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Ultrathin Layer-by-Layer Hydrogels with Incorporated Gold
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We report ultrathin pH-responsive plasmonic membranes of [poly(methacrylic acid)-gold nanorods],g
(PMAA-Au NRs),, with gold nanorods embedded into swollen cross-linked LbL hydrogels. In contrast
to the most of known pH responsive materials which rely on pH-triggered change in the intensity of
photoluminescence or plasmon bands, the responsive structures suggested here exhibit a significant pH-
triggered shift in easily detectable, strong plasmon resonance band. We show that a pH-induced deswelling
of the (PMAA-Au NRs),o hydrogel film in the pH change from 8 to 5 causes a dramatic blue-shift of the
longitudinal plasmon peak by 21 nm due to the increased side-by-side interactions of adjacent gold
nanorods. These composite hydrogel multilayer films can be released from the substrates yielding free-
floating and optically pH-responsive ultrathin hydrogel films which can be transferred to the appropriate

solid substrates.

Introduction

The unique optical properties of gold nanostructures'

attract a great deal of attention due to their potential
applications in organic—inorganic composites™® photonics,”*
biomaterials,” and biomedicine.'®!! One of the important
properties of gold nanoparticles is the coherent oscillations
of the metal electrons in resonance with light of a certain
frequency called surface plasmon resonance (SPR) fre-
quency.'? The intensity and the wavelength of the surface
plasmons are highly sensitive to the surrounding environment
which can be utilized for sensing purposes via surface
enhanced Raman measurements.'>'# Large enhancement of
the electromagnetic field owing to the excitation of the
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surface plasmons at the particle surface has been intensively
studied for sensor applications.' ™8

On the other hand, stimuli-responsive polymer coatings'’
with adaptive properties such as roughness,??! wettability,??
biocompatibility,”* and optical appearance®* are of great
demand for separation,? sensing,?*?’and delivery of func-
tional molecules.?® It is suggested that embedding metal
nanoparticles into polymer matrices is an effective means
to combine unique optical properties of gold nanostructures
with adaptive behavior of ultrathin membranes enhancing
their function as easily hand-able responsive materials.?’
Several related methods have been used for incorporation
of spherical gold nanoparticles within the polymer matrix
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including Langmuir—Blodgett deposition,***! electrostatic®?

and hydrogen-bonded self-assembly.** Most of the methods
rely on the preassembly modification of particles surfaces
with ligands capable of strong noncovalent interactions with
polymers used for the layer-by-layer (LbL) deposition.?*%

For instance, Minko and co-workers have recently reported
on a nanosensor based on brushes of poly(2-vinyl pyridine)
(P2VP) with citrate-stabilized spherical gold nanoparticles
adsorbed on top of the brushes.*® Interactions of adsorbed
gold nanoparticles with gold nanoislands precoated on the
glass surface were triggered by pH-induced shrinking of the
brushes in the pH range from 2 to 5. More recently, they
demonstrated that specifically designed pores on P2VP gel
can be decorated with gold nanospheres. pH-controlled
interactions of the nanoislands preformed on the glass surface
with the Au nanospheres along the P2VP gel pores caused
large shifts in the absorption maximum.*” Similar approach
has been used for the preparation of freely floating nano-
particle sensing devices.* In that work, citrate-stabilized gold
nanoparticles were directly immobilized on P2VP chains
grafted to silica nanoparticles. The reversible red-shift of the
absorption band by 13 nm was demonstrated when pH of
the modified silica nanoparticles was varied in the range
between 2 and 5. The fabrication of molecularly imprinted
polymer gels on a gold substrate with gel-embedded gold
nanoparticles showing enhancement in signal intensity
(change in SPR angle) due to gel swelling upon dopamine
binding was also reported.** A combination of nanowires
and nanoparticles designed to tune a SPR band position in
the presence of selective analytes has been reported by Kotov
et al.®

The LbL films were widely used to study optical properties
of noble metal nanoparticles embedded within the polymer
matrices.’” A strong effect of interparticle distance on the
surface plasmon absorption of Au nanoparticles has been
reported.*' Gold nanoparticles were also used to enhance SPR
signal under attenuated total reflection (ATR) spectroscopy
conditions** in LbL films made from poly(allylamine hy-
drochloride)/polystyrene sulfonate (PAH/PSS) and Au NPs
and deposited on gold- or silver-coated substrates. Moreover,
gold nanorods exhibit more attractive optical properties as
compared to nanospheres due to anisotropic shape. There
are two major absorption bands in the electromagnetic
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spectrum of the nanorods: the wavelength maximum centered
at ~520 nm corresponds to the transverse plasmon oscilla-
tions of nanorods. It depends on the aspect ratio and the
diameter of the rods. The second adsorption maximum
around 700—800 nm is due to the longitudinal plasmon
oscillations and possesses much stronger intensity and can
be tuned by varying the length of the nanorods.* To date,
these unique SPR properties have not been utilized in
responsive nanomaterials.

It is worth noting that for practical applications it is
important to be able to fabricate films which can be later
transferred to various substrates.*** This option is important
because such free-standing films offer a faster response and
permeability due to their low thickness and the absence of
substrate as well as versatility in integration with various
microfabricated substrates. The LbL method on sacrificial
substrates was widely used to fabricate free-standing polymer
films with inorganic particles for the improvement of their
mechanical properties.*** The spin-assisted LbL assembly™
in contrast to the dip-assisted LbL technique offers the
advantages of much shorter fabrication times and firm control
over the bilayer thickness as well as the surface properties
of the produced films.

