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We report the fabrication of hydrogen-bonded multilayers of micelles of a dually responsive, dicationic
block copolymer, poly[2-(N-morpholino)ethyl methacrylate-block-2-(diisopropylamino)ethyl
methacrylate] (PMEMA-b-PDPA). By taking advantage of the difference in the hydrophilicity of
PMEMA and PDPA blocks, micelles with a PMEMA-corona and a PDPA-core were obtained above
pH 6.5 and were assembled layer-by-layer at the surface with tannic acid (TA) at pH 7.4 through
hydrogen bonding interactions between morpholino units of PMEMA and hydroxyl groups of TA.
Destruction of PMEMA-b-PDPA micelles/TA films could be controlled at both acidic and basic
conditions. At basic pH (pH = 8.75), multilayers disintegrated due to ionization of TA and disruption
of hydrogen bonding interactions between layers of micelles and TA. At moderately acidic pH values,
partially dissolved PMEMA-b-PDPA micelles and monomers underwent a restructuring with TA
molecules and remained adsorbed at the surface. Complete dissolution of the multilayers occurred at
around pH 3.6 due to further protonation of the tertiary amino groups on both blocks of PMEMA-b-
PDPA, resulting in a charge imbalance between PMEMA-b-PDPA and TA layers followed by
disintegration of the films. We have also encapsulated pyrene in the micellar cores and found that
pyrene released from PMEMA-5-PDPA micelles/TA films increased 1.5- and 2.5-fold when the pH was
decreased from 7.5 to 6 and 5, respectively. Such an increase in the amount of pyrene released was due
to pH-controlled dissolution of the micellar cores. We have also found that at pH 7.5, increasing the
temperature to 40 °C enhanced the release of pyrene by approximately 2-fold. Such an increase is due to
lower critical solution temperature (LCST) behaviour of coronal PMEMA chains leading to
temperature-induced conformational changes on the coronal chains, facilitating the release of pyrene
through the coronal chains into the solution. Hydrogen bonded multilayers of micelles of a dicationic
block copolymer are interesting due to the response of both multilayers and micellar cores at different
pH paving the way for multiple pH-controlled delivery of functional molecules from surfaces.

interactions as a driving force for multilayer build up, paving the
way for the use of neutral polymers in LbL assembly. Taking
advantage of hydrogen bonding interactions, Sukhishvili and
Granick discovered so called “erasable films”-hydrogen-bonded
multilayers of water-soluble neutral polymers and polyacids that
can be completely released from the surface by increasing pH-

Introduction

The layer-by-layer (LbL) technique-preparation of ultrathin
films through alternating deposition of interacting materials-has
become a versatile tool to prepare functional surfaces due to its
simplicity, low cost and the possibility of preparing conforma-

tional coatings and incorporating functional molecules within
the film structure.”™ Soon after its discovery, LbL polymer films
became of interest to many researchers and found applications in
areas from electronics® to biomedical engineering.®* Rubner” and
Wang®® were first to introduce the use of hydrogen bonding
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and opened a new perspective in controlled release of functional
molecules from surfaces.!®!!

One drawback of LbL films is that their loading capacity for
poorly water soluble functional molecules is not high due to
relatively hydrophilic nature of the water soluble polymer film
components. Micellar aggregates with hydrophilic shell and
hydrophobic core structures obtained through self-assembly of
water-soluble amphiphilic block copolymers are ideal reservoirs
to dissolve poorly water soluble drug molecules in their hydro-
phobic cores.’? Therefore, block copolymer micelles (BCMs) are
ideal building blocks to load poorly water soluble molecules into
multilayer films at higher capacity compared to multilayers of
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linear polymers. BCM containing electrostatically bound multi-
layers have been reported by many research groups.***® The first
example of hydrogen-bonded multilayers containing BCMs was
reported by Kim ez al. in which they demonstrated inhibition of
the growth of bacteria by diffusion controlled release of the
antibacterial agent from the micellar cores when hydrogen-
bonded multilayers of poly(ethylene oxide)-block-poly(e-capro-
lactone) (PEO-b-PCL) micelles and polyacrylic acid (PAA)
disintegrated under physiological conditions.' In another study,
Zhao and co-workers reported fabrication of hydrogen-bonded
multilayers of PAA and micelles of PEO-b-poly[7-(2-meth-
acryloyloxyethoxy)-4-methylcoumarin] (PCMA) and demon-
strated tuning diffusion controlled release of Nile Red from the
micellar cores by photocrosslinking of the PCMA-core blocks
through dimerization of coumarin groups.?

