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We report on responsive photoluminescent hybrid materials with quantum dots immobilized in
organized manner fabricated by spin-assisted layer-by-layer assembly (SA LbL). The strongly
interacting polyelectrolytes such as poly(allylamine hydrochloride) (PAH) and poly(sodium
4-styrenesulfonate) (PSS) serve for confining CdTe nanoparticles stabilized by thioglycolic acid, while
a poly(methacrylic acid) (PMAA) hydrogel matrix presents an elastomeric network with pH-responsive
properties. Quantum dot layers encapsulated in PSS-PAH bilayers are confined inside this hybrid
hydrogel matrix. The system undergoes reversible changes in photoluminescent intensity in response to

pH variations. Photoluminescent intensity of the hybrid matrix is suppressed in excess negative

charge at high pH, but excess positive charge at low pH results in significant photoluminescence
increase. Such hybrid quantum dot-containing hydrogel-LbL assemblies provide a way for a novel
design of materials with precisely controlled structure and pH-triggered optical properties which

might be developed into or pH- or chemical sensors.

Introduction

Modern applications require a new design of responsive func-
tional coatings capable of changing their properties in
a controlled way under external stimuli.! Integration of respon-
sive matrix with functional inorganic nanoparticles offers control
over response and structure of the hybrid systems on demand.?
Surface hydrogels as crosslinked polymer networks capable of
uptaking large amounts of water, are typical examples of
responsive materials.>* These matrices can provide an ideal
environment for hosting a variety of functional molecules and
nanoparticles. Even ultrathin hydrogels (<100 nm) possess a high
loading capacity, which is along with their fast response to stimuli,
offers a wealth of opportunities in drug delivery and sensing.>”’
In contrast to other techniques to produce surface hydrogels, for
example, a radiation- or chemically-induced attachment of films to
functionalized surfaces,® ! a layer-by-layer (LbL) assembly allows
fabricating hydrogels on any substrate with a thickness control via
a variation of a number of layers.’>** This way, ultrathin surface
hydrogels were constructed by polymer assembly with microgel
particles,'® by sequential chemical crosslinking of polymers
during self-assembly’”*® or by thermal-, photo-, and chemical
cross-linking at a post-assembly step.'®?® Recently, a micro-
stratified two-component hydrogel-based architecture was
obtained by assembly of alginate gels with poly(L-lysine)-hyalur-
onic acid films.?* However, despite the unique hydrogel properties
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such as high loading capacity combined with the fast response,
design of stratified hydrogel-based structures capable of incorpo-
rating nanoparticles has been rarely explored.

On the other hand, the LbL assembly was intensively used to
produce stratified coatings with controllable organization of the
incorporated species when polyelectrolytes were assembled with
functional moieties. This way, a variety of LbL hybrid nano-
materials have been fabricated by encapsulating nanoparticles,
nanosheets, nanowires, or nanorods***” making them promising
for biosensing, nonlinear optical devices, memory devices,
selective membranes, and for biomedical applications.?°

Among other functional moieties, quantum dots, also known as
semiconductor nanocrystals, have been successfully incorporated
into a polymeric matrix via an alternating assembly with poly-
electrolytes giving rise to functional semiconducting films with
unique optical properties.**** In contrast to conventional fluo-
rescent dyes, quantum dots possess emission spectra with a narrow
and symmetric emission band and have been widely used as
photoluminescent component for labeling, imaging, and detection
in optoelectronics, biological assays, bio- and chemosensors.**3
For example, LbL films emitting light of different colors (“nano-
rainbows”) were prepared by incorporation of quantum dots into
polyelectrolyte matrix.’” Another example includes freely sus-
pended highly fluorescent ultrathin membranes fabricated by
embedding a quantum dot monolayer into the LbL film.?® In the
alternative approach, quantum dots were loaded into pre-
assembled LbL polyelectrolyte films at the post-assembly step.3*#°