In this work, we report on the preparation of pH-responsive
ultrathin plasmonic LbL. membranes of (PMAA-Au NRs),,
via postinclusion of Au nanorods into highly swollen
(PMAA),, layered hydrogel films. These films showed
dramatic pH response as readily detected and very significant
shift (more than 20 nm) in an easily detectable plasmon band
position in contrast with most of pH-responsive structures
known to date which rely on rather ambiguous detection of
modest changes in the intensity of the photoluminescence
or plasmon bands.

The PMAA films were synthesized via chemical cross-
linking of hydrogen-bonded (poly(N-vinylpyrrolidone)/
PMAA),y, (PVPON/PMAA),, films with ethylenediamine
(EDA). There is just one major example on spin-assisted
LbL assembly (SA-LbL) of hydrogen-bonded layers in the
literature,’! and here, we extend the knowledge on the
hydrogen-bonded deposition using a SA-LbL method and
demonstrate that thinner LbL films are produced from dilute
concentrations of polymer solutions as compared to those
formed by dip-coating LbL. We also show that the longi-
tudinal plasmon peak from (PMAA-Au NRs),, hydrogel
films reversibly shifts to lower wavelengths in response to
pH change from 8 to 5 (and back) due to deswelling of the
film resulting in stronger interactions of the gold nanorods.
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In contrast to previously reported systems, these films do
not require substrate precoating with gold or silver and can
be released as free-floating films transferrable to any ap-
propriate substrate. To the best of our knowledge, this is the
first example when gold nanorods as opposed to spherical
particles are used in combination with pH-responsive layered
films thus facilitating very significant and easily detectable
shift in longitudinal plasmon bands.

Experimental Section

Materials. Poly(allylamine hydrochloride) (PAH, M,, = 70 kDa),
poly(methacrylic acid) (PMAA, M,, = 150 kDa), poly(N-vinylpyr-
rolidone) (PVPON, M,, = 55 kDa), mono- and dibasic sodium
phosphate 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC), N-hydroxy-sulfosuccinimide sodium salt (NSS),
hexadecyltrimethylammonium bromide (CTAB), EDA, and HAuCl,
solution were purchased from Sigma-Aldrich. Ultrapure (Nanopure
system) filtered water with a resistivity 18.2 MQ cm was used in
all experiments. Quartz microscope fused slides (Alfa Aesar) and
single-side polished silicon wafers of the {100} orientation
(Semiconductor Processing Co.) were cut by typical size of 10 x
20 mm and cleaned in a piranha solution as described elsewhere.”

Synthesis of Gold Nanorods. To prepare a seed solution, 364
mg of CTAB was dissolved in 5 mL of water upon a slight heating
with a heat gun (up to 30—35 °C). In a separate vial, 1 mg of
HAuCl; x 3 H,O was dissolved in 5 mL of water at room
temperature. The two solutions were mixed together right after their
preparation and 0.6 mL of 0.01 M ice-cold aqueous solution of
NaBH, was added at once upon vigorous stirring (1200 rpm). Upon
the color change from greenish-yellow to brown the mixture was
stirred for 2 min. The stirring was stopped and the seed solution
containing 2 nm Au nanoparticles stabilized by CTAB surfactant
was used 5 min after the stirring was stopped.

Au nanorods stabilized by CTAB surfactant were prepared using
a modified seed-mediated growth method as reported in litera-
ture.*»>33* To grow gold nanorods, 8.5 mg of AgNO; was dissolved
in 12.5 mL of water. A total of 18.22 g of CTAB was dissolved in
250 mL of water in a 500 mL Erlenmeyer flask. In order to
completely dissolve the CTAB, a slight heating with a heat gun
was used. The two solutions were mixed and the mixture was kept
at 25 °C (oil bath) without any stirring. After 10 min, 250 mL of
aqueous solution of HAuCl, x 3 H,O (prepared separately by
dissolving 98.5 mg in 250 mL of H,0) was added to the aqueous
solution of CTAB and AgNOs;. After 3 min, 3.5 mL of 0.0788 M
aqueous solution of ascorbic acid was added to the above mixture.
The flask was hand-stirred until the mixture became colorless. The
obtained growth solution was used right after its preparation. At
this point, 0.8 mL of seed solution was added to the entire growth
solution (~535 mL) and the mixture was stirred for 30 s. Next, the
flask containing the growth solution was placed into an oil bath at
27 °C and kept without stirring. A reddish-brown color slowly
developed within the first 10 min.

Fabrication and Release of Hydrogel-Au NRs Films. Hydrogen-
bonded films of (PMAA/PVPON),, were deposited through SA-
LbL method according to the reported procedure.*” To enhance the
surface adhesion of the subsequently grown multilayer as well as
the swollen hydrogel films, three bilayers of PAH/PMAA precursors
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were first spin-cast onto the substrates starting from 0.5 mg/mL
PAH solution. The precursor layers were heated to 125 °C for 1 h
in an oven for thermal cross-linking of (PAH/PMAA); layers and
their enhanced adhesion to the substrate surfaces.”> We utilized these
precursor-treated quartz microslides or silicon wafers for deposition
of hydrogen-bonded (PMAA/PVPON) multilayers. Specifically, 0.2,
0.5, or 1.0 mg/mL polymer solutions were spin-cast onto the
substrates and rotated at 4000 rpm for approximately 20 s starting
from PVPON if deposition was performed on the substrates without
prelayers and if the pretreated substrates were employed.

