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ABSTRACT: Multilayers of poly(acrylic acid), PAA, and

s} | rommew jon ), : ; .
. . A, SO, Low pH PAAsolu HighpH PAAsolutio
chitosan, CHI, have been built by the layer-by-layer (LbL) < / . Eﬁ:ﬂ"" i AL loirg Ay
method from aqueous solutions at different pH values | o
and analyzed by the dissipative quartz crystal microbalance %"' P t

(D-QCM) and ellipsometry. The results showed that under all | =t ; AT
of the assembly conditions considered the growth of the filmsis | | 2 e e :
nonlinear. The thickness of the PAA layers increases as thepH | [+, .13
of the assembling solutions decreases, whereas the adsorption of ' S
CHI is almost unaffected by the pH conditions. The comparison
of the thickness obtained by D-QCM and by ellipsometry has
allowed us to calculate the water content of the films, showing
that the multilayers are highly hydrated, with an average water | & _{
content higher than 20%. The analysis of D-QCM data has | & '+ fgﬁw e
provided high-frequency values of the complex shear modulus |

that are in the megapascal range and shows a transition from
mainly viscous to mainly elastic behavior for the added PAA
layers, depending on the pH. The monomer surface density in
each layer (obtained from the combination of ellipsometry and differential refractive index measurements) indicated that the
monomer density depends on the assembly conditions. It was found that the adsorption kinetics is a bimodal process, with
characteristic times that depend on the number and nature of the layers. Finally, the possibility of using of these multilayers as a drug
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storage and delivery system has been evaluated.

1. INTRODUCTION

During the last 20 years,"” polymer multilayers built by the
layer-by-layer (LbL) technique have been frequently used in
the fabrication of nanostructured coatings, being a cost-effective
technique that allows us to produce materials that contain active
compounds within their structure.” > One important advantage
over classical techniques, such as the Langmuir—Blodgett (LB)
technique,® is the possibility of coating substrates with different
chemical natures and shape such as colloidal particles,”® fluid
interfaces,” and liposomes,10 not being limited to flat solid
substrates as more classical methods. In addition, the thermal
stability of the films built by the LbL method is usually higher
than that of the LB films.

In the last few years, many studies have been devoted to
multilayers of synthetic polyelectrolytes. Some examples of
these systems are multilayers of type (PDADMAC + PSS),
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(PDADMAC is poly(diallyl-dimethyl-ammonium chloride) and
PSS is poly(4-styrene sulfonate of sodium))"'™'* or (PAH +
PSS), (PAH is poly(allylamine hydrochloride))."* However,
nowadays there is increasing interest in building multilayers
using biocompatible polymers,'> some examples of which are
multilayers of type (PLL 4+ HA),, (PLL is poly(r-lysine) and HA
is hyaluronic acid) or (PLL + PGA), (PGA is poly(glutamic
acid)).'®"” The interest in this type of system is related to their
applications in the biomedical field and for the fabrication of nano-
capsules as drug delivery systems and in DNA encapsula-
tion.>'®2° Furthermore, the introduction of liposomes within
multilayers is also a very active field of research,*"** so they
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Scheme 1. Chemical Structures of the Polymers Used in the
Study”
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“(a) PEJ, (b) PAA, (c) CHI, and (d) propranolol.

can act as delivery agents or as microrreactors.”>>* More
recently, some research groups have focused on the fabrication
of biomimetic systems with multiscale organization. In these
systems, different compartments are made by polyelectrolyte
multilayers, and afterwards they are subsumed under a superior
organizational unit also obtained by the LbL technique.”>*
However, to make coatings with controlled structures and
physicochemical properties, it is necessary to know how different
variables affect the building process. Some of these variables are
the charge densi? of the polymers,*”*® polymer concentration,*
ionic strength,'>*° solvent quality of the polyelectrolytes,"' pH,*"
and temperature,32 with the pH being the most important
control parameter in the building of multilayers with weak
polyelectrolytes because it determines the charge density of the
chains.