Besides the capability to produce stratified structures, LbL
films with proper composition might also exhibit a pH-respon-
sive behavior.*! However, the response of the conventional LbL
films is much weaker as that for the hydrogel-based systems. The
reason is strong intermolecular interactions in the conventional
LbL films, which however, results in stratified structures, but
lacks in sensitivity to pH variations. For example, the LbL films
of poly(allylamine hydrochloride) (PAH) and poly(sodium
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4-styrenesulfonate) (PSS) exhibit a pH-sensitive swelling only
when deposited at pH 9.5 when PAH is partially uncharged (pKj,
is 9.5-10) and therefore forms loops upon interaction with PSS.*?
As a result, these films can not hold particles inside in the
stratified and confined order but release them out in response to
pH variations.*

Therefore, there is a challenge to produce nanomaterials which
would be stimulus-responsive but capable of preserving the
particle confinement upon environmental changes at the same
time. Previous studies on responsive matrices, based on ether
conventional or hydrogel-like LbL films, explored loading
functional moieties into pre-formed films which lacks control
over internal structure of the produced composites.>**° To load
nanoparticles, as-prepared matrices were immersed into nano-
particle solutions followed by stimulus-triggered release of the
particles. For example, PAH-dextran microgel particles assem-
bled with PSS could load and later release CdTe particles in
saline solutions. In this case, PAH-dextran microgels served as
reservoirs with high loading capacity, capable of reversible
swelling—deswelling as a function of ionic strength.? Incorpo-
ration of nanoparticles*® or carbon nanotubes** into, so called,
exponential LbL films which behave largely as gels has recently
been demonstrated. An interesting spontaneous stratification
behavior was also observed in exponential LbL layers with
incorporated alumosilicates.*> However, in all these cases the
degree of control over the stratification patterns needs to
improve further.

In our study we report on novel hybrid LbL-based hydrogels
with spatial control over the layer organization and utilize these
structures for confining quantum dots within LbL multilayer
stacks. In contrast to the previous works, which have utilized
a pH responsive LbL matrix for particle release, we take
advantage of the firm structural control afforded by LbL
technique to study a pH responsive behavior of quantum dots
which are confined within the PAH-PSS stratum and, therefore,
stay inside the matrix upon pH variations (Fig. 1). These
hybrid nanostructured materials with the general formula of
(PAH-PSS),-(PMAA),, are prepared by sequential assembly of
PAH-PSS films in their “passive”, pH-insensitive form, with the
“active”, pH-sensitive poly(methacrylic acid) (PMAA) hydrogels
(Fig. 1). The polyelectrolyte films of strongly interacting
PAH-PSS bilayers act as a dense nanoscale matrix for

Fig. 1 Fabrication of hybrid hydrogels via alternating assembly of
electrostatically-bound and hydrogen-bonded (H-B) strata, followed by
crosslinking. Inset illustrates crosslinking as a result of interaction of
ethylene diamine with carboxylic groups in the H-B strata.

incorporation of quantum dots and confine them in a stratified
manner. On the other hand, the LbL-derived hydrogel of
crosslinked PMAA serves as a global pH-sensitive matrix with
a reversibly changing charge balance.

The ultrathin hybrid matrices show controlled and responsive
optical properties of quantum dots without compromising their
aggregation state. We investigated the role of (1) a number of
QD-containing layers, (2) a distance of these layers from the
substrate, and (3) a cross-linking density of a PMAA hydrogel
stratum on their responsive behavior. To the best of our
knowledge this is the first observation of a reversible and robust
pH-triggered optical response of quantum dots imbedded into
a hybrid matrix made through combining sequential strong-
polyelectrolyte and hydrogel interlayers.

Results and discussion
Construction of hybrid LbL-layered hydrogel assembly

To check the feasibility of the approach, we first fabricated
a hybrid LbL film composed of chemically cross-linked LbL-
derived PMAA hydrogels separated by the electrostatically
bound (PAH-PSS), films without quantum dots (Fig. 1).

