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Abstract

Poly(ethylene glycol)-b-poly(2-(N,N-dimethylamino)ethyl meth-
acrylate) block copolymers possessing a reactive group at the
PEG chain end (R-PEG-b-PAMA) was synthesized by two
different polymerization techniques. Using R-PEG-b-PAMA
block copolymer thus obtained, gold nanoparticles (GNPs) were
prepared. The PEG-b-PAMA worked as not only reducing agent
of aurate ions but also coordination on the obtained nanoparticle
surface. The obtained GNP had controlled sizes and narrow
size distributions. It is also showed extremely high dispersion
stability due to the PEG tethering chains on the surface. The
same strategy could be applicable to other nanoparticles such
as semiconductor quantum dot and inorganic porous nanoparti-
cles. Using PEGylated GNPs thus prepared, several applications
such as molecular recognitions, siRNA release and enzyme
immobilizations were carried out. The functionalities of these
materials are described in this review.

� Introduction

Recently, nanometer-scaled metal particles have attracted
growing interest as a center of nanomaterial science and
technologies.1 Especially, they are widely applied to biorelated
fields such as bioseparations,2 diagnostics,3 bioimaging,4 and
therapy.5 GNPs with a size range of several to hundreds of
nanometers show a bright-pinkish color due to plasmon reso-
nance and have been widely utilized for preparation of stained
glasses for several hundred years. A simple and facile means
of anchoring different ligand molecules onto particle surfaces
allows their utilization as colloidal sensors.6 Particularly,
color changes induced by association of nanometer-sized gold
particles provide a basis of a simple, yet highly selective, method
for detecting specific biological events between anchored ligand
molecules and receptor molecules in the milieu. Mirkin and
co-workers have shown that gold colloidal particles modified
with oligonucleotides form large assemblies through the hybrid-
ization with complementary oligonucleotide strands, providing
a new method for colorimetric detection of targeted DNA
sequences.7

The growing interest in colloidal GNPs in the bioanalytical
field lends a progressive impetus to the development of their
novel preparation methods.8 Most of these methods are based
on the reduction of tetrachloroauric acid (HAuCl4) in aqueous
medium. GNPs thus prepared are dispersed in solution by ionic
repulsion of adsorbed ions such as AuCl2

� on their surface.9

Under physiological salt concentration, however, the ionically

stabilized GNPs tend to aggregate because of charge shielding.
To improve their dispersibility in solution with appreciably high
ionic strength, various types of low molecular weight stabilizers
as well as water-soluble polymers such as starches are often
added in the solution.10 An alternative way to stabilize the
dispersion is to form a brushed layer of hydrophilic polymer
strands on the surface of the GNPs. Indeed, a brushed layer of
PEG was successfully prepared on GNPs using end-thiolated
PEG.11 Functionalization of the �-end of !-thiolated PEG was
further accomplished to install specific ligands for molecular
sensing.12 �-Lactosyl-!-thiolate-PEG-anchored GNPs were
demonstrated to undergo sensitive and quantitative aggregation
responding to a lactose-specific lectin, RCA120.11b

Though thiol chemistry has been widely used for the
modification on gold surfaces, the functionality of thiolate-modi-
fied GNPs in vivo is limited to only a few days because of the
limited oxidative stability of thiolate species,13 as well as
exchange reactions with thiolated compounds inside the body.
Thiolate-modified surfaces are also damaged by exposure to
light, high temperature and oxygen.14 The stability of PEGylated
GNPs via a thiol–gold bond, therefore, is not sufficiently
long-lasting, especially in vivo.

An alternative method was proposed using water-soluble
polymers possessing coordination ability with metals such as
poly(2-vinylpyridine) and poly(ethyleneimine) as a stabilizer
for metal colloids.15 For example, Antonietti and co-workers re-
ported the preparation of PEG-stabilized gold colloids through
the mixing of AuCl3

� with poly(ethylenimine)–poly(ethylene
glycol) graft copolymer (PEI/PEG).16 The amino group in the
PEI segment of the PEI/PEG graft copolymer was considered
to have the ability to reduce auric cations to form a gold colloid
in the AuCl3

� incorporated PEI/PEG micelles. The stability of
graft copolymer on metal surface however, is not always high
enough.17

In order to improve the long-term stability of PEGylated
GNPs under physiological conditions, we have used PEG-b-
polyamine block copolymers. Polyvalent coordination of amino
groups in the side chain of the block copolymer plays an impor-
tant role for the stabilization of the GNPs. This review describes
synthesis of PEG/polyamine block copolymers and their
application for GNP preparation. Other nanoparticles such as
semiconductor quantum dots (QDs), upconversion nanophos-
phor and inorganic porous nanoparticles are also prepared
using R-PEG-b-PAMA block copolymers. Applications of the
obtained GNPs are discussed.
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� Synthesis of End-reactive PEG-b-
PAMA Block Copolymers

PEG-b-PAMA possessing functional groups at PEG chain
end was prepared by two different polymerization reactions18,19

described in Supporting Information.44 Using these polymeriza-
tion techniques, R-PEG-b-PAMA with different PAMA chain
length (DP = 3–43) was prepared (Mn (PEG) = 5000). The
block copolymers used in this study is shown in Scheme 1.

