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ver the past few years, functional-

ized gold (Au) nanoparticles have

been implemented as versatile
building blocks in microelectronics, cataly-
sis, and biosensor applications (see e.g.,
Shan et al. and references therein).! This ac-
tivity is driven primarily by the intrinsic
properties of Au in its particulate form,
which displays a collective electron excita-
tion of the conduction electrons known as
a localized surface plasmon resonance
(LSPR) band when irradiated by incident
light."~3 Gold nanoparticles can be synthe-
sized in diameters which span from the
macroscopic (micrometers) down to the
molecular scale (=0.8 nm). Depending on
the size, shape, and the extent of aggrega-
tion and dielectric function on the surface,
the optical and electronic properties of the
nanoparticles can be tuned considerably. To
that end, the absorption maximum of the
wavelength of the Au plasmon peak in
UV —vis spectra, Amax can be shifted by hun-
dreds of nanometers and particle charging
energies can be altered by hundreds of mil-
livolts by adjusting particle size and
shape.2* Because the surface chemistry of
Au nanoparticles is similar to that of bulk
Au, straightforward chemical routes involv-
ing deposition of self-assembled layers of
both small as well as large organic mol-
ecules are possible.®

Stimuli-responsive polymers/copoly-

mers, which undergo phase transitions in
response to environmental stimuli, that is,
temperature or pH, are characterized by a
sharp coil-to-globule transition and subse-
quent phase separation above its lower
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ABSTRACT We demonstrate that the optical properties of gold nanoparticles can be used to detect and follow
stimuli-induced changes in adsorbed macromolecules. Specifically, we investigate thermal response of anionic
diblock and uncharged triblock copolymers based on poly(N-isopropylacrylamide) (PNIPAAM) blocks adsorbed onto
gold nanoparticles and planar gold surfaces in a temperature range between 25 and 60 °C. By employing a palette
of analytical probes, including UV —visible spectroscopy, dynamic light scattering, fluorescence, and quartz crystal
microbalance with dissipation monitoring, we establish that while the anionic copolymer forms monolayers at
both low and high temperature, the neutral copolymer adsorbs as a monolayer at low temperatures and forms
multilayers above the cloud point (T¢). Raising the temperature above T severely affects the optical properties of
the gold particle/polymer composites, expelling associated water and altering the immediate surroundings of the
gold nanoparticles. This effect, stronger for the uncharged polymer, is related to the amount of polymer adsorbed
on the surface, where a denser shell influences the surface plasmon band to a greater degree. This is corroborated
with light scattering experiments, which reveal that flocculation of the neutral polymer-coated particles occurs at
high temperatures. The flocculation behavior of the neutral copolymer on planar gold surfaces results in multilayer
formation. The observed effects are discussed within the framework of the Mie—Drude theory.

KEYWORDS: Mie—Drude - localized surface plasmon resonance - thermoresponsive
NIPAAM polymers - ultraviolet spectroscopy - adsorption - dynamic light
scattering - lower critical solution temperature

critical solution temperature (LCST) in wa-
ter. The LCST of thermally sensitive poly-
mers can be tuned to a desired tempera-
ture range by adding different amounts of
ionic surfactants.® Alternatively, it is also
possible to alter the LCST of the polymer
by copolymerization with a more hydro-
philic (thus elevating the LCST) or a more
hydrophobic (thus lowering the LCST)
monomer. Poly(N-isopropylacrylamide)
(PNIPAAM) is among the most extensively
studied thermoresponsive polymers; it
holds promising potential for drug delivery
applications, separation, cell immobiliza-
tion, gene transfection, diagnostics, and
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Figure 1. Chemical structures, molecular weights, and polydispersities of the thermoresponsive charged diblock co-
polymer (P(NIPAAM)40-b-P(SPMA);) and uncharged triblock (MPEGs3-b-P(NIPAAM)go-b-P(MMA);) copolymer applied in

this study.

other bioconjugation processes.”” "' By copolymerizing
NIPAAM with a pH-sensitive monomer, a triggering of
phase separation by pH changes at specific tempera-
tures can be achieved. This phenomenon may be em-
ployed in diagnostics or drug delivery applications as
the chemical and physical properties of diseased tissue
or tumors often differ from the surrounding environ-
ment (see, e.g., review by Ganta'? and references
therein). For practical applications in medicine, it is de-
sirable to involve species that display no unwanted cy-
totoxicity and which can be monitored readily through-
out the target tissues.

Both in their own merit, as biomarkers and as carry-
ing vessels, Au-polymer constructs are regarded as a
promising new class of materials."? Au nanoparticles
themselves offer a suitable scaffold onto which specific
functionalities can be imparted, thus opening up new
possibilities to tune the surface properties in any de-
sired direction regarding, for example, wettability or di-
rect biological effects. Additionally, Au colloids also pos-
sess certain desirable intrinsic physical properties such
as optical labeling, thermal conductivity, and tunable
size distributions. These qualities impart the metallic
particles themselves with attractive biorelated effects,
such as directed cytotoxicity, through either localized
heat increases from excitation of the plasmon band' or
by stimuli-triggered changes in physicochemical behav-
ior of the colloidal constructs.”? The optical signature
of Au also allows it to be detected routinely in small
amounts in tissues and cells. By combining Au colloids
and thermoresponsive polymers, a system emerges
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that can adsorb and/or release entrapped molecules
through temperature changes in the surroundings.

The chemical structures of polymers employed in
this study are depicted in Figure 1, together with their
weight-average molecular weights and polydispersity
indexes. It should be noted that the experimentally de-
termined cloud points were found to be concentration
dependent.

We demonstrate in this paper that it is possible to
tune the amount of adsorbed mass, the layer thick-
ness, and the formation of mono- versus multilayers
through varying the deposition temperature and by in-
corporating charged groups on the polymer. This can
be taken advantage of in developing responsive colloi-
dal materials with discrete size distributions, together
with desired surface characteristics and labeling proper-
ties. The density of deposited layers can be manipu-
lated through temperature variation, thereby allowing
alterations in optical properties of Au-polymer con-
structs. The aim of this work is to examine the adsorp-
tion behavior of temperature-sensitive uncharged and
charged copolymers on flat and convex citrate-covered
Au surfaces in order to understand how the adsorp-
tion and absorption features can be modulated. We will
demonstrate novel findings for copolymers containing
PNIPAAM blocks and discuss how temperature-induced
changes in the optical signature of Au nanoparticles
can be used to detect transitions in the adsorbed poly-
mer layer. More specifically, our findings demonstrate
and open up the possibility of using the optical signa-
ture of plasmonic nanomaterials for tracking of environ-
mentally induced changes in immobilized macromol-

www.acsnano.org



ecules which has potential interest within a broad range
of nanoscience applications.

RESULTS AND DISCUSSION

We used two derivatives of PNIPAAM polymers (Fig-
ure 1) for the temperature-ramped experiments; one un-
charged triblock copolymer (MPEGs3-b-P(NIPAAM)go-b-
P(MMA)s) and one charged diblock copolymer containing
sulfonate groups (P(NIPAAM)4e-b-P(SPMA)s). To gain a
better understanding of the intermolecular interactions
and insight into possible multilayer formation, experi-
ments were also carried out on the charged polymer—Au
conjugates to which a europium (Eu) salt was added to
the suspension. The choice of salt stems both from the
desire to incorporate a cation with high valency, enabling
multiple associations with the charged polymer, com-
bined with the fluorescent properties of Eu, allowing for
detection in the micromolar range and below as well as
probing of the local environment.

