.17 Their
ability to self-assemble onto various structures and to
form stable films at interfaces is essential for fungal
growth in biology. But this feature is also extremely fasci-
nating when considering engineered nanotechnological
approaches.17,23�25 Existing applications of hydro-
phobins utilize the adsorption of class I hydrophobins to
increase the bioavailability of poorly soluble drugs,26

modify surfaces,27�30 predict extreme foaming ten-
dency,31 and stabilize bubbles and foams.32 In pharma-
ceutical research, utilizing the hydrophobin fusion pro-
teins with variable chemical groups can offer options in
the area of controlled and targeted drug delivery.

Inspired by the stability, adsorption properties, and
versatile character of hydrophobins,14,33 experiments to
produce hydrophobin-coated drug nanoparticles were
performed. The proof of concept study was done using a
low-solubility model drug compound, beclomethasone
dipropionate (BDP). Adsorption of the amphiphilic stabi-
lizer onto the particle surface from an aqueous solution

was used to stabilize the BDP nanoparticles and prevent

their growth. Additionally, specific functional sites on the

particle surface could be realized by utilizing modified

HFB proteins bound to another protein. In this study, the

combination of protein bioengineering and traditional

pharmaceutical technology was used to synthesize func-

tionalized protein-coated nanoparticles for drug delivery

purposes.

RESULTS AND DISCUSSION
Adsorption of the Multifunctional Protein on the

Nanoparticles. Earlier studies have shown that the process

parameters have major effects on particle size, morphol-

ogy, and recovery rate when antisolvent precipitation of

BDP or other poorly water-soluble drugs is carried out

with and without6 surface active agents.34,35 Pharmaceu-

tical excipients such as surfactants are commonly added

during the crystallization processes to control the particle

growth and the surface properties.36,37 By increasing the

amount of the surfactant, mean particle size in colloid dis-

persions can be reduced.38 Particles also maintain their

size better after freeze-drying with higher surfactant

amounts.39 In our studies, experiments showed that par-

ticle size and morphology were affected strongly by in-

creasing the concentration of the surface active protein

HFBII. Examples of TEM images from the particles precipi-

tated with varying amounts of HFBII are shown in Figure

1. The amount of BDP was kept constant (0.05% (w/v)) in

each experiment. At low contents of HFBII, 0�0.005%

(w/v), BDP precipitation yielded rods that were several

micrometers long (Figure 1a,b). When HFBII concentra-

tion was gradually increased above 0.008% (w/v), particle

Figure 1. TEM images showing BDP precipitation in deionized water (A)
without HFBII, (B) with 0.005% HFBII, (C) with 0.05% HFBII, (D) with 0.1%
HFBII.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 3 ▪ 1750–1758 ▪ 2010 1751



size was decreased below 200 nm and the rodlike crys-
tals were transformed into spherical ones (Figure 1c,d). On
the basis of the TEM results, 0.05% HFBII concentration
was selected for further studies. At this point, particle size
was 103 � 27 nm, and a narrow particle size distribution
(D10/D50/D90; 72/101/134 nm) was obtained. The mor-
phological change of the resulting particles seemed to be
quite abrupt with no clear transition state, and no more
changes in the particle size or shape were observed with
HFBII concentrations exceeding the threshold (see Sup-
porting Information). Presumably, adsorption of the am-
phiphilic stabilizer (HFBII) onto the particle/water inter-
face limited the crystal growth of BDP.36 About 50% of
HFBIIs hydrophobic side chains are on the surface on one
side of the protein.14 This makes a part of the protein sur-
face hydrophobic and enables physical adsorption which
is based on interactions between hydrophobic areas of
protein and drug. Hydrophobin adsorption is known to
be strong at solid�liquid interfaces depending on the hy-
drophobicity of the surface area.25,27 Thus, HFBII can be
effectively used to provide stabilization for hydrophobic
drugs and in the production of drug nanoparticles.

The physical stability of the particles in suspension
was examined at room temperature and in an ice bath
under low stirring rate. In ambient conditions, room
temperature, and pH 5, the particles in the suspension
started to show shape changes already after 1.5 h. This
could be increased to at least 5 h when the pH was ad-
justed to 8 and the sample was stored in an ice-bath un-
der mild stirring. After that, irreversible aggregates and
crystal shape changes were observed by TEM in spite of
the cold storage temperature (see Supporting Informa-
tion). Thus, it can be concluded that HFBII restricts par-
ticle growth efficiently, but does not prevent aggrega-
tion indefinitely. The isoelectric point (pI) of HFBII has

been determined to be at pH 4.8.40 At the pI, the charge

of the protein is near zero and electrostatic stabiliza-

tion of the particles is negligible. Because the steric sta-

bilization was not adequate alone, a tendency toward

aggregation is obvious unless the pH is adjusted. This

was shown by the more than 2.5 fold increase in the sta-

bility of the suspension at pH 8, where HFBII has a nega-

tive charge.