� Preparation of GNPs by End-reactive
PEG-b-PAMA Block Copolymers

Wuelfing et al.11a and our group11b have reported the prepa-
ration of highly dispersion-stable GNPs by PEGylation with
thiol-ended PEG. Although the S–Au linkage is strong enough
(197 kJ/mol)20 for the construction of a dense PEG brush on
the colloid surface, it can be easily cleaved through the oxidation
of the thiol group.13 This strategy is not suitable when PEGylated
GNPs are used in physiological conditions, because biofluid is
known to contain numerous oxidation species such as active
oxygens.14 Our idea was to explore alternative methods of syn-
thesizing PEGylated GNP, which can eventually be utilized in
vivo. Since the N–Au linkage is not as strong (25 kJ/mol)20 as
the S–Au linkage, we employed PEG possessing an oligoamine
segment at one end. The effect of the polyvalency interaction of
the N–Au linkage on the PEGylation chemistry was investigated.

An unprecedented finding is that the block copolymer even
facilitated auto-reduction of the auric cations to obtain GNPs
without using any additional reducing reagent.21 The tetra-
chloroauric acid solution changed from colorless to bright red
due to the formation of colloidal GNPs when acetal-PEG-b-
PAMA was added to the solution in an appropriate ratio. The
tertiary amino groups in the PAMA segment play a crucial
role in the reduction of auric cations as well as the anchoring
of PEG on the surface of the GNPs.

The insert of Figure 1 (right) shows typical surface plasmon
absorption of GNPs obtained by acetal-PEG-b-PAMA block co-
polymers under a molar ratio of amino group in block copolymer

versus aurate cation (N/Au3þ) = 8. The insert of Figure 1 (left)
is an image of transmission electron microscopy (TEM) of
the obtained GNPs. From the TEM image, the average size
and the distribution index (Dw=Dn) of the obtained GNPs,
were 11.8 nm and 1.01, respectively. Figure 1 shows size and its
distribution index as a function of N/Au3þ molar ratio. With in-
creasing the ratio from 4 to 16, the average particle size decreas-
ed from 16 to 6 nm. Note that these acetal-PEG-b-PAMA-stabi-
lized GNPs have a substantially narrower distribution than those
prepared by conventional methods, including that using the
PEI/PEG graft copolymer. This is obviously an advantage of
using block copolymers as stabilizers because they can form a
multimolecular micelle structure with a definite association
number and well-defined core–shell architecture: an aurate-com-
plex core segregated and surrounded by a hydrophilic shell layer.

The obtained GNPs were purified by centrifugation at
45000� g, for 30min at 20 �C. The precipitated particles were
resuspended in water or in various buffer solutions with a wide
range of pH. The centrifugations were repeated several times
to remove free block copolymers. No color change was
observed, while retaining the transparency of the solution.
This behavior clearly indicates the high dispersion stability of
the acetal-PEG-b-PAMA-anchored GNPs.

Commercially available GNPs, prepared by citrate, were
dispersed in an aqueous solution through the ionic repulsion of
the surface-adsorbed ions. Thus, the citrate-reduced GNPs have
an appreciably negative �-potential (<�20mV) at neutral pH,
yet they undergo aggregation in the acidic region (<pH 5) due
to the neutralization of the surface negative charge. On the other
hand, the �-potential of the GNPs prepared by the acetal-PEG-b-
PAMA was close to zero regardless of the environmental pH.
This result indicates that the PAMA segment in the block
copolymer coordinates with the gold surface, allowing the
PEG segment to be tethered from the surface into the aqueous
exterior to shield the surface charge. The clear phase separation
of the PEG layer and the anchored PAMA segment should be
an important factor in shielding the cationic charge of the
PAMA segment.

In order to obtain information on the interaction between
PEG-b-PAMA to the gold surface, modification of citrate-re-
duced GNP by PEG-b-PAMA was carried out under various
conditions.