Figure 2 shows temperature dependencies of the
apparent hydrodynamic radii (Ry) for the bulk solutions
(0.082 wt %) of the copolymers without particles, which
provides information about the temperature response
of these polymers and their intrinsic ability to associate
at higher temperatures. The correlation function for
the solution of the charged diblock copolymer can be
described by a single stretched exponential, and this
mode is diffusive. From the Stokes—Einstein relation-
ship the hydrodynamic radius can be calculated (see
the experimental section). The value of Ry, is only weakly
temperature-dependent for the P(NIPAAM),0-b-
P(SPMA)s at this polymer concentration and over the
considered temperature interval. This behavior reveals
that most of the enhanced hydrophobicity of PNIPAAM
at elevated temperatures is counteracted by the
charges of the polymer. The high values of R, observed
for this polymer indicate that intermicellar complexes
are formed at all temperatures employed. In the case of
the uncharged triblock copolymer, two diffusive relax-
ation modes appear in the analysis of the correlation
function and the hydrodynamic radii of species of dif-
ferent size are probed. The fast mode (Ry¢) pertains to
the temperature-induced self-assembly of unimers to
micelles and intermicellar structures, whereas the slow
mode (Rys) depicts the growth of intermicellar com-
plexes. The dilute solution of the uncharged triblock co-
polymer contains unimers, micelles, and intermicellar
structures at low temperatures. As the temperature in-
creases, the fraction of unimers is strongly reduced as
the hydrophobicity of the polymer rises. At this stage,
the populations of micelles and larger structures
prevail.

Adsorption Properties of Solutions of P(NIPAAM),q-b-P(SPMA);
and MPEGs;-b-P(NIPAAM)4,-b-P(MMA); onto Planar Gold Surfaces.
Adsorption experiments were conducted on a QCM to
assess how the different polymers adsorb and orient
themselves on a planar Au surface at various tempera-
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Figure 2. Temperature dependencies of the apparent hydrodynamic
radii for polymer solutions (0.082 wt %) without particles (O = Ry, W,
o= Rh,s)-

tures. Table 1 lists the mass adsorbed and thickness of
the polymer layer. Also, the adsorption isotherms ex-
hibit differences, where P(NIPAAM),-b-P(SPMA); at

25 °C and MPEGs3-b-P(NIPAAM)go-b-P(MMA); at both
25 and 50 °C adsorb rapidly and nonreversibly, while
MPEGs3-b-P(NIPAAM)so-b-P(MMA); at 50 °C displays
slower adsorption kinetics (Figure 3).

By comparing adsorption at ambient and elevated
temperatures, the uncharged polymer adsorbs as a
monolayer at the lower temperature applied, while at
higher temperatures multilayers start forming. The
charged polymer exhibits no difference in adsorption
behavior between the two temperatures, giving rise to
monolayers in both cases. Also worth noting is the fact
that P(NIPAAM)4-b-P(SPMA); adsorbs to a lesser extent
than MPEGs;-b-P(NIPAAM)go-b-P(MMA); with lower
mass adsorbed and in thinner layers, likely due to
charge repulsion between the anionic polymer and
the citrate layer on the Au surface. The charges on the
polymer will also reduce the tendency of the chains to
form multilayers at elevated temperatures. It should
however be noted that from these results it is not pos-
sible to rule out formation of incomplete monolayers,
the main point is the temperature-induced differences
in adsorption behavior causing layers of varying thick-
ness to form. This temperature-dependent layer forma-
tion can be taken advantage of as demonstrated in
the following section.

TABLE 1. Polymer Adsorption on Planar Gold Surfaces, as
Measured by QCM-D

temperature  mass adsorbed  layer thickness
sample (0 (ng/cm?) (nm)
MPEGs;- 25 350 = 41 5+1 monolayer
b-P(NIPAAM) -
b-P(MMA); 50 849 =+ 145 1B+3 multilayer
P(NIPAAM) 4~ 25 142+ 4 1.65 £0.07  monolayer
b-P(SPMA)s 50 149 =10 3306 monolayer
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Figure 3. Effect of temperature on adsorbed mass of MPEGs;-b-
P(NIPAAM)¢o-b-P(MMA); (upper panel) and P(NIPAAM),4-b-P(SPMA)s
(lower panel) on planar citrate-covered gold surfaces as a function of
time, as determined at a bulk concentration of 0.02 wt % by QCM-D.

Adsorption of the Copolymers onto Au Nanoparticles. The
zeta-potentials and particle sizes measured for Au
nanoparticles covered with either a citrate layer or
coated with polymer are listed in Table 2. The citrate
groups present on the particles surfaces are supplied
during the synthesis of these particles and act as stabi-
lizers preventing the nanoparticles from aggregating
and precipitating. The particle surface charge is elimi-
nated upon adsorption of the copolymers onto the par-
ticles. Both solutions are stable for long periods of time
after being coated with polymer, revealing that the ad-
sorbed macromolecules impart a steric stabilization to
these systems. The fact that the zeta-potential is ap-
proximately zero also for Au nanoparticles with ad-
sorbed charged copolymer suggests that the charge
density is low. The particle size assessed by means of
light scattering (see also discussion below) increases
when polymer is adsorbed, with MPEGs3-b-
P(NIPAAM)¢o-b-P(MMA); yielding a thicker layer, in line
with the QCM-D results.

Figure 4 illustrates the temperature dependencies
of the turbidity for the two copolymers at the concen-
trations of 0.016 wt % (a) and 0.082 wt % (b) in the fol-
lowing systems: polymer—Eu3*, polymer—Au, and
polymer—Au—Eu®*. For the P(NIPAAM)4-b-P(SPMA)s
system, the turbidity is very low and virtually indepen-
dent of temperature and the composition of the sys-
tem. The turbidity of solutions containing MPEGs3-b-
P(NIPAAM)go-b-P(MMA)3 exhibit an upturn at elevated
temperatures. The increase in turbidity commences at
~45 °C for all the solutions containing MPEGs3-b-
P(NIPAAM)go-b-P(MMA)3, but it is most pronounced for
the highest polymer concentration, and for the MPEGs;3-
b-P(NIPAAM)gp-b-P(MMA); —Au—Eu3* system at the
lowest polymer concentration. This upturn reflects the
enhanced hydrophobicity of PNIPAAM at high temper-
atures, leading to the formation of large aggregates.
The system MPEGss-b-P(NIPAAM)4o-b-
P(MMA);—Au—Eu** maintains the highest turbidity val-
ues over the whole temperature range, and for the
highest polymer concentration. This system is much
more turbid than the MPEGs3-b-P(NIPAAM)gy-b-
P(MMA); —Eu3* and MPEGs3-b-P(NIPAAM)gg-b-
P(MMA);—Au solutions, which suggests that the pres-
ence of Eu** jons enhances the interactions between
MPEGs;-b-P(NIPAAM)so-b-P(MMA); and the Au-
nanoparticles.

Figure 5 shows the hydrodynamic radius (Ry) deter-
mined from the DLS measurements. R;, for the samples
containing P(NIPAAM),o-b-P(SPMA)s (Figure 5 panels c
and d) is, in accordance with the turbidity data, nearly
temperature independent. For the highest polymer
concentration (Figure 5d), the sizes of P(NIPAAM)4-b-
P(SPMA)s—Au particles and the P(NIPAAM)4o-b-
P(SPMA)s—Au—Eu** complexes are very close to the
value of R, for the pure Au nanoparticles (represented
by the horizontal lines in Figure 5), indicating that rela-
tively little polymer is adsorbed on the surface of the Au
particles. This result is in agreement with the QCM re-
sults (Table 1), which reveal that P(NIPAAM) 4-b-
P(SPMA)s forms monolayers at both 25 and 50 °C. Since
the Au nanoparticles have much higher scattered inten-
sity than free P(NIPAAM),o-b-P(SPMA)s in water, only
the Au nanoparticles with and without adsorbed poly-
mer are probed by the correlation functions when Au is
present in the samples. When there is no Au present in
the P(NIPAAM),0-b-P(SPMA)s system the measured Ry, is
more than 100 nm, indicating that large aggregates
are formed. A close examination of the DLS curves re-

TABLE 2. Zeta-Potentials and Hydrodynamic Radii for Bare
Au Nanoparticles and Polymer Covered Au Particles

C-potential (mV) Ry, (nm)
Au 30 nm w/citrate layer —411+01 148 £ 0.1
Au 30 nm with MPEGs;-b-P(NIPAAM)s-b-P(MMA); ~ ~0 163 0.1
Au 30 nm with P(NIPAAM)-b-P(SPMA)s ~0 15.8 0.1
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Figure 4. Temperature dependencies of the turbidity for the
indicated concentrations of the polymers MPEGs;-b-
P(NIPAAM)go-b-P(MMA); and P(NIPAAM)4o-b-P(SPMA)s in the
presence of europium and for the systems polymer—Au and
polymer—Au—Eu3*.
veals that the sizes of these aggregates increase slightly
with temperature due to the enhanced hydrophobicity
of the PNIPAAM groups. The addition of Eu®* screens
out some of the charges in the system, resulting in a
contraction of the aggregates, and a slightly lower hy-
drodynamic radius. Even though the aggregates are
very large, both the scattered intensity from the DLS
measurements (not shown) and the turbidity values
(Figure 4) are very low, indicating that the aggregates
possess a relatively open structure due to the electro-
static repulsion between the charged SPMA groups. The
low scattering intensity results in very poor correlation
functions; it is therefore not possible to analyze the cor-
relation functions at the lowest polymer concentration
in the absence of Au, and for P(NIPAAM)4o-b-
P(SPMA)s—Eu3" for the highest polymer concentration
at low temperatures.