Since BDP�HFBII nanoparticles showed poor long-

term stability in suspension, freeze-drying was intro-

duced. The stability of nanoparticles in the dry state has

been improved notably by freeze-drying processes,41

where the suspension is rapidly frozen and the solvent

sublimated at controlled pressure and temperature.

Freeze-drying was shown to be an efficient way to im-

prove stability of BDP�HFBII nanoparticles, which were

aggregated irreversibly when dried at room tempera-

ture and at normal air pressure. A TEM image of freeze-

dried nanoparticles taken after 3 days of storage is pre-

sented in Figure 2.

As was shown already, the physicochemical charac-

teristics of the adsorped excipients have an impact on

the particle growth and stability during and after the

precipitation and drying processes. This also deter-

mines, to a large degree, the potential of the formula-

tion for further development. As the characteristics of

the HFB-coated nanoparticles seemed promising, they

were studied in more detail.

Characterization of the Coated Nanoparticles. Accurate char-

acterization and knowledge of the formulation and the

physical state of the drug is of fundamental interest be-

cause it affects the solubility, drug release rate, permeabil-

ity, and degradation in the body. Variable temperature

X-ray powder diffractometry (VT-XRPD) and differential

scanning calorimetry (DSC) were used to investigate the

effect of the precipitation process and formation of the

protein coating on the crystallinity of the drug and to gain

more information on possible interactions between the

drug and the protein. Changes in glass transition (Tg) or

melting (Tm) temperatures or changes in the XRPD pat-

terns would indicate possible interactions between the

drug and the protein matrix or polymorphic changes. The

larger volume-to-surface areas of the nanoparticles42

and their shape43 were also expected to have an effect

on the thermal behavior. In the XRPD, changes in crystal

structures were observed by heating the samples gradu-

ally to set temperatures based on the DSC thermograms.

The DSC thermogram of precipitated pure BDP exhib-

ited an endothermic peak at around 80 °C indicating a

structural change where the water was removed from the

crystal lattice (Figure 3). The VT-XRPD pattern confirmed

(Figure 4A) the transformation of monohydrate to anhy-

drate form at 55�90 °C. At 210 °C, the drug melted at

the same temperature as the original powder (data not

shown). The pure HFBII (Figure 3) showed a small and

Figure 2. TEM images showing freeze-dried HFBII-coated BDP
particles.
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broad endothermic change at 40�120 °C. On the basis

of the XRPD results it was completely amorphous.

With the BDP�HFBII nanoparticles, exothermic peaks,

which were not present in the thermogram of pure pre-

cipitated BDP (Figure 3), were observed at around 102

and at 132 °C. It has been reported that amorphous BDP

has a Tg at around 100 °C, and its crystallization tempera-

ture is at ca. 130�140 °C to anhydrate form.44 However,

on the basis of the XRPD results, the BDP was at least

partly in monohydrate form until the temperature

crossed 90 °C (Figure 4B). Above that, amorphous ma-

terial dominated until at 145 °C the amorphous BDP crys-

tallized into its anhydrate form. On the basis of these re-

sults, BDP coated with HFBII are likely to form an

amorphous mixture during the warming cycle in

DSC/XRPD. The viscous amorphous form would
then be the reason for the retarded crystalline
change of BDP. Because of the small particle size
of the nanoparticles, the absence of any distinct
diffraction peaks and weaker intensities in their
XPRD patterns does not necessarily indicate a de-
crease or lack of crystallinity in the samples. The
melting of the anhydrate BDP�HFBII occurred at
210 °C, which is also the melting temperature of
the reference samples. The heat of melting of the
nanoparticles was equal to the precipitated BDP,
although the peak was slightly broader probably
due to differences in the crystal size.