Unlike BCMs with cores composed of non-responsive poly-
mers as discussed in the above studies,'*2* BCMs with stimuli
responsive cores can release the preloaded cargo by simply
changing the environmental conditions and dissolution of the
micellar cores. In this context, Tan et al. demonstrated temper-
ature-induced swelling transitions in electrostatic multilayers of
PAA and micelles of poly(N,N-dimethylaminoethyl methacry-
late)-b-poly(propylene  oxide)-b-poly(N,N-dimethylaminoethyl
methacrylate) (PDEA-b-PPO-b-PDEA) in which the transitions
were induced by cycling the temperature below and above LCST
of PPO.*! In another study, Zhu et al. LbL assembled PAA
with poly(N-vinylpyrrolidone)-b-poly(N-isopropylacrylamide)
(PVPON-b-PNIPAM) micelles with temperature-responsive
PNIPAM cores through hydrogen bonding interactions and
demonstrated similar swelling/deswelling transitions in the
multilayers when the temperature was cycled above and below
LCST of PNIPAM.? BCMs with pH-responsive cores composed
of polybasic blocks with tertiary amino groups attracted great
attention due to their stability at neutral pH and dissolution
near-below neutral pH values. The response of such BCM cores
in moderately acidic environments is specifically important and
promising due to the acidic nature of tumor tissues and local pH
drops in the body induced by infection. Incorporation of BCMs
with pH-responsive polybasic core blocks into electrostatically
bound multilayer systems has earlier been shown in several
studies.?*?® However, including such BCMs into hydrogen-
bonded multilayers used to be a challenge due to different pH
conditions required for hydrogen-bonded self-assembly (acidic
conditions) and formation of micellar aggregates (above neutral
pH). The first example of hydrogen-bonded multilayers of BCMs
with polybasic cores was reported by Erel and Sukhishvili.?
Taking advantage of their previous finding-the use of a natural
polyphenol (TA) as the hydrogen donor and extension of film
deposition pH range up to neutral values®*-they have recently
demonstrated LbL films of micelles of poly(2-(diethylamino)
ethyl methacrylate)-block-poly(N-isopropyl acrylamide) (PDEA-
b-PNIPAM) with pH-responsive PDEA-cores and TA at
a physiologically relevant pH of 7.5. In another study, Ham-
mond and co-workers constructed hydrogen-bonded multilayers
of TA and micelles of poly(ethylene oxide)-b-poly(2-hydroxyl-
ethyl methacrylate) (PEO-b-PHEMA) in which the PHEMA-
core block was conjugated to doxorubicin (PEO-b-PHEMA-
dox). Different from the work of Erel ef al, in this study, not the
micelle core blocks but the carbamate linkage between

doxorubicin and PHEMA-core chains exhibited pH-response
resulting in the release of doxorubicin at acidic pH while PEO-b-
PHEMA micelles remained completely intact within the
multilayers.3!

All above-mentioned studies of hydrogen-bonded multilayers
containing polymeric micelles obtained from diblock copolymers
having at least one hydrophilic, hydrogen accepting neutral
block with no polyelectrolytic property forming the micellar
coronas. In this study, unlike micelles of a diblock copolymer
with at least one hydrophilic and neutral block, we report on
incorporation of micelles of a diblock copolymer made up of two
cationic blocks into hydrogen-bonded multilayers. Taking
advantage of the difference in the hydrophilicity and pK, values
between the two polybasic blocks of the copolymer, we were able
to obtain BCMs with polybasic cores and hydrophilic hydrogen
accepting coronas at/above slightly acidic conditions (pH = 6.5).
Using a polyphenol as the hydrogen donor, we were able to
construct hydrogen-bonded multilayers of such BCMs at a pH
range of 6.5-7.5. Introduction of micelles of block copolymers
with solely polybasic blocks allowed control of the destruction of
hydrogen-bonded films at both acidic and basic conditions.
Moreover, we show that the amount of functional molecules
released from the micellar cores can be controlled by temperature
through temperature-induced conformational changes on the
coronal blocks.

As far as we are aware, this is the first study showing the
incorporation of micelles of a block copolymer with solely
polybasic blocks into hydrogen-bonded multilayers providing
control of dissolution of the films at opposite pH ranges and the
effect of temperature-induced conformational changes of
coronal chains on the release of a hydrophobic functional
molecule from the micellar cores. This study contributes to the
understanding of the effect of physical parameters on stimuli—
response characteristics of hydrogen-bonded multilayers and
scrutinizes the chemical structure—property relationship of
hydrogen-bonded films. Considering the response of BCM cores
and multilayers at different pH values, this work may serve as
a model system for multiple pH-controlled delivery of functional
molecules from surfaces.

Experimental
Materials

Branched polyethylene imine (BPEI, M,,: 25,000 Da) and pyrene
were purchased from Sigma-Aldrich Chemical Co. Tannic acid
(TA; M,,: 1701.20 Da), hydrochloric acid, sodium hydroxide and
monobasic sodium phosphate were purchased from Merck
Chemicals. All chemicals were used as received. The deionized
(DI) water was purified by passage through a Milli-Q system
(Millipore).

Synthesis and characterization of PMEMA;;-b-PDPA g. The
PMEMA-bH-PDPA diblock copolymer was synthesized using
group transfer polymerization (GTP) as described elsewhere. 333
The chemical structure of the PMEMA-5-PDPA diblock is given
in Scheme 1. The molecular weight and the polydispersity index
of this copolymer were determined to be 19 400 g mol~' and 1.10,
respectively, as measured by gel permeation chromatography

828 | Soft Matter, 2012, 8, 827-836

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c1sm06248d

Published on 09 November 2011. Downloaded by Koc University on 21/04/2014 17:57:58.

View Article Online

PMEMA,,,-5-PDPA

/
Q ?
GH, GH,
CH, (e,
~  HEO NN L CHs
oJ H | [ ™H
CH, CH,
n=77, m=18

TA

Scheme 1 Chemical structures of PMEMA,;-b-PDPA g and TA.