Interestingly, at the lowest P(NIPAAM)4o-b-P(SPMA)s
concentration (Figure 5¢), the P(NIPAAM)40-b-
P(SPMA)s—Au—Eu®" sample yields larger values of Ry,
than what is observed for P(NIPAAM)4-b-P(SPMA)s—Au
(at either concentration) and for P(NIPAAM) 4-b-
P(SPMA)s—Au—Eu®" at the high concentration. The
higher values of Ry, indicate that at this low polymer
concentration and in the presence of Eu3*, there is a sig-
nificant adsorption (probably multilayers) of
P(NIPAAM)4o-b-P(SPMA)s onto the Au nanoparticles. In
the absence of salt, both P(NIPAAM)4-b-P(SPMA)5; and
the Au nanoparticles contain negative charges, and the
repulsive forces prevent large amounts of this polymer
to be adsorbed to the Au surface. When Eu®" is added
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to the samples at the lowest polymer concentration,
the salt screens out most of the electrostatic repulsive
forces, and the polymer can easily adsorb to the Au sur-
face. However, at the higher polymer concentration,
the amount of Eu** present in the sample is not high
enough to screen out all the electrostatic interactions.
As a result, the system behaves similar to what is ob-
served in the absence of Eu3*.

In specimens containing MPEGs3-b-P(NIPAAM)so-b-
P(MMA); (Figure 5a,b), Ry, increases at temperatures
above 45 °C due to the enhanced hydrophobicity of
PNIPAAM at elevated temperatures. This is in accor-
dance with the turbidity upturn observed at high tem-
peratures for the same systems. For both concentra-
tions, R, of MPEGs3-b-P(NIPAAM)4so-b-P(MMA); —Au is
close to that of the bare Au nanoparticles at low tem-
peratures, indicating that the amount of polymer ad-
sorbed on the Au particles is low. At higher tempera-
tures, Ry, is much larger than for the bare Au
nanoparticles, suggesting the formation of polymer
multilayers and possibly large aggregates containing a
combination of Au nanoparticles and MPEGs;-b-
P(NIPAAM)go-b-P(MMA)s. This confirms the results from
QCM (Table 1) which reveal that for MPEGss-b-
P(NIPAAM)go-b-P(MMA); monolayers are formed at 25
°C, whereas multilayers are formed at 50 °C.

In accord with the turbidity results (Figure 4), the hy-
drodynamic radius of MPEGs;-b-P(NIPAAM)gq-b-
P(MMA);—Au—Eu3* is significantly higher than what is
observed for MPEGs;-b-P(NIPAAM)go-b-P(MMA); — Au for
both polymer concentrations and over the whole tem-
perature range. For the lowest polymer concentration
(Figure 5a), the scattered intensity of MPEGs3-b-
P(NIPAAM)go-b-P(MMA); in pure water is too low to ob-
tain usable correlation functions. The same applies for
MPEGs3-b-P(NIPAAM)so-b-P(MMA); —Eu3* at low tem-

P(NIPAAM), -b-P(SPMA),

0t - MPEG DPNIPAAM), bPMMA),
T ;-‘ZOI T El-II:‘. T T Ia) T T T T T T T T c) 3
10°4 —o—Au —aj:i‘/yn 4 10°+ 4
E 10+ M»/ﬂ 4 10%4 4
~ A S | S e e A
LIRTN 410"+ 4
. 0.016 wt % . 0.016 wt %
10 T T T T T T T 10 T T T T T T
10,,20 25 30 35 40 45 50 55 60 6510420 25 30 35 40 45 50 55 60 65
b) d)
E 1024 1 1074 SO O——Q——="C 1
T 40 410" N
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10° 10°

T T T T T T T T T T T T T T T T

20 25 30 35 40 45 50 55 60 65 20 25 30 35 40 45 50 55 60 65
Temperature (°C) Temperature (°C)

Figure 5. Temperature dependencies of the apparent hydrodynamic
radii (from DLS) for the indicated systems and polymer concentrations.
The solid horizontal lines represent the size of the pure gold nanopar-
ticles without any polymer present. Solid symbols represent the ra-
dius calculated from the fast mode (analogous open and closed sym-
bols represent the same system).
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Figure 6. Temperature-induced absorbance shifts for 30 nm Au particles coated with excess (0.082 wt %) MPEGs;-b-
P(NIPAAM)so-b-P(MMA); (A) and a centrifuged and resuspended sample (B). The inset in panel A shows the temperature in-
duced changes for bare Au particles. UV-spectra for Au particles with excess (0.082 wt %) P(NIPAAM)4-b-P(SPMA)s (C) and a
resuspended sample (D) are also shown. The term “Up” refers to the heating part of the temperature loop, “Down” refers

to the cooling down cycle of the experiment.

peratures. At the temperatures where the latter can be
analyzed, R, of MPEGs;-b-P(NIPAAM)g-b-
P(MMA);—Au—Eu®" is much lower than what is ob-
served for MPEGs3-b-P(NIPAAM)go-b-P(MMA); —Eu3*.
However, both the scattered intensity from DLS (not
shown) and the turbidity (Figure 4a) is higher for
MPEGs3-b-P(NIPAAM)so-b-P(MMA); —Au—Eu3* than for
MPEGs3-b-P(NIPAAM)so-b-P(MMA); —Eu3*, This indicates
that Au nanoparticles with adsorbed polymer are
probed by the correlation functions, and multilayers
and large Au—polymer aggregates form in the 0.016
Wt % MPEGs3-b-P(NIPAAM)gp-b-P(MMA); —Au—Eu3*
samples.

As mentioned in the discussion regarding Figure 2,
the correlation function for 0.082 wt % solutions of
MPEGs3-b-P(NIPAAM)¢o-b-P(MMA); exhibits two relax-
ation modes. The same behavior is also observed for the
MPEGs53-b-P(NIPAAM)so-b-P(MMA); —Eu3* system at the

VOL. 4 = NO.2 = VOLDEN ET AL.

same polymer concentration, but only at temperatures
below 40 °C. As the temperature is increased, MPEGs;3-b-
P(NIPAAM)so-b-P(MMA); —Eu** grows larger than the
pure polymer in water and only one relaxation mode
is evident in the relaxation mode, indicating that there
is a salting out effect of the polymer at elevated temper-
atures where the hydrophobicity of PNIPAAM prevails.
At temperatures above 50 °C, multiple scattering is
found for this system thus precluding the analysis of
the correlation functions. At this polymer concentra-
tion and at low temperatures, R, of MPEGs;-b-
P(NIPAAM)go-b-P(MMA);—Au—Eu3" is similar to that of
the large aggregates detected for MPEGs;3-b-
P(NIPAAM)go-b-P(MMA); in water and for the MPEGs3-b-
P(NIPAAM)go-b-P(MMA); —Eu®" system. However, as
was observed for the low polymer concentration, the
scattered intensity from DLS (not shown) and the tur-
bidity (Figure 4b) is higher for MPEGs3-b-P(NIPAAM)4o-b-
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P(MMA);—Au—Eu*, and only one relaxation mode is
detected for this system. The conjecture is that large ag-
gregates containing MPEGs3-b-P(NIPAAM)4o-b-P(MMA);
and Au nanoparticles are formed in the presence of
Eu®*. The salting out of the polymer, giving poorer ther-
modynamic conditions in the presence of Eu**, com-
bined with the salt-induced screening of some of the
charges on the Au nanoparticles, which renders them
more hydrophobic, gives rise to the enhanced interac-
tions between MPEGs;;-b-P(NIPAAM)go-b-P(MMA); and
the Au particles in the presence of Eu*.