The unique physicochemical (polycationic, reactive OH— and
—NH, groups) and biological properties (bioactive, biocompa-
tible, biodegradable, and nontoxic) have led to several research
groups exploring the use of chitosan (CHI) in a}s)plications such
as wastewater treatment,** cell growth support,® topical wound
bandages,* and drug delivery systems.*® Chitosan is an abundant
amino-polysaccharide obtained from chitin (that is part of
shrimp and crab shells) via deacetylation.>>*” It is a linear
copolymer of 2-amino-2-deoxy-D-glucopyranose and 2-acetoa-
mide-2-deoxy-p-glycopyranose connected by glycosidic bonds
p(1 — 4) (Scheme 1). The percentage of deacetylation is
important to chitosan behavior because it determines its charge
density and therefore its solubility and solution behavior®” as well
as its adsorption onto charged surfaces and the mechanical
properties of the LbL multilayers. CHI has very good adhesion
properties on skin, even under wet conditions (e.g., inside the
mouth), which makes it a very good candidate for building
storage/delivery multilayers for topical treatments.

The versatility of the LbL method allows us to build films with
different shapes and geometries (nanoparticles, microspheres,

membranes, sponges, or rods).”* Additionally, the physicochemical
richness of the chitosan (tuning the charge density, biocom-
patibility, etc.) makes the multilayers with chitosan very attractive
as drug carriers by different administration routes; in fact, several
multilayers have already been studied: (CHI + alginate),,* (CHI
+ PGA),,** and (CHI + heparin),.*" In this work, we describe the
building process, and the physicochemical properties of layer by
layer multilayers formed by the combination of a natural polycation
such as chitosan and a synthetic polyanion such as poly(acrylic
acid) (PAA). The pH conditions chosen are imposed by the
polyelectrolytes chosen. In effect, CHI and PAA precipitate at
low pH values (and hydrolyze below pH 2), whereas at high pH
values CHI is no longer charged. The pairs of pH values used to
built the LbL multilayers were chosen to explore the limits of the
pH ranges suitable for building multilayers of CHI and PAA
and to include conditions in which the LbL multilayers might be
used as drug delivery systems for topical treatments. The potential
ability of these multilayers in drug delivery has been evaluated
quantitatively by adsorbing propranolol (a beta-blocker drug that it
is generally used for the treatment of hypertension problems)
within the structure of the multilayers and analyzing the release
process.

The results of the present work point out a strong effect of pH
on the growing thickness of the multilayers. Also, it has been
found for the first time that pH triggers a crossover from mainly
viscous to mainly elastic behavior of the multilayers. Finally, the
adsorbed amount of propranolol per polyelectrolyte bilayer has
been found to increase with the number of bilayers, which is
important for drug delivery purposes.

2. EXPERIMENTAL SECTION

2.1. Materials. The polyanion used was PAA (pK, ~ 4.8) with a
molecular weight of 450 kDa (purity higher than 99.5%). The polycation
used was CHI (purity higher than 99.5%), purchased from Sigma-
Aldrich (Germany) (with a degree of acetylation of 7S—85%, pK, = 6.5.
Because of its natural origin, the CHI sample is polydisperse (molecular
weight, M,,, of S0—190 kDa). The GPC study of CHI shows that there is
only a broad molecular weight distribution and that the content of chains
with a molecular weight lower than 50 kDa is negligible. However, it has
already been pointed out that for M,, > 10 kDa the effect of M,, on the
properties of the LbL multilayers is negligible.*” The first layer of highly
branched poly(ethylene-imine) (PEI) of molecular weight 275 kDa
(purity higher than 99.5%) was adsorbed onto the solid surface (for the
molecular structure of the different polymers, see Scheme 1). The
propranolol ((R)-(+)-propranolol hydrochloride) was purchased from
Sigma-Aldrich (Germany). The pH of CHI and PAA solutions was
controlled with glacial acetic acid (Sigma-Aldrich, purity >99.99%), HCI
(Sigma-Aldrich, purity ~32%), and NaOH (Sigma-Aldrich, Germany);
the pH of the PEI solutions was not adjusted. The water was of Milli-Q_
quality (Millipore RG model) with a resistivity higher than 18.2 M2 and
a total organic content lower than 10 ppb. All of the experiments were
carried out at 298.1 & 0.1 K. The solutions were prepared by weight
using an analytical balance with a precision of 30.01 mg. The multilayers
that were studied are summarized in Table 1.