Saturated solubilities of BDP�HFBII nanoparti-
cles and the precipitated BDP microparticles to
35% ethanol were 35.6 and 27.8 �g/mL, respec-
tively (Figure 5). Complete solubility was reached
within 60 min in both cases and the extent was in-
creased by ca. 30% for the BDP�HFBII nanoparti-

cle formulation. The saturation solubilities of bulk BDP

and physical mixture of BDP�HFBII were also studied. The

solubility of BDP with HFBII increased 30% as well com-

pared with BDP without HFBII. Thus, improvement of

solubility in nanoparticle formulation was mainly due to

the free HFBII and is similar to the solubility increase with

simple surfactants such as Tween-80.45 The solubility of

nanoparticles should increase with decreasing size,46 but

this was not observed here. During the solubility test, HF-

BII bound to the surfaces of BDP particles did not restrict

the dissolution. On the other hand, desorption of HFBII

might have caused aggregation of BDP, and therefore im-

provement of the solubility was not higher.

On the basis of the DSC and VT-XRPD, we conclude

that after the precipitation processes BDP was in its

Figure 3. DSC thermograms of precipitated BDP (dashed line), HFBII
(dotted line), and BDP (solid line) precipitated with 0.05% HFBII. Ar-
rows indicate the crystal structures based on the VT-XRPD results.

Figure 4. (A) VT-XRPD of precipitated BDP without HFBII at various temperatures; (B) VT-XRPD of precipitated BDP nano-
particles with HFBII at various temperatures. Reference patterns are shown at the bottom of the figures.
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monohydrate form. The presence of an HFBII coating did

have an effect on the removal of the water from the crys-

tal structure. This was due to HFBII and BDP forming an

amorphous mixture before BDP crystallized into its anhy-

drate form. The prepared nanoparticles showed slightly

higher solubility values compared to the precipitated BDP

microparticles.

Functionalization of the BDP�HFB Nanoparticles. As the

BDP�HFB nanoparticles were shown to be relatively

stable and the solubility of BDP was improved, the next

step was to study their functionalization. This was done

by two approaches: embedding an additional compound

onto the HFB surface by electrostatic forces and by using

fusion proteins, where a functional group was introduced

by covalently bonding it to the protein shell. In the first

test, BDP�HFBII nanoparticles were decorated with 3 nm

mercaptosuccinic acid (MSA)-coated Au nanoparticles.

The Au nanoparticles could be seen to strongly adsorb
at the interfaces of BDP�HFBII nanoparticles, which could
be seen as improved contrast for microscopical imaging
as shown in Figure 6. Labeling could be useful for localiza-
tion of the drug nanoparticles in electron microscopy or
as an alternative route for functionalizing the surface. Sev-
eral routes for producing Au nanoparticles with func-
tional organic shells have been proposed.47�49 As the
Au nanoparticles are bound to the drug particles via elec-
trostatic interactions, surface association was also ob-
served to some extent in the BDP microparticles having
no protein coating (see Supporting Information).

Another type of labeling of the BDP nanoparticles
was done by utilizing a green fluorescent protein�

hydrophobin fusion protein GFP�HFBI. The fusion pro-
tein was incorporated into the particle surface either
during the precipitation step or after synthesis, as was
done in the case of the BDP microparticles. HFBI and
HFBII have very similar sizes and behavior and, thus,
GFP�HFBI and HFBII are expected to form mixed
monolayers on particle surfaces. As a simple test of the
interfacial properties of the GFP�HFBI, its adhesion
onto water�air interface was first studied. As can be
seen from Figure 7, the protein strongly concentrates
at the interface between water and air. It also forms
some needle-like structures in water,24 which are
shown as bright green patterns in the fluorescence
microscopy image (Figure 7). This is a well documented
feature of HFBII, and the strong fluorescence shows
that the GFP�HFBI fusion coassembles well with the
wild-type hydrophobin.

GFP�HFBI gravitated toward air�water (as shown in
the Figure 7) and solid-water interfaces (as show in the
Figure 8), and thus the GFP�HFBI label could be seen to

strongly adsorb onto the BDP microparticles (Figure
8). The particles were much easier to find using the
fluorescence detector than using white light illumi-
nation with 100� magnification. Although the air
bubbles in the solution were also stained by the GFP,
the particle agglomerates could be easily found and
identified with the microscope. We studied and iden-
tified, with the TEM, that the precipitation process
of BDP with HFBII and GFP�HFBI produced nano-
sized drug particles. In the case of the nanoparticles
(Figure 9), it was almost impossible to find the par-
ticles using just the white light mode, as focusing
on the small particles was next to impossible. The
fluorescence marker, however, could be clearly seen,
and the particle masses could be detected in that
mode. Thus, the labeling was successful and clearly
demonstrates the surface functionalization of the
BDP nanoparticles.