Temperature-Dependent Optical Properties of Gold Particles
Covered with MPEGs;-b-P(NIPAAM)go-b-P(MMA); or P(NIPAAM)o-b-
P(SPMA)s. Figure 6 displays the heating and cooling
cycles on the absorbance spectra for Au nanoparticles
with MPEGs3-b-P(NIPAAM)ge-b-P(MMA); and
P(NIPAAM)4o-b-P(SPMA)s. In the presence of excess of
MPEGs-b-P(NIPAAM)go-b-P(MMA); (0.082 wt %), Figure
6A) and after centrifugation (Figure 6B), both spectra
display a bathochromic shift (red-shift) of the LSPR peak
upon increasing the temperature, as well as an in-
creased absorbance, before gradually returning to the
initial values upon cooling. No major line shape
changes occur upon heating and cooling of the
samples. This trend is more pronounced when the poly-
mer is present in excess than for the washed and resus-
pended samples (cf. Figure 6). For Au nanoparticle solu-
tions containing excess amounts of P(NIPAAM),o-b-
P(SPMA)s (0.082 wt %, Figure 6C) and a centrifuged
and resuspended sample (Figure 6D) both the shifts in
Amax (hereafter referred to as N\spr) and in intensity are
less pronounced than in the case of MPEGs;-b-
P(NIPAAM)go-b-P(MMA)s-covered particles. The inten-
sity decreases slightly upon heating before returning
to their initial values when cooling down.

Figure 7 displays the LSPR peak positions as a func-
tion of temperature for the MPEGss-b-P(NIPAAM)¢o-b-
P(MMA);—Au and P(NIPAAM)4o-b-P(SPMA)s—Au nano-
particles, with the corresponding data for bare (i.e.,
citrate-coated) Au nanoparticles in the absence of poly-
mer included for comparison. A summary of UV—vis
data is provided in Table 3. The entirety of the
polymer—Au nanoparticle constructs studied display a
slight red-shift of the LSPR compared to bare Au nano-
particles, indicating a change of the dielectric function
on the surface from adsorption of polymer. For
P(NIPAAM)4-b-P(SPMA)s the centrifuged counterpart is
significantly red-shifted relative to the sample with ex-
cess polymer (Figure 7, Table 3), where the 0.016% and
the 0.082% samples completely overlap one another.
Results for the uncharged polymer show similar trends
upon heating and cooling, with a red-shift of the LSPR
peak position upon heating. For MPEGs3-b-
P(NIPAAM)go-b-P(MMA); —Au, the centrifuged samples
display much smaller bathochromic shifts relative to
samples with excess polymer, revealing that the excess
polymer plays a significant role in the thermorespon-
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Figure 7. Shift in the localized surface plasmon resonance (LSPR)
as a function of temperature for MPEGs3-b-P(NIPAAM)so-b-
P(MMA);—Au (top panel) and P(NIPAAM)4-b-P(SPMA)s—Au (bot-
tom panel). “Up” denotes the heating process while “Down” refers
to the cooling process. “No excess” is used for the centrifugated
and resuspended sample.

sive optical behavior of these colloidal assemblies. This
temperature-dependent shift of the LSPR peak position
is not visible for the unmodified colloids. Another char-

TABLE 3. UV-Visible Absorption Data for Polymer—Au

Constructs
Aispg (nm) ANspg (nm)
sample [polymer] (wt %) at25°C at 60 °C

Au sol 524 0
MPEGs;-b- 0.082 525 n
P(NIPAAM)go-b- 0.016 526 5
P(MMA); centrifuged 526 5

0.082 525 0
P(NIPAAM) 49-b- 0.016 526 0
P(SPMA); centrifuged 526 2
MPEGs;-b-
P(NIPAAM)g9-b-
P(MMA); + Eu** 0.082 550
P(NIPAAM) 49-b-
P(SPMA)s + Eu’* 0.082 536 1
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Figure 8. UV—vis absorbance spectra for Eu**-induced precipitation of P(NIPAAM),y-b-P(SPMA)s-coated Au nanoparticles at 25 and 60
°C (left panel), and time induced loss of absorption intensity at A = 535 nm (right panel).

acteristic feature of MPEGs;3-b-P(NIPAAM)gq-b-
P(MMA);—Au and P(NIPAAM),0-b-P(SPMA)s—Au sys-
tems is the presence of a hysteresis loop between the
heating and cooling sequences (Figure 7). For MPEGs;-
b-P(NIPAAM)go-b-P(MMA); —Au, this hysteresis occurs
between 50 and 25 °C for the sample with an excess of
polymer and between 50 and 30 °C for the washed and
resuspended sample, before returning to the initial
states upon completion of the temperature loop
(sample with excess polymer displays a difference of 1
nm of the LSPR between the initial sample and upon
completion of the temperature cycle). The cause of the
observed hysteresis might lie in a difference in adsorp-
tion and desorption rates where, as the temperature is
raised, single molecules adhere to a growing shell layer
in a sequential manner. As the temperature is lowered,
the polymers are desorbed in small aggregates causing
a more rapid decrease in the thickness of the passivat-
ing layer. For P(NIPAAM)4-b-P(SPMA)s there are no dis-
tinct changes in the LSPR peak position when ramping
the temperature except for the resuspended particles
where a slight red-shift is observed for temperatures
above 40 °C.

An interesting feature of the P(NIPAAM)0-b-
P(SPMA)s—Au conjugate appears when the Eu salt is
added (Figure 8). While the sol precipitation starts to
level off after around 48 h, it can be resuspended eas-
ily by agitation or stirring. The time-induced loss of ab-
sorption intensity (Figure 8, right panel) is larger at low
temperature than at elevated temperatures, which can
be ascribed to increased thermal motion of the nano-
particles in the latter case. Also, the sawtooth-like ap-
pearance of the plot at 60 °C could be interpreted as
emanating from varying proximity of the colloidal cores
to each other. As these approach each other, the absor-
bance intensity might be increased due to driving off
of the polymer layer at elevated temperatures, result-
ing in Au—Au contact and temporarily larger sus-
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pended particles/flocs. At regular intervals there is a
sudden drop in intensity possibly caused by buildup of
complexating agents between the particles (thus in-
creasing the interparticle distance) or due to particles
being precipitated from the bulk solution as their size
exceed a certain threshold. Attempts to calculate a time
constant for the precipitation derived from the data
presented in the right panel of Figure 8 yielded an ex-
ponential decay of —0.28 for the low temperature pre-
cipitation and —0.17 for the high temperature. Calcula-
tions were performed after a trendline had been fitted
to each of the curves. The results indicate a faster rate of
precipitation at 25 °C, in a more level manner. Addition-
ally, Eu itself causes a bathochromic shift of 10.5 nm
relative to the polymer—nanoparticle complexes (cf.
Table 3). This can be ascribed to a charge interaction be-
tween Eu* and sulfonate groups on the polymer lead-
ing to contraction of the polymer layer thereby altering
the immediate surroundings of the Au particles. For
the system with Eu** added, a hysteresis loop is also ob-
served with respect to LSPR as a function of
temperature.

The optical properties of Au and Ag nanoparticles
in a given system are discussed typically within the
framework of the Mie—Drude theory; for a theoretical
treatment, see, for example, Franzen'® or Mulvaney.’>~ 17
The Mie—Drude theory predicts the effect of particle
size, interparticle distance, dielectric function of the sur-
rounding medium, and core charge state on the LSPR
absorption band of metal nanoparticles. The LSPR band
of nanoparticles coated with a passivating layer of sur-
factants or polymers is also influenced by the thickness
of the coating/shell layer, and the volume fraction (g)
of the shell layer. Assuming that the size of the metal
core is kept constant, a bathochromic shift of the LSPR
is expected to occur (i) as the interparticle distance is re-
duced, (ii) with increasing the refractive index of the sol-
vent (€., = ny?), (iii) with increasing the refractive in-
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dex of the shell layer (€, = n,?), (iv) with increasing
the thickness of the shell layer, as this will raise the vol-
ume fraction g of the shell, and (v) with an electron de-
ficiency with respect to the point/potential of zero
charge (Epzc).