(GPC) with THF eluent at a flow rate of 1.0 mL min~' using
PMMA calibration standards. The PDPA content was 20 mol %,
as judged by proton NMR spectroscopy. On the basis of end
group analysis, the mean degrees of polymerization were calcu-
lated to be 77 for the PMEMA block and 18 for the PDPA block,
respectively.

Preparation of PMEMA-;-b-PDPA ;g micelles. 0.5 mg mL™'
PMEMA,;-b-PDPA g solution was prepared by dissolving
PMEMA,;-b-PDPA 3 in 0.01 M NaH,PO, buffer at pH 2.
PMEMA ;;-b-PDPA 3 micelles were obtained above pH 6.5, at
25 °C by gradually increasing the solution pH with 0.1 M NaOH.

Dynamic light scattering (DLS) and £-potential measurements
of PMEMA,,-b-PDPA 5 micelles in aqueous solution. Hydrody-
namic size measurements of PMEMA ,;-b-PDPA g solution were
performed in aqueous solution using Zetasizer Nano-S (Malvern
Instruments Ltd.). Number average hydrodynamic diameters of
the micelles were generated via cumulants analysis of the auto-
correlation data. The zeta potential value of PMEMA;-b-
PDPA |5 micelles at pH 7.5 was obtained from electrophoretic
mobility values through the Smoluchowski approximation
using the Brookhaven ZetaPALS Instrument. For both DLS and
¢-potential measurements, PMEMA ;;-b-PDPA |3 was dissolved
in 0.01 M NaH,PO, solution with a final concentration of 0.5 mg
mL~".

Deposition of multilayers for ellipsometry, atomic force
microscopy (AFM), scanning electron microscopy (SEM) and
fluorescence spectroscopy. Silicon wafers were kept in a UV—
ozone cleaner (Model 42-220 Jelight Company, Inc.) for 2 h and
rinsed with DI water. After treating with concentrated sulfuric
acid and rinsing with DI water, wafers were immersed in 0.25 M
NaOH solution followed by rinsing with DI water and drying
under a flow of nitrogen. 0.5 mg mL~! BPEI, PMEMA ;;-b-
PDPA 5 and TA solutions were prepared in 0.01 M NaH,PO,
solution at pH 2. One bilayer of BPEI and TA, both deposited at
pH 5.5, was used as a precursor layer prior to film deposition.
PMEMA ;7-b-PDPA |5 micelles/TA multilayers were deposited at
pH 7.4 by alternatingly immersing the silicon wafer or glass

substrates into polymer solutions for 15 min followed by 2
intermediate rinsing steps. The pH stability of the films was
followed by exposing the films to 0.01M NaH,PO,4 or 0.01 M
Na,HPO, solutions of either decreasing or increasing pH. The
thickness of the dry films was measured by a Microphotonics
ELX-01R ellipsometer using 632.8 nm laser light at a 70° angle.
AFM imaging of PMEMA;;-b-PDPA |3 micelles/TA films was
performed by NT-MDT Solver P47 AFM in tapping mode using
Si cantilevers. Release of pyrene from 20-bilayers double sided
PMEMA,;-b-PDPA |3 micelles/TA films was monitored using
fluorescence spectrometry (Horiba JobinYvon FluoroMax-3).
Aliquots (~3 mL) were taken from the solutions which the
multilayer coated substrates were immersed into at certain time
intervals. Pyrene was excited at 335 nm and the fluorescence
emission intensity at A = 375 nm was used to monitor the pyrene
released from the multilayers into the solution as a function of
time. Cross-sectional SEM imaging of 10-bilayers PMEMA ;;-b-
PDPA |3 micelles/TA films was performed by using Zeiss LEO
Supra VP35 FE-SEM after carbon coating.

Results and discussion
1. Aqueous solution properties of PMEMA-,-b-PDPA 5

To optimize the film preparation conditions for PMEMA ;;-b-
PDPA5/TA films and understand the characteristics of multi-
layers, we studied aqueous solution properties of PMEMA ;7-b-
PDPA 5 prior to film fabrication. Note that a detailed investi-
gation of solution properties of PMEMA ;7-b-PDPA g has earlier
been demonstrated by Biitiin et al3*%