CONCLUSIONS

By utilizing multifunctional surface-active
proteins and a simple antisolvent�solvent pre-
cipitation method, small (�200 nm) protein-

Figure 6. BDP�HFBII nanoparticles decorated with 3 nm mercaptosuccinic acid
(MSA)-coated Au nanoparticles.

Figure 5. Saturation solubility profiles of BDP�HFBII (1:1
weight ratio) nanoparticle suspension (top) and BDP micro-
particle suspension (bottom). In nanosuspensions the par-
ticle size was 103 � 27 nm, and in BDP the microparticle sus-
pensions were several micrometers (n � 2).
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Figure 7. Bright field (left) and fluorescence (right) microscope images of GFP�HFBI assembled at an air�water interface. Free GFP�HFBI
in water stains the water phase light green. The water�air interface has a higher concentration of the surface active protein and is there-
fore brighter green. The protein can also been seen to form needle-like structures in water.

Figure 8. Light (left) and fluorescence (right) microscope images of GFP�HFBI/HFBII (1:3)-coated BDP microparticles. Particles were first
precipitated in pure water, and the protein coating was added afterward. Free GFP�HFBI in water stains the water phase light green. The
water�BDP interface has a higher concentration of the protein and is therefore brighter green.

Figure 9. Light (left) and fluorescence (right) microscope images of GFP�HFBI/HFBII (1:3)-coated BDP nanoparticles. The nano-
particles were too small to properly focus on with the conventional light microscope but can be seen in the fluorescence image.
Free GFP�HFBI in water stains the water phase light green. The water�BDP interface has a higher concentration of the protein and
is therefore brighter green.
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coated drug particles were produced. Adsorption of
the amphiphilic class II hydrophobins onto the
particle�liquid interfaces during the precipitation
process gave three notable effects: (i) it arrested par-
ticle growth, (ii) it offered a way to improve stabil-
ity, and (iii) it provided a layer around the hydropho-
bic drug that is possible to functionalize. Labeling
studies clearly demonstrated that the surface of the
nanoparticles was covered with the hydrophobins. A
tailored group on the hydrophilic side of the pro-
tein can be designed for specific functions by using

protein engineering tools. The group could, for ex-
ample, be the binding domain for an advanced de-
livery system, or it could also be a targeting group to
enhance cell wall penetration or localization of the
drug. Thus, bioavailability could be increased not
only by the increased solubility via small size of the
drug particles, but the increased permeation as well.
We propose that the presented system could act as
a basis for advanced multifunctional drug nanopar-
ticles, where improved bioavailability and targeting
could be combined in a one well-defined system.

METHODS
Materials. The model drug was beclomethasone dipropi-

onate (Sigma, St. Louis, MO). HFBII15 and GFP�HFBI50 were
expressed and purified as described elsewhere. In the
GFP�HFBI fusion protein GFP was genetically fused to HFBI
by a short peptide linker. Methanol (Riedel-de Haën, Seelze,
Germany) was used as a solvent in the precipitation process,
and ethanol (96%, v/v) (Primalco, Rajamäki, Finland) was
used in the dissolution media. The water used was ultrapuri-
fied (Millipore, Molsheim, France). All other chemicals were
of analytical grade obtained from standard sources and used
without further purification.

Precipitation Process. A 34.8 mM beclomethasone dipropionate
(BDP, MW � 521.1) solution was prepared by dissolving BDP in
methanol. A 0.5 mL portion of BDP solution was poured into 20
mL of 0.05% HFBII in pure deionized water. In all further studies
the drug�protein ratio was 1:1. Variable amounts of HFBII,
0�0.15 wt % (0�208.3 �M), were used to determine the effect
of the HFBII concentration on crystal habit and size of drug par-
ticles. Solutions were filtered with 0.45 �m and BDP solutions
with 0.2 �m (Whatman, Brentford, UK) syringe filters to remove
possible impurities prior to use. The receiving liquid was stirred
vigorously with a magnetic stirrer, and the temperature of the
solution was controlled by keeping the sample in an ice bath.
The precipitate was observed as a turbid solution immediately
after BDP addition. For further analysis, suspensions were dried
in a freeze-dryer.

Freeze-Drying of Nanoparticles. For further analysis, the suspen-
sions were frozen by pipetting them dropwise into liquid nitro-
gen (�196 °C) and immediately placed into a freeze-drying
chamber (Kinetics Thermal Systems Lyostar II). Particle disper-
sions were dried on the freeze-dryer without cryo- or lyopro-
tectants. The primary drying was performed at �30 °C for 72 h
followed by the secondary drying, where the temperature was
first increased to �10 °C for 4 h, then to �5 °C for 18 h, and then
to 0 °C for 2 h. Pressure was maintained at 150 mTor (20 Pa). Pow-
ders were analyzed immediately after drying by XRPD and DSC.
TEM-images from the dry powder were taken after 3 days of stor-
age in the vacuum dessicator.