According to Collier et al.,'®'? strong interparticle
coupling and a concomitant red-shift occurs as the
separation D between nanoparticles of radius r ap-
proaches a critical value of D/(2r) = 1.2. Although we
cannot rule out the existence of weak interparticle cou-
pling, this does not seem to be the primary mecha-
nism behind the temperature-dependent spectral shifts
of the LSPR observed in this study. The LSPR is red-
shifted continually with increasing temperature; this
shift is reversible upon cooling, as shown in Figures 6
and 7. Moreover, because the concentration of the Au
nanoparticles is only ~0.3 nM and the reversibility is ob-
served in the absence of any mechanical stirring, it is
not likely that the suspensions studied here form such
dense flocs as to satisfy the D/(2r) = 1.2 criterion. We
thus do not consider mechanism (i) as described above
to provide an adequate explanation for the observed
spectral shifts. The refractive index of water decreases
slightly (~0.55%%°) from 25 to 70 degrees, which ac-
cording to Mie—Drude theory, should cause a slight
hypsochromic shift (blue-shift).'® As the position of the
LSPR band of citrate-coated Au nanoparticles is unaf-
fected by temperature within the intervals studied here,
we conclude that mechanism (ii), that is, changes in
the dielectric function of the surrounding medium, is
not responsible for the observed temperature-
dependent spectral changes of the polymer-coated Au
nanoparticles.

Mechanismes (i) and (iv), the increase in the refrac-
tive index of the polymer shell and an increase in the
volume fraction of the shell layer g, respectively, are
likely to be the primary contributing factors to the ob-
served shifts of the LSPR band for the polymer—Au
nanoparticle constructs. With increasing temperature,
the PNIPAAM chains contract, leading to a denser shell
layer resulting in a red-shift.2' =2 Mechanism (jii) can
also account for the reversibility of the LSPR shift, pro-
vided the contraction of PNIPAAM chains does not al-
ter significantly the number of binding sites per poly-
mer chain on the gold nanoparticle. Upon increasing
the temperature, the red-shift is observed both when
the polymer is present in excess and when the solutions
have been washed and resuspended (not for all
P(NIPAAM)40-b-P(SPMA)s—Au samples), although to a
lesser extent for the sample without excess polymer,
which suggests that mechanism (iii) does indeed play
a major role in the spectral shifts of the LSPR band. In
the presence of excess MPEGss-b-P(NIPAAM)go-b-
P(MMA);, the shift of the LSPR band is more pro-
nounced, which suggests that multilayers form on the
particle surface upon increasing the temperature, thus
increasing the volume fraction g of the shell layer. Upon
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decreasing the temperature, the hydrophobic interac-
tions subside gradually, leading to desorption and a
blue-shift of the LSPR band. This trend is much less pro-
nounced for PNIPAAM with charged moieties, i.e.,
P(NIPAAM)-b-P(SPMA), which supports the hypothesis
of formation of multilayers through hydrophobic inter-
actions. Thus, our results indicate that mechanisms (iii)
and (iv) both contribute to the absorption behavior of
the polymer—Au nanoparticle constructs with an ex-
cess of polymer, while mechanism (iii) is the primary
mechanism for the spectral shifts of the LSPR band ob-
served for the samples without excess polymer. This
conclusion is further supported by QCM data for ad-
sorption of the polymers to planar surfaces. It should
be noted that DLS results for the MPEGs3-b-
P(NIPAAM)go-b-P(MMA); —Au system disclose evolution
of aggregates at elevated temperatures. This process is
likely initiated by Au nanoparticles that are covered by a
multilayer of the copolymer, and the flocs are created
through hydrophobic interactions. For the
P(NIPAAM)40-b-P(SPMA)s—Au system no temperature-
induced aggregation could be detected.

For the charged polymer system with added Eu
salt, the LSPR band is significantly red-shifted already
at room temperature. This behavior can be accounted
for by mechanism (v) defined above, wherein the Eu®*
ions penetrate the polymer shell and interact with the
colloidal Au core, thus reducing the electronic charge at
the Au surface. A comparative test was carried out
with the MPEGs;-b-P(NIPAAM)go-b-P(MMA); —Au conju-
gates to see if there was a similar shift in A2 when the
Eu salt was added. The absorption maximum at room
temperature is shifted ca. 25 nm (cf. Table 3) indicating
that the red-shift effect is caused by the Eu*" being lo-
cated sufficiently close to the core to induce a change in
the surface charge density of the Au particles. More-
over, since the initial bathochromic shift is smaller for
the Au particles coated with charged polymer, a part of
the cations interact with the anionic groups on the
polymer, hence being prevented from penetrating
through to the surface. This notion is further confirmed
by the kinetics of precipitation, where the uncharged
polymer-coated Au particles precipitate at a higher rate.

Steady-State Fluorescence from MPEGs;-b-P(NIPAAM)gy-b-
P(MMA); —Au and P(NIPAAM),o-b-P(SPMA); — Au in the Presence of
Eu(lll). Steady-state emission spectra for EuCl; and for
the systems MPEGs3-b-P(NIPAAM)go-b-P(MMA); —Eu3*
and MPEGs3-b-P(NIPAAM)go-b-P(MMA); —Au—Eu3* at
two different temperatures are shown in Figure 9. Spec-
tra of Eu®* alone at the two temperatures divulge that
three emission bands can be distinguished: one broad-
band centered at ~543 nm, one band centered at ~591
nm, and one band centered at ~615 nm.

The detected bands can, in descending order of fre-
quency, be assigned as ’F,/’F; < °D; (~543 nm), ’F,
< 5Dg (~591 nm) and ’F, <— °Dy (~615 nm).2*~26 While
generally the band intensity in the Eu>* spectra in-
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Figure 9. Steady-state fluorescence spectra for EuCl; and for the systems MPEGs3-b-P(NIPAAM)4o-b-P(MMA); —Eu** and MPEGs;3-b-
P(NIPAAM)p-b-P(MMA); —Au—Eu3* at two temperatures: 25 °C (left) and 50 °C (right). Excitation wavelength 405 nm.

creases with temperature, it does not return to the ini-
tial values upon completion of the temperature loop.
Most likely this is caused by dehydration of crystalline
water associated with Eu3* as the temperature is raised.
This feature is prominent especially for the 7F,/’F; <
D, transition, which is weak until heated above 30 °C,
where it approaches the intensity of the other two tran-
sitions. The ’F; <— °D, transition is relatively strong
among the ’F, < Dy transitions, largely independent
of the ligand environment, and primarily magnetic di-
pole in character.?’ The characteristic “Eu red” ’F, <— °Dy
(~615 nm) luminescence possesses a character of an
essentially purely electric dipole, and the intensity is
very sensitive to ligand structure, ligand field symme-
try, and chemical environment.? Thus, the ratio be-
tween the ’F, < °D, and the ’F, < °D, transitions (here-
after referred to as the m/e ratio) provides a useful
measure with which to gauge changes in the chemical
environment of Eu3*. For the aqueous solutions of Eu3*
studied here, the m/e ratio was found to be 1.6 (cf.
Table 4).