First, a precursor of a 4.5-bilayer PAH-PSS film is formed on
a silicon surface, followed by deposition of a two-component
hydrogen-bonded stratum and its subsequent cross-linking to
form a one-component PMAA hydrogel. The PAH-PSS film
enhances adhesion of the hydrogel to the substrate and at the
same time serves as the first pH-insensitive stratum by being
deposited at pH 7.5. It was previously shown that PAH-PSS films
were insensitive to pH variations if assembled at pH < pKj of
PAH when both polyelectrolytes are in their fully charged state
and behave as strong polyelectrolytes.***¢ Thus, by using the
deposition pH = 7.5, we fabricate strata of the electrostatically
bound PAH-PSS layers which do not contribute to the respon-
sive behavior of the hybrid system. The PAH-PSS stratum is then
capped with the first PMAA layer at pH 7.5. Under these
conditions, PMAA carries excess negative charge and interacts
with the PAH layer. A hydrogen-bonded stratum of (PMAA-
poly-N-vinylpyrrolidone) (PMAA-PVPON) is then assembled at
pH 3 followed by crosslinking of PMAA. The second electro-
static stratum of a 4.5-layer PAH-PSS film is deposited on top of
the PMAA hydrogel starting from PAH at pH 7.5 (see details in
the Experimental).

Fig. 2 demonstrates that the hybrid systems grow linearly
confirming that polyelectrolyte chains do not diffuse inside the
underlying stratum during deposition. Indeed, the SA LbL
assembly was shown to produce films with more stratified
internal structure than that obtained by the conventional
approach of alternating dipping.*”*® The technique allows a very
fast polymer adsorption (~10 s) provided by strong shear forces
and a fast solvent removal, factors responsible for the enhanced
internal layering of the SA LbL films.*” Under these conditions,
PAH diffusion inside the PMAA hydrogel is kinetically hindered
and the polyelectrolyte remains separated, thus, promoting
a formation of a stratified layer. The PAH-PSS bilayer thickness
of 2.4 nm correlates well with that for the SA LbL film on bare
silicon wafers.*” The whole system was stable with no mass loss in
the pH range from 3 to 8.

This journal is © The Royal Society of Chemistry 2010
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Fig.2 Layer-by-layer growth of a hybrid matrix by alternating assembly
of (PMMA)s s hydrogels with (PAH-PSS), s films (filled symbols), and
the corresponding hybrid matrix with incorporated quantum dots (open
symbols).

Fig. 3 Topographical (A) and phase AFM image (B) of (PMAA-
PVPON)s s before crosslinking (A). Topographical images of the film
after crosslinking (C) and after coating with (PAH-PSS), 5 (D). Scan size
is 2 x 2 pm?. Height is 50 nm, phase is 50°.

The morphology of the hydrogel surface before and after
cross-linking, and after coating with the PAH-PSS film was
studied with AFM (Fig. 3). The surface microroughness (within 1
um? surface area) slightly decreased from 1.8 + 0.2 nm (Fig. 3a)
to 1.3 £ 0.2 nm after cross-linking (Fig. 3c). The smoothening of
the cross-linked surface occurred due to dissolution of the
previously formed hydrogen-bonded complexes between the
PMAA and PVPON and overall polymer matrix extension due
to increased hydrophilicity of the ionized polyacid chains after
PVPON release.* Further deposition of the PSS-PAH stratum
did not significantly affect the surface morphology (Fig. 3d).

Incorporation of quantum dots

CdTe quantum dots of 2.6 nm in size and stabilized with thio-
glycolic acid (CdTe-TGA) were incorporated as a single layer

Optically-active
Hydrogels with
confined QD

Fig. 4 Variation of pH-Induced charge balance in the hybrid systems
(A). Hybrid systems with incorporated quantum dots utilized for the
study (B).

into the (PAH-PSS)s stratum. Negatively-charged CdTe-TGA
quantum dots were readily tethered onto positively charged PAH
layers at pH 7.5. In addition, the PMAA hydrogels carrying
excess negative charge at pH 7.5 create barriers which prevent
diffusion of negatively charged quantum dots from PAH-PSS
films. This way, two quantum dot layers introduced into the
hybrid LbL-hydrogel matrix were confined within the PAH-PSS
stratum and separated by a PMAA hydrogel (Fig. 4). Fig. 4 also
illustrates that quantum dots were incorporated as a single layer
into the first PAH-PSS stratum, close to the substrate, or into the
second stratum, sandwiched in between two hydrogels. The
systems are discussed further in detail.