The protonation degree of the amino groups in the block
copolymer depended on the environmental pH.18 The effect of
the state of the amino groups on surface modification was inves-
tigated using PEG-b-PAMA(43) and varying the environmental
pH. In order to confirm the dispersion stability, dynamic light
scattering (DLS) measurement was carried out after the PEG-
b-PAMA modification. Figure 2a shows plots of the particle size
of the PEG-b-PAMA modified GNP solutions for 18 h at room
temperature after preparation under different pH conditions in
10mM phosphate buffer (closed plots). The particles prepared
under acidic conditions increased in size after 18 h at room
temperature, indicating the coagulation of the particles in the so-
lution. On the contrary, the particle size did not increase much
under alkaline conditions in the same phosphate buffer (pH
<8.5). However, in phosphate buffer solution at pH 8.5, a slight
but definite increase in particle size was observed. In order to
further investigate the preparation conditions in the higher pH
region, the buffer of the preparation experiment was changed

Scheme 1.

Figure 1. Change in size and its distributions as a function
of [N]0/[Au

3þ]0 ratio. [HAuCl4.4H2O]0 = 2.5mg/mL. Insert
UV–vis spectrum (right) and transmission electron micrograph
(left) of the obtained GNPs ([N]0/[Au

3þ]0 = 8). Insert pictures
are modified from ref 21 by courtesy of publishers, American
Chemical Society, USA.
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to carbonate buffer (open plot). Even in carbonate buffer at pH
<10, a slight increase in particle size was observed. At pH
>10, on the contrary, an almost constant size (ca. 37 nm) with
narrow size distribution was obtained even after 18 h. The size
of the modified GNP prepared at pH 10, 37 nm, is reasonable
for a PEG brush composed of PEG with a molecular weight
of 4.2 kDa coating the commercial citrate-reduced GNPs
(18.4 nm), assuming a single GNP for each particle.

It has been reported previously that the pKa value of the
amino groups of PEG-b-PAMA is 7.0,18 which means that all
the amino groups in the PAMA segment of the block copolymer
are completely depronated at pH 10. This means that the GNPs
are stabilized by the neutral PEG-b-PAMA, probably via coordi-
nation of amino nitrogen atoms on the GNP surface, but not via
electrostatic interaction between the protonated PAMA and the
negative GNP surface, caused by the absorbed citric acid. As
stated above, although the N–Au bond is not strong enough,
unlike the S–Au bond, the polyvalency coordination of the
tertiary amino groups of PEG-b-PAMA might work effectively
on the GNP surface.

Dispersion stability of the modified GNPs under physiolog-
ical conditions was examined as a function of PAMA chain
length in the block copolymers. Figure 2b shows change in sizes
of the particles after 14 d incubation in the presence of 4.5mg/
mL BSA in PBS (pH 7.4) at 4 �C as a function of numbers of
amino groups in the PAMA segment of the block copolymer.
When block copolymers with longer PAMA chain were used
as stabilizer, the size increased, indicating coagulation took
place during incubation. When the GNPs were modified with
PEG-b-PAMA having short AMA units less than 10, on the con-
trary, the PEG–GNPs showed excellent dispersion stability,
which was maintained for 14 d without any change in size of
the particles. It is rather surprising that the purified PEG–GNPs
(DP = 3 and 6) were stable at neutral pH even though they
were prepared from deprotonated PEG-b-PAMA under alkaline
conditions (pH 10.5). This probably means that, once the neutral
amino groups in PEG-b-PAMA coordinate on the GNP surface,
they are not cleaved even in neutral pH. The pKa value of
the amino groups, which coordinate on the gold surface might

change. When the GNPs were modified with PEG-b-PAMA
having long polyamine segments, a part of the amino groups
in the single polymer chain could not coordinate on the particle
surface even at high pH, due to the conformational restriction
of the PAMA segments. The protonation of the free amino
groups in this case may decrease the dispersion stability under
physiological conditions.

On the basis of these results, it is confirmed that PEG-b-
polyamine possessing several amino groups shows excellent
characteristics for both preparation and stabilization of GNPs
under physiological conditions.

� Preparation of PEGylated Quantum
Dots and Other Nanoparticles

The optical properties of quantum dots (QDs) have been
intensively studied for the past several decades. Since the use
of ligand-conjugated QDs as fluorescent biolabeling reagents
were reported in 1998 by the groups of Alivisatos et al.22a and
Chan and Nie,22b many approaches to QD applications have been
done in the bioanalytical field such as DNA sequencing, tissue
immuno diagnostics and single molecular imaging.23 Several ad-
vantages of QDs as biolabeling agents are i) tunable fluorescent
wavelength by size, ii) sharp and symmetrical fluorescent peak,
iii) strong and long life emission, and iv) wide excitation
wavelength. Though the QDs are expected to be an important
nanomaterials in the bioanalytical field, their dispersion stability
in liquid significantly decreases with their decreasing size,
especially in the range of nanometers due to an increased surface
area. In addition, decrease in fluorescent characteristics is anoth-
er serious issue in aqueous media, which may be due to surface
erosion of the QDs.

