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Micelles having a hydrophobic core of poly(tert-butylstyrene) and a hydrophilic corona of poly(sodium
sulfamate/carboxylate-isoprene) anionic polyelectrolyte, were formed through self-assembly of the
diblock copolymer poly[tert-butylstyrene-b-sodium (sulfamate/carboxylate-isoprene)] (BS-SCI) in water.
HAuCl4, as the metal precursor, was preferentially dissolved and coordinated into the corona of the
micelles. Au nanoparticles were formed within the corona block by subsequent reduction of Au3þ to Au0

without introducing any reducing agent, since the amine group of the corona block acts as both the
reducing and stabilizing agent. The kinetics of the Au reduction reaction was followed by UV–vis spec-
troscopy by direct observation of the exact position and the intensity of the surface plasmon resonance
band of created Au nanoparticles. The colloidal stability and structural response of the BS-SCI/Au nano-
hybrid was studied as a function of pH, ionic strength and temperature by dynamic light scattering (DLS).
Additional information on the structure of the hybrid systems and the metal nanoparticle characteristics
were gathered by UV–vis spectroscopy, atomic force microscopy (AFM) and transmission electron
microscopy (TEM). Taking into account the polyelectrolyte nature and biocompatibility of the SCI corona of
the BS-SCI/Au nanoassembly, the interactions with a model globular protein (lysozyme) were investigated,
aiming at exploring the potential application of such hybrid colloids in protein assay protocols.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Gold nanoparticles (AuNPs) have attracted significant attention
due to the catalytic, electric, optical and photonic properties that
they exhibit, depending on their size, shape and the surrounding
medium [1–3]. This holds also for other metal nanoparticles but
AuNPs are frequently utilized as a model case [1]. The synthesis of
gold nanoparticles, usually involves their incorporation into matrices
such as surfactants, copolymers or dendrimers [4,5], which act as
stabilizers in order to avoid agglomeration due to van der Waals
forces [6–8]. However, the reports on the preparation of gold
nanoparticles usually involve the addition of a reducing agent which
may create undesired byproducts [9,10,11]. An important challenge
remains the development of simple and environmental friendly
methods for the synthesis of gold nanoparticles of controlled size
and shape [12]. Such methods, could allow for the gold nanoparticles
to be widely used in biological systems, for instance as an alternative
for fluorophores in biolabeling [13] and in bio(macro)molecular
: þ30 210 7273794.

All rights reserved.
determination/detection assays or even in cancer diagnostics and
therapy [14] due to their interesting optical properties.

Recently, polymers that have amino or hydroxyl groups are used
in order to overcome the disadvantages mentioned above. Amines
are used as reducing and stabilizing agents in AuNP formation,
although it is not clear which amine properties, chemical or struc-
tural, are responsible for their reducing character [15]. However, it is
known that the reduction of HAuCl4 to Au0 occurs due to the elec-
trons transferred from the amine to the metal ion. Then, the metallic
Au undergoes nucleation and growth in order to form Au nano-
particles [15]. On the other hand, main chain ether polymers, with
hydroxyl terminal functionalities, can form pseudocrown ether
cavities in the presence of cations [16], encapsulating thus metal
cations and subsequently promoting their reduction to metallic
nanoparticles.

Iwamoto et al. used water soluble diamine terminated poly-
ethylene oxide (PEO-NH2), which was mixed with HAuCl4 and
heated at 100 �C, in order to produce gold nanoparticles of good
colloidal stability, with an average diameter of 16 nm [11].

Aslam et al. reported the formation of an Au–amine complex
for the production of Au nanoparticles. The Au–amine complex
was so rapidly thermally decomposed that the AuNPs formed
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Scheme 1. Chemical structure of the BS-SCI block polyelectrolyte utilized in this study.
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were protected by the amine groups preventing any aggregation
[17]. More recently, branched poly(ethyleneimine) (PEI) was used,
as both the reducing and the stabilizing agent, for the formation of
Au nanoparticles at room temperature [18]. By varying the amount
of PEI initially used, the size of the AuNPs formed could be
controlled.

AuNP formation in the presence of block copolymer micelles is
another widely used strategy in order to produce colloidally stable
nanoparticles of controllable size and introduce chemical func-
tionality in the final hybrid nanocolloids [19]. Alexandridis et al. in
one of their studies, showed that poly(ethylene oxide)-b-poly
(propylene oxide) (PEO-b-PPO) block copolymer could act as the
reducing, stabilizing and morphogenic agent at the one pot
synthesis of Ag and Au nanoparticles [20]. In another work [21], the
same group reported the size and shape controlled synthesis of
colloidal gold through autoreduction of AuCl4

� by PEO-b-PPO block
copolymers in aqueous solutions at ambient temperature.
However, the studies so far mainly concern the formation of AuNPs
into micellar cores of amphiphilic block copolymers of already
nanostructured systems [8,22], where the cores are regarded as
nanoreactors for the nucleation and growth of AuNPs. Thus, some
of the properties that gold nanoparticles display (i.e. catalytic) may
be inhibited or compromised because they are embedded in the
dense micellar core.