Although the general features from the Eu** sample
are retained in the emission spectra of MPEGs;3-b-
P(NIPAAM)so-b-P(MMA); —Eu3* (Figure 9), the 7F»/7F; <
D, (~543 nm) transition is less prominent. Moreover,
the overall emission intensity of Eu** is notably (>25%)
reduced compared to the solution with only Eu®*. This

TABLE 4. Magnetic to Electric Dipole (m/e) Transition
Ratios from Steady-State Fluorescence Measurements for
the Systems and Temperatures Indicated

m/e (Is1/l15) m/e (Is1/lg1s)

25°C 50°C
Eu** 1.6 1.6
MPEGs;-b-P(NIPAAM)g-b-P(MMA); — Eu?* 13 11
MPEGs;-b-P(NIPAAM)g-b-P(MMA); — Au—Eu** 0.4 0.4
P(NIPAAM)-b-P(SPMA)s — Eu** 18 13
P(NIPAAM)4g-b-P(SPMA)s — Au—Eu* ™+ 0.4 0.4
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is to be expected, as acrylamide is used commonly as
a fluorescence quencher.? The m/e ratio for the
MPEGs3-b-P(NIPAAM)so-b-P(MMA); —Eu3* system is re-
duced from 1.6 (Eu** only) to 1.3 (cf. Table 4), indicat-
ing interaction between the polymer and Eu®*. Figure
9 also depicts the behavior of the MPEGs;-b-
P(NIPAAM)go-b-P(MMA); —Eu®" system in the presence
of Au nanoparticles, where the emission intensity of the
MPEGs53-b-P(NIPAAM)so-b-P(MMA); —Au—Eu?* system is
further reduced relative to Eu?* and MPEGs3-b-
P(NIPAAM)go-b-P(MMA);—Eu3* spectra. Moreover, in
the presence of Au nanoparticles, the ’F,/’F, < °D;
(=543 nm) transition is bleached completely. This
bleaching is associated with the large spectral overlap
between the absorption spectrum of Au nanoparticles
(the acceptor) and the emission spectrum of Eu** (the
donor). From this spectral overlap it can be concluded
that fluorescence resonance energy transfer (FRET) oc-
curs in this system.?® As the rate of FRET is dependent
strongly on the distance r between acceptor and donor
(D—A) and is proportional to r ¢, it can be concluded
that the Eu" ions are located in the immediate vicin-
ity of the Au—nanoparticle surfaces, in order for the ’F,/
’F; <= °Dy (~543 nm) transition to vanish completely.
The m/e ratio for this system (0.4; cf. Table 4) is dramati-
cally different from what was found for the system
with only Eu*" and the MPEGs3-b-P(NIPAAM)sy-b-
P(MMA);—Eu3* systems (1.6 and 1.3, respectively).
Hence, it can be concluded that the chemical environ-
ment surrounding the Eu* ions is vastly different in the
presence of Au nanoparticles. Specifically; the reduced
emission from the ’F, <— °D, transition indicates that
Eu®" has entered an environment with more C—H and
O—H groups, which are efficient fluorescence quench-
ers. Thus, in the presence of MPEGs3-b-P(NIPAAM)go-b-
P(MMA); and Au nanoparticles, Eu** resides very close
to the colloidal Au core, as the ’F./’F; < °D; (~543 nm)
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Figure 10. Steady-state fluorescence spectra for EuCl; and for the systems P(NIPAAM),o-b-P(SPMA)s—Eu3* and P(NIPAAM),o-b-
P(SPMA)s;—Au—Eu3* at two temperatures: 25 °C (left) and 50 °C (right). Excitation wavelength 405 nm.

band is quenched completely. Furthermore, Eu®* en-
ters a less polar environment since the relative intensi-
ties of the ’F; < °Dy and ’F, <— °D, transitions are re-
versed.?® These findings point to Eu** either being
intercalated within the polymer shell layer very close
to the Au surface, or to Eu** interacting directly with
Au via the citrate layer. From these results, mechanism
(v) defined above, bathochromic shifts due to electron
deficiency from a cation in close proximity to the Au
nanoparticle, appears to be the most likely explanation
for the shifts in the LSPR band of the MPEGs3-b-
P(NIPAAM)go-b-P(MMA); —Au in the presence of Eu3".
Relative to only Eu* in bulk, the most distinc-
tive feature in the systems containing Eu and the
P(NIPAAM)40-b-P(SPMA)s copolymer (cf. Figure 10
and Table 4) is that the m/e-ratio increases when
polymer is introduced to the system, both at ambi-
ent and elevated temperatures. A likely explanation
for this is that in the presence of the P(NIPAAM)4o-b-
P(SPMA); copolymer, the Eu3* ions tend to associ-
ate preferentially with the sulfonate-containing
block, and, as a result, they do not experience any
change in polarity upon heating above the LCST.
However, upon introduction of Au nanoparticles, Eu
from the bulk can associate with the colloidal core,
thus resulting in a reversal of the m/e-ratio (cf. Fig-
ure 10 and Table 4). The proximity of Eu** to the Au
core is especially prominent when observing the
spectra at 50 °C, where the 7F,/’F; < °D; (~543 nm)
transition is completely bleached for P(NIPAAM) 4-b-
P(SPMA)s—Au—Eu?* as compared to systems with-
out gold present. Above the LCST the polymer con-
tracts, causing Eu3* associated with the charged
groups of the polymer to be in closer vicinity to the
metal particle itself. A decrease in the m/e ratio is ob-
served in MPEGs3-b-P(NIPAAM)go-b-P(MMA);-based
systems upon heating, going from 1.8 to 1.3 for
P(NIPAAM)4o-b-P(SPMA)s—Eu3™. This is ascribed to
the contraction of the polymer, causing the Eu*" to
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enter the vicinity of the acrylamide block as water
is being expelled from this environment. The fact
that the m/e ratio stays constant at 0.4 in the pres-
ence of Au nanoparticles for both polymers and all
temperatures studied here indicates that the Eu ions
partition selectively close to the Au surface.

CONCLUSIONS

We studied the adsorption of a neutral triblock
(MPEGs3-b-P(NIPAAM)40-b-P(MMA)3) and an anionic
diblock (P(NIPAAM),0-b-P(SPMA)s) thermoresponsive
copolymer onto Au nanoparticles and the resulting
temperature-dependent optical properties of the
polymer—Au constructs. Additionally, the temperature-
dependent adsorption behavior of these amphiphilic
block copolymers onto planar Au surfaces was probed
using the quartz crystal microbalance with dissipation
monitoring (QCM-D). On the basis of the QCM-D mea-
surements, the negatively charged P(NIPAAM),0-b-
P(SPMA)s was found to form monolayers on gold both
below and above the LCST, while the neutral MPEGs;-b-
P(NIPAAM)go-b-P(MMA); copolymer adsorbed in the
form of monolayers at low temperatures and multilay-
ers above its lower critical solution temperature. This
temperature-induced layer formation was taken advan-
tage of and studied with DLS, UV, zeta-potential, and
fluorescence measurements. Data from dynamic light
scattering revealed the formation of MPEGs3-b-
P(NIPAAM)go-b-P(MMA); —Au aggregates at high tem-
peratures, while for P(NIPAAM)4,-b-P(SPMA)s—Au as-
semblies this was only observed when addition of Eu3*
allowed for a screening of the charges on the polymer.
When the MPEGs;-b-P(NIPAAM)go-b-P(MMA); —Au sys-
tem was subjected to a temperature ramping, UV —vis
spectra exhibited a red shift in \.x of the polymer—Au
constructs. This phenomenon was explained within
the framework of the Mie—Drude theory. It can be as-
cribed primarily to an increase in the refractive index of
the passivating shell layer, caused by contraction of
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the polymer structures; thus forming a denser layer, to-
gether with an increase in the volume fraction of the
polymer layer, attributed to multilayer formation of the
MPEGs3-b-P(NIPAAM)so-b-P(MMA); polymer. The ob-
served red-shifts were completely reversible by cool-
ing of the samples. Experiments with added EuCls-salt
to the polymer—Au conjugates caused precipitation,
which was reversible upon agitation. We also demon-
strated that Eu®" was associated with the polymers
both in the presence and absence of Au nanoparticles,
as evidenced by a quenching of the Eu** fluorescence
emission. For the Au nanoparticle-containing systems,
Eu* was found to reside close to the Au surfaces, as in-
dicated by the complete bleaching of the 7F,/’F; <

D, emission band, due to a Forster energy transfer be-
tween Eu** and the LSPR band of Au. The obtained re-
sults demonstrate that it is possible to tune adsorption