PMEMA;;-b-PDPA 5 is composed of two weak polybasic
blocks (see Scheme 1). In addition to the pH-response of both
blocks which arises from the tertiary amino groups of both
PMEMA and PDPA blocks, PMEMA is temperature-responsive
and exhibits a lower critical solution temperature within a range
of 34-54 °C at pH 7 depending on its molecular weight.3*33
Therefore, PMEMA,;-b-PDPA 5 is soluble in water at room
temperature and acidic pH when both blocks are in the
protonated form. Unlike PDPA which precipitates in water
above its pK, of 6.4 due to deprotonation of the tertiary amino
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groups, PMEMA (pK, ~ 4.9) is soluble in water up to pH 12.33
The difference in the hydrophilicity of the blocks of this dica-
tionic block copolymer enables PMEMA ;;-b-PDPA g to self-
assemble into micellar aggregates above pH 6.5 with the water
insoluble PDPA block forming the core and the hydrophilic
PMEMA block forming the corona.?® Fig. 1 shows pH-triggered
micellization and demicellization of PMEMA;;-b-PDPA 5 at
25 °C. Micellization of PMEMA ;;-b-PDPA |5 was reversible but
showed some hysteresis just below the critical micellization pH.
The hydrodynamic size of PMEMA;;-b-PDPA g was higher in
a pH range of 6.5-5.5 when the pH was decreased compared to
that when pH was increased. The reason for the gradual deple-
tion of the aggregation number within this pH range during
demicellization can be attributed to inter- and intra- molecular
hydrophobic association between the unprotonated PDPA core
blocks suppressing the reprotonation of the tertiary amino
groups of PDPA resulting in partial removal of PMEMA7-b-
PDPA s monomers from the micellar aggregates just-below the
critical pH. Thus, it was necessary to further lower the pH to
reach the critical ionization degree for complete molecular
dissolution of the PMEMA;-b-PDPA 3 micelles. Note that
during micellization/demicellization, just below/just above crit-
ical pH, unimers and micelles exist together in the solution.

We have also explored the effect of temperature on the
colloidal stability of the micellar dispersion of PMEMA;;-b-
PDPA 5 at neutral and moderately acidic pH values. Fig. 2
shows the change in the hydrodynamic size of PMEMA;-b-
PDPA 5 with increasing temperature at certain pH values. At pH
7.5, we observed a cloud point at 31 °C for PMEMA;;-b-
PDPA |5 micelles due to loss in water solubility of the coronal
PMEMA blocks which were responsible for dispersion stability
in an aqueous medium. It was previously reported that LCST of
the PMEMA homopolymer was 34-54 °C at pH 7 depending on
its molecular weight.** We have also monitored the evolution of
the hydrodynamic size of PMEMA homopolymer with a molec-
ular weight similar to that of PMEMA coronal blocks of
PMEMA ;;-b-PDPA 3 micelles and recorded its cloud point as
~48 °C in aqueous solution at pH 7.5. The observation of a lower
cloud point temperature for PMEMA ;;-b-PDPA |5 micelles was
because of an increase in the hydrophobic content of the polymer
chains arising from already unprotonated PDPA blocks. We
then prepared PMEMA ;;,-b-PDPA 3 micelles at pH 6.75 which

25

—— micellization
—O— demicellization

20

15+

10 -

Hydrodynamic Size (nm)

Fig. 1 pH-Triggered micellization/demicellization of 0.5 mg mL"'
PMEMA77-b-PDPA18 at 25 °C.

was only 0.25 pH units higher than the critical micellization pH
at 25 °C. At this pH, tertiary amino groups on PDPA are
partially protonated and increase the hydrophilic content of the
block copolymer resulting in a shift of the cloud point up to
35 °C. Note that PMEMA and PDPA have pK,’s of 4.9 and 6.4,
respectively.?*** The change in charge density on PDPA chains is
higher than that on PMEMA chains when the pH was decreased
from 7.5 to 6.75 and 6.0. Therefore, we correlate this increase in
the cloud point with decreasing pH mostly to changes in the
charge density on PDPA blocks rather than PMEMA blocks. At
pH 6, when both blocks molecularly dissolved in aqueous solu-
tion, the cloud point shifted even up to ~48 °C. However, when
the pH was further decreased to 5, we did not observe a cloud
point between 25-65 °C. Interestingly, we detected aggregates of
~17 nm between 31-48 °C at pH 6.

Considering the fact that PMEMA exhibits LCST behaviour,
those micelles possibly have PMEMA-core and cationic PDPA-
corona structures. At this pH, as proton NMR studies indicated
(not shown), PMEMA block is in a neutral form and has
a thermo-responsive nature but the PDPA block is mainly
protonated and has good solubility. Thus, an increase in
temperature resulted in the dehydration of the PMEMA block
and PMEMA-core micelle formation before aggregation at
48 °C. Similarly to PMEMA-b-PDEA diblock copolymer as
reported before,** PMEMA-b-PDPA diblock copolymer can
form both pH-induced PDPA-core micelles and temperature-
induced PMEMA-core reverse micelles in aqueous media. This
observation allows us to define the PMEMA-b-PDPA diblock
copolymer as a novel “schizophrenic” diblock copolymer as well.

