5714 Macromolecule2006,39, 5714-5719

Layer-by-Layer Assembly of Two Different Polymer Micelles with
Polycation and Polyanion Coronas

Bo Qi, Xia Tong, and Yue Zhao*
Département de chimie, Upérsitede Sherbrooke, Sherbrooke, ®ee, Canada J1K 2R1
Receied March 10, 2006; Resed Manuscript Receéd June 17, 2006

ABSTRACT: Layer-by-layer (LBL) assembly of two different polymer micelles was realized through alternating
deposition of micelles with a polyanion and a polycation corona without the use of molecularly dissolved
polyelectrolytes. The two micelles used were formed by the diblock copolymers of quaternized poly(4-
vinylpyridine)-b-poly(tert-butyl acrylate) (PQ4VH-PtBA) and poly(acrylic acid)s-poly(4-vinylpyridine) (PAA-
b-P4VP) at pH> 7. The simultaneous loading of two hydrophobic dyes (pyrene and Nile Red) in the multilayer
films through their preencapsulation in the micelles was investigated. The results show that the two dyes were
redistributed in the micelle core regions in the films during the LBL buildup process.

Introduction PAA corona and Py-entrapped P4VP core. Actually, each dye

Layer-by-layer (LBL) assembly of polyelectrolytes has cpuld be Ioadt_ed i_n the two types of micelles, allowing fqr
become a powerful means to build nanostructured thin films different combinations for LBL assembly. The results of this

for many applicationd.One recent development is the use of Study show that different polymer micelles with oppositely
LBL to assemble particles or particle-like entities such as charged coronas could be assembled into multilayer films using

semiconductor nanocryst@siesicles® and polymer micelles the LBL technique. However, spatia_ll separation and o_rganiza}tion
into layered structures. In those studies, however, a polyelec-°f the two dyes could not be achieved through their physical
trolyte was always utilized to bind the particles whose surface Préencapsulation in the micelles due to the diffusion occurred
had the opposite charge of the polyelectrolyte. In this paper, IN the buildup process of the multilayer films.

we report a study of using LBL to assemble two different
polymer micelles that have a polycation and a polyanion corona
without the use of soluble polyelectrolytes. Considering the large  The two samples used, PQ4y®-PtBAs, and PAA-b-P4VRy,
body of knowledge on the micellar aggregates formed by were obtained from the same diblock copolymer ¢BARsyb-
amphiphilic block copolymers (star micelles, crew-cut micelles, P4VRy synthesized using atom transfer radical polymerization
vesicles, etc.) and the tremendous interest of using them as&{/'g)-val(lro(;{f;efgiztzgoﬁfﬁfb:ﬁgk gf&g r;jcho gﬁﬁggj o
nanocarriers for hydrophobic agents (dyes, quantum dots, drugs v : ;

etc.)5 we believe that the direct LBL assembly of different PQ4VR7b-PBAs, Details on the synthesis otAs;b-P4VRy,

. S the preparation of PA&-b-P4VRy and investigation of the
polymer micelles as demonstrated in this paper opens a general; ation of micelles with PAA corona and PAVP core at pH

versatile, and robust route to bringing hydrophobic polymers ere already reportédind will not be repeated here. Throughout
or functional agents into layered or ordered thin films. this study, unless otherwise stated, all micellar solutions and rinsing
The scheme for LBL assembly of two different polymer water were held at pH- 7 to keep PAA in its ionized anionic
micelles is illustrated in Figure 1. The buildup process consists state and to avoid the dissociation of assembled micelles. In the
of sequential adsorption of micelles with oppositely charged case of PQ4VE-b-PtBAs,, it was obtained through quaternization
polyelectrolyte coronas onto a substrate. The chemical structuregf PtBBAsz-b-P4VR,; with a 4-fold excess of ethyl bromide at reflux
of the materials utilized in this study are also shown. We used I ethanol for 48 h under nitrogen, followed by precipitation of the
micelles formed by two diblock copolymers, one being com- polymer in ether; somplete quaternization was confirmedty
posed of quaternized poly(4-vinylpyridine) and padr-butyl NMrﬁ SpedroscoDy}; | icell d by directl
acrylate) (PQ4VHRs-PtBA) and the other one being poly(acrylic e two types of polymer micelles were prepared by directly