We recently found that PEG-b-polyamine can be utilized for
both preparation and stabilization of CdS QD.24 Figure 3 shows
the results of the coprecipitation of CdCl2 with Na2S in the
absence and presence of several water soluble polymers. When
CdCl2 and Na2S were mixed in water, CdS crystalline was
formed. However, the size of the crystalline increased too large
to disperse under aqueous solution without any additive. Even in
the presence of commercially available PEG, the phenomenon
was the same as in the absence of any polymer. In the presence
of the PAMA homopolymer with the molecular weight of 5000,

Figure 2. Change in size of GNP as a function of preparation
pH (left) and number of amino groups in PAMA segment
of PEG-b-PAMA using commercial citrate-reduced GNP
(7:1� 10�3 wt%.; 18.4 nm). (Left: PEG-b-PAMA(43) =
6.4wt%, [N] = 96mM; closed circle: 10mM phosphate buffer;
Open circle: 10mM carbonate buffer. Right: [N] = 96mM at
pH 10.5). All experiments were carried out at room temperature,
and the total reaction time was fixed to 18 h. For the purification
of PEG–GNPs thus prepared, the free excess polymers in the
solutions was removed by centrifugation (2:0� 104 g, 4 times),
and the solvent was substituted with pH 7.4 phosphate buffer
saline. Plots were obtained from the data in ref 19.

Figure 3. Preparation of CdS QD by coprecipitation in the
absence of stabilizing polymer (a), in the presence of PEG–
OH (Mn ¼ 5000) (b), poly(2-(N,N-diemthylamino)ethyl meth-
acrylate) (Mn ¼ 5000) (c), CHO–PEG/PAMA block copolymer
(d), and fluorescent spectra of c (e) and d (f) excited at
400 nm. CdCl2 (2:5� 10�3 mol/L), Na2S (2:5� 10�3 mol/L),
[amino group in PAMA segment of homopolymer and block
copolymer]o = 3:08� 10�4 mol/L. Reproduced from ref 24
by courtesy of publishers, American Chemical Society, USA.
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no precipitation was observed at low salt concentrations. The
solution was transparent with a pale yellow color. With increas-
ing salt concentration, however, CdS particles immediately
precipitate, indicating the low dispersion stability of the QD
for the PAMA homopolymer. In addition, almost no emission
spectrum was observed by excitation at 400 nm. When CdS
QD was prepared in the presence of the PEG-b-PAMA block
copolymer, on the contrary, a strong emission spectrum was ob-
served at 540 nm using the same excitation wavelength. The CdS
QD thus prepared was fairly stable. Actually, no precipitation
was observed in 0.3M NaCl solution at least for several days.

It is known that the photoluminescent (PL) emission of CdS
QD is affected by the surface charge state.25 Several approaches
to PL activation have been reported, which are based on the con-
finement of charge carriers within the QD cores.26 For example,
coordination of electron-donating compounds such as an amine
and phosphine oxide significantly improve the fluorescent
performance.27 In the case of the QD stabilization by the PAMA
homopolyer, the amino groups in the side chain of PAMA were
used not only for coordination on the CdS surface but also for
solubilization in aqueous phase. Thus, PAMA homopolymer
is softly bound to the surface of the CdS QD. For the PEG-b-
PAMA block copolymer stabilization, on the contrary, the
PAMA segments are strongly coordinated to the surface of the
CdS QD, which is probably due to the immiscibility of the block
copolymer segments with each other, viz., PAMA segments
are segregated from PEG segments, settling on the QD surface
to minimize interfacial free energy, like PEG-b-PAMA immobi-
lized gold nanoparticles. Biotin-installed PEGylated CdS QD
also showed specific biorecognition, which was monitored by
fluorescent energy transfer method.24

Preparation of PEGylated nanoparticles by PEG-b-PAMA
can be applied to other materials such as inorganic porous
nanoparticles,28 upconversion nanophosphor,29 fullerene, and
so on (Scheme 2).

� Application of PEGylated Nanoparti-
cles

We have already published specific biorecognition of lectin
proteins by sugar–PEG–SH modified GNPs as stated above.11b

In the same manner, biotin-PEG-b-PAMA could be utilized
for stable bionano-gold particles with high biorecognition abili-
ty.21 Due to the limitation of space in this review, data on the se-
lective molecular recognition by ligand-installed PEGylated
GNPs are skipped.