2. Preparation of PMEMA,7;-b-PDPA g micelles/TA films

We then focused on fabrication of LbL films of PMEMA ;;-b-
PDPA g micelles and TA through hydrogen bonding interac-
tions. TA is a water soluble polyphenol with a pK, of ~8.5%* and
has 25 phenolic hydroxyl groups per molecule capable of acting
as hydrogen donors. Based on an approach of a decrease in the
charge density of the ionizable hydrogen donating polyacid at
neutral pH values, Erel and Sukhishvili reported earlier the
possibility of the construction of hydrogen-bonded multilayers
within a pH range of 2-7.5 using TA instead of mostly used
polycarboxylic acids with lower pK, values. PMEMA blocks of
PMEMA ;;-b-PDPA g micelles have morpholino units on the
side chains and accommodate both ether oxygens and tertiary
amino groups. Although amines are stronger hydrogen acceptors
than ethers,*® both of them can act as hydrogen acceptors in
principle, thus PMEMA coronal chains of PMEMA;-b-
PDPA 5 micelles may form hydrogen bonds through both ether
oxygens and the unprotonated tertiary amino groups. To ensure
deposition of PMEMA77-b-PDPA g in the micellar morphology,
we prepared LbL films of PMEMA ;,-b-PDPA g micelles and TA
at pH 7.5, above the critical micellization pH of 6.5. At a pH of
7.5, well above the pK, of PMEMA (pK, of PMEMA ~ 4.9),
tertiary amino groups of PMEMA coronal blocks are in the
unprotonated state. PMEMA,;-b-PDPA |3 micelles gave
a slightly negative &-potential value of ~ —4.88 mV, probably
due to the binding of anions of the buffer salt (NaH,PO,) onto
coronal chains and/or the core surface. The fact that PMEMA 7;-
b-PDPA 3 micelles did not show a positive zeta potential at pH
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Fig. 2 Evolution of hydrodynamic size of PMEMA,;,-b-PDPA |5 with increasing temperature at pH 7.5, pH 6.75 and pH 6.0.

7.5 suggests that contribution of electrostatic interactions
between protonated tertiary amino groups of PMEMA and
phenolate ions of TA to the film growth is out of the question.
Therefore, the driving force for the construction of PMEMA ;7-b-
PDPA |3 micelless/TA multilayers should be mainly hydrogen
bonding interactions between morpholino units of PMEMA and
hydroxyl groups of TA.

Fig. 3-Panel A shows the evolution of the thickness of multi-
layers of PMEMA ;;-b-PDPA 5 micelles and TA with increasing
number of layer pairs. Multilayers of PMEMA;-b-PDPA ¢
micelles and TA showed exponential growth.

Fig. 3-Panel B shows the 2 pm x 2 pm area AFM height
images of PMEMA;7-b-PDPA 3 micelles/TA films. The height
histograms of these images are seen in Fig. 3-Panel B (d) as an
inset which shows slightly increased surface roughness for 6 and
9 bilayer compared to 3 bilayer films. The increase in roughness
with increasing number of bilayers was more significant at larger
length scales. Fig. 3-Panel B (d) shows the height histograms of
10 pm x 10 pm area AFM scans for 3, 6, 9, and 12 bilayer films.
The surface roughness increased as the number of bilayers went
from 3 to 12. This can be understood by the irregular packing of
micelles starting from the first layer combined with the adsorp-
tion kinetics. When an irregularly packed incomplete micelle
layer with holes is allowed to interact with TA molecules and
then again with the micellar solution, the probability of
adsorbing on higher parts of the surface at first encounter will be
larger than going into the holes. Weakly associating morpholino
units and protonated TA molecules are also expected to
contribute to the rough and loose film structure. As more layers
are added, then the surface roughness will be amplified. An
increased surface area may also lead to exponential growth which
was also observed in our case.

An exponential growth regime has earlier been observed by
others**¢#! and was correlated with either surface roughness*
or diffusion of at least one of the film components in and out
during multilayer deposition®***' resulting in higher amounts of
material deposited at the surface with increasing number of
layers. Considering the fact that PMEMA;7,-b-PDPA 3 micelles
were not single polymer chains but formed through aggregation
of many polymer chains, we suggest that diffusion of PMEMA ;-
b-PDPA g micelles in and out throughout the film structure is
unlikely. Thus, we attribute the exponential growth observed for
PMEMA ;;-b-PDPA 3 micelles/TA films to high surface rough-
ness resulting from irregular micelle packing together with
weakly associating morpholino units and protonated TA

molecules leading to a rough and loose film structure. For elec-
trostatically bound multilayers, Shiratori and Rubner reported
that lower number of ionic cross-links between the layers within
a film structure led to a higher number of loops resulting in
increased surface roughness, thus surface roughness could be
indirectly correlated with the conformational state of the multi-
layers.*> For hydrogen-bonded systems, Sukhishvili reported on
the correlation between the lower number of binding points
between the layers and loopy conformation of polymer layers for
weakly associating hydrogen donating/accepting polymer
pairs.*

In contrast to PMEMA,;-b-PDPA g micelles/TA system,
a study by Erel et al. demonstrated a linear growth profile for
multilayers of PNIPAM-b-PDEA micelles and TA self-assem-
bled through hydrogen bonding interactions between the PNI-
PAM-corona and TA.?® This contrast in the growth profile of
PMEMA;;-b-PDPA 3 micellessTA and PNIPAM-b-PDEA
micelles/TA films can be explained by the difference in the
binding strength of hydrogen accepting polymers in these two
systems. Carbonyl groups of PNIPAM are stronger hydrogen
acceptors and associates with TA molecules stronger than mor-
pholino units of PMEMA resulting in a higher number of
binding points between the layers and thinner films. Kharlam-
pieva and Sukhishvili also reported earlier that weakly associ-
ating polymer pairs [e.g. PEO/polycarboxylic acid] form thicker
films than strongly associating polymer pairs [e.g. poly(vinyl
caprolactam) (PVCL)/polycarboxylic acid].*®

3. pH-Triggered dissolution of PMEMA,,-b-PDPA 5
micelles/TA multilayers

pH-Stability of PMEMA;;-b-PDPA |3 micelles/TA films was
followed in two different regions: i) the basic pH region: a 6-
bilayer PMEMA,;-b-PDPA 3 micelles/s/TA film which was
deposited at pH 7.4 was exposed to increasing pH values; ii) the
acidic pH region: a 6-bilayer PMEMA ;7-b-PDPA |g micelles/TA
film which was deposited at pH 7.4 was exposed to decreasing pH
values. Fig. 4 shows pH-triggered dissolution of PMEMA ;;-b-
PDPA 5 micelles/TA both at basic and acidic regions.