After hydrogen-bonded multilayers were formed, they were
chemically cross-linked with EDA as has been developed in
previous studies and described in detail elsewhere.’*>" Briefly, PAH/
PMAA-tethered (PVPON/PMAA),, films were immersed into
solution of EDC and NSS at pH 5 for 30 min to activate the
carboxylic groups of PMAA and then transferred into 5 mg/mL
EDA solution at pH 5 for 20 h to introduce amide linkages between
EDA molecules and the activated carboxylic groups. After the cross-
linking reaction was completed, the substrates with tethered
hydrogel films were immersed in a 0.01 M buffer solution at pH 8
for one hour to ensure release of PVPON and then transferred to
pH 5 to deswell the hydrogel films. After 30 min exposure, these
films were dried with a gentle flow of nitrogen. Incorporation of
gold nanorods was performed at pH 8 or 3. For that, the substrates
with tethered films were first exposed to 0.01 M TRIS buffer
solutions at certain pH values and then transferred to the solutions
of gold nanorods in TRIS buffers whose pH was adjusted to either
pH 8 or pH 3 by 0.01 M hydrochloric acid or sodium hydroxide
solutions. After a certain time, the substrates with the LbL hydrogel
films were taken from the gold nanorod solutions, washed with
the buffers with an appropriate pH value, carefully dried with
nitrogen, and their UV —vis absorbance spectra were taken.

For free-standing film fabrication and characterization, the
(PMAA-Au NRs) films were prepared on top of a cellulose acetate
(CA) sacrificial layer. A sacrificial CA layer was spin-cast from
0.5% CA solution in dioxane on a precleaned silicon wafer in
accordance with the routine described earlier.*> On top of it, (PAH/
PMAA);(PVPON/PMAA),, layers were assembled with a spinning
time of 20 s at 4000 rpm. Chemical cross-linking and incorporation
of Au NR was performed as described above. After the fabrication,
the hydrogel-Au NRs films were cut into ~2 x 2 mm?® squares
with a stainless steel syringe microneedle and released by exposure
to acetone to dissolve the CA sacrificial layer. Drying these films
without transfer resulted in significant wrinkling because of
localized stresses. Thus, free floating LbL films were transferred
directly to buffer solution at pH 5 from which they were picked up
with various substrates and dried in air.

UV—Visible Spectroscopy (UV—Vis). UV—yvisible spectra of
hydrogel-nanorod LbL films were recorded using a UV-2450
spectrophotometer (Shimadzu). Measurements were done on quartz
substrates.

Atomic Force Microscopy (AFM). Surface morphology of the
films was examined using AFM. AFM images were collected using
a Dimension-3000 (Digital Instruments) microscope in the “light”
tapping mode according to the established procedure.’ For film
thickness measurements, the edge of the film transferred on a silicon
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Figure 1. Preparation of pH-sensitive gold nanorod-containing LbL
hydrogels: (A) SA-LbL self-assembly of hydrogen-bonded PVPON/PMAA
films, (B) LbL PMAA hydrogel films after being cross-linked and PVPON
was released from the hydrogel at basic pH, (C) swollen LbL PMAA
hydrogel films. LbL PMAA hydrogel films after Au nanorods were loaded
(D) and an excess of loosely bound nanorods was washed away by an
appropriate buffer solution (E). Interaction of Au nanorods within the film
can be controlled via pH changes (G) and the films can be released as free-
standing membranes (F).

wafer was scanned and the image was analyzed with bearing
analysis from NanoScope software to generate height histograms.

Transmission Electron Microscopy (TEM). TEM was per-
formed on a JEOL 1200EX electron microscope operated at 100
kV. For gold nanorods, a drop of Au NR aqueous solution was
cast onto carbon-coated copper TEM grids (Ted Pella) and allowed
to dry. To analyze the nanorod-containing hydrogels, a piece of
the free-floating film was picked with a copper grid and dried in
air before TEM analysis.

Ellipsometry. Measurements of the film thickness and the
refractive index in air and in a liquid cell were performed using a
M-2000U spectroscopic ellipsometer (Woollam). All measurements
were done at three angles of incidence of 65°, 70°, and 75°.

Contact Angle Measurements (CAM). Wetting of the hydrogel
film surfaces was estimated by determining contact angles using
optical measurements. Five microliters of water droplets were
deposited on the LbL films at room temperature and the contact
angles were automatically acquired by means of a CAM 101 (KSV
Instruments).

Results and Discussions

Fabrication of LbL Hydrogel Films for Incorpora-
tion of Au Nanorods. Figure 1 schematically shows the
procedure for stepwise preparation of ultrathin LbL hydrogel
films with incorporated Au nanorods adapted in this study.
First, hydrogen-bonded multilayers of PVPON/PMAA were
formed using SA-LbL method. To investigate surface
properties of these films, the hydrogen-bonded multilayers
were constructed on silicon wafer surfaces from polymer
solutions of various concentrations (Figure 1A). We found
that there is almost no difference in the thickness for the
films deposited from higher polymer concentrations of 0.5
mg/mL and 1.0 mg/mL (thicknesses of 3.3 and 3.5 nm per
bilayer, respectively). However, further decrease in the
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80 = [ 1.0 mg/mL, SA-LbL on pre-layers
so . M 0.2 mg/mL, dipping-LbL

30 -

Thickness, nm

20 -

Number of bilayers

Figure 2. Thicknesses of PVPON/PMAA films built via the spin-assisted
and dipping hydrogen-bonded LbL assembly from aqueous PVPON and
PMAA solutions of various concentrations.

deposition solution concentration (0.2 mg/mL) resulted in
21% thinner films compared to those deposited from 0.5 mg/
mL, with the bilayer thickness of 2.6 nm as one can see
from Figure 2.