MATERIALS AND EXPERIMENTAL METHODS

Materials and Synthesis and Characterization of Copolymers. Gold
nanoparticles (30 nm in diameter) were purchased from Ted
Pella, Inc. The various PNIPAAM-based block copolymers have
been synthesized according to a slightly modified published pro-
cedure? via a simple “one-pot” atom transfer radical polymeriza-
tion (ATRP). These include (methoxy-poly(ethyleneglycol)-block-
poly(N-isopropylacrylamide)-block-poly(methyl methacrylate)
(MPEGs3-b-P(NIPAAM)4o-b-P(MMA)3) and poly(N-
isopropylacrylamide)-block-poly(3-sulfopropyl methacrylate po-
tassium) (P(NIPAAM)4-b-P(SPMA)s) (Figure 1)) The synthesis was
carried out in water/DMF (40/60, v/v) solvent mixtures at 25 °C
with the initiator/CuCl/CuCl,/MesTREN as the initiator/catalyst
system (MPEG-macroinitiator (MPEG-MI), MPEG precursor (M, =
2000 Da) from Fluka for the preparation of the triblock copoly-
mer (MPEGs3-b-P(NIPAAM)so-b-P(MMA);). Freshly distilled ethyl
2-chloropronate (ECP) was employed as initiator for the synthe-
sis of the diblock copolymer (P(NIPAAM),o-b-P(SPMA)s). The
preparation and purification of these polymers was conducted
under similar conditions as described previously.>>*' The general
reaction condition is that we kept the molar feed ratio of
[NIPAAM] = 2 M, [NIPAAM]/[MMA]/[MPEG-MI]/[CuCl}/[CuCl,)/
[MesTREN] = 70/10/1/1/0.6/1.6 and [NIPAAM]/[SPMA]/[ECP]/
[CuCl]/[CuCl,)/[MesTREN] = 70/20/1/1/0.6/1.6 for the corre-
sponding polymer. When the NIPAAM conversion had reached
ca. 90% (after ~25 min a 'H NMR analysis on 0.1 mL solution
withdrawn from the reaction mixture indicated that ca. 90% of
the NIPAAM had been polymerized (disappearance of vinyl sig-
nals at 8 = 5.5—6.0 ppm)), a well degassed solution of MMA
(IMMA]J/[MPEG-MI] = 10/1) or SPMA ([SPMAJ/[ECP] = 20/1) in a
water/DMF (40/60, v/v) mixture was added quickly to the reac-
tion mixture via a syringe under an atmosphere of argon. After
1 h, the polymerization was stopped by exposing it to air, diluted
with water and further dialyzed, first against 0.1 N KCI and then
against distilled water for several days using a dialysis membrane
of regenerated cellulose with a molecular weight cutoff of 3500
Da. The white solid triblock copolymer MPEGs;-b-P(NIPAAM)go-b-
P(MMA); and diblock copolymer P(NIPAAM)4-b-P(SPMA)s were
then finally isolated by lyophilization.

The chemical structure and composition of the triblock co-
polymer and the diblock copolymer were ascertained by their
'H NMR spectra (cf. Figure 11) with a Bruker AVANCE DPX 300
NMR spectrometer (Bruker Biospin, Fallanden, Switzerland), op-
erating at 300.13 MHz at 25.0 °C by using DMSO-ds or D,0 as the
solvent. The number-average molecular weight and the unit
numbers of m, n, and o, in MPEG,,-b-P(NIPAAM),-b-P(MMA), were
evaluated by comparing the integral area of the end-capped
methoxyl proton peak (1) of MPEG (8 = 3.30 ppm), the meth-
yne proton peak (6) of PNIPAAM (8 = 3.85 ppm) and the methy-
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and absorption features for polymer—nanoparticle con-
structs by the correct choice of passivating layers and
through means of temperature control. These
gold—polymer assemblies show how it is possible to
utilize gold nanoparticles to assess changes in struc-
tural conformation and behavior of immobilized macro-
molecules, whether it is caused by flocculation, plaque
formation, or temperature- or other stimuli-induced
changes in the adsorbed layer. This is of course highly
dependent upon choice of passivating layer and other
parameters such as environment and application, and
would also enable studies of, for example, surface- or
stimuli-induced unfolding of proteins on a plasmonic
carrier. Plasmon-resonant gold nanoparticles with an
adsorbed thermoresponsive polymer should be useful
in biological labeling and to develop smart drug deliv-
ery systems.

HDO 2
3
H 8
A uluu,.\gqﬂzs)fzi"v
7 0 o
1 2 \c"b g‘ n H,
HyC-CH 10
7: P
DMSO
1
3 48 5 10 6
> A

05 10 15 20 25 30 35 40 45
ppm

gox HDO

3
c;p;oﬂ%cé—ég)—(c:,jgj
4 [ 1

Nac‘é"‘cn,
s 7

05 10 15 20 25 30 35 40 45 50
ppm
Figure 11. "H NMR spectra of synthesized triblock copoly-

mer: MPEGs;3-b-P(NIPAAM)go-b-P(MMA); (A, DMSO-dg) and
diblock copolymer: P(NIPAAM),0-b-P(SPMA)s (B, D,0).

oxyl (10) of PMMA (3 = 3.6 ppm) obtained from its "H NMR spec-
trum (Figure 11A). The composition of the triblock copolymer is
estimated to be m/n/o = 53/60/3 (MPEGs;3-b-P(NIPAAM)go-b-
P(MMA)s), based on our previous asymmetric flow field-flow frac-
tionation (AFFFF) experiments that the number of repeating
units of the ethylene glycol of MPEG-macroinitiator is 53.3° Simi-
larly, we can calculate the composition of the diblock copoly-
mer to be m/n = 40/5 (P(NIPAAM)4-b-P(SPMA)s) by comparing
the integral area of the methyne proton peak (7) of PNIPAAM (3
= 3.85 ppm), the methyoxyl (10) of PMMA (3 = 3.6 ppm) as well
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as the ethyl isopropyl end group (1,3, 8 = 1.2 ppm) from its 'H
NMR spectrum (Figure 11B), and combining these results with
the molecular weight from AFFFF.

Asymmetric Flow Field-Flow Fractionation. The asymmetric flow
field-flow fractionation (AFFFF) experiments were conducted on
an AF2000 FOCUS system (Postnova Analytics, Landsberg, Ger-
many) equipped with an Rl detector (PN3140, Postnova) and a
multiangle (seven detectors in the range 35—145°) light scatter-
ing detector (PN3070, N = 635 nm, Postnova). The MPEGs;-b-
P(NIPAAM)go-b-P(MMA); samples (1.0 wt % in 0.01 M NaCl) were
measured at ambient temperature (25 °C) using a 350 um
spacer, a regenerated cellulose membrane with a cutoff of 5000
(Z-MEM-AQU-426N, Postnova), and an injection volume of 20 p.L.
The measurements were performed by employing a constant de-
tector flow rate of 1.0 mL/min. The focusing time was 5 min at
a cross-flow of 4 mL/min. The cross-flow was then linearly re-
duced to zero during a period of time of 20 min. Processing of
the measured data was achieved by the Postnova software
(AF2000 Control, version 1.1.011). The molecular weight of the
solutions was determined using this software with a random coil
fit, and a refractive index increment (dn/dc) of 0.126 (deter-
mined by using the RI-detector at 32 °C). The P(NIPAAM),o-b-
P(SPMA)s sample (5.0 wt % in 0.01 M NaCl) was measured at
10 °C using a 500 p.m spacer, a regenerated cellulose membrane
with a cutoff of 1000 (Z-MEM-AQU-425N, Postnova), and an in-
jection volume of 20 pL. The measurements were performed by
employing a constant detector flow rate of 0.2 mL/min and a
slot pump flow rate of 0.8 mL/min. The focusing time was 20 min
at a cross-flow of 4 mL/min, and after the focusing time the
cross-flow was kept constant for 10 min before it was linearly re-
duced to zero during a period of time of 5 min. The measured
data were processed with the Postnova software (AF2000 Con-
trol, version 1.1.011). The molecular weight of the solutions was
determined using this software with a Zimm fit, and a refractive
index increment (dn/dc) of 0.152 (determined by using the RI-
detector at 32 °C). Because of the strong associative nature of this
polymer, the peaks resulting from the single polymer chains
were very weak, resulting in a relative large error in the result-
ing molecular weights.