Incorporation of quantum dots into (PAH-PSS)s multilayer
layer results in an increase in layer thickness from 10 to 20 nm
before and after the quantum dot incorporation, respectively
(Fig. 2). The incremental increase in thickness suggests that
nanoparticles, which have dimensions of 2.6 nm in solutions,
form aggregates of approximately 10 nm in height upon
adsorption on the surface. Similar results on clusterisation of
CdS quantum dots into aggregates of 10-nm in height after
adsorption onto PAH-tethered surfaces was observed previously,
which was attributed to the intercalation of nanoparticles with
PAH layers.*® To avoid the quantum dot aggregation, we also
performed their deposition from diluted solutions, which,
however, resulted in a significant decrease in photoluminescence
intensity. On the other hand, formation of the aggregates upon
adsorption is beneficial for positioning nanoparticles within the
PAH-PSS stratum, as this prevents their diffusion into a hydro-
gel stratum whose mesh size is smaller than 10 nm.>* Moreover,
a covalent binding of carboxylic groups of the TGA-capping
shell to primary amino groups of PAH, which might occur at the
step of hydrogel cross-linking, additionally traps quantum dots
inside the PAH-PSS matrix.

The AFM analysis reveals that introducing a quantum dot
layer into the first PAH-PSS stratum covered with the hydrogel
results in a two-fold increase in surface roughness (up to 3 nm) as
compared to the quantum dot-free system (Fig. 5). Further
increase in roughness to 4.0 + 0.3 nm and 3.7 £ 0.3 nm is
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Fig. 5 Topographical (left) and phase AFM images (right) of the
systems with one quantum dot layer in the first stratum (A), one quantum
dot layer in the second stratum (B), and two quantum dot layers (C). Scan
size is 2 x 2 pm? Height is 50 nm, phase is 50°.
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Fig. 6 Photoluminescence spectra of hybrid matrix with one and two
layers of quantum dots.

observed for the systems with one “sandwiched” quantum dot
layer and two quantum dot layers, respectively (Fig. 5).

A typical photoluminescence spectrum of a quantum dot layer
inside the hybrid matrix at pH 7.5 is shown in Fig. 6. The

spectrum has a strong emission band centered at 630 nm, typical
for CdTe nanoparticles incorporated inside the PAH-PSS
multilayers.® This result indicates that quantum dots impart
a new optical capability on the hybrid matrix which correlates
well with previous works on incorporation of quantum dots into
LbL films when photoluminescence was preserved in the
films.*-52-5* The band intensity increases with an introduction of
a second quantum dot layer and the unchanged peak position
indicates no change in quantum dot aggregation state (Fig. 6).

pH-induced variation in hybrid LbL films

The striking feature of the hybrid system containing two
quantum dot layers appeared when pH value was reduced to pH
3. Under these conditions the photoluminescent intensity
significantly increased, but dropped down again when pH was
changed back to pH 8. The unchanged peak position evidences
no changes in quantum dot surface structures and no particle
aggregation upon the pH variations. The reversible variations of
photoluminescence as a function of pH described above are
shown in Fig. 7. We did not further decrease pH below 3
because quantum dots were shown to lose their TGA shell as
a result of the protonation of thiol groups followed by the ligand
detachment.>>¢