2.2. Experimental Techniques. A dissipative quartz-crystal
microbalance (D-QCM) from KSV (model QCM Z-500, Finland)
was used. The quartz crystals, AT-cut, were cleaned with piranha
solution (70% H,S0,/30% H,0,) over a period of 30 min and then
thoroughly rinsed with pure water. The characteristic frequency of the
quartz crystal in vacuum was fo & S MHz. A self-assembled monolayer of
the sodium salt of 3-mercapto propanesulfonic acid was initially built on
the surface of the gold electrode of the quartz crystal in order to obtain a
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Table 1. Resume of the Studied Samples”

sample pHpaa pHcmr nomenclature
multilayer 1 2.7 S PEI (PAAPH 27+ CHlpy $)as
multilayer 2 5 5 PEI (PAA,k s + CHI 5)10
multilayer 3 7 6.5 PEI (PAA, 7 + CHIyy 6.5) 10
multilayer 4 7 S PEI (PAA,1 7 + CHIy 5)3s

“Notice that the pK,’s are for PAA 4.8 and CHI 6.5. The subindex pH
refers to the pH conditions of the solutions that are used.

charged substrate.'> D-QCM provided the impedance spectra of the
crystal for the fundamental resonance frequency and for its odd over-
tones, ¥, up to the 11th (central frequency f;; = SS MHz). The data have
been analyzed using the model proposed by Johannsmann et al.*
(further details are given in the Supporting Information). The injection
of the solution into the QCM of a measuring cell leads to a dead time
of 7 s; the data for shorter times were not taken into account for the data
analysis.

For the ellipsometric experiments, we have used an imaging null
ellipsometer from Nanofilm (model EP3, Germany), and all of the
experiments have been carried out on a solid—liquid cell at a fixed angle
of 60°. Silicon wafers (Siltronix, France) were used as the substrates.'*
Ellipsometric angles A and W describe the changes in the state of
polarization when light is reflected at a surface (further details given in
the Supporting Information).** The uncertainty in A and W were 0.1
and +0.05°, respectively. To obtain the ellipsometric thickness, h,, a
four-layer model has been used, as in previous work."*** For the
calculation of the adsorbed polymer mass (details given in the Support-
ing Information), the refractive index increment was measured with a
Brookhaven differential refractometer (model BILDNDC, USA).*® The
precision of (dn/dc)rwas £0.001 mL/g. The values of (dn/dc) for the
different polymers used in this work are collected in Supporting
Information (Table S.I). Shatz et al.*’ have shown that the influence
of pH on the (dn/dc)r of solutions of CHI with a high degree of
deacetylation is negligible. We have found the same for PAA solutions
within the pH range used in this work.

The existence of charge overcompensation during the building
process was evaluated by measuring the { potential (Zeta Nanosizer,
Malvern Instruments, USA) of the bare silica particles (Sigma-Aldrich,
Germany, 1 #m diameter), and we obtained { = —43 mV in a water
suspension of pH 5.6. The ionic strength of the measurements corre-
sponded to the H" concentration necessary to obtain pH 5.6. For the
fabrication of the multilayers on silica particles, we have followed the
method proposed by Sukhorukov et al.® For each of the polyelectrolytes
adsorbed, the ionic strength was given by H' and the counterions.

Measurements of the contact angle, ©, of a water drop on the surface
of the multilayer were made using a commercial device from GBX
(Model Digidrop, France). The precision of the measurements was
obtained statistically from the results of the measurements in different
zones of the samples.

2.3. Layer-by-Layer Assembly. The multilayers were built from
polyelectrolyte solutions of concentration ¢ =2 mg-mL ™, except for the
case of the layers of PEI (first layer in all of the multilayers studied) that
were adsorbed from solutions of concentration ¢ = 1 mg-mL~". The
even layers were made of PAA, and the odd layers were made of CHL
The adsorption of the layers was studied until equilibrium was detected
by monitoring the changes in the frequency, Af, and in the dissipation
factor, AD, for the different overtones of the quartz crystal (with v being
the order of the overtone) as well as of the ellipsometric angles, A and W.
After the adsorption of each of the layers, the multilayers were rinsed
with pure water. The rinsing process removed the polymer chains that
were not strongly adsorbed but did not significantly modify the behavior
of the multilayers (Supporting Information, Figure S.1). All of the
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Figure 1. Dissipative quartz crystal microbalance results for the kinetics
of adsorption and the washing-out process for the first seven layers of a
PEI(PAA + CHI), multilayer, where PAA and CHI layers were
assembled from solutions at pH S. (a) Time dependence of the
normalized frequency shifts for different overtones of the quartz sensor,
Af/v,withv =3,5,7,9,and 11 being the overtone order. v =3 (—), v =
S5(-),v=7(++),v=9(—-—),and v =11 (—- - —) are shown. (b)
Time dependence of the shift in the dissipation factor of the third
overtone, AD. In both graphs, the vertical continuous lines (—) mark
the polyelectrolyte injection, and the dashed lines (---) mark the washing
with solvent.