An effective strategy in order to overcome such deficiencies
would be to fix the Au nanoparticles either on the corona or the
shell of the micelle. This is particularly important when the cata-
lytic properties of the metal nanoparticle are targeted, since in this
case access of the substrate to the nanoparticle active surface is
greatly enhanced. Fixing the AuNPs at the corona of the micelle
could also allow for interaction with biological molecules. If the
biological molecules have a functional group which can bind to
the AuNP surface, a ligand exchange reaction can occur, replacing
the stabilizer molecules by the biological ones [23] and the optical
properties of the AuNPs may be modulated.

Shi et al. proposed the formation of Au–micelle composite
within a core-shell-corona structure in organic solvents [24]. They
first prepared micelles consisting of a poly(ethylene oxide) core and
a Au/poly(4-vinylpyridine) corona. Addition of polystyrene-b-
poly(4-vinylpyridine) led to the formation of a multifunctional
hybrid material comprised of a PEO core, a swollen Au/P4VP shell,
which is very sensitive to pH conditions [25], and a PS corona.
However, a reducing agent was necessary for the formation of the
AuNPs into the P4VP shell.

In another study, gold nanoparticles were covalently conjugated
onto the periphery of thiol functionalized thermosensitive poly
(N-isopropylacrylamide) (PNIPAM) unimollecular micelles in order
to fabricate satellite-like nanostructures. These micellar templates
were able to shrink and swell reversibly in response to thermal
treatment. Consequently, the spatial distances between gold
nanoparticles attached at the micelles surface, could be altered
[26]. Block copolymer micelles with metal nanoparticle decorated
corona have been prepared by micellar structure inversion due to
a change in the solvent from micelles containing the nanoparticles
initially in their cores [27,28]. Another closely related field of
research is the metal nanoparticle synthesis or their immobiliza-
tion into spherical or planar polymer brushes [29–31]. Spherical
polyelectrolyte brushes can be used for the immobilization of
proteins in order to obtain functional systems [32]. Strong
adsorption of bovine serum albumin (BSA) onto the spherical
polymer brushes has been observed despite the fact that both BSA
and the particles were negatively charged [33].

Combining the ability of spherical polyelectrolyte brushes to
interact with proteins and the optical properties and bio-
compatilbily of AuNPs, could allow for the formation of more
complex nanostructures which could be used in sensor applica-
tions [34,35], i.e. by monitoring the plasmon resonance frequency
of AuNPs [36,23], since it is highly influenced by the binding of
molecules onto the particle surface [37].

In an attempt to amplify and further explore the trend in Au/
block copolymer nanohybrid synthesis we utilized poly[tert-
butylstyrene-b-sodium (sulfamate/carboxylate-isoprene)] (BS-SCI)
diblock copolymer micelles for the synthesis of Au nanoparticles in
water. H2O is a selective solvent for the anionic SCI block, leading
to the formation of well-defined micelles consisting of a hydro-
phobic core (BS) and a hydrophilic corona (SCI). Furthermore,
varying amounts of HAuCl4 were added, as the metal precursor,
which were preferentially dissolved and coordinated to the corona
of each micelle and subsequently reduced, by the amino groups of
the corona block, to Au nanoparticles. The dispersion stability and
responsivity of the BS-SCI/AuNPs hybrid nanostructures were
evaluated in detail under various conditions, i.e. temperature, pH,
ionic strength by means of dynamic light scattering (DLS) and UV–
vis absorption spectroscopy. Additional structural information on
the hybrid systems and the metal nanoparticles was gathered by
atomic force microscopy (AFM) and transmission electron
microscopy (TEM). Finally the interaction between the BS-SCI/Au
nanoensemble and lysozyme were investigated in order to explore
the possibility of utilization of such nanomaterials in protein
assays.
2. Experimental section

2.1. Materials

HAuCl4 was synthesized by dissolving Au 99.99% in HCl/HNO3

(3:1) and then diluting the red residue into ethanol, in order to
yield a 0.03 M solution. Lysozyme from hen egg white (Mr¼ 14,600
and pI¼ 11.0), purchased from Fluka, was used as received.