. . S dissolving the block copolymers in agueous solution with the desired
acid)b-poly(4-vinylpyridine) (PAAD-PAVP). In aqueous solu- 4\ a1ue. Encapsulation of either Py or NR (Aldrich) was obtained

tion, PQ4VPb-PIBA forms micelles with hydrophobic tBA using the following procedure. 4 mg of polymer was first dissolved
core and positively charged PQ4VP corona, while atpH, in 9 mL of water to form the micelles; then 1 mL of dye solution
PAA-b-P4VP forms micelles with P4VP core and negatively in THF (concentration 1 mg mtl) was added into the micellar
charged PAA coronéln addition to investigating the feasibility ~ solution under stirring. After THF was removed by evaporation in
of LBL assembly of two micelles, we also wanted to know air, the solution was filtered through a 0.48n membrane to
whether different dyes preencapsulated by the micelles in €liminate the precipitated dye. Finally, water was added to reach
solution can be introduced into and organized in the multilayer 10 ML for the resultant dye-entrapped micellar solution. Thus, all
film, as shown in Figure 1. Two hydrophobic dyes were used solutions u_sed to construct lfBL multilayers had the same polymer
as model compounds for encapsulation, namely, pyrene (Py)concentratlon of 0.4 mg mL:. Lo

and Nile Red (NR). The acronym PQAPPBA(NR) stands The standard LBL deposition procedure of dipptrmsing—

. . _— drying was used:* Quartz slides were cleaned by immersion in a
for micelles with cationic PQ4VP corona and NR-loadeBA hot mixture of hydrogen peroxide and sulfuric acid (3/7, v/v) for 1

core, while PAAb-PAVP(Py) refers to micelles with anionic 1, tgjiowed by rinsing with pure water and drying in hot air stream.
The substrates both with negatively charged surfaces and coated
* Corresponding author: e-mail yue.zhao@usherbrooke.ca. with a primer of poly(allylamine hydrochloride) (PAR ~ 70 000
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Figure 1. (a) Schematic illustration of LBL assembly of two different polymer micelles with encapsulated guests. (b) Chemical structures of the
block copolymers and the hydrophobic dyes used.

g mol1, Aldrich), giving rise to positively charged surfaces, were 0.30
employed in the study. To assemble the two types of micelles, the
substrate was first dipped in the solution of the micelles whose 0.25
corona had the opposite charge of the substrate surface for 15 min,
then extensively rinsed using water with the same pH as the micellar ©
solution, and finally dried by airflow. Subsequently, the substrate ©
containing the first layer of micelles was immersed in the other %
micellar solution and subjected to the same treatment, yielding the 2
bilayer of micelles on both sides of the substrate (only one side is @
sketched in Figure 1a). This alternating deposition process was theng
repeated to produce a film with the desired number of layers. Water
used in all experiments was distilled and deionized using a
Barnstead E-Pure system; pH was adjustedgudirM NaOH or
HCI and measured by a pH meter (Orion 410Aplus). - A :
The multilayer films of polymer micelles were mainly character- : : . : : : : : )
ized by means of UWvis and fluorescence spectroscopy. YV 250 300 350 400 450 500 550 600
Vvis spectra were taken_using a Hewlett-Packard 8452A_ di_ode array Wavelength (nm)
spectrophotometer, while steady-state fluorescence emission spectra
recorded on a SPEX 1680 double-monochromator spectrophotom-Figure 2. UV—vis spectra of LBL assembled PQAPPIBA(NR)
eter. The surface morphology of the films was examined using a (Micellar solution pH= 8) and PAAb-PAVP(Py) (micellar solution
Hitachi S-4700 field-emission-gun scanning electron microscope PH = 11) up to 18 layers. The lower inset shows the plot of absorbance