Small interfering RNAs (siRNAs)30 have attracted much at-
tention as a new class of nucleic acid medicines, because they
can be used to target mRNA for sequence-specific gene silencing
via an RNA interference (RNAi) process in the cytoplasm. Nev-
ertheless, the therapeutic value of siRNAs under in vivo condi-
tions is still controversial due to their low stability against enzy-
matic degradation, low permeability across the cell membrane,
and preferential liver and renal clearance.31 A major key to the
success of the cytoplasmic delivery of siRNAs is the develop-
ment of effective carrier systems, which achieve the modulated
disposition in the body as well as a smooth release of siRNA in
response to intracellular chemical stimuli such as pH,32 ions,33

and glutathione.34

PEG-b-PAMA-modified GNP can be applicable for thiol-
ended siRNA carrier system. We have previously found that
thiol-ended single-stranded oligonucleotide can be immobilized
on the PEG-b-PAMA-immobilized gold sensor surface, which
improved hybridization ability, suppressing mismatch hybridi-
zation.35 In the same manner, when the PEG-b-PAMA-modified
GNP was mixed with thiol-ended siRNA, PEG/siRNA co-
immobilized GNP was constructed, which is promising as a
very high-performance RNA interference carrier.36

As stated above, the PEGylated GNPs formed from PEG-b-
PAMA showed excellent stability under physiological condi-
tions even in the presence of high concentrations of thiol com-
pounds, due to the polyvalent coordination between the gold
surface and the tertiary amino groups of the PAMA segment.19,21

On the contrary, the thiol–Au interaction often causes an ex-
change reaction between R–SH/Au and thiol-containing com-
pounds such as dithiothreitol (DTT) and glutathione, leading
to the efficient dissociation of R–SH from the gold surface.37

It suggests that the smart PEGylated GNPs composed of PEG-
b-PAMA and SH–siRNA facilitate the specific glutathione-
mediated release of siRNA in the cytoplasm, because the
concentrations of glutathione, which is an abundant thiol-
containing compound in most cells, are in a millimolar range
(1–10mM) in cytoplasm, whereas those in the blood are in the
micromolar range (2mM),38 indicating that R–SH/GNPs might
be stable in the blood stream but show the glutathione-mediated
release of R–SH in the cytoplasm.

To evaluate the RNAi activity (gene inhibition effect) of
PEGylated GNP containing SH–siRNA, we carried out a dual
luciferase reporter assay in HuH-7 cells (human hepatoma cells)
in the presence of 10% fetal bovine serum, as shown in Figure 4a.
Almost no RNAi activity was observed for the free siRNA even
at a siRNA concentration of 100 nM. The lack of RNAi activity

Metal QD,UPC

Porous Fullerene

Scheme 2. Several nanoparticles. One of the pictures was
reproduced from ref 45, by courtesy of publishers, New Glass
Forum, Japan.

-PEG/polycation
enzyme

Gold colloid

•High enzymatic activity
•Dispersion stability
•Thermostability
•Ligand installation site
•Recovery

Scheme 3.
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for the free siRNA may be ascribed to the low tolerance against
enzymatic attack. Both the PEGylated GNPs containing siRNA
(without the thiol group) and the SH–siRNA revealed RNAi
activity and, in particular, PEGylated GNPs containing SH–
siRNA achieved a far more effective RNAi activity (65%
inhibition) than the PEGylated GNPs containing siRNA (25%
inhibition). In addition, the RNAi activity of the PEGylated
GNPs containing SH–siRNA at a siRNA concentration of
50 nM (47% inhibition) was found to be higher than that of the
PEGylated GNPs containing siRNA even at siRNA concentra-
tion of 100 nM (25% inhibition), strongly suggesting that the
pronounced RNAi activity of the PEGylated GNPs containing
SH–siRNA is not due to the difference in the amount of siRNA
molecules immobilized onto the PEGylated GNPs. Thus, the PE-
Gylated GNPs containing SH–siRNA engage in thiol–Au
interaction, which exchanges SH–siRNA with glutathione in
the cytoplasm; in other words, the efficient release of siRNA
from the PEGylated GNPs occurred synchronously with the
increase in glutathione concentration, leading to enhancement
of RNAi activity. On the other hand, the PEGylated GNPs con-
taining siRNA, engaging only in electrostatic interaction, which
is a weak form of interaction under extremely diluted conditions,
led to the dissociation of the siRNA in the medium. Note that
the RNAi activity of PEGylated GNPs containing SH–siRNA
is remarkably similar to that of OligofectAMINE (cationic lipo-
some) (60% inhibition). Cytotoxicity and the inhibition of the
renilla luciferase expression were not observed at all, suggesting
that the inhibition of firefly luciferase expression observed
here indeed occurred through a sequence-specific RNAi effect.