The poly[(tert-butylstyrene-b-isoprene)] (BS-I) precursor
diblock copolymer was synthesized by anionic polymerization high
vacuum techniques [38,39], by sequential addition of tert-butyl-
styrene and isoprene in a solution of sec-BuLi in benzene, ensuring
narrow molecular weight distribution of the final block copolymer.
It was subsequently transformed to poly[tert-butylstyrene-b-
sodium (sulfamate-carboxylate-isoprene)] (BS-SCI) block poly-
electrolyte by reaction with chlorosulfonylisocyanate, which
transforms the polyisoprene block of BS-I to an anionic poly-
electrolyte, as was reported previously [40]. The precursor and final
block copolymers were thoroughly characterized in terms of
molecular weights, composition and chemical functionality by
a combination of size exclusion chromatography, 1H and 13C NMR,
ATR–FTIR, potentiometric titration and elemental analysis. Mole-
cular characterization results confirmed the desired structure of the
BS-SCI block polyelectrolyte (i.e. Mw, BS-SCI¼ 1.64�105, Mw, BS block¼
1.97�104, Mw/Mn¼ 1.03, 12 wt% poly(tert-butylstyrene) content,
75% functionalization of the polyisoprene block). The structure of
the block polyelectrolyte utilized in this study is shown in Scheme 1.
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2.2. Micelle formation

Micelle formation has taken place in distilled water where the
BS-SCI block copolymer was dissolved in order to prepare polymer
solutions with concentration of 10 mg/mL. Solutions of lower
copolymer concentration were prepared by dilution of the stock
solutions (typical concentration range studied 1–10 mg/mL). Since
poly(tert-butylstyrene) is extremely hydrophobic, dissolving BS-SCI
in H2O is expected to lead to formation of micelles with a BS core
and a SCI corona. The preparation of solutions took place at room
temperature.

2.3. Preparation of the hybrid metal–polymer solutions

To prepare hybrid micellar solutions, the obtained micellar
solutions were mixed with 0.5 and 0.25 equiv. of HAuCl4 per amine
unit, which was dissolved and preferentially coordinated at the
micellar corona. The colour of the solutions was progressively
changing in a period of 18 h from uncoloured transparent to red/
dark red depending on the concentration of the polymer and
HAuCl4. After 18 h and at room temperature, the metal salt was
completely reduced by the corona block and the colour of the
solutions changed to dark red, and thereafter no changes were
observed. The dispersions displayed good colloidal stability over
a period of months. A schematic illustrating the preparation
protocol is given in Scheme 2.

2.4. Kinetics of Au3þreduction and stability studies

The kinetics of the reduction of Au3þ to Au0 by the anime group
of SCI was studied by mixing HAuCl4 with the hybrid micellar
solution at certain molar N/Au ratios, and observing the developing
absorption bands by UV–vis spectroscopy, under heating the
resulting solution at 50 �C or at room temperature. UV–vis spectra
from the mixed solutions were collected every 30 min and for at
least 24 h after the addition of HAuCl4, until no considerable
changes were observed in the spectra and the reaction was
assumed to be completed. The onset of the reaction could be also
observed by naked eye through the development of a light pink
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Scheme 2. Schematic showing the preparation protocol for metal nanoparticle/block
copolymer hybrid assemblies based on the BS-SCI block copolymer in water.
colour in the solution after 30 min under heating or after 10 h at
room temperature.

To investigate the effect of pH on the stability of already formed
BS-SCI/Au nanohybrids, the initial pH of the aqueous hybrid solution
was adjusted from 6.3 to 3.3 by adding 0.1 M HCl solution and to
pH¼ 10.1 by addition of 0.1 M NaOH. The effect of the ionic strength
on the system characteristics was evaluated by addition of various
quantities of NaCl giving salinities in the range of 0.03–0.2 M.
2.5. Investigation of BS-SCI/Au-lysozyme interactions

In order to prepare BS-SCI/Au-lysozyme mixed solutions,
a constant volume of BS-SCI/Au solution (c¼ 2�10�3 g/mL, N/
Au¼ 4:1) was mixed with different volumes of an aqueous solution
of lyzosyme (c¼ 2�10�3 g/mL). The total volume of the final
solutions was adjusted to 10 mL by adding distilled water where
necessary. The concentration of the BS-SCI/Au nanohybrid was
fixed to 1�10�4 g/mL through the series of the solutions (ionic
strength 0.01 M and pH¼ 6.3), while the lysozyme concentration of
the final solutions was in a range of 1�10�5 g/mL to 1�10�3 g/mL.
The mixed solutions were allowed to stand for 24 h at room
temperature for equilibration before measurements. In Scheme 3
the complex formation between the BS-SCI/Au hybrid nanocolloid
and lysozyme is depicted.