: : at 260 nm vs number of layers, while the upper inset is an expansion
ﬁ%m;gg;gi&n%gt i:r31 l:;/pgisn\g?]lwl(?;ea Nanoscope 3A atomic force of UV —vis spectra in the 366360 nm region for the numbered layers.
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Results and Discussion the absorption bands of Py, the change of which will be

We start by revealing the general behavior of LBL assembly _discussed later. Absorption of NR around 540 nm is ind_iscern-
of two dye-encapsulated polymer micelles using an example ible partly due to the weak amount of dye loaded in the
of results. In this case, the first layer adsorbed on the negatively Multilayer film. The lower inset is the plot of absorbance at
charged surface of substrate (quartz) was PQUNFEBA(NR), 260 nm (from the pyridyl groups of PQ4VP and P4VP) vs the
and then the second layer of PAAP4VP(Py) was deposited _number of layers, which indicates a pr_op(_)rtlonal_(nearly linear)
on top of the first layer; the sequence was repeated nine times.increase of the amount of polymers with increasing the number
The micellar solution of PQ4VB-PtBA(NR) was set at pH 8, of layers. The resglts indicate the .LBL buildup from the two
while the solution of PAAB-P4VP(Py) at pH 11. It should be ~ block copolymers in the form of micelles.
mentioned that throughout the paper the number of layers refers Fluorescence emissions of Pye{ = 340 nm) and NR
to the layers deposited on one side of the quartz slide, while (Aex = 550 nm) after the deposition of each layer of micelles
UV —vis and fluorescence spectra were recorded with layers onwere recorded and used to monitor the variation in concentration
both sides. Figure 2 shows the WYVis spectra recorded after  of the two dyes with increasing the number of layers. Figure
each deposition. The upper inset is an expansion of the spectre88a shows the emission spectra of Py and NR; for the sake of
for the numbered layers in the 36860 nm region showing  clarity, only those for the last 8 layers, numbered-18, areCDV
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an oscillating variation with increasing the number of layers. If
one looks at the fluorescence of NR after each deposition of
PQ4VPh-PtBA(NR), it essentially increases proportionally with
the number of layers. However, after each deposition of PAA-
b-P4VP(Py) on top, the fluorescence of NR decreases, before
it is recovered again with the subsequent top layer of PQ4VP-
b-PtBA(NR). If one looks at the fluorescence change of Py,
the same observation can be made, with the fluorescence of Py
oscillating with the number of layers, but in the opposite
direction of NR. We have performed a number of experiments
under different conditions, including changing the pH of the
micellar solutions and the use of a prime layer of PAH on the
surface of quartz; similar results were obtained in all cases.
Figure 4 shows one more example of the results obtained with
the micellar solutions of PQ4VB-PtBA(NR) and PAAb-
P4VP(Py), both with pH 9. Figure 4a indicates the LBL
assembly of the two types of micelles, but the lower absorbance
at 260 nm (inset) as compared to Figure 2 suggests that lowering
pH of the micellar solution of PAA-P4VP, from pH 11 to

pH 9, resulted in a decrease in the amount of polymer micelles
deposited. This behavior should be related to the pH-sensitive

Number of Layers

Figure 3. For samples in Figure 2: (a) Changes in fluorescence
emission spectra of pyrenée({ = 340 nm) and Nile Redi¢, = 550
nm) as a function of the number of layers, with odd numbers for films
with a top layer of PQ4VR-PtBA(NR) (spectra in dashed line) and
even numbers for films with a top layer of PABPAVP(Py) (spectra

in solid line). (b) Normalized fluorescence intensity of pyrene (396
nm) and Nile Red (610 nm) vs the number of layers.

state of ionized PAA corona. Despite the smaller amount of

polymers deposited, Figure 4b shows the same pattern of
fluorescence change of the two dyes with increasing the number
of layers.