The ability of quantum dots to respond to pH variations
(although complicated by quantum dot precipitation) has been
reported in the previous studies performed in aqueous solu-
tions.* The pH-dependent photoluminescent intensity of
quantum dots was found to be significantly suppressed in basic
solutions but restored at the acidic pH.’**° pH-Triggered
response of quantum dots was attributed to the pH sensitivity of
capping ligands. When the ligands are negatively charged, they
exchange electrons and/or energy with the nanoparticles upon
excitation and therefore, quench their emission, in contrast to
quantum dots without pH-sensitive ligands.*® The increased
photoluminscent intensity at acidic pH can be also attributed to
the formation of coordination complexes between cadmium ions
and protonated groups on quantum dot surfaces. The increased
surface coverage with TGA at acidic pH promotes the formation
of thick cadmium thiol complexes which act as a wide band gap
material increasing the photoluminescence intensity.>¢-®

The pH-responsive nature of PMAA hydrogels cross-linked
via carbodiimide chemistry with ethylenediamine (EDA)
exploited here has been already described.®’%* Specifically, the
hydrogels exhibited a distinctive polyampholytic behavior as
a function of pH, with the minimum swelling at pH = 5, and the
maximum film swelling at both the lower and higher pH values.
Swelling of the films at high pH was caused by repulsions of
negatively charged carboxylic groups which were not involved in
crosslinking (pK, ~ 6°%). Film swelling at acidic pH occurred due
to the presence of positively charged ionized primary amino
groups (pK,~10)%? originated from one-end-attachment of EDA
crosslinker to PMAA chains, which dominates at low pH as
PMAA is protonated.>! In our case we can not attribute the pH-
induced change in photoluminescence to swelling-deswelling
behavior of the hybrid hydrogels because all experiments are
performed in a dry state after the pH treatment. However,
PMAA hydrogels were shown to preserve excess charge after
drying and found to be negatively or positively charged at pH 8

This journal is © The Royal Society of Chemistry 2010
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Fig.7 Variations in photoluminescence intensity as a function of pH for hybrid systems with two quantum dot layers (inset) crosslinked for 10 (A), and

15 h (B).

or 3, respectively (Fig. 2a).6"%* Therefore, in our case the pho-
toluminescence is suppressed at pH 8 as a result of excess nega-
tive charge in the hybrid matrix due to ionized carboxylic groups.
However, when the matrix is positively charged at pH 3, the
photoluminescence intensity is completely restored.
Interestingly, we found that crosslinking density significantly
affects the optical response of the film. With the shorter cross-
linking reaction time, the degree of intensity variations was
reduced from 34% to 16% (Fig. 7). The results are consistent with
the previous finding, when the hydrogel swelling was reduced
with an increased cross-linking density.®> In this case, more
positive charges are introduced in the PMAA hydrogel from the
EDA cross-linker at a longer cross-linking time, which supports
the observed increase in photoluminescence intensity (Fig. 7).
To further investigate the effect of the hydrogel matrix on the
photoluminescence intensity, a hybrid system with a single
quantum dot layer sandwiched in between two hydrogels was
studied as well. A less dramatic variation of the photo-
luminescence intensity as a function of pH was found for the
system with the sandwiched quantum dots layer (Fig. 8). The
amplitude of intensity variations was limited to 10% of the peak
intensity (Fig. 8). A system with one quantum dot layer close to
the substrate and coated with a hydrogel stratum showed even
the weaker, 3% variation, in the photoluminescence intensity
(Fig. 9). A much weaker variation in the latter case can be
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attributed to a lower charge density in the surrounding network,
indicating that one positively charged hydrogel stratum can not
provide excess of positive charges able to induce a noticeable QD
response. No significant effect of the cross-linking density on pH-
dependent intensity variation was observed due to the fact that
we studied dried films in a post-treated fashion (Fig. 8, 9).
Therefore, the pH-triggered change in the photoluminescence
intensity is much weaker for the one-QD-layer systems than that
for the two-QD-layer hybrid films (Fig. 1). One of the possible
explanations would be a variation of Forster resonant energy
transfer (FRET) between quantum dot layers. However, FRET
is typical to occur between metal particles as strong electron
acceptors and quantum dots as donors and results in quenching
of photoluminescence or a shift in the emission spectrum.%* In
addition, much shorter distances between a fluorophore and
a quencher (<5 nm) are required for the energy transfer mecha-
nism.** The close proximity of metal nanoparticles to quantum
dots (~5 nm) was also shown to enhance photoluminescence as
a result of electromagnetic coupling with surface plasmons.®®
Another example involves solvent-induced fluorescent enhance-
ment when dry poly(2-vinyl pyridine) (P2VP) layers modified
with CdSe and deposited on silicon wafers were exposed to
organic solvents. This phenomenon was based on fluorescence
interference contrast (FLIC) of quantum dots near reflecting
surfaces.*® However, in our case we use a non reflecting glass