All samples were transparent with a light pink colour due to the
presence of Au nanoparticles, except for the samples containing
2�10�4 g/mL and 1�10�3 g/mL lysozyme respectively, which
were blurry and impossible to filter through the 0.45 mm filter.
2.6. Characterization methods

Dynamic light scattering (DLS) was employed in order to follow
the behaviour of the Au/block polyelectrolyte nanosystems as well
as their interactions with lysozyme. Measurements were per-
formed on a ALV/CGS-3 Compact Goniometer System (ALV GmbH,
Germany), equipped with a JDS Uniphase 22 mW He–Ne laser,
operating at 632.8 nm, interfaced with a ALV-5000/EPP multi-tau
digital correlator with 288 channels and a ALV/LSE-5003 light
scattering electronics unit for stepper motor drive and limit switch
control. The scattering intensity and correlation functions were
measured in the angular range of 45�–135�. Correlation functions
were collected for fives times in each angle and were analyzed by
the cumulant method and the CONTIN software, which provides
the apparent hydrodynamic radii distributions by Laplace inversion
of the correlation function and by aid of the Stokes–Einstein rela-
tionship. All solutions were filtered through a 0.45 mm Millipore
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Scheme 3. Schematic showing the preparation protocol for metal nanoparticle/block
copolymer/protein hybrid.
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LCR hydrophilic Teflon filter into dust free cylindrical light scat-
tering cells (diameter 1 cm) [8].

Solutions were also characterized by UV–vis spectroscopy using
a Perkin–Elmer UV–vis/NIR Lamda 19 spectrometer. The UV–vis
spectra were collected in the range of 350–1100 nm with a data
interval of 1 nm and a scan speed of 489 nm/min. Transmission
electron microscopic (TEM) images were taken on a JEOL model
JEM100C electron microscope, operated at 80 kV accelerating
voltage and under bright field conditions. Samples for TEM imaging
were prepared by depositing a drop of the solutions onto carbon-
coated EM copper grids. Approximately five minutes after the
deposition, the excess of solution was blotted away with a strip of
filter paper and the rest was allowed to dry at room temperature.

Atomic force microscopic (AFM) images were obtained in the
tapping mode with a scanning probe microscope (VEECO SPM
Multimode). The samples were prepared by a similar method as
those for the TEM, however, the deposition of the hybrid nano-
colloid solutions was done onto fresh, methanol precleaned silicon
wafers.

3. Results and discussion

3.1. SCI mediated synthesis of Au nanoparticles in the corona
of BS-SCI micelles

As already mentioned the BS block displays high hydrophobicity,
while SCI block is hydrophilic. Dissolving BS-SCI in water leads to the
formation of micelles with BS cores and SCI coronas. DLS was used in
order to follow the self-assembling behaviour both of the micelles
and the Au loaded hybrid micelles. In Fig. 1, the distribution of
hydrodynamic radii is shown, after analysis of the intensity corre-
lation function by CONTIN and conversion to intensity weighted
hydrodynamic radii distributions [8]. Only one distinct diffusing
species is present, with a hydrodynamic radius of 111 nm, which is
attributed to the formation of block copolymer micelles.

After the addition of HAuCl4 and the subsequent reduction of
Au3þ to metallic gold, within 24 h, the hydrodynamic radius
decreased remarkably. The coordination of the Au nanoparticles
within the micelle’s corona leads to a more compact conformation
of the hybrid material. Once the metal precursor is added in the
micelles solution, complexation of AuCl4

� with the SCI blocks in the
corona of the micelles occurs, causing the corona chains to contract.
Then, the reduction of Au3þ to Au0 is facilitated by the amine groups
of the SCI block [11] and according to the DLS measurements, the
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Fig. 1. Hydrodynamic radius distribution for BS-SCI micelles in water (solid line), BS-
SCI/Au0, N:Au¼ 4:1 (closed triangles) and BS-SCI /Au0 N:Au¼ 2:1 (open triangles).
polymer chains become more compact, leading to complex micelles
with a hydrodynamic radius of 90 nm and 67 nm for addition of
0.25 equiv. and 0.5 equiv. of Au3þ per amine group respectively.
Addition of a larger amount of gold ions causes a larger contraction
of the corona chains resulting in an overall smaller size of the
micelles. This finding also suggests that the increase of Au loading
forced the corona chains to adjust their conformation, probably
causing some agglomeration of the AuNPs and surely shortening
the distances between the gold cores [41,42] within the corona.
However, a second species was observed upon addition of
0.5 equiv. of Au per amine units, displaying an Rh of 16 nm. This may
be attributed to small gold fragments which did not coordinate
with the SCI block in the block copolymer micelles and were
formed within the unimer chains that are present in the solution.
The presence of unimers is now evident due to the enhancement of
contrast due to Au coordination.