The film construction from 0.2 mg/mL polymer solutions
using the dipping LbL method® is shown on the graph in
Figure 2 for comparison. Our results on the film growth
suggest that the films formed by hydrogen-bonded assembly
via the spin-assisted method from diluted solutions are 1.5
times thinner than those produced via the dipping method.
This difference may originate from different conditions under
which such SA-LbL films are formed. Large shear forces
due to high rotational speeds applied in this method could
prevent the deposition of the saturated monolayer of polymer
yielding the thinner films. The lower thickness of the polymer
pair from the spin-assisted deposition when employing
hydrogen bonding was also recently reported for hydropho-
bically modified poly(ethylene oxide)/poly(acrylic acid)
(HM-PEO/PAA) films.>' Similar trends were reported for
electrostatically assembled PSS/PAH multilayer films con-
structed via spraying LbL versus conventional dipping LbL.
methods.%>%® The slower multilayer growth of the sprayed
films was also explained by nonequilibrium thicknesses of
the resulted films due to a shorter contact time for the
spraying method.

Robust attachment to a solid support is important for
hydrogel pH-responsive films to ensure reliable studies on
their swelling—deswelling related properties. For that purpose
(PVPON/PMAA), films were deposited on (PAH/PMAA);
thermally cross-linked prelayers. This approach allows for
the formation of the reliable anchoring layer between the
solid support and the LbL hydrogel film.* In this case, when
PVPON/PMAA layers were spin-cast on (PAH/PMAA);-
pretreated surfaces, we observed a slight increase in the film
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7478 Chem. Mater., Vol. 20, No. 24, 2008

120 nm

Kozlovskaya et al.

nm Section Analysis

-30.0

oJd

1
1.00 2.00
pm

Section Analysis

1
1.00 2.00
Hm

Figure 3. AFM images and cross-sections of a hydrogen-bonded (PVPON/PMAA),, film deposited at pH 2.5 from 1 mg/mL buffer solutions via spin-
assisted LbL (top) and of a hydrogel (PMAA ) film produced by chemical cross-linking of a SA-LbL (PVPON/PMAA),, film and dried from pH 5 (bottom).
Z-scale is 30 nm for both images. Markers show the areas along which the cross-sections were made.

thickness with 3.8 nm per bilayer for (PAH/PMAA);(PVPON/
PMAA) films spin-cast from 1.0 mg/mL versus 3.5 nm per
bilayer for pure (PVPON/PMAA) layers spin-cast from the
same concentration solutions. The larger thickness in the
former case can be explained by the fact that the hydrogen-
bonded multilayer growth and their thickness values can be
strongly affected by the proximity of charged surfaces
imposing strong limitations on deposition conditions.® The
electrostatically bound (PAH/PMAA); prelayers help to
eliminate such substrate effects and result in thicker films.

It is interesting to note that although the incremental
bilayer thickness for PVPON/PMAA films varied for that
deposited from diluted and concentrated polymer solutions,
the molar excess of PMAA units over PVPON remained
approximately the same for all studied deposition solution
concentrations and was close to 2.3. This value is in good
agreement with those reported earlier for hydrogen-bonded
PVPON/PMAA (2.1 times)®' and poly(N-vinylcaprolactam)/
PMAA multilayers (1.6 times)® fabricated via the conven-
tional dipping LbL assembly.

(65) Kozlovskaya, V.; Yakovlev, S.; Libera, M.; Sukhishvili, S. A.
Macromolecules 2005, 38, 4828.

(66) Kharlampieva, E.; Kozlovskaya, V.; Tyutina, J.; Sukhishvili, S.
Macromolecules 2005, 38, 10523.

To yield a pH-responsive polymer matrix of the largest
thickness useful for incorporation of 25 nm diameter gold
nanorods, the hydrogen-bonded (PVPON/PMAA) platform
was built up from 1.0 mg/mL polymer solutions on the
prelayer-treated surfaces and then chemically cross-linked
as reported previously (Figure 1B).%7 Specifically, EDA was
used in this work as a bifunctional cross-linker for (PMAA )yy-
layered hydrogel films. After exposure of the films to pH 8
and release of the neutral polymer out of the produced
(PMAA) hydrogel matrix the film thickness decreased by
30% meaning the complete release of PVPON.>® Figure 3
demonstrates cross-sectional analysis of the (PAH/
PMAA);(PVPON/PMAA ),y hydrogen-bonded platform formed
at pH 2.5 via SA-LbL method before and after cross-linking
was performed. Overall smoothening of the LbL surface
occurred due to dissolution of the previously formed
hydrogen-bonded complexes between the poly(carboxylic
acid) and PVPON and overall polymer matrix extension due
to increased hydrophilicity of the polyacid chains after
PVPON was released.%” Furthermore, even larger decrease
in the hydrogel surface roughness was observed when SA-
LbL (PMAA), films were dried from either pH 8 or pH 3.