Differential Scanning Calorimetry Experiments. Thermal behavior of
the nanopowders was determined using a differential scanning
calorimeter (Mettler Toledo, Columbus, OH). The samples were
held at 25 °C for 5 min before heating. All the samples were
heated from 25 to 250 °C and cooled down to 25 °C. The heat-
ing rate was 10 °C min�1, and cooling rate was 20 °C min�1. The
data was analyzed with STARe software (Mettler Toledo, Colum-
bus, OH).

VT-XRPD Experiments. VT-XRPD patterns were determined from
the pure materials, precipitated BDP, and the BDP�HFBII nano-
particle formulations. The VT-XRPD was performed using the
��� diffractometer (Bruker AXS D8, Karlsruhe Germany). The ex-
periments were performed in symmetrical reflection mode with
Cu K� radiation (1.54 Å) using Göbel Mirror bent gradient multi-
layer optics. The scattered intensities were measured with a scin-
tillation counter. The angular range was from 5° to 40°. The mea-
surements were made with the steps of 0.02°, and the measuring
time was 2 s/step. Samples were heated to 24, 55, 90, 106, 115,

145, 180, and 220 °C at a speed of 10 °C/min and kept at the as-
signed temperatures during each measurement. The reference
data (anhydrate and monohydrate forms of BDP) were retrieved
from the Cambridge Structural Database (CSD) using the Con-
Quest program.

Morphology and Size. Characterization of the particle size and
morphology was done by transmission electron microscope
(FEI Tecnai F12, Philips Electron Optics, The Netherlands). Nano-
particle dispersions were dried or spread (freeze-dried powder)
on Formvar film-coated copper grids with a mesh size of 300
(Agar Scientific, Essex, U.K.).

Labeling BDP Nanoparticles with a Fluorescent Marker. Synthesis of
GFP�HFBI-labeled nanoparticles was carried out in the same
manner as with the normal nanoparticles, except that a part of
the HFBII was partly replaced with the GFP�HFBI fusion pro-
tein.50 The two proteins were dissolved in 1:3 ratio (GFP�HFBI/
HFBII) in pure deionized water prior to the synthesis. All other
steps remained the same. The GFP labeling of microparticles was
done after the synthesis by adding GFP�HFBI to the solution
containing BDP particles. Synthesis itself was simple precipita-
tion of BDP from methanol into water.

Labeling BDP Nanoparticles with the Au-Nanoparticles. Mercaptosuc-
cinic acid (MSA)-coated Au-nanoparticles were produced by the
Kimura method.51 Labeling by MSA�Au nanoparticles was car-
ried out after the production of the BDP�HFBII nanoparticles by
simply adding 10 �L of 0.35 mg/mL MSA�Au particle solution
to 20 �L of the BDP�HFBII particle suspension. The suspension
was allowed to stand for 1 h before taking samples for the TEM.

Fluorescence Microscope Studies of the Particles. A small drop of
GFP�HFBI/HFBII-coated BDP nanoparticle suspension was pipet-
ted on microscope slides directly from the synthesis solution.
Both bright field and fluorescent imaging was done by Olym-
pus BX-50 microscope. Emission light was filtered with a WG Fil-
ter (510�550 nm) in fluorescence imaging of GFP�HFBI.

Saturated Solubility. Dissolution behavior of the precipitated
particles was studied using 40 mL of 36% (v/v) ethanol as dis-
solution medium, with magnetic stirring at a speed of 100
rpm. The solubility of BDP is so low that the use of ethanol
as dissolution medium is reasoned for detection aspects. The
temperature was maintained at 37 � 0.5 °C (Sotax AT7,
Perkin-Elmer Lambda 2). A 4 ml (0.5 mg/mL) portion of cold
nanoparticle suspension was added to dissolution media in
15 s. Samples (0.6 mL) were taken at various time points, and
the extracted medium was replaced. The samples were cen-
trifuged at 13 000 rpm for 10 min and filtered with 0.2 �m
(GHD Acrodisc, PALL Life Sciences, USA) syringe filters. The
released amount of BDP was determined by a UV spectropho-
tometer (Agilent 1100 series) at a wavelength of 242 nm.
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