The formation of gold nanoparticles through reduction driven
by the amine groups of the BS-SCI block copolymer in aqueous
solutions was followed by observing the intensity of the absorption
bands centered at w527 nm and originating from the surface
plasmon resonance of the gold nanoparticles developing in the
system. Fig. 2 shows the absorption spectra obtained after mixing
the aqueous solution of the BS-SCI block copolymer with HAuCl4
and heating at 50 �C (N/Au¼ 4:1). The spectra were collected every
30 min and an increase in the intensity of the absorption band was
observed with no observable significant changes in the position of
the maximum. This indicated that the gold nanoparticles were
formed by the amine reduction of AuCl4

�, which was enhanced due
to the thermal treatment. Under these conditions the process was
completed after about 2.5 h. Only minor increases in absorption
occurred thereafter.

In the absence of thermal treatment, the reduction reaction was
slower and gold nanoparticles were slowly formed, with an
absorption peak appearing at 10 h after mixing the BS-SCI block
copolymer and HAuCl4 solutions and taking up to 24 h until the
reduction was completed (as deduced by the SPR band attaining
a plateau level). This indicates that raising the temperature, even at
a moderate level, can considerably accelerate the chemical reduc-
tion process. Absorption maxima are centered at the same wave-
length independent of the use of heating or not. This indicates that
AuNPs of the approximately the same size are formed in each case.
Once the reduction process is completed and the formation of gold
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Fig. 2. Absorption spectra of BS-SCI/Au0 N:Au¼ 4:1 colloid. The arrow follows the
increase in the absorption maximum, centered at w527 nm, due to the SPR of gold
nanoparticles formed after heating the colloid solution at 50 �C for (a) 30 min, (b)
60 min, (c) 90 min, (d) 120 nm, (e) 180 min.



Fig. 4. AFM image of the BS-SCI/Au0 N:Au¼ 4:1 hybrid micelles.
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nanoparticles is accomplished, the hybrid BS-SCI/Au micelles show
no thermal response and the AuNPs remain stable without forming
any aggregates (or precipitants) even after heating for 3 h at 50 �C.
However, increasing the quantity of HAuCl4 added, from 0.25 to
0.5 equiv. versus amine groups, led to a red shift of the absorption
band [21,25] (Fig. 3). The SPR shift could be attributed to the
formation of nanoparticle cluster of greater size, because of nano-
particle agglomeration, due to a larger quantity of gold utilized.

Since gold nanoparticles are not trapped inside highly viscous
micellar cores, but they exist coordinated to the corona block, they
interact with one another and they can form aggregates. Also, this
shift could be due to the lower N:Au ratio used, as it is believed that
when the concentration of the reducing agent used is low, larger
particles are formed [18]. The experimental results show that it is
possible to control the size of the nanoparticles formed by changing
the N:Au ratio within the micellar corona.

In order to obtain further information on the structure of the
hybrid BS-SCI/Au complex, AFM measurements were performed. A
representative image is shown in Fig. 4, for the case of N:Au 4:1. The
nanostructures seem well-defined on the SiO2 surface with a nearly
spherical shape. The size of the hybrid BS-SCI/Au complex obtained
from AFM is smaller than that obtained by DLS (an average dia-
meter of w80 nm was derived from AFM versus that of w180 nm
derived from DLS).

However, it should be taken into account that AFM measure-
ments were made in absence of any solvent, which in fact plays
a major role in the swelling of the micellar corona and thus affecting
the measured size of the micelles in solution by DLS. Any aggregates
observed could be attributed to interactions of the complex material
with the surface [43] during and after the solvent evaporation.

A TEM image of the BS-SCI/Au micelles is shown in Fig. 5, where
the micelles show a uniform spherical morphology with an average
diameter of 53 nm. Once again the size of the micelles measured by
DLS is much larger than that derived by TEM, since the microscopy
result is obtained for the micelles in the dry state in which the
polymer chains have collapsed, while in DLS measurements the
polymer chains remain swollen or stretched due to the presence of
solvent. Large aggregation of primary micelles was evident on the
TEM grid because of solvent evaporation and micelle/substrate
interactions. Furthermore, the differences in the sizes measured by
TEM and AFM should be attributed to the different measurement
modes of the two techniques and primarily to the effective contrast
present in the TEM case.
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Fig. 3. Absorption spectra of BS-SCI/Au0 N:Au¼ 4:1 (solid line) and BS-SCI/
Au0 N:Au¼ 2:1 (circles) hybrid solutions.
In a close up view (inset in Fig. 5) small gold nanoparticles
surrounding the BS-SCI micelle can be observed. The gold nano-
particles are rather monodisperse, with a uniform spherical size.
Sizes, shape and distribution of the AuNPs from TEM are in
agreement with the UV–vis spectra obtained, which suggested the
formation of spherical AuNPs with diameter less than 15 nm [1].
The images in the insets of Fig. 5 are consistent with the formation
of AuNPs in the micellar corona of BS-SCI aqueous micelles.