At the basic region, critical dissolution pH (the pH at which
=10% loss in film thickness occurs) for PMEMA ;;-b-PDPA 5
micelles/TA films was recorded as ~8.75. Dissolution of multi-
layers at a basic pH was due to ionization of TA (pK,~8.5) and
loss of hydrogen bonding interactions between PMEMA coronal
chains and TA resulting in the release of PMEMA ;7-b-PDPA 5

This journal is © The Royal Society of Chemistry 2012
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Fig.3 Panel A: Film thickness vs. number of bilayers as obtained by ellipsometry. Inset shows layer-by-layer growth of PMEMA ;,-b-PDPA g micelles/
TA multilayers up to 8 bilayers. Panel B: 2 pm x 2 pm area AFM height images of PMEMA;7-b-PDPA ¢ micelles/TA films: (a) 3 bilayers, (b) 6 bilayers,
(c) 9 bilayers, (d) height histograms of 10 pm x 10 pm area AFM scans showing increased surface roughness as the number of bilayers goes from 3 to 12.

The inset shows the height histograms of the AFM images in (a)-(c).

micelles and TA into the solution. The critical pH of 8.75 is in
good agreement with the critical dissolution pH of 8.5 reported
for the PEO/TA system in which multilayers were bound also
through hydrogen bonding between ether oxygens and phenolic
hydroxyl groups.?® We suggest that this slight difference in the
critical pH values of PMEMA;;-b-PDPA |3 micelles/TA and
PEO/TA films may be due to the difference in the binding
strength between the layers. In PMEMA ;;-b-PDPA g micelles/

TA films, PMEMA coronal chains can participate in hydrogen
bonding through both unprotonated tertiary amino groups and
ether oxygens, while in PEO/TA films, PEO only binds from
ether oxygens and this difference between the hydrogen accept-
ing capability of hydrogen acceptors might have resulted in
a higher number of binding points between the layers in
PMEMA;7-b-PDPA 5 micelles/TA films and enhanced stability
in the pH-scale. In addition, the cyclic nature of the morpholine
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molecules of PMEMA blocks whose ether oxygens might be
more accessible for hydrogen bonding resulting in higher number
of binding points between the layers may also account for the
observed difference. It has been reported that oxygen atoms of
cyclic ethers are more exposed to water for hydrogen bonding,
therefore are more soluble in water compared to aliphatic
ethers.*Searles and Tamres also demonstrated that cyclic ethers,
except the ethylene oxides, can act as hydrogen acceptors as good
or better than comparable unbranched acyclic ethers and their
hydrogen accepting strength depends strongly on the ring size.**

At acidic regions, critical dissolution pH for PMEMA;;-b-
PDPA |3 micelles/TA films was recorded as pH 3.6. Different
from film destruction at basic pH values due to ionization of TA
molecules, dissolution of multilayers at acidic pH was due to
protonation of both PDPA and PMEMA blocks. To understand
the dissolution mechanism, destruction of multilayers in the
acidic region can be examined in 2 different subregions: the
region between pH 7.5-4 and the region between pH 4-2.

In the region between pH 7.5 to pH 4, we did not record any
loss in the material deposited at the surface. A slight increase in
film thickness was recorded between pH 5.2-4. Protonation of
PMEMA and PDPA blocks with decreasing pH might have
resulted in an increase in the hydrophilicity of the multilayer
matrix and entrapment of water molecules which probably
caused a slight increase in film thickness. As discussed in
Section 1 (Fig. 1), complete demicellization in aqueous solution
occurred at pH 5.5. Therefore between pH 7.4-6.5 mainly
micelles, at pH 6.5-5.5 both smaller micelles and unimers, and at
pH 5.5-4 unimers should be present within the film. The reason
for the conservation of the film thickness between pH 6.5-5.5
should be due to restructuring between TA and PMEMA ;;-b-

decreasing pH — increasing pH
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5
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Fig. 4 pH-Triggered dissolution of PMEMA7;-b-PDPA 5 micelles/TA
films (deposition pH ~ 7.4) at basic or acidic regions. The fraction
retained at the surface was calculated from the equilibrated values of film
thickness at each pH value. Error bars are within symbol if not shown.
Fraction at pH 7.4 is shown with a filled star and is the starting point of
the dissolution curves for both basic and acidic regions. Images represent
dissolution of PMEMA;7-b-PDPA g micelles/TA multilayers at different
pH intervals.