10 1 1 1 L L 1 1 L 1
pH8 pH3 pH8 pH3 pH8 pH3 pH8 pH3 pH8 pH3
pH

Fig. 8 Variations in photoluminescence intensity as a function of pH for hybrid systems with one quantum dot layer in the first stratum (inset)

crosslinked for 10 (A), and 15 h (B).
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Fig. 9 Variations in photoluminescence intensity as a function of pH for hybrid systems with one quantum dot layer in the second stratum in between

two hydrogels (inset) crosslinked for 10 (A), and 15 h (B).

template and the distance between quantum dots remained
unchanged with the pH variations as the samples have been
dried.

Therefore, we suggest several effects leading to a reversible
variation of photoluminescence intensity in the hybrid hydrogels.
The first cause is a change in total charge balance provided by the
pH responsive hydrogels. Acting through an organic shell, excess
negative charge partially quenches the photoluminescence, but
positive charge restores the intensity. When the matrix is posi-
tively charged, protonation of TGA restores the original
pH-responsive behavior of quantum dots, suppressed at high
pH, which is similar to the mechanism proposed in TGA-
quantum dots in solutions.® Indeed, ligands ionized at high pH
donate electrons to the excited quantum dots which partially
quench their photoluminescence.® Increase in the intensity can
also be attributed the to additional passivation of quantum dot
surfaces by the protonated TGA shell which effectively dimin-
ishes the contribution of the non-radiative channels. A similar
effect of the increased photoluminescence intensity at acidic pH
was observed for CdTe immobilized in p(NIPAM-co-acrylate)
networks and was attributed to formation of a dense shell, rich in
-COOH groups, which wraps quantum dots and therefore,
modifies their photoluminescent properties.®” At the same time,
the change in the intensity is much more pronounced in the case
of two-QD-layer films, than in one-QD-layer systems. This effect
can originate from interaction between particle dipoles created
by the proximity of quantum dot layers.®

Conclusions

A hybrid pH-responsive matrix was fabricated by the SA LbL
approach through combining strongly bound polyelectrolyte
stratums with weakly-bound hydrogel stacks. In contrast to
previous studies, which utilized LbL films for reversible pH-
triggered loading and release of quantum dots, we demonstrate
the application of our pH-responsive hybrid systems for incor-
poration of quantum dots in a confined environment in
a controlled way. We found that these ultrathin hybrid nano-
structures exhibit reversible changes in the photoluminescent
intensity in the form of variations of the intensity under pH
changes from 3 to 8. This response can be tuned by variable

hydrogel structure and is found to be suppressed in excess
negative charge but significantly increased in the presence of
excess positive charge in the hydrogel matrix. The effect is much
more pronounced when two quantum dot layers are immobilized
in the matrix. The approach presented here allows controlling the
architecture of the hybrid systems by the simple manipulation of
thickness of both PSS-PAH and PMAA layers. The main
advantage of the design suggested here is the robust and
reversible optical response which offers a possibility for devel-
opment of the quantum dot-containing organized hydrogels for
prospective pH- sensor or pH-monitoring.