3.2. Effect of ionic strength and pH on the properties of BS-SCI/Au
hybrid micelles

Since the corona of BS-SCI micelles is comprised of a poly-
electrolyte block the effect of salt on the structural characteristics
and optical properties of the hybrid micelles was also investigated,
both by DLS and UV–vis spectroscopy. This information is impor-
tant since biological applications of the hybrid micelles can be
Fig. 5. TEM images of the BS-SCI/Au0 N:Au¼ 4:1 hybrid micelles. Inset is a higher
magnification of an isolated hybrid micelle.
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envisioned. A colloid dispersion of the BS-SCI/Au (N:Au 4:1) hybrid
was prepared and various quantities of NaCl were added, so as to
gradually increase the salt concentration from 0.03 M to 0.2 M.
Altogether, three salt concentrations were studied (0.03 M, 0.1 M
and 0.2 M) in order to investigate the effect of ionic strength on the
hybrid colloidal system. When 0.03 M NaCl was added to the
solution, a prompt increase in the absorbance band was observed
(Fig. 6), probably due to the contraction of the corona in the pres-
ence of salt, which in turn affects the distances between metal
nanoparticles and apparently changes their environment. Gradual
addition of NaCl (up to 0.1 M and 0.2 M) led to a subsequent
decrease of the absorption band centered at w527 nm due to gold
nanoparticles’ plasmon resonance. This decrease can be also
tentatively attributed to changes in the environment surrounding
the AuNPs. A more detailed explanation of this complex behaviour
is impossible at the moment. Nevertheless, the phenomenon may
be useful in applications.

However, upon addition of 0.2 M NaCl (the highest concentra-
tion of salt studied) a shoulder at around w827 nm was observed.
The second absorption peak at longer wavelengths is consistent
with the presence of anisotropic agglomerates of nanoparticles
within the micellar corona [1], as the ionic strength of the system
increases. Probably, as the salt concentration in the solution
increases, a second order aggregation of the AuNPs occurs, due to
the contraction of the polyelectrolyte corona blocks, as a result of
screening of electrostatic interactions [44].

In Fig. 7 the apparent hydrodynamic radii of the same BS-SCI/Au
hybrid micelles upon addition of varying quantities of NaCl are
depicted. As examined by DLS, the addition of NaCl to the system,
leads to a decrease in the size of the micelles. Before salt addition
the Rh was 90 nm (for the N:Au 4:1 molar ratio) but as NaCl was
added Rh was decreased to 74 nm (Fig. 7), implying a shrinkage of
the block copolymer micelle. This is to be expected due to the
polyelectrolyte nature of the corona SCI block [44]. In the presence
of salt electrostatic interactions within the corona are screened and
result in the contraction of the corona chains.

It should also be noted that the intensity increased and it was
almost doubled for the case of 0.2 M NaCl. The change in the
scattering intensity is rather small in order to be attributed to
a secondary aggregation of the micelles (in any case such an event
would lead to an increase in the measured dimensions of the
system). Therefore, it must be due to the enhancement of the
scattering contrast, owing to the agglomeration of the AuNPs as
400 500 600 700 800 900 1000 1100
0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

d
c

b

a

827nm

527nm

A
b

s
o

r
b

a
n

c
e

 (nm)

Fig. 6. Absorption spectra of the BS-SCI/Au0 N:Au¼ 4:1 hybrid micelles upon addition
of NaCl. (a) BS-SCI/Au0 before any NaCl addition, (b) after addition of 0.03 M NaCl, (c)
0.1 M NaCl and (d) 0.2 M NaCl (see text for details).
a result of the contraction of the corona SCI blocks. Thus the
addition of salt in the BS-SCI/Au colloids leads to a change in size of
the hybrid particles and to changes in the optical properties of the
suspension. The behaviour of the polyelectrolyte BS-SCI upon
addition of NaCl, in the absence of AuNPs, was investigated by DLS,
as a control experiment. An overall decrease in the size of the BS-
SCI micelles was monitored, due to the presence of NaCl, as
expected for polyelectrolyte brushes [44]. However, the contraction
is higher compared to the case of BS-SCI/Au micelles (an Rh equal to
67 nm was determined for pure BS-SCI micelles in aqueous solu-
tions with NaCl concentrations in the range 0.03–0.5 M). Appar-
ently, the presence of gold nanoparticles inhibits the maximum
collapse of the corona chains in BS-SCI/Au micelles.