(67) Kozlovskaya, V.; Sukhishvili, S. A. Macromolecules 2006, 39, 5569.
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Figure 4. AFM images of the LbL hydrogen-bonded (PVPON/PMAA )y,
film spin-coated from 1 mg/mL aqueous solutions at pH 2.5 (A, B). A cross-
linked (PMAA),, film at (PAH/PMAA );-treated silicon wafers dried from
pH 5 (C,D), from pH 8 (E, F), or from pH 3 (G, H). Z-range is 150 nm for
A, C, E, and G and 30 nm for B, D, F, and H.

Root-mean-square microroughness (rms) measured at (1 x
1) um? area for 20-layer cross-linked (PMAA) film at (PAH/
PMAA);-treated silicon wafer surfaces dried from pH 8 and
from pH 3 were 0.8 and 0.9 nm, respectively compared to
3.6 nm for the initially deposited films and 1.3 nm for
(PMAA),, at pH 5 (Figure 4). Lower microroughness of the
cross-linked films at pH 8 and pH 3 reflected additional
extension of the polyacid matrix caused by its electrostatic
ionization under these conditions. The larger (5 x 5) um?
scans of the (PMAA) hydrogel films revealed the appearance
of larger scale wrinkles on the hydrogel surfaces (Figure 4).
Their presence in the dried cross-linked films can be
attributed to the restricted 3D swelling of the tethered
hydrogel LbL films which causes localized compressive
stresses.
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Figure 5. A: TEM image of CTAB-stabilized gold nanorods cast from
solution on a carbon-coated copper TEM grid and their size distribution in
length (top) and in width (bottom). B: Normalized UV —visible spectra from
solutions of CTAB-stabilized gold nanorods exposed to pH 3 (filled circles)
and pH 8 (open circles) buffers.

Incorporation of Au Nanorods within Swollen LbL
Hydrogel Films. From TEM analysis of the nanorods
utilized here, the average aspect ratio of the synthesized gold
nanorods was L/W = 3 with the width and length of 25 £+ 3
nm and 74 & 7 nm, respectively (Figure SA). The UV —visible
spectra show two distinct absorption maxima at pH 3 and 8
(Figure 5B). The absorbance peak around 515 nm corre-
sponds to the transverse plasmon oscillations and the peak
with the higher intensity is responsible for the longitudinal
plasmon resonance peak.®® The initial gold nanorod solution
(pH = 3) shows a longitudinal absorbance peak maximum
of 725 nm (filled circles in Figure 5B). A red-shift to 745
nm and broadening of the peak with some reduced intensity
occurred when the pH of the nanorod dispersion was adjusted
to pH 8. The red-shift of the longitudinal plasmon band with
no significant change in transverse plasmon peak position
can be related to modest aggregation of gold nanorods in
solution.®’

The reversibility in UV absorbance in response to pH was
observed during the first two pH adjustments and gradually
deteriorated with the subsequent pH cycles. These changes
in absorption of the solution are caused by aggregation of
the nanorods due to dilution during pH adjustments resulting
in subsequent gradual removal of CTAB molecules respon-

(68) Jain, P. K.; Eustis, S.; El-Sayed, M. A. J. Phys. Chem. B 2006, 110,
18243.

(69) Joseph, S. T. S.; Ipe, B. I.; Pramod, P.; Thomas, K. G. J. Phys. Chem
B 2006, 110, 150.
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Figure 6. Absorbance of (PAH/PMAA);(PMAA),, hydrogel films loaded with gold nanorods at pH 8 (A) and at pH 3 (B) for different periods of time

Scheme 1. Internal Structure of the Hydrogel Film at pH 3
(left) and pH 8 (right) before Loading of Gold Nanorods
(middle) into the Swollen LbL Films

sible for stabilization of the nanorods. Finally, the precipita-
tion of the gold particles occurred upon standing of the
solution at pH 8 for longer than 15 h. Similarly, Kim and
co-workers recently demonstrated that repetitive washings
of free gold nanorods caused irreversible aggregation of the
nanorods due to decreasing the minimum amount of the
surfactant molecules necessary for maintaining colloidal
stability of the nanorods in solution.”
The dependence of the SPR wavelength on the environ-
ment around gold nanoparticles can be the convenient
parameter useful to monitor changes induced by the variation
in environmental pH or chemical composition of the media.”!
Thus, change in the surroundings can affect interparticle
interactions resulting in a strong shift in the surface plasmon
resonance of the nanorods easily monitored by UV —visible
spectroscopy. In such a case, the gold nanorods can be
considered as optical tags designated to follow the environ-
mental changes.

The gold nanorods exploited in this work were positively
charged owing to the stabilizing bilayer of CTAB.”? There-
fore, a swollen LbL. hydrogel was exposed to Au nanorod
solution at pH 8 to favor electrostatically driven incorporation
of the nanorods within the hydrogel film (Figure 1C,D).
Figure 6A shows the evolution of the UV —visible spectrum
of the quartz-attached (PAH/PMAA);(PMAA),, film upon
gradual accumulation of the nanorods from solution within
the LbL film at pH 8. The spectra exhibit two absorbance
maxima associated with the presence of the nanorods similar

(70) Koo, H. Y.; Choi, W. S.; Kim, D.-Y. Small 2008, 7, 42.
(71) Tokareva, I.; Tokarev, I.; Minko, S.; Hutter, E.; Fendler, J. H. Chem.