Back to Figure 2, the enlarged UWis spectra in the region
showing the absorption of Py provide a clue to what happens
in the LBL buildup process that leads to the change in
fluorescence of loaded dyes. Every time when PQ4VP-
given. The odd numbers of layers had the micelles of PQ4VP- PtBA(NR) is deposited on top (odd numbers), the absorption
b-PtBA(NR) on top (spectra in dashed line), while the even bands of Py become very small, which accounts for the reduced
numbers of layers had the micelles of PAAR4VP(Py) on top fluorescence emission of Py. By contrast, after PBAR4VP(Py)
(spectra in solid line). It can be seen that changes in fluorescencds deposited on top (even numbers), the absorption bands of Py
emissions of the two dyes exhibit a peculiar pattern. The become much more prominent and essentially increase with the
fluorescence intensity of Py increased after each deposition oftotal number of the layers of PAR-P4VP(Py) in the film,
an PAAb-P4VP(Py) layer on top of the film (even numbers), which explains the recovered fluorescence of Py and its
but it dropped following the deposition of an PQ4WP- continuous increase with the number of layers (Figure 3). This
PtBA(NR) layer on top (odd numbers). The same behavior can result implies the following mechanism for the oscillating
be noticed for the fluorescence of NR, which increased with fluorescence intensity of the two dyes with increasing the
the number of layers when the top layer was PQ4¥P- number of layers. When the film on substrate is immersed in
PtBA(NR) but decreased when the top layer was PBA-  the micellar solution of PQ4VB-PtBA(NR) for the deposition
P4VP(Py). This pattern of change is better depicted in Figure of a new layer of micelles, most Py molecules entrapped in the
3b by plotting the fluorescence intensity of NR and Py film are released into the micellar solution, regardless of the
normalized at 610 and 396 nm, respectively, against the numbertotal number of layers. This reequilibrium process occurs not
of layers. The fluorescence emission of both NR and Py displays only due to the concentration gradient-induced diffusion of Py,
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Figure 4. (a) UV—vis spectra of LBL assembled PQ4\WPPtBA(NR) (micellar solution pH= 9) and PAAb-P4VP(Py) (micellar solution pi=

9) up to 15 layers, with the inset showing the plot of absorbance at 260 nm vs number of layers. (b) Normalized fluorescence intensity of pyrene

(396 nm) and Nile Red (610 nm) vs the number of layers.
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but may be enhanced by the PQ4%HRBA micelles present 12

in the solution whose hydrophobic cores tend to solubilize the

hydrophobic Py dye. In the same time, NR enters the film, not 1.0 A =8 = Ama am A m
only through the deposition of the top layer of PQ4%H- %

PtBA(NR) micelles but also via the opposite equilibrium & 084 =

process, making NR molecules diffuse into the film. This € L

analysis explains why after each deposition of PQ4)YP- 5 062 o o a o o =
PBA(NR) the fluorescence emission of Py from the film drops N ga ° ae “ a
drastically, while the fluorescence of NR is recovered. Thefact ® o04{ &

that the amount of NR solubilized by the film seems to be g &

proportional to the total number of layers suggests that the =Z o2 m  Pyrene, from micellar solution
diffusion of NR molecules into the film, during the immersion At
in the micellar solution of PQ4VB-PIBA(NR), was not limited 00 g 4 Nile Red, from mixture of solutions

to the surface region. It is easy to imagine that during the
subsequent deposition of PABP4AVP(Py) micelles, with the o . .
film immersed in the micellar solution of PAR-P4VP(Py), Dipping Time (min)

the whole reequilibrium process is reversed, with Py reentering Figure 5. Normalized fluorescence intensity of pyrene (396 nm) and
the film and NR coming out. It can be noticed in Figure 3 that Nile Red (610 nm) vs dipping time for a 16-layer film of two polymer
the release of NR from the film into the solution is less important g“('gcf\”/?fb_'g‘tgszgi‘i b gz\e/@:g‘;?gz‘zﬁ;ef ;;Tr]mlgetlrlgirst?ilrl:g?ynsmggtﬂrg) of
than for Py leaching. Under the stated conditions, one possible 50/50, viv), showing the uptake of the dyes by the film.