In order to investigate the pH effects on the properties of the BS-
SCI/Au hybrid micelles, the initial pH value of the aqueous solution
was adjusted by addition of HCl or NaOH as described in the
Experimental section. In Fig. 8 the hydrodynamic radius distribu-
tions are depicted at different values of pH i.e. acidic environment
at pH w3.3 after addition of 0.1 M HCl at the almost neutral initial
BS-SCI/Au colloid (pH w6.3) and alkaline conditions at pH w10.1
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Fig. 8. Hydrodynamic radius distribution for BS-SCI/Au0 (N:Au¼ 4:1) at pH 6.3 (solid
line), 3.3 (triangles) and 10.1 (circles).
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upon addition of 0.1 M NaOH, in comparison to the initial state. It
should be noted, that since all pH changes take place after the
formation of the AuNPs in the corona of the BS-SCI micelles, no size
or shape changes of the AuNPs are expected. Also, any changes
observed should be attributed to the changes of the pH of the
aqueous solution of BS-SCI/Au, since the pH is the only experi-
mental parameter modified with respect to the initial state.
However, it was observed that the changes in pH affected the size
distribution of BS-SCI/Au hybrid micelles, as explained below.

The BS-SCI/Au colloid under acidic conditions (pH 3.3) shows
a decrease in its size (Rh becomes 72 nm at room temperature) and
a more narrow size distribution compared to pH 6.3. The decrease
in the Rh could be attributed to the protonation of the carboxylate
groups in the SCI block of the copolymer, which leads to a shrinkage
of the corona and of the whole micelle, due to the decrease in the
charges present on the polyelectrolyte chains. This contraction may
also cause the existing AuNPs to come closer together [45]. A
second distribution with a hydrodynamic radius of 16 nm was also
observed, which could be attributed to unimers as discussed before.
Actually, the position of the UV–vis absorption band was red shifted
at 535 nm (Fig. 9), indicating also that the distance between the
neighbouring AuNPs is decreased [42] due to the shrinkage of the
micellar corona. The absence of a second absorption peak at longer
wavelengths [1] suggests that changes in the relative positions of
the AuNPs within the micellar corona are taking place and not
agglomeration of the nanoparticles (in contrast to the case which
salt was added to the system).

On the other hand, when the pH was increased to 10.1, a dramatic
increase in the Rh was observed (becoming 150 nm) (Fig. 8). Prob-
ably this is due to the complete deprotonation of the amino groups
of the SCI block of the copolymer, which resulted in an increase of
the effective charges on the SCI blocks and a swelling of the corona
and the micelles [45] as a whole. A second species was also observed
in this case. The Rh of this species was 32 nm, while the contribution
of this peak to the total scattering intensity from the solution
becomes more prominent compared to the one observed for the
same system under acidic conditions (Fig. 8). This peak may be
correlated with unimer chains that also increase their size due to pH
changes. Additionally, the changes in the protonation state of the
groups on the SCI blocks of the BS-SCI/Au hybrid, at pH 10.1, could
cause the partial decomposition of some of the micelles (i.e. change
in the micelles–unimer equilibrium in favour of the unimers, due to
the increased solubility of the block polyelectrolyte), thus justifying
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Fig. 9. Absorption spectra for BS-SCI/Au0 (N:Au¼ 4:1) at pH 6.3 (solid line), 3.3
(dashed line), and 10.1(dotted line). Inset is a magnification of the region 400–650 nm.
the presence of a second more prominent peak in the Rh distribution
function. Regarding the UV–vis absorption spectra, a small blue shift
(of w5 nm) of the SPR peak was observed, supporting the sugges-
tion that as the SCI segment gets deprotonated, the micelles swell
and the relative distances between the AuNPs increase [42].

The pH value of the solution was found to be a key factor in the
reversible volume phase transition of the BS-SCI/Au hybrid, in
contrast to the ionic strength effect. The shift of the exact position
of the surface plasmon band, due to the swelling or shrinkage of the
corona in the complex hybrid [29], makes the BS-SCI/Au hybrid
a potential candidate for the formation of next generation AuNPs
[46]. The construction of next generation AuNPs incorporated into
or coordinated with smart polymer matrixes, which change their
conformation and characteristics in response to pH or the
temperature, is believed to be the key factor for the fabrication of
bio-tools and bio-devices [46].