Complexiation of GNP with oligonucleotide thus worked as
a stable carrier. One of the other features of PEGylated GNPs is
an immobilization of protein such as enzymes (Scheme 3).39 Li-
pase was first employed for co-immobilization on GNP surface

along with PEG-b-PAMA block copolymers. Since the lipase
(Candida rugosa (Sigma) EC 3.1.1.3) possesses an isoelectronic
point of ca. 4.5, it is negatively charged under a physiological
conditions.40 Thus, the adsorption of the lipase on the gold col-
loid surface was not by electrostatic interaction because of the
negatively charged gold colloid prepared by the citrate reduc-
tion. PEG modifications were carried out after the lipase modifi-
cation on the gold colloid using acetal-PEG-b-PAMA block co-
polymers. The acetal group can be utilized for the installation of
a second function to the colloid complex such as a ligand mole-
cule for specific molecular recognition for prodrug therapy. Us-
ing 4-nitrophenyl propionate (NPP) as a substrate, enzymatic re-
activity of the colloids was then investigated. The enzymatic re-
action was monitored by the change in absorption of a liberated
4-nitrophenol by the hydrolysis reaction of NPP as a function of
time. In order to obtain the information on the thermal stability
of the lipase on the gold colloid complex, the enzymatic reactiv-
ity was monitored after thermal treatments, viz., once the
enzyme–colloid complex solution was heated at 58 �C for
10min, followed by cooling to 25 �C to measure the enzyme ac-
tivity. This heating treatment was repeated several times and the
enzymatic activity was monitored as a function of the heating
times. It is interesting to note that the initial enzymatic activity
of the lipase on the gold surface as well as the PEG-modified
gold surface showed almost the same reactivities (0.054 and
0.053mM/s, respectively) as compared to the native enzyme
(0.054mM/s). The adsorption of lipase on the gold surface did
not reduce its activity. When free lipase was heated once to
58 �C for 10min, the enzyme lost more than half of its activity.
After the second heating of the free enzyme solution, less than
one third of the activity remained. As Sastry et al.41 pointed
out, the activity of the enzyme on the gold colloid surface was
more stable than that of the free enzyme though the mechanism
was not confirmed in detail. In the case of lipase–gold colloid
complex in this study, ca. 60% of the enzymatic activity was re-
tained after the 5-fold thermal treatments as shown in Figure 4b
(closed square). It is rather surprising that the lipase–gold colloid
possessing PEG tethered chains on the surface retained more
than a 95% enzymatic activity even after the 5-fold thermal
treatments. The gold colloid possessing both the enzyme and
PEG tethered chain surface showed an extremely high stability
having the same enzymatic activity as that of the free enzyme.
The PEG condensed layer between the immobilized enzyme
on the gold colloid may prevent the denaturation of the enzyme
at high temperature.

The same phenomena was observed by alternative enzymes
such as glucose dehydrogenase (GDH),42 which is a novel redox-
type enzyme, drawing attention due to its oxygen-insensitivity
and high catalytic efficiency.43

� Conclusion

We have found that PEG-b-polyamine works as both reduc-
ing and stabilizing agent, when mixed with AuCl3

� in aqueous
media. The obtained PEG-b-polyamine-immobilized GNP is ex-
tremely dispersion stable under physiological conditions. The
coordination of nitrogen to the gold surface plays a crucial role
for the stable immobilization but not via electrostatic interaction.
Three nitrogen atoms at the end of the PEG chain are enough for
polyvalent coordination on the gold nanoparticles. The same
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Figure 4. Left: RNAi activities against firefly luciferase gene
expression in cultured HuH-7 cells. Normalized ratios between
firefly luciferase activity (firefly luc.) and the renilla luciferase
activity (renilla luc.) are shown as the vertical of the figure.
The plotted data are averages of triplicate experiments � SD.
Data points marked with asterisks are statically significant
compared with mock (buffer-treated cells: mock) (P� < 0:05).
Right: Stability of enzyme activity against thermal treatments.
To a 0.5mL of substrate (0.5mM) in phosphate buffer (pH 7.0,
I ¼ 25mM), 1mL of the enzyme-immobilized colloid solution
(6mg/L-lipase in phosphate buffer, pH 7.0, I ¼ 25mM) was
added. Thermal treatment means that once the enzyme–colloid
complex solution was heated at 58 �C for 10min, followed by
cooling to 25 �C to measure the enzyme activity. This heating
treatment was repeated several times and the enzymatic activity
was monitored as a function of the heating times. Right figure is
reproduced from ref 32 by courtesy of publishers, American
Chemical Society, USA.
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strategy could be employed for the preparation of PEGylated
nanoparticles such as quantum dots, porous clay, and upconver-
sion nanoparticles. PEG-b-polyamine-immobilized nanoparti-
cles can be utilized for versatile applications such as calorimetric
bioanalysis, bioimagings, siRNA carrier, and stabilization of
enzymes.
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b) M. Knez, U. Gösele, Nat. Nanotechnol. 2006, 1, 22. c) K. Kneipp,
H. Kneipp, J. Kneipp, Acc. Chem. Res. 2006, 39, 443. d) D. Astruc,
F. Lu, J. R. Aranzaes, Angew. Chem., Int. Ed. 2005, 44, 7852. e) K.
Watanabe, D. Menzel, N. Nilius, H.-J. Freund, Chem. Rev. 2006,
106, 4301. f) J. Dobson, Nanomedicine 2006, 1, 31.