experiments were performed under static conditions, without any
stirring in the adsorption cell. The filling process of the measurement
chamber took 10 s and sometimes led to an abrupt shift of the signal both
in the D-QCM and in the ellipsometry techniques; these fast variations
were discarded for the analysis of the adsorption process.*® Propranolol
layers were adsorbed from a water solution of concentration ¢ =
0.05 mg-mL ™" after each CHI layer, being evaluated for the adsorbed
amount of propranolol on different CHI layers. The kinetics of
propranolol release for multilayers with 17 layers was measured by the
D-QCM technique.

3. RESULTS

3.1. Multilayer Growth Process. Figure 1 shows the changes
in the central frequency, f, for the different overtones (Figure 1a)
and the dissipation factor for the third overtone (Figure 1b)
during the adsorption of the first seven layers of a multilayer
PEI(PAA, s + CHIL,y 5),. Similar trends were found for other
multilayers assembled at the different combinations of pH
studied. In addition to the expected decrease in f as the polymer
chains adsorbed onto the quartz sensor, the rinsing process leads
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to a small f shift. This shift is related to the reorganization of
polymer chains within the film either as a consequence of the lost
of some weakly bound chains or due to the swelling/deswelling
processes of the adsorbed layers. In any case, it must be stressed
that for all of the films studied in this work the frequency changes
during the rinsing process were much smaller than those found
during adsorption. This is in agreement with previously reported
results that indicate that the adsorption of polyelectrolyte onto
oppositely char§ed surfaces essentially leads to irreversible
adsorbed layers.' »***®

The overtone dependence of the freguency shift is related to
the mechanical properties of the films.*’ For purely elastic films
(where the Sauerbrey equation applies), Af/v for all of the
overtones should collapse onto a single master curve. However,
as can be observed in Figure 1, the results show a small
dependence of Af/v on the overtone number, which indicates
that the film is viscoelastic and therefore the Sauerbrey equation
(eq S.2) is not appropriated. This observation is confirmed by the
behavior of the dissipation factor, D, (Figure 1b) that increases
with the number of layers. Under these conditions, it is necessary
to fit the full experimental impedance spectra to the theoretical
predictions.43 The spectra corresponding to v = 3,5,7,9,and 11
have been measured, which allows us to calculate the adsorbed
mass and the real and imaginary components of the complex
shear modulus, G = 1/J, of the polymer layer. (G was assumed to
be frequency-independent in the 15—55 MHz range*’). During
the rinsing process of the CHI and PAA layers, we found a
decrease in AD that may be explained as a consequence of the
complexation process that leads to the entanglement between
adjacent layers. In the case of the first layer, PEI, the behavior
during the rinsing process is the inverse, probably resulting from
the swelling of the highly branched PEI layer. The results
obtained by ellipsometry are in qualitative agreement with
D-QCM experiments (Supporting Information, Figure S.2).

3.2. Optical, hop, and Acoustic, h,., Thicknesses. Figure 2a
shows the shifts of the reduced frequency and the dissipation
versus the number of layers, N, for PEI(PAA + CHI), multi-
layers built under different pH combinations. The frequency
shifts (Figure 2a) versus N show a nonlinear trend that is
independent of the pH of the solutions, although for the multi-
layers with the smaller value of —Af/v this nonlinear trend is less
evident and can be considered almost linear. However, the
behavior of the different overtones (Figure 2a) depends on the
assembly conditions: for all the multilayers, the different over-
tones collapse onto a master curve, —Af/v versus N, only for a
small number of layers, which indicates that the films are rigid
(Sauerbrey’s limit). This separation between the curves of the
different overtones takes place for lower values of N for the
multilayers that have a faster growth rate, in agreement with the
increase in the dissipation factor shown in Figure 2b.>° The
results obtained by ellipsometry are in qualitative agreement with
the D-QCM results.