3.3. Interaction of BS-SCI/Au hybrid micelles with lysozyme

In an attempt to explore the potential for bioapplications of the
present hybrid colloids the self-assembling behaviour and proper-
ties of the BS-SCI/Au colloid complexed with lysozyme, a model
globular protein, was investigated. The positively charged lysozyme
at ca. neutral pH (as is the case for the BS-SCI/Au solutions-
measured pH¼ 6.3) is expected to interact with the negatively
charged BS-SCI/Au hybrid micelles, leading to the formation of
a more complex material, which consists of a dense hydrophobic BS
core and a pH sensitive, hydrophilic SCI shell, which carries Au
nanoparticles and is complexed with protein globules (Scheme 3).
Solutions of various concentrations in lysozyme were prepared and
were studied by means of DLS and UV–vis spectroscopy. In Fig. 10a
the average hydrodynamic radius of the BS-SCI/Au/lysozyme
colloid is presented as a function of the concentration of lysozyme
in the system. The apparent Rh of the BS-SCI/Au hybrid before
addition of any lysozyme was 123 nm, while, once a small quantity
of lysozyme (clysozyme¼ 1�10�5 g/mL) was added in the colloidal
solution, a decrease of the Rh was observed (Rh¼ 113 nm).
Increasing the concentration of lysozyme resulted in a gradual
increase of the overall size of the complex colloid particles and
almost reached the initial value at a lysozyme concentration of
1�10�4 g/mL. The samples which had larger lysozyme concen-
trations could not be filtered. This experimental observation indi-
cates the presence of micelle agglomeration in the solutions of
larger lysozyme concentration (possibly protein mediated interac-
tions lead to secondary aggregation of primary micelles and indeed
in some of the solutions precipitation was observed after standing
for several days). The trend that the complex BS-SCI/Au/lysozyme
displays, regarding the Rh, can be attributed to structural changes
that occur in the BS-SCI/Au corona upon lysozyme complexation
(an initial shrinking of the corona and a latter increase in its
dimensions as more lysozyme is complexed). More specifically, at
low lysozyme concentrations, due to the excess of negative charges,
complete coordination of the protein around the copolymer/Au
hybrid micelle takes place. Due to the complexation, conforma-
tional rearrangement of the components of the complex occurs,
which lead to a more compact shape with a relatively smaller size.
As the lysozyme concentration increases, the hydrodynamic radius
of the complexes increases, probably because of a stretched
conformation that the SCI chains adopt, in order to allow the
positively charged protein molecules to interact with the remaining
negative charges and be accommodated within the corona. More-
over, the presence of Au nanoparticles, already coordinated to
the SCI chains, prevents lysozyme molecules to approach closely
to the corona chains, thus forcing them to adopt a more stretched
conformation.
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The light scattering intensity increased with increasing the
lysozyme concentration and reached a plateau close to
clysozyme¼ 1�10�4 g/mL (Fig. 10b), suggesting an increase in the
mass of the nanoensemble, due to complexation of lysozyme [43].
Thus, a complex protein carrier system including an AuNP based
marker can be formed.

As observed by UV–vis measurements, upon increasing the
concentration of lysozyme, a decrease in the intensity of the AuNPs’
surface plasmon resonance band was observed (Fig. 11). The
decrease cannot be understood clearly at the moment, but it may be
due to some sort of interaction between the Au particles and the
protein within the micellar corona. The increase of the scattering due
to the presence of lysozyme was expected since the SPR band of the
nanoparticles is dependent not only on the size and shape of AuNPs
but also on the environment that it surrounds them (and conse-
quently depends on the dielectric constant of the medium [47]).

The dependence of the absorption intensity of the BS-SCI/Au/
lysozyme complex nanoensemble on the concentration of lysozyme
(see also inset in Fig. 11) paves the way for the utilization of the BS-
SCI/Au hybrid colloidal system as a component of a biosensor
system. Its functionality could be based on a simple measurement of
the absorption of the complex polymer/AuNPs/protein system,
allowing for the determination of the concentration of the protein
present in the solution.

4. Conclusions

Au nanoparticles were formed through polymer induced
reduction of gold ions within the corona of poly[tert-butylstyrene-
b-sodium (sulfamate-carboxylate-isoprene)] (BS-SCI) micelles in
water. Temperature accelerates the formation of Au nanoparticles,
however, once the Au reduction is complete no effect on the
stability of the BS-SCI/Au colloidal material was noticed. The
complex BS-SCI/AuNPs hybrid colloid displayed reversible pH
sensitivity, due to the chemical/polyelectrolyte structure of the SCI
corona block, taking a more compact conformation under acidic
conditions, and a more loose one under alkaline conditions. These
structural changes resulted in changes in the optical properties,
observed via shifts in the SPR band of the system, due to changes in
the AuNP interparticle distances. An increase in the ionic strength
of the solution promoted agglomeration of AuNPs within the
corona. Finally, lysozyme could be complexed with the BS-SCI/Au
colloid resulting in a multifunctional protein carrier system that
also includes a metal nanoparticle based marker.
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