reason for this behavior is that in the micellar solution of PAA-

0 2 4 6 8 10 12 14 16 18 20 22

b-P4VP(Py), which is a double-hydrophilic block copolyniér, 1.2

the micelle core of P4VP is much more polar than the core of ®  Pyrene, in water

PtBA, this difference means that the solubilization propensity ., 10% o :f:;:-dilni:mfrrsolmion

of NR by PAAD-P4VP(Py) micelles could be less important s 4 Nile Red, in micellar solution
than the solubilization of Py by PQ4VIBRPIBA(NR) micelles. & o8 Tnda

However, such an effect due to different polarities of the micelle = s N

cores apparently becomes much smaller in Figure 4, suggestingg 06 4 4

that other variables such as the pH value and the amount of N " B

micelles deposited on the substrate could also affect the releaseg 0.4 N “ A
of the dye into the micellar solution. Basically, the release ofa 5 "o " s o4 N
hydrophobic dye from LBL-assembled micelle film immersed 2 , | 5 o .
in a micellar solution is similar to the release of a hydrophilic =

dye entrapped in LBL polyelectrolyte film dipped in aqueous 0.0 . . . ° o o
solution® We mention that after each deposition the dye o 5 10 15 20 25 30

removed by the micellar solution from the LBL film gave rise L. . .
to no noticeable fluorescence from the micellar solution, which Dipping Time (min)
is likely due to the dilution of a very small amount of dye Figure 6. Normalized fluorescence intensity of pyrene (396 nm) and

released into the large volume of the micellar solution used in Nile Red (610 nm) vs dipping time for the film with absorbed dyes
this study (10 mL) immersed in water and in the micellar solution of PQ4RPtBA at

pH 8, showing the release of the two dyes.

Additional loading and release experiments were carried out
to further confirm the mechanism. LBL films were first prepared dye in the micellar solution is a determining factor for the
by alternating deposition of the micelles of PQ4%HRBA and amount of dye that can be solubilized by the film.
PAA-b-P4VP containing no dyes. The films were thenimmersed  The release of the two dyes from the LBL film into aqueous
in a dye-encapsulated micellar solution of either PQ4VRBA solutions with and without polymer micelles was also investi-
or PAA-b-P4VP, and the absorption of the dye by the LBL film  gated. In this experiment, the multilayer film containing both
was monitored through UVvis and fluorescence measurements. Py and NR was immersed in a micellar solution of PQ4¥P-
Plotted in Figure 5 is the normalized fluorescence intensity of PtBA containing no dyes and, for comparison, also in aqueous
the two dyes (610 nm for NR and 396 nm for Py) in the LBL solution without any micelles at the same pH of 8. The
film vs time of immersion of the film in the dye-containing  simultaneous release of both dyes was indicated by the decrease
micellar solution; the results were obtained using a 16-layer in fluorescence intensity of the film with the time of immersion.
film immersed in PQ4VR-PIBA(PY), PQ4VPb-PtBA(NR), The results in Figure 6 show that the release of both dyes is
and their binary mixture (50/50, v/v). In all solutions, at pH 8 indeed faster in the micellar solution than in the solution without
the total polymer concentration was kept 0.4 mgthlmeaning micelles. The solubilization of the hydrophobic dyes by the
that in the mixture the concentration of either dye was reduced hydrophobic micelle core enhances the propensity for dye
by a factor of 2 with respect to their corresponding micellar molecules to come out of the film and thus speeds up the release
solution. The results show that both hydrophobic dyes solubi- process. In both water and the micellar solution, the release of
lized by the micelles in solution can be loaded into the LBL Py apparently is quicker than NR, which should be related to
film quickly, and on the basis of the change in normalized their differing aqueous solubility, intermolecular interactions
fluorescence intensity with time, the rate of loading is similar with micelles in the film, and loaded amount in the film. On
for Py and NR. For both dyes, their relative amounts in the the other hand, as expected, the release rate is also sensitive to
film equilibrated with the mixture of the two micellar solutions  pH of the aqueous solution (without micelles). When the dye-
was diminished to about half the amount loaded using the loaded LBL film was dipped in solution at pH 3, the release
separate micellar solutions, indicating that the concentration of was much faster, being completed within the first 2 min (resalgv
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Figure 7. Fluorescence emission spectra of (a) pyrene and (b) Nile Red for films cast from dye-encapsulated micellar solutions and for the LBL
assembled film with the two dyes absorbed from solutions as shown in Figure 5.