The analysis of the D-QCM data in terms of eq S.1 and the
ellipsometry data in terms of the four-layer model led to the
acoustical, h,, and the optical, h,, thicknesses shown in Figure 3.
In all cases, K, > hqyp, due to the fact that D-QCM detects both the
adsorbed polymer and the water molecules coupled to it, whereas
ellipsometry measures the amount of polymer adsorbed as a result
of the fact that the refractive index of the polymer + water adsorbed
layer is very similar to that of the polyelectrolyte solution.*®

3.3. Adsorption Kinetics. The adsorption kinetics of the layers
has been found to be a bimodal process,®"** in accordance with
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Figure 2. Multilayers PEI(PAA + CHI), built using different pH
combinations for the assembly of layers of PAA and CHI. (a) Number
of layers’ dependence of the reduced frequency of the quartz crystal for
the different overtones measured (overtones v = 3, 5,7, 9, and 11 are
shown for each experiment and are represented by different symbols).
Notice that for low N the data for the different overtones collapse onto a
single curve (rigid films) whereas at high N the data of the different over-
tones lie on different curves (viscoelastic film). All of the overtones for
the same multilayer are represented with symbols of the same shape but
different fill patterns: ll PEI(PAAPH 27+ CHIy ) @ PEI(PAAPH s+
CHILy 5),, A PEI(PAAy 5 + CHLy 65), and ¥ PEI(PAA 5 +
CHIy ), The arrows indicate the increase in the overtone order, v. (b)
Number of layers’ dependence of the dissipation factor for the third
overtone of the quartz crystal. Notice that the increase in the dissipation
factor is stronger when the frequency shift is higher, which is in
accordance with the behavior observed in the frequency shift of the
different overtones. Legend: 0 PEI(PAA,y » + CHI,y s) O PEI-
(PAApH s + CHIpH S)m A PEI(PAAPH 7 + CHIpH 6.5)m and V
PEI(PAA; 7 + CHLy 5),.

the results previously reported for other multilayers,'>**%%*

The first process is a fast adsorption step probably related to the
transport of chains to the surface, accompanied by fast mass
deposition; however, it is not diffusion-controlled because the
adsorbed mass does not show a t'/> dependence. This is in
agreement with the mean-field calculation results for the study of
the adsorption process of polyelectrolyte by Cohen-Stuart et al.>®
The second and slower process may be related to the internal
reorganization of the polymer chains in the multilayer.>**® In
recent work, Lane et al.’® studied the adsorption kinetics of
multilayers of PSS and poly[ 1-[4[ (3-carboxy-4-hydroxyphenylazo)-
benzenesulfonamido]-1,2-ethanediyl sodium salt] using dual-beam
polarization interferometry and D-QCM, and they explained the
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Figure 3. Thickness obtained using D-QCM and ellipsometry for
multilayers PEI(PAA + CHI), built using different pH combinations
for the assembly of layers of PAA and CHIL (a) D-QCM and (b)
ellipsometric results.

adsorption kinetics in terms of three different processes, which is
in accordance with the Brownian dynamics simulations of Linse
and Killrot for neutral polymers.”” However, our experimental
results seem to be in accordance with the mean-field calculations
by Cohen-Stuart et al>> and can be described by the model
proposed by Raposo et al.>*> (more details are given in the
Supporting Information; see Figure S.3). Equation S.9 describes
the experimental data within experimental precision independently
of the polyelectrolyte type and the layer number. This behavior
was observed previously for multilayers of (PDADMAC +
PSs),. 1248

Figure 4 shows the characteristic times of adsorption for both
processes in the different multilayers studied. In all cases, 7, is
almost 1 order of magnitude larger than 7;. (It must be stressed
that 7, is well above the dead time of the experimental techniques
used in this work.) The two characteristic times, 7; and 75,
depend on the number of layers of PAA, whereas for CHI only 7,
depends on the layer number.

4. DISCUSSION

The results presented above clearly point out that the growth
and properties of the multilayers studied present a strong
dependence on the pH of the polyelectrolyte solutions used
for the assembly of the different layers. This may be undestood by
considering the changes in the charge density of the polymer
chains with pH, thus modifying the interactions between poly-
electrolytes in the building process.

4.1. Adsorption Kinetics. In PEI(PAA,; . + CHLy ,)
multilayers, the two characteristic times, 7, and 7,, increase with
the layer number for the adsorption of PAA layers. However, the
behavior for the adsorption of CHI layers is slightly different, and
only the reorganization time 7, depends on the number of
layers.>® These dependences may be explained as a result of
the in and out interdiffusion of polymer chains through the LbL
multilayer during the adsorption process of both polymers.'® As
a consequence, the kinetics of the adsorption of the different
layers depends on the layer adsorbed previously,**>” in agree-
ment w1th the model proposed by Lavalle et al. for nonlinear
growth.*

In the case of CHI layers, the adsorption times do not depend
on the pH because of the rigidity of the CHI chains.®’ However,
for the PAA layers, 7, and 7, depend on the pH conditions used
for the assembly (Figure 4a,c): As the pH increases, both
characteristic times decrease and show a smaller dependence
on the number of layers. This behavior may be understood by
considering that at lower pH the LbL multilayers grow in a more
nonlinear way and the interdiffusion of the chains during the
assembly is more important, in agreement with the results
recently reported by Bieker and Schonhoft for multilayers PEI-
(PAA + PAH),.*® In addition, the decrease in the pH leads to a
lower charge density in the PAA chains, thus making the
interaction with the charged surface less favorable and slowing
down the adsorption process.”’

4.2. Multilayer Growth. To understand the growth of the
PEI(PAA, » + CHLy ), multllayers, one must recall that PAA
and CHI are weak polyelectrolytes.® Shiratori et al. have
reported that the thickness of the PAA layers strongly depends
on the pH 2 However, the effect of the pH on the adsorption of
the layers of CHI is almost negligible under the conditions used
in this work because the rigidity of the chains reduces the effect of
the pH on the conformation of the chains. As a consequence, the
changes observed in the thickness of the layers are mostly due to
the effect of pH on the PAA chains.

Notice that for pH 2.7 the thickness increase of the PAA layers
seems to be higher than that expected for a single polymer
monolayer (Figure 3)."> It is known that an important driving
force in the nonlinear growth of polyelectrolyte multilayers is the
in and out diffusion of the polymer chains through the multi-
layers'”® that is related to the Donnan equilibrium within the
multilayer.®> When a PAA layer is adsorbed at pH 2.7, the CHI
layer onto which PAA adsorbs increases its charge density, which,
because of the Donnan equilibrium, facilitates the in and out
diffusion of the PAA chains until charge inversion is attained.
This enhanced diffusion process leads to an increase in the
amount of PAA adsorbed.

As mentioned above, multilayers with slower growth (higher
pH of the PAA solutions) present an almost linear variation of
the thickness with the number of layers. Under these condi-
tions, the charge density of the PAA chains is higher, thus
decreasing the diffusion through the multilayer. Furthermore,
the increase in the charge density of adsorbed CHI chains is
smaller for the higher pH used because the increase of pH
inhibits the interdiffusion of PAA through the multilayer struc-
ture. These results agree w1th those reported by Richert et al. for
(CHI + HA), multilayers®* and by Bieker and Schonhof for
PEI(PAA + PAH), multilayers.*® In the case of the adsorption of
CHI layers, it is not possible to rule out the contribution of the in
and out interdiffusion on the adsorption of the layers.>® In this
case, the different conditions used for the assembly of CHI layers
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(pH S and 6.5) lead to a similar degree of ionization on the
adsorbed PAA layers, as determined by Bieker and Schonhoff
using ATR-FTIR.*® This leads to a similar negatively charged
structure for both pH conditions, thus producing a similar
contribution of CHI interdiffusion.

4.3. Charge Compensation. It is well known that charge
overcompensation is the driving force for the construction of
multilayers by electrostatic self-assembly.*>* Figure 5 shows the
changes in the § potential measured after coating colloidal particles
with multilayers of PEI(PAA,; , + CHIyy ), with N layers. The
adsorption of PEI directly onto the silica particles leads to a high
overcompensation,”” which decreases as the number of layers (CHI
or PAA) increases for all assembly conditions. This may be due to
the formation of layers that are a blend of CHI and PAA chains with
a structure similar to that of the interpolyelectrolyte complex as
observed by Svensson et al. in (CHI + mucin),, rnultilayers.68 This
interpolyelectrolyte complexlike structure is stabilized by the effect
of the entropy gain associated with the release of water molecules
and the formation of hydrogen bonds between the backbone of the
CHI chains and the PAA chains.'® Similar behavior was found
for the contact angle measurements of water drops on the multi-
layers as already reported by Zembala et al.*® for (PAH+-PSS),
multilayers (Figure S4 in the Supporting Information).
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Figure S. { potential for the different multilayers adsorbed on colloidal
particles.

In spite of the overcompensation, the films have to be
electrically neutral from a macroscopic point of view (at a length
scale beyond the Debye length). During the adsorption process,
the surface charge of the adsorbed polyelectrolytes must be
neutralized either by monomers of the preceding polymer layer
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Figure 6. Surface concentration of jonizable adsorbed monomers in
each cycle for multilayers PEI(PAA,y; , + CHI, ), assembled under
different conditions. (a) PEI (PAA 7 + CHIyy ), (b) PEI(PAA s +
CHILy 5) (¢) PEL (PAAyy 7 + CHlyy 65) Legend (the same in all
the cases): O PEI, Ml PAA, and O CHL

(intrinsic mechanism) or by counterions in the polymer solution
(extrinsic mechanism). The existence of only intrinsic compen-
sation implies a stoichiometric 1:1 ratio (polyanion monomer
unit/polycation monomer unit) in the multilayer, whereas for
extrinsic compensation other stoichiometries can be found. A
simple way to evaluate the charge-compensation mechanism is to
measure the number of monomer units of PAA adsorbed per
ionizable monomer unit of the CHI chains adsorbed in the next
layer. We have calculated the monomer unit surface density,
Pmonomer ©f PEL, PAA, and CHI for each adsorption cycle
(details in the Supporting Information).'*****>* When the
number of monomer units of adjacent layers is the same, the
compensation is intrinsic; otherwise, the compensation mechan-
ism is extrinsic. Notice that intrinsic compensation in the multi-
layer does not mean exact matching between the charged
monomer units on layers of CHI and PAA but matching between
the total number of ionizable monomer units in the multilayer.
The ratio of the adsorbed monomer units of CHI and PAA in
Figure 6 depends on the pH used for the assembly, and the
results show that for low and high pH values of assembly for PAA
the compensation mechanism may be considered to be intrinsic
and extrinsic, respectively, during the whole building process.
However, when both polyelectrolytes were assembled at pH 5 a
transition between extrinsic compensation and intrinsic com-
pensation was observed for N = 4.

4.4. Water Content. Polymer chains and counterions adsorb
in a hydrated form. The water weight fraction associated with the
multilayer, X, can be obtained by comparing the mass obtained
by D-QCM and ellipsometry and using eq S.10;'*7°"7 it was
shown that this method gives values of X,, that are in good
agreement with those provided by neutron reflectivity.'* Figure 7
shows that X, decreases from high values for a small number
of layers to a quasi-plateau that depends on the assembly
conditions although it is in the 0.2—0.4 range in all cases. These
unexpected low values obtained for multilayers containing
polysaccharides®®”*> may due to the interpenetrated character
of the films that induces the expulsion of water out of the
multilayer, stabilizing a highly entangled structure.'>'®”® These
results agree with the results previously reported for multi-
layers of (PDADMAC + PSS),'”* and (PAH + PSS),./*
The qualitative behavior of X, versus N is independent of the
assembly conditions, which can be explained by the same
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Figure 7. Water contents for different studied PEI(PAAPH «+ CHIu y)yl
multilayers. The points are the calculated data, and the lines are only guides
for the eyes that show the average behavior of the results. In all of the
multilayers, the first layer is always the PEI layer.
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Figure 8. Mechanical properties. (a) G’ vs h,. (b) G” vs h,..

arguments used in the previous section to explain the {-potential
results.'®”®

4.5. Mechanical Properties. The behavior of the real and
imaginary parts of the shear modulus, G’ and G”, obtained from
the analysis of the D-QCM