Commun. 2006, 3343.
(72) Nikoobakht, B.; El-Sayed, M. A. Langmuir 2001, 17, 6368.
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Figure 7. A: UV—vis absorption spectra of the (PAH/PMAA);(PMAA-
Au)y films loaded at pH 8 for 15 h, as produced (open circles) and after
four washings in pH 8 buffer solution (filled circles). B: Optical image of
(PMAA-Au)y, film freely floating in water; the ruler shows a scale in

millimeters.

to those in solution (Figures 5B and 6). The longitudinal
absorbance peak at 701 nm becomes more intense with
increasing loading time with the slight red shift developing
after approximately 5 h of loading. Such gradual gain in the
intensity of the peak is attributed to the increasing number
of gold nanorods included into the hydrogel film due to
electrostatic interactions between negatively charged COO™
groups present in the swollen cross-linked matrix and the
positively charged CTAB corona around Au NRs (Scheme
1, right). Interestingly, in case of the SA-LbL for (PVPON/
PMAA)s;Au NRs(PMAA/PVPON/PMAA)sAu NRs at pH 4,
almost no nanorods could be deposited between the hydrogen-
bonded stacks implying poor electrostatic interactions be-
tween CTAB-stabilized Au nanorods and slightly negatively
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Figure 8. AFM images of the (PAH/PMAA);(PMAA),, hydrogel films loaded with Au NRs at pH 3 (A, B) and at pH 8 (C, D) for 10 h, washed with

appropriate pH solutions and subsequently dried with a stream of nitrogen.

charged PMAA. Similarly, only a small portion of CTAB-
stabilized gold nanorods was initially adsorbed onto the
polyelectrolyte surface of (PAH/PSS), capsules but later they
were easily detached from the PAH/PSS multilayers upon
the following washings.”

Such poor surface interaction of CTAB-stabilized Au
nanorods with oppositely charged polyelectrolyte-coated
surfaces was explained also by possible adsorption of free
CTAB molecules from the nanorods solution. When adsorbed
on negatively charged polyelectrolytes, these CTAB bilayers
inhibited further adsorption of CTAB-coated gold nanorods
due to same charge repulsions.” In our case, there was a
negligible decrease in overall peak intensity after four-time
washing of the loaded hydrogel with pH 8 buffer solution

(73) Rutland, M. W.; Parker, J. L. Langmuir 1994, 10, 1110.

implying that most of the nanorods were electrostatically
bound within the hydrogel film (Figure 7A). The shoulder
at 780 nm after short loading indicates the initial presence
of some aggregated nanorods caused by the necessity to
adjust pH of the nanorods solution to pH 8.

We also explored the possibility to incorporate Au
nanorods into the (PMAA )y, hydrogel film swollen at pH 3
(Scheme 1, left). Swelling of the film at this pH is caused
by mutual repulsions of positively charged amino groups
from the one-end attached cross-linker molecules.”® Due to
the same charge of Au nanorods and the hydrogel film, no
nanorod inclusion could be anticipated. Surprisingly, we
observed a steady increase in the peak intensity of the
longitudinal plasmon band at ~700 nm with increasing
loading time finally saturating after 7 h (Figure 6B). The
shoulder at longer wavelengths becomes more pronounced
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Figure 9. TEM image of the (PMAA-Au NRs),, hydrogel film loaded at pH 8 for 15 h (A). The loaded film was released into water, picked up with TEM
grid and dried in air. AFM topography (left) and phase (right) images of (2 x 2) um? surface area of the (PMAA-Au NRs), film (B and C, respectively);

z-scale is 100 nm (left) and 50° (right).

with larger loading times implying an increased agglomera-
tion of the nanorod aggregates with time. We suggest that
in the case of loading of the nanorods into the hydrogel film
at pH 3, positively charged amino groups can deprive gold
nanorods of the positively charged CTAB corona through
repulsive interactions and induce spontaneous precipitation
of the nanorods within the swollen hydrogel film. Note that
there is also a possibility of Au nanorods interactions with
the present amino groups due to high affinity of gold to
amino groups.’

AFM imaging of the films loaded at pH 8 and 3 well
correlated with the UV —visible spectroscopy results (Figure
8). It is clearly seen that the number of the nanorods included
in the (PMAA),, film at pH 8 for 10 h is less than that at
pH 3. This difference is most probably caused by free CTAB
molecules from the nanorod solution at pH 8, which can be
electrostatically attracted to the swollen negatively charged
hydrogel film along with the CTAB-coated nanorods. Such
free CTAB molecules can block some of the available COO™
binding sites and prevent the LbL film from overloading with
the nanorods.

(74) Wangoo, N.; Bhasin, K. K.; Mehta, S. K.; Raman Suri, C. J. Colloid
Interface Sci. 2008, 323, 247.

Cross-sectional analysis of the surface topography reveals
that the gold nanorods which are seen on the hydrogel surface
are partially embedded within the films both loaded at pH 8
and pH 3 (Figure 8). An average height of the nanorods
obtained from cross-sectional analysis of the (PMAA-Au
NRs), film was 15 £ 3 nm (Figure 9). We suggest that this
loading was possible because it was performed into a highly
swollen LbL hydrogel with thickness much higher than the
diameter of the nanorods. Even if dry thickness of the
produced (PMAA ),, hydrogel films measured by ellipsometry
was 54 £ 3 nm, after exposure to buffered solutions at pH
5 and pH 8, the hydrogel thickness increased twofold yielding
106 and 202 nm, respectively. These values were in very
good agreement with our previous work performed on
PMAA hydrogel films.>”* As has been suggested, the
swelling of the hydrogel film was due to hydration of the
polymer networks and their further ionization along with
the osmotic pressure of ions.