PDPA |3 monomers which partially dissociated from the micellar
aggregates as well as the remaining smaller micelles within the
multilayers rather than removal of the monomers into the solu-
tion. Similarly, between pH 5.5-4, a restructuring between
unimers and TA molecules can be pronounced. Note that
enhanced ionization of polyacids in the presence of polycations
has been reported.*® Based on this fact, it was highly possible that
hydroxyl groups of TA existed both in ionized and nonionized
form at this pH range in the presence of partially protonated
PDPA blocks. Therefore, in addition to hydrogen bonding,
electrostatic interactions between amino groups of PMEMA and
ionized hydroxyl groups of TA can also be pronounced. Another
scenario for the conservation of the film thickness can be built on
the preservation of the micellar morphology within the multi-
layers due to further protonation of TA and enhanced hydrogen
bonding interactions between the PMEMA-coronal blocks and
TA at decreasing pH resulting in restricted conformational
changes in the micellar core blocks as previously observed by
Erel et al.®® Therefore, to further examine pH-induced changes
within the multilayer structure, we have employed a cross-
sectional SEM imaging technique to 10-bilayer PMEMA ;;-b-
PDPA |3 micelles/TA films. Fig. 5 shows cross sectional SEM
images of multilayers at pH 7.5 and pH 5. The size of white
domains observed at pH 7.5 were in good agreement with the
hydrodynamic size of the micelles obtained from DLS
measurements, therefore we attributed them to PMEMA ;7-b-
PDPA g3 micelles incorporated within the multilayers (Fig. SA
and 5B). Those white domains disappeared at pH 5, supporting
the scenario based on dissolution of the micelles and a restruc-
turing between PMEMA7;-b-PDPA g unimers/partially dis-
solved PMEMA ;;-b-PDPA |5 micelles and TA (Fig. 5C).

Note that our results obtained from pH-triggered release of
pyrene from PMEMA ;;,-b-PDPA g/TA multilayers which will be
discussed in detail in Section 4 also support dissolution of the
micellar cores and a rearrangement within the multilayers
between pH 5.5-4.

Finally, in the more acidic region (between pH 4-2), we
observed a sharp decrease in the film thickness between pH 4 and
pH 3.6 followed by a gradual erosion of the film between pH 3.6
and pH 2. Decreasing pH below 4 significantly increased the
charge density on both PDPA (pK, = 6.4) and PMEMA (pK, =
4.9) blocks resulting in a charge imbalance between PMEMA 7;-
b-PDPA;g and TA layers in the film structure. Electrostatic
repulsion between charged PMEMA ;;,-b-PDPA |5 chains as well
as increased osmotic pressure within the multilayers due to
penetration of the counterions to compensate the created excess
positive charge resulted in destruction of the film. Dissolution of
multilayers caused by charge imbalance has been reported by
others, t00.47#

In contrast to our findings, Erel and Sukhishvili reported that
in multilayers of micelles of PNIPAM;q-b-PDEA;y and TA,
binding of TA largely inhibited dissolution of PNIPAM,g,-b-
PDEA;, micelles at low pH due to further protonation of TA
hydroxyl groups. In their study, the enhanced hydrogen bonding
interactions between carbonyl groups of PNIPAM-corona and
hydroxyl groups of TA at low pH restricted the pH-induced
conformational changes in the micellar core blocks. Also,
different from our system, no mass loss was recorded in that
study even at highly acidic conditions.?” The difference in the
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Fig. 5 Cross-sectional SEM images of PMEMA,;-b-PDPA |3 micelles/
TA films after exposure to pH 7.5 (A and B) and pH 5 (C).

dissolution characteristics of PNIPAM,y-b-PDEA,, micelles/
TA and PMEMA ;;-b-PDPA |g micelles/TA might have resulted
from: i) the difference in strength of hydrogen bonding between
the layers determined by the chemical nature of hydrogen
accepting polymers—carbonyl groups of PNIPAM are stronger
hydrogen acceptors than amines and ether groups of PMEMA;
ii) the difference in the charge density of PNIPAM,o-6-PDEA 5,
and PMEMA,;-b-PDPA g at acidic pH values. PMEMA ;7-b-
PDPA 5, which is composed of two cationic blocks, bears higher
positive charge density at an acidic pH than PNIPAM,go-b-
PDEA ;4 having only one cationic block and exceeded the critical
charge density threshold for dissolution of the multilayers. Also,
the higher charge density caused a higher osmotic pressure of the
counterions and swelling of the PMEMA;-b-PDPA 3/TA
system resulting in complete dissolution of the multilayers above
the critical charge density.

4. Effect of pH and temperature on release of pyrene from
PMEMA ;;-b-PDPA 5 micelles/TA multilayers

We encapsulated pyrene in PMEMA ;;-b-PDPA g micelles prior
to multilayer construction and monitored the pH-triggered
release of pyrene from PMEMA,;-b-PDPA 3 micelles/TA
multilayers both at 25 °C and 40 °C (Fig. 6). Pyrene was
primarily included in the hydrophobic cores of PMEMA ;;-b-
PDPA 3 micelles, however it is possible that some amount could
have also adsorbed on the PMEMA-coronal chains due to
hydrophobic-hydrophobic interactions between pyrene and the
hydrophobic polymer backbone. Note that all PMEMA;;-b-
PDPA 3/TA films were prepared in the same batch to minimize
the variation in the amount of pyrene loaded within the films
between the samples. For fluorescence intensity measurements,
samples were taken from the solution at specific time intervals in
which the 20-bilayer PMEMA ;;-b-PDPA |3/TA multilayers were
immersed in. Fig. 6A shows the evolution of fluorescence
intensity at pH 7.5, 6 and 5 at 25 °C. Release of pyrene at pH 7.5,
when PMEMA,;-b-PDPA 3 was in the micellar form and
multilayers were completely stable, (film deposited at pH = 7.4)