Experimental
Materials

PMAA (Mw = 150 kDa), PVPON (Mw = 55 kDa), PAH (Mw =
60 kDa), PSS (Mw = 70 kDa), 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride (EDC), N-hydroxy-sulfo-
succinimide sodium salt (NSS), ethylenediamine (EDA), were
purchased from Sigma-Aldrich. To control pH, 0.1M HCIl, 0.1M
NaOH, and the inorganic salts Na,HPO, and NaH,PO, (Sigma-
Aldrich) were utilized as received. Ultrapure (Nanopure system)
filtered water with a resistivity 18.2 MQ cm was used in all
experiments. Glass microscope fused slides (Alfa Aesar) were
cut by typical size of 10 x 20 mm and cleaned as described
elsewhere.>!

Fabrication of hybrid LbL matrices

All polymer layers were deposited by SA LbL from 0.5 mg mL™!
solutions.®® To perform deposition, 3 mL shots of a poly-
electrolyte solution were sequentially dropped on a glass
substrate and rotated for 20 s at 3000 rpm on a spin-coater
(Laurell Technologies) then rinsed twice with Nanopure buffer
followed by the deposition of the next layer. First, 4.5-bilayer
electrostatically-bound PAH-PSS film was deposited on the glass
substrate at pH 7.5 starting with PAH, followed by deposition of
hydrogen-bonded stratum of (PMAA-PVPON)s 5 at pH 3. After
the hydrogen-bonded multilayer was formed, it was chemically
cross-linked with EDA as has been developed in previous studies
and described in detail elsewhere.**' Briefly, the system was

This journal is © The Royal Society of Chemistry 2010
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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 crosslinking 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. The PMMA was then coated with the
second stratum of a 4.5-bilayer PAH-PSS film at pH 7.5 and with
the second stratum of (PMAA-PVPON);s at pH 3, followed by
crosslinking.

Synthesis of CdTe nanoparticles

TGA-stabilized CdTe nanoparticles were prepared according to
the literature procedure.”®” H,Te gas, generated by the reaction
of 0.5 M H,SO,4 and Al,Te; under an N, atmosphere, is bubbled
through a 1.88 x 1072 M Cd(ClO,4),-H,0 and 4.56 x 102 M
TGA solution that has been adjusted to pH 11.4. The resulting
CdTe QD solution is refluxed until the quantum dots have an
average diameter of 2.6 &+ 0.75 nm.

Incorporation quantum dots into LbL hybrid matrix

Quantum dots were deposited at PAH-tethered films from 103
M at pH 7.5 followed by intensive rinsing with buffer. The first
quantum dot (QD) layer was deposited on (PAH-PSS); 5 stratum
followed by coating with (PAH-PSS), s multilayer and further
construction of PMAA matrix on top. The second QD layer was
introduced in between two films of (PAH-PSS),s. This
way three systems were used for the study: one-QD-layer (QDs
are in the first stratum close to the substrate), one-QD-layer
(QDs are in the second stratum sandwiched in between
two hydrogels), and two-QD-layer with the corresponding
formulas (PAH-PSS); sQDs(PAH-PSS), s(PMAA)s, (PAH-PSS)4 5
(PMAA)s s(PAH-PSS), sODs(PAH-PSS), s(PMAA)s, and (PAH-
PSS); sQDs(PAH-PSS), s(PMAA)s s(PAH-PSS), sQDs(PAH-
PSS), s(PMAA)s.

Characterization

Photoluminescence spectra were acquired with spectro-
fluorophotometer RF-5301PC (Shimadzu). Quartz cuvettes
(1 cm path length) were utilized to obtain measurements from
quantum dot solutions. The measurements of the hybrid LbL
coatings were done on glass substrates. Photoluminescence
spectra for all samples were obtained in dry state at identical
conditions. For the measurements the samples were immersed
into solutions with an adjusted pH for 30 min followed by drying
with nitrogen. The degree of variation was calculated taking
fluorescence at maximum as reference (100%).

AFM images were collected on dry samples using a Dimen-
sion-3000 (Digital Instruments) microscope in the tapping mode
according to the established procedure.”
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