2 a) H.-Y. Park, M. J. Schadt, L. Wang, I.-I. S. Lim, P. N. Njoki,
S. H. Kim, M.-Y. Jang, J. Luo, C.-J. Zhong, Langmuir 2007, 23,
9050. b) I. S. Lee, N. Lee, J. Park, B. H. Kim, Y.-W. Yi, T. Kim,
T. K. Kim, I. H. Lee, S. R. Paik, T. Hyeon, J. Am. Chem. Soc.
2006, 128, 10658.

3 a) H. Y. Seferyan, R. Zadoyan, A. W. Wark, R. M. Corn, V. A.
Apkarian, J. Phys. Chem. C 2007, 111, 18525. b) P. B. Monaghan,
K. M. McCarney, A. Ricketts, R. E. Littleford, F. Docherty, W. E.
Smith, D. Graham, J. M. Cooper, Anal. Chem. 2007, 79, 2844.

4 a) S. Kim, H. E. Pudavar, A. Bonoiu, P. N. Prasad, Adv. Mater. 2007,
19, 3791. b) S. Kim, H. Huang, H. E. Pudavar, Y. Cui, P. N. Prasad,
Chem. Mater. 2007, 19, 5650.

5 a) X. Huang, P. K. Jain, I. H. El-Sayed, M. A. El-Sayed, Nanomedi-
cine 2007, 2, 681. b) A. Ito, M. Fujioka, T. Yoshida, K. Wakamatsu,
S. Ito, T. Yamashita, K. Jimbow, H. Honda, Cancer Sci. 2007, 98,
424. c) A. M. Gobin, M. H. Lee, N. J. Halas, W. D. James, R. A.
Drezek, J. L. West, Nano Lett. 2007, 7, 1929.

6 a) M. Sastry, N. Lala, V. Patil, S. P. Chavan, A. G. Chittiboyina,
Langmuir 1998, 14, 4138. b) S. Connolly, D. Fitzmaurice, Adv.
Mater. 1999, 11, 1202. c) S. Mann, W. Shenton, M. Li, S. Connolly,
D. Fitzmaurice, Adv. Mater. 2000, 12, 147.

7 a) C. A. Mirkin, R. L. Letsinger, R. C. Mucic, J. J. Storhoff, Nature
1996, 382, 607. b) J. J. Storhoff, A. A. Lazarides, R. C. Mucic,
C. A. Mirkin, R. L. Letsinger, G. C. Schatz, J. Am. Chem. Soc.
2000, 122, 4640.

8 a) G. Frens, Nat. Phys. Sci. 1973, 241, 20. b) M. Brust, M. Walker, D.
Schiffrin, R. J. Whyman, J. Chem. Soc., Chem. Commun. 1994, 801.
c) M. Y. Han, C. H. Quek, W. Huang, C. H. Chew, L. M. Gan, Chem.
Mater. 1999, 11, 1144. d) K. R. Brown, D. G. Walter, M. J. Natan,
Chem. Mater. 2000, 12, 306.

9 a) H. B. Weiser, Inorg. Colloid Chem. 1933, 1, 21. b) S. Biggs,
M. K. Chow, C. F. Zukoski, F. Grieser, J. Colloid Interface Sci.
1993, 160, 511.

10 L. M. Bronstein, S. N. Gourkova, A. Y. Sidorov, P. M. Valetsky,
J. Hartmann, M. Breulmann, H. Colfen, M. Antonietti, Inorg. Chim.
Acta 1998, 280, 348.