The polymer solutions were homogenized by stirring for 1
day before the gold nanoparticles were added or the planar
gold surface was covered by the solution. For all experimental
methods, except AFFFF, measurements were performed in 5 °C
intervals in the temperature region 25—60 °C, following an
equilibration period of ca. 15 min at each temperature, or 30
min of equilibration for the precipitation experiments with Eu.

Adsorption Protocol Au Nanoparticles. For studies of
nanoparticle—polymer constructs, a typical polymer-adsorbing
protocol consisted of adding a solution of the polymer (1 wt %,
0.5 mL) to 4.5 mL of the 30 nm Au nanoparticle solution (2*10"!
particles per ml). Samples were allowed to equilibrate for at least
24 h prior to analyses, yielding polymer—Au constructs, hereaf-
ter denoted as MPEGs3-b-P(NIPAAM)go-b-P(MMA); —Au and
P(NIPAAM),40-b-P(SPMA)s—Au. Approximately half of the samples
were centrifuged and resuspended twice in ultrapurified water
to remove excess polymer, the remaining 2.5 mL was kept as is.
Additionally, experiments were performed where EuCl; (0.075 wt
%, 0.5 mL) was added to 2 mL of the polymer—Au conjugates.
Centrifugation was done at 14500 rpm for 10 min on a MiniSpin-
plus from Eppendorf AG, Germany.

QCM-D Measurements. Gold-coated quartz crystal microbalance
(QCM) quartz crystals were acquired from KSV Instruments Ltd.
QCM adsorption measurements were performed on a QCM-Z500
from KSV Instruments Ltd., in a direct deposition protocol
wherein citrate-buffered (10 mM) solutions of the polymers
(0.02 wt %) were added to the measuring chamber, followed by
desorption in the citrate-buffer after equilibrium was attained.
Cleaning of the Au crystals was done prior to measuring by im-
mersing in a Piranha solution, consisting of H,SO,4 (98%) and
H,0, (30%) in a 3:1 ratio, for ~20 min, followed by rinsing with ul-
trapurified water and drying under a stream of Ny-gas. All crys-
tals were used immediately after preparation.

Turbidimetry. The turbidity experiments were performed on
an NK60-CPA cloud point analyzer from phase Technology, Rich-
mond, B.C., Canada. A detailed description of the equipment
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and determination of turbidities has previously been reported.®?
This instrument utilizes a scanning diffusive technique to probe
phase changes of the solution with high sensitivity and accuracy.
The light beam from an AlGaAs light source, operating at 654
nm, was focused on the measuring sample that was applied onto
a special designed glass plate coated with a thin metallic layer
of very high reflectivity (mirror). Directly above the sample, an
optical system with a light-scattering detector continuously reg-
isters the scattered intensity signal (S) of the solution as it is sub-
jected to a prescribed temperature alteration. The relation be-
tween the signal and the turbidity (7) is given by the following
empirical relationship T (cm™") = 9.0 X 10795375132

UV—Visible Spectroscopy. UV —vis spectra were recorded on a
Shimadzu UV-2401PC instrument, equipped with a TCC-240 tem-
perature control unit, over a wavelength range of 400—800 nm.
The rate of precipitation of the P(NIPAAM)0-b-
P(SPMA)s—Au—Eu** solutions was studied by time-resolved
UV—vis experiments at two different temperatures, 25 and
60 °C, over a period of 2—4 days.

Fluorescence Measurements. Steady-state fluorescence measure-
ments were performed on polymer—Eu, polymer—Au—Eu and
pure Eu(ll)Cl; solutions. Fluorescence experiments were con-
ducted on a Fluorolog-3 from HORIBA Jobin Yvon apparatus,
equipped with a Peltier element thermostat cell holder. Excita-
tion wavelength was 405 nm.

Zeta-Potential Experiments. Zeta-potential measurements were
conducted on a Nano-SZ zeta-sizer supplied from Malvern.

Dynamic Light Scattering Measurements. The dynamic light scatter-
ing (DLS) experiments were conducted with the aid of an ALV/
CGS-8F multidetector version compact goniometer system, with
8 fiber-optical detection units, from ALV-GmbH., Langen, Ger-
many. The beam from a Uniphase cylindrical 22 mW HeNe-laser,
operating at a wavelength of 632.8 nm with vertically polarized
light, was focused on the sample cell (10-mm NMR tubes, Wil-
mad Glass Co., 513—7PP-7) through a temperature-controlled
cylindrical quartz container (with 2 plane-parallel windows), and
the temperature constancy being controlled to within £0.01 °C
with a heating/cooling circulator, which is filled with a refrac-
tive index matching liquid (cis-decalin). The polymer solutions
were filtered in an atmosphere of filtered air through a 5.0 um fil-
ter (Millipore) directly into precleaned NMR tubes.

In the DLS measurements, the intensity correlation function
was measured at eight scattering angles simultaneously in the
range 22—141° with 4 ALV5000/E multiple-t digital correlators.
In the dilute concentration regime probed in this study the scat-
tered field obeys Gaussian statistics. The measured correlation
function g?(q,t), where g = (4wn/\) sin(6/2), with \, 6, and n be-
ing the wavelength of the incident light in a vacuum, scattering
angle, and refractive index of the medium, respectively, can be
related to the theoretically amenable first-order electric field cor-
relation function g'(g,t) by the Siegert relationship g%(g,t) = 1 +
Blg'(g.,0)|?, where B is usually treated as an empirical factor.

For suspensions containing particles of different size, the
nonexponential behavior of the autocorrelation function can be
portrayed by using a Kohlrausch—Williams—Watts®33* stretched
exponential function. This procedure has been reported to be
powerful in the analysis of correlation functions obtained from
various colloid systems.**~38 This approach is also successful to
describe the correlation function data for the colloidal particles
with adsorbed polymer studied in this work, and the algorithm
employed in the analysis of the present correlation function data
can be cast in the following form:

g'(t) = expl—(t/7:)"] Q)
where ¢ is some effective relaxation timeand B (0 < B = 1) is
a measure of the width of the distribution of relaxation times.
The high values of B (B = 0.8) observed for the present colloid
particles at all conditions suggest that the size distribution of
particles is narrow and the particles are nearly monodisperse.
The mean relaxation time is given by

=t /PT(1/P) 2)

where I'(1/B) is the gamma function.
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The correlation functions were analyzed by using a nonlin-
ear fitting algorithm (a modified Levenberg—Marquardt
method) to attain best-fit values of the parameters ¢ and 8 ap-
pearing on the right-hand side of eq 1. A fit was considered to be
satisfactory if there were no systematic deviations in the plot of
the residuals of the fitted curve and the values of the residuals
were small. For 0.082 wt % solutions of MPEGs3-b-P(NIPAAM)go-b-
P(MMA); in water and for MPEGs3-b-P(NIPAAM)g-b-
P(MMA);—Eu®" without Au nanopatrticles in the interval 25—35
°C, the correlation functions were described by the sum of a
single and a stretched exponential. Both modes are diffusive,
and the fast mode depicts the behavior of unimers and micelles,
whereas the slow mode illustrates the diffusion of intermicellar
structures. At higher temperatures, the larger complexes domi-
nate the decay of the relaxation process for MPEGs;-b-
P(NIPAAM)so-b-P(MMA); —Eu®", and this is described by the slow
mode.

Since the relaxation mode always is diffusive (D = 1/(tg?))
for these systems, the apparent hydrodynamic radii Ry, of the par-
ticles can be calculated by using the Stokes—Einstein
relationship

R — kgT
P 6mnD

@)

where kg is the Boltzmann constant, T is the absolute tempera-
ture, m is the viscosity of the solvent, and D is the mutual diffu-
sion coefficient. These suspensions become rather turbid at el-
evated temperatures, which may lead to problems with multiple
scattering. However, at the conditions considered in this study
we have only detected problems with multiple scattering at high
temperatures for 0.082 wt % of MPEGs;3-b-P(NIPAAM)go-b-
P(MMA);z in water.
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