Surface Properties of (PMAA-Au NRs) Hydrogel LbL
Films. TEM analysis of the free-standing (PMAA-Au NRs)y
film loaded with gold nanorods at pH 8 (shown in Figure
7B) and transferred on the TEM grid revealed the embedded
nanorods (Figure 9A). The low contrast between free
hydrogel surface and surfaces of most of gold nanorods on
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Figure 10. AFM and TEM images of (2 x 2) um? surface area of the
(PMAA-Au NRs)y film (A and B, respectively); z-scale for the AFM image
is 100 nm. C: Histograms of the height of the embedded gold nanorods
from AFM images and their width calculated from the TEM images of (2
x 2) um? surface area, respectively. Total number of counts corresponds
to the number of nanorods visible within selected surface area.

corresponding phase images obtained in very light tapping
mode indicates that the nanorods are mostly covered by the
hydrogel material as can be concluded from the analysis of
the mechanism of interaction between AFM tip and the
biphasic materials (Figure 9B,C).”” Indeed, considering that,
under light tapping mode, phase contrast is mainly controlled
by the adhesive properties of the surface, we can conclude
that the hydrogel material covers most of gold nanorods
visible in this image. This result suggests that a significant
fraction of gold nanorods is partially embedded into the
hydrogel film and not just tethered to its surface.

Indeed, the number of gold nanorods obtained from 2 ym
x 2 um surface area from TEM analysis was calculated to
be two times larger that the number of the topmost nanorods
obtained from AFM images from the same surface area
(Figures 10A,B). This difference confirms the inclusion of
the nanorods within the hydrogel with at least half of them
buried deep inside hydrogel films, well beneath the topmost
hydrogel layer. In addition, the apparent height of the topmost
gold nanorods estimated from AFM images is about twice
lower than that estimated from TEM images indicating that
even nanorods tethered to the surface are partially (50%)
embedded into supporting material (Figure 10C). Finally, the
analysis of projectional dimensions of gold nanorods dem-
onstrates that more than 90% of all them are lying within
the plane of the films with very few nanorods standing in
vertical orientation (Figure 8). Apparently, such in-plane
preferential arrangement is caused by the spatial constraints
imposed by the limited thickness of dry ultrathin hydrogel
films comparable with the length of the nanorods.

(75) Luzinov, L.; Julthongpiput, D.; Tsukruk, V. V. Macromolecules 2000,
33, 7629.
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Table 1. Contact Angles of (PMAA),) and (PMAA-Au NRs),,
Hydrogel Films in Their Swollen (pH 8 and pH 3) and Deswollen
(pH 5) States”

pH 8 pHS pH 3
(PMAA), <10° <10° 38 +2°
(PMAA-Au NRs)y 32 +3° 52 +3° 46 £ 2°

“ Gold nanorods were loaded into the film at pH 8 for 10 h.

The lowest contact angle for (PMAA-Au NRs),, was found
to be 32 + 3° after the film was dried from pH 8 (Table 1).
This value reflects increased hydrophilicity of the film
because of the ionization of the surface carboxylic groups
which is similar to the trend observed for the bare (PMAA),,
film. The contact angle increase for both (PMAA),, and
(PMAA-Au NRs),y swollen films at pH 3 (38 4 2° and 46
=+ 2°, respectively) reflected increased hydrophobicity of the
uncharged poly(carboxylic acid) chains compared to that at
higher pH. Higher hydrophobicity of PMAA was reported
to yield hydrophobic clusters within PMAA chains in
aqueous solutions at low pH values.”*”” On the other hand,
at pH 5 the (PMAA-Au NRs)y film is efficiently neutral®’
and deswollen, which results in the highest value for the
contact angle of 52° £ 3°. The observed changes in the
surface properties of the hydrogels loaded with the gold
nanorods also suggest their presence in the polymer matrix.

Optical Properties of (PMAA-Au NRs) Hydrogel Films.
Figure 11A shows UV—visible spectra of the (PMAA-Au
NRs),o hydrogel films at different pHs. The longitudinal SPR
peak changes its position in response to changes in the pH
of the environment. The plasmon peak blue-shifts by 21 nm
after the loaded hydrogel film was transferred from pH 8 to
pH 5. Such a shift corresponds to the increased coupling
between nanorods caused by the closer side-by-side assembly
of the nanorods as suggested by theoretical consideration.®
The more intense coupling of the nanorods in this case
occurred when they closely assemble in response to deswell-
ing of the hydrogel matrix after the pH decrease. Using the
literature data on the extinction efficiency of gold nanorods
with aspect ratio of 4 %78 in a side-by-side orientation, we
estimated the distance between the interacting nanorods
within the loaded film to be close to 30 nm.

It is worth noting that a small red-shift in the transverse
SPR peak (4 nm) was also observed after the pH change
from 8 to 5. This result also confirms the increased side-
by-side interactions of the nanorods upon the hydrogel
deswelling and agrees with the literature results. %7° The
changes in the peak position for the (PMAA )., hydrogel films
loaded at pH 3 showed only a slight shift of 6 nm to higher
energies in response to lowering pH from 8 to 5 which is
most likely because of high degree of the nanorods loading
(not shown). We hypothesize that such close assembly of
the nanorods in the hydrogel film did not allow for
pronounced changes in the internanorod distance and there-
fore resulted in a small shift in the longitudinal plasmon band.