11 a) W. P. Wuelfing, S. M. Gross, D. T. Miles, R. W. Murray,
J. Am. Chem. Soc. 1998, 120, 12696. b) H. Otsuka, Y. Akiyama, Y.
Nagasaki, K. Kataoka, J. Am. Chem. Soc. 2001, 123, 8226.

12 Y. Akiyama, H. Otsuka, Y. Nagasaki, M. Kato, K. Kataoka, Bio-
conjugate Chem. 2000, 11, 947.

13 a) J. P. Bearinger, S. Terrettaz, R. Michel, N. Tirelli, H. Vogel,
M. Textor, J. A. Hubbell, Nat. Mater. 2003, 2, 259. b) E. Cooper,
G. J. Leggett, Langmuir 1998, 14, 4795. c) D. G. Castner, K. Hinds,
D. W. Grainger, Langmuir 1996, 12, 5083.

14 J. A. Badwey, M. L. Karnovsky, Annu. Rev. Biochem. 1980, 49, 695.
15 a) A. B. R. Mayer, J. E. Mark, Eur. Polym. J. 1998, 34, 103. b) L. M.

Bronstein, S. N. Gourkova, A. Y. Sidorov, P. M. Valetsky, J.
Hartmann, M. Breulmann, H. Colfen, M. Antonietti, Inorg. Chim.
Acta 1998, 280, 348.

16 Though they described their PEG/PEI as a block copolymer, it is
actually not a block, but a graft copolymer.

17 T. M. Blättler, S. Pasche, M. Textor, H. J. Griesser, Langmuir 2006,
22, 5760.

18 K. Kataoka, A. Harada, D. Wakebayashi, Y. Nagasaki, Macromole-
cules 1999, 32, 6892.

19 D. Miyamoto, K. Kojima, K. Yoshimoto, M. Oishi, Y. Nagasaki, to be
submitted.

20 R. D. Felice, A. Selloni, J. Chem. Phys. B 2004, 120, 4906.
21 T. Ishii, H. Otsuka, K. Kataoka, Y. Nagasaki, Langmuir 2004, 20, 561.
22 a) M. Bruchez, Jr., M. Moronne, P. Gin, S. Weiss, A. P. Alivisatos,

Science 1998, 281, 2013. b) W. C. Chan, S. Nie, Science 1998, 281,
2016.

23 a) I. Sondi, O. Siiman, S. Koester, E. Matijevic, Langmuir 2000, 16,
3107. b) X. Wu, H. Liu, J. Liu, K. N. Haley, J. A. Treadway, J. P.
Larson, N. Ge, F. Peale, M. P. Bruchez, Nat. Biotechnol. 2003,
21, 452. c) J. K. Jaiswal, H. Mattoussi, J. M. Mauro, S. M. Simon,
Nat. Biotechnol. 2003, 21, 47. d) J. R. Taylor, M. M. Fang, S. Nie,
Anal. Chem. 2000, 72, 1979.

24 Y. Nagasaki, T. Ishii, Y. Sunaga, Y. Watanabe, H. Otsuka, K.
Kataoka, Langmuir 2004, 20, 6396.

25 M. Kuno, J. K. Lee, B. O. Dabbousi, F. V. Mikulec, M. G. Bawendi,
J. Chem. Phys. 1997, 106, 9869.

26 a) D. E. Moore, K. Patel, Langmuir 2001, 17, 2541. b) Z. Zhang, S.
Dai, X. Fan, D. A. Blom, S. J. Pennycook, Y. Wei, J. Phys. Chem.
B 2001, 105, 6755. c) R. Elbaum, S. Vega, G. Hodes, Chem. Mater.
2001, 13, 2272. d) S. C. Farmer, T. E. Patten, Chem. Mater. 2001,
13, 3920.

27 a) D. E. Fogg, L. H. Radzilowski, R. Blanski, R. R. Schrock,
E. L. Thomas, Macromolecules 1997, 30, 417. b) J. G. C. Veinot,
J. Galloro, L. Pugliese, V. Bell, R. Pestrin, W. J. Pietro, Can. J. Chem.
1998, 76, 1530.

28 T. Takahashi, Y. Yamada, K. Kataoka, Y. Nagasaki, J. Controlled
Release 2005, 107, 408.

29 M. Kamimura, D. Miyamoto, Y. Saito, K. Soga, Y. Nagasaki, to be
published.

30 S. M. Elbashir, J. Harborth, W. Lendeckel, A. Yalcin, K. Weber, T.
Tuschl, Nature 2001, 411, 494.

31 D. Braasch, Z. Paroo, A. Constantiescu, G. Ren, O. K. Öz, R. P.
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