was low and based on self-diffusion of the pyrene molecules from
the micellar cores. At pH 6, fluorescence intensity of the pyrene
released into the solution was almost 1.5 times higher than the
release at pH 7.5. We attribute this increase to partial dissolution
of the micellar cores and removal of PMEMA,;-b-PDPA 5
monomers due to protonation of the PDPA blocks resulting in
a restructuring within the multilayers and simultaneous release of
the pyrene into the solution. At pH 5, intensity of pyrene released
from the multilayers was around 2.3 and 1.5 times higher than
the release at pH 7.5 and pH 6, respectively, associated with
complete dissolution of the micellar cores triggering the release of
pyrene into the solution. At all pH values, pyrene release profiles
gradually levelled off. Pyrene release was completed in ~4 h at
pH 5, slightly faster than those at pH 6 and pH 7.5 which
took ~6 h.

We have also monitored the release of pyrene from 20 bilayers
of PMEMA;-b-PDPA g micelles/TA multilayers at 40 °C
(Fig. 6B). At pH 7.5 and 40 °C, we found an increase in the
amount of pyrene released from the multilayers. As seen in
Fig. 2, critical temperature for PMEMA coronal blocks at pH 7.5
is ~31 °C. We suggest 2 possibilities for the increase in the
amount of pyrene released at pH 7.5 and 40 °C: i) at 40 °C and
pH 7.5, PMEMA coronal blocks might have phase separated and
this conformational rearrangement within the multilayers might
have facilitated the self-diffusion of pyrene from the micellar
cores through PMEMA chains into the solution; ii) although
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Fig. 6 Panel A: pH-triggered release of pyrene from PMEMA;;-b-

PDPA g micelles/TA multilayers at pH 7.5, 6 and 5 at 25 °C Panel B: pH-

triggered release of pyrene from PMEMA7;-b-PDPA g micelles/TA
multilayers at pH 7.5 and 5 at 40 °C.
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poorly soluble in water, pyrene molecules adsorbed on PMEMA
coronal chains through hydrophobic interactions could have
been removed by the water molecules into the solution due to loss
of PMEMA-water interactions above the critical temperature
(Scheme 2). Note that Sukhishvili and co-workers also reported
that permeability of hydrogen-bonded PVCL/PMAA and
PVME/PMAA multilayers for thymolblue increased with rising
temperature and correlated this fact with deswelling of PVME
and PVCL chains at temperatures near and above the LCST and
formation of voids within the multilayers resulting in an increase
in dye permeability. At pH 5 and 40 °C where PMEMA does not
exhibit LCST behaviour, we did not observe significant differ-
ences in the amount of pyrene released. As seen in Fig. 6B,
fluorescence intensity decreased gradually after ~3 h due to
enhanced quenching of the fluorescence at high temperatures. In
the first 2 h, fluorescence intensity was dominated by the
continuous release of the encapsulated dye into the solution and
the quenching effect could not be detected. As can be clearly seen
for the data taken at pH 5, the fluorescence intensity was nearly
the same (independent of temperature) for the first 2 h beyond
which it was slightly less for 7= 40 °C compared to 7' = 25 °C.
After 3 h, as the release of pyrene levelled off, quenching was
dominant and the fluorescence intensity decreased in time.

pH 7.5 and 25°C pH 7.5 and 40°C

PH 5 and 25°C and
pHSand 40°C
. pyrene Water
O TA * micelles ® molecules molecules

Scheme 2 Schematic representation of the release of pyrene from
PMEMA;-b-PDPA 5 micelles/TA films at pH 7.5, 25 C° (A); pH 7.5,
40 C° (B); pH 5, 25 C° and pH 5, 40 C° (C).

Conclusions

We have shown that by using micelles of a dicationic block
copolymer as building blocks in hydrogen-bonded LbL self-
assembly, we were able to introduce different critical pH values
into the same system. At basic pH, intact micelles could be
released from the multilayers due to ionization of the polyacid
and loss in hydrogen bonding interactions between the layers. At
acidic pH, we found that micellar cores could be simply dissolved
below the critical micellization pH, while the multilayers
remained attached at the surface. Further decreasing the pH
below 4 resulted in complete disintegration of the multilayers due
to protonation of the tertiary amino groups on both blocks of the
copolymer imparting a charge imbalance within the film. We
have also shown that the amount of functional molecules
released from the micellar cores could be simply regulated by
controlling pH. Moreover, we have demonstrated that the
amount of functional molecules released from the micellar cores
can also be controlled by temperature around the LCST of
coronal chains. Such an increment can be correlated with
temperature-induced conformational changes on the coronal
chains facilitating the release of preloaded functional molecules.

This study significantly contributes to the fundamental
understanding of the chemical structure—property relationship of
hydrogen-bonded LbL films and may serve as a model study for
pH-controlled release of multiple molecules from a single
surface-attached film.
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