(76) Bednag, B.; Trnend, J.; Svoboda, P.; Vajda, S.; Fidler, V.; Prochazka,
K. Macromolecules 1991, 24, 2054.

(77) Soutar, 1.; Swanson, L. Macromolecules 1994, 27, 4204.

(78) Lee, K.-S.; El-Sayed, M. A. J. Phys. Chem. B 2005, 109, 20331.

(79) Thomas, K. G.; Barazzouk, S.; Ipe, B. L; Joseph, S. T. S.; Kamat,
P. V. J. Phys. Chem. B 2004, 108, 13066.
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Figure 11. A: Absorbance of (PMAA-Au NRs),, hydrogel film (with Au nanorods loaded into the hydrogel film at pH 8 for 15 h) exposed to pH 8 (open
circles) and to pH 5 (filled circles). B: Reversible variations in the absorbance maximum of the hydrogel film from 701 to 680 nm in response to pH change
from 8 to 5, respectively. C: Absorbance of (PMAA-Au NRs),, hydrogel film exposed to pH 8 and to pH 5. Peaks obtained from the fitting analysis of the
original spectra (solid lines) are shown with dashes. D: The evolution of the longitudinal SPR peak position from pH 5 to 8.

The pH-dependent shifts of the SPR peaks were highly
repeatable as one can see from the Figure 11B. Alternate
variations between the pH values of 5 and 8 with the
exposure time for 15 min in each solution resulted in the
reversible change of the plasmon peak between 680 and 701
nm. Deconvolution analysis of the longitudinal plasmon band
yielded the presence of two peaks at 692 and 783 nm. Upon
the pH change from 8 to 5, these peaks are consistently
shifted to 672 and 768 nm, respectively (Figure 11C). We
attribute the former peak to the presence of individual Au
nanorods loaded into the PMAA hydrogel film while the
latter can be associated with the aggregated nanorods whose
existence is confirmed by the AFM studies (Figure 8). The
consistent shifts of the longitudinal plasmons may reflect an
increase in the refractive index within the (PMAA) hydrogel
films.8%7 In fact, the refractive index of hydrogel films
(without nanorods) changed from 1.36 at pH 8 to 1.43 at
pH 5 as was measured with spectroscopic ellipsometry for
films in the swollen state directly in a liquid cell.

We also examined how the plasmon absorbance peak
changes in response to stepwise variations between the target
pH values. We have previously shown that swelling transition
in cross-linked PMAA hydrogels occurs in the pH range of
6—6.5 (with reported pK, values of PMAA ~ 6).%° Indeed,
a sharp transition in the absorbance maximum occurs around

(80) Pristinski, D.; Kozlovskaya, V.; Sukhishvili, S. A. J. Opt. Soc. Am. A
2006, 23, 2639.

pH 7 (Figure 11D). We suggest that the slightly increased
pH threshold for the detected conformational changes is due
to the presence of positively charged CTAB-coated gold
nanorods. At neutral pH, Au nanorods contribute to the ionic
NH;*/COO~ cross-linking which coexists with covalent
cross-links within the film and therefore delay the swelling
of the hydrogel film.

Conclusions

We report on a straightforward fabrication of the optically
responsive ultrathin membranes useful for monitoring mem-
brane swelling/deswelling changes in the biologically im-
portant pH range from 5 to 8. The ultrathin, 55 nm
membranes were fabricated by inclusion of the gold nanorods
into the swollen cross-linked (PMAA),, LbL hydrogel films
through electrostatic interactions. We demonstrated that in
contrast to the majority of the sensing methods reported in
the literature which rely mostly on the quenching effects
when the intensity decrease is monitored upon the environ-
mental change event, pH-induced swelling/deswelling of the
reported (PMAA-Au NRs),y membranes can be easily
tracked by monitoring shifts in the longitudinal SPR peak
of gold nanorods. We show that pH-induced deswelling of
the (PMAA-Au NRs), film causes a significant blue-shift
of the plasmon band by 21 nm, which reflects the increased
side-by-side interactions of gold nanorods and an increase
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in the refractive index within the hydrogel film with the pH
decrease from 8 to 5.

We suggest that the longitudinal SPR peak of gold
nanorods is more suitable for monitoring pH-induced changes
within the membranes than the transverse SPR band for
nanorods or for gold nanoparticles due to its stronger
intensity and higher sensitivity to the environmental condi-
tions. Importantly, due to the stronger interactions among
gold nanorods within highly loaded hydrogel films the
substrate precoating with gold is not required to yield large
SPR response to pH changes. In contrast with most of known
pH responsive materials which rely on pH-triggered change
in the intensity of photoluminescence or plasmon bands, the
responsive structures suggested here cause pH-triggered and
very significant shift in easily detectable plasmon resonance
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bands. Additionally, it is worth noting that these ultrathin
hydrogel films are strong enough to be released from the
substrates yielding free-floating films, and thus they can be
utilized as stand-alone pH responsive membranes. Moreover,
these hydrogel LbL films can be further transferred to other
microfabricated supports and utilized in a variety of sensing
applications.
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