not shown). At pH 3, PAAB-P4VP can no longer form micelles (a) Tx1um (b)
with polyanion corona because of the removal of negative
charges from PAA, while the protonated P4VP core becomes
hydrophilic and can no longer sequester the hydrophobic dyes.
These changes should destabilize the LBL film and accelerate
the release of the dyes into the solution.

The above results show that two different polymer micelles
with polycation and polyanion coronas can be directly assembled
through the LBL technique. However, spatially organizing two
hydrophobic dyes inside the multilayer films through their
preencapsulation in the micelles will be challenging. Despite
the apparently proportional increase of the amount of dye with
the number of layers, each dye actually undergoes an alternating
process of release from and reuptake by the film during the
LBL buildup. The consequence of this is that in the end the
two dyes are not confined in their respective micelles but should
be dispersed throughout the film, like in the case of direct
loading of dyes by the LBL film (Figure 5). Since the two dyes
used are hydrophobic in nature, it would be expected that they
would tend to be solubilized more in the hydrophobic core
regions than in the polyelectrolyte corona areas in the LBL film

of micelles. We performed spectroscopic measurements to get § g
some insight into the location of the dyes inside the multilayer (©) — (d)
films. Figure 7 compares the fluorescence emission spectra of 150 nm

the two dyes absorbed by the multilayer film (Figure 5) with  Figure 8. AFM and SEM images of LBL assembled films with either
the spectra recorded on thin films prepared by casting the a top layer of PQ4VH-PBA (odd numbers) or a top layer of PAA-
solution of micelles with one loaded dye. In the latter case, dye 0-P4VP (even numbers): (a) 12 layers, (b) 13 layers, (c) 17 layers,
molecules were essentially confined in the core region. For Py 2"d (4) 18 layers.

(Figure 7a), the peak ratio df/ls is smaller for PQ4VH:- Finally, we mention that the surface morphology of the
PtBA(Py) than PAAb-P4VP(Py), indicating that the tBA multilayer films was observed using AFM and SEM. Figure 8
micelle core is more hydrophobic than the micelle core of shows some representative images obtained after the deposition
P4VP10 This difference is also revealed by the spectra of NR of the top layer of either PQ4VB-PtBA (odd numbers) or
(Figure 7b), which displays a blue shift of the maximum PAA-b-P4VP (even numbers). The two types of micelles on
emission wavelength in PQ4VIRPtBA(NR).! The intermedi- the surface are visible, the sizes of which are similar to the
ate l1/13 value for Py and emission maximum for NR in the micelles observed on SEM by direct casting of the micellar
multilayer film indicate that dye molecules were located in an solutions on a silicon wafer. AFM images show an average
environment that, on average, was more hydrophobic than P4VPsurface roughness of about 35 nm for the 12-layer film and 41
but less hydrophobic thant®A, basically implying that they nm for the 13-layer film. After scratching the film in some areas,
were solubilized by the two types of micelle cores with no AFM was used to measure the thickness of the multilayer films,
significant preference for the more hydrophobic core region of resulting in an estimation of about 280 nm per layer of
PtBA. Similar fluorescence emission spectra were obtained with micelles. Even though further studies are required to characterize
LBL films prepared using the two micelles with preencapsulated the bulk structure or morphology of the polymer micelles in
Py and NY (spectra not shown for the sake of clarity), the multilayer film, the results unambiguously show the
confirming that dye molecules were uniformly distributed within introduction of hydrophobic tBA and less polar P4VP (com-
the layers of the two micelles during the buildup procedure. pared to ionized PAA) domains in form of micelle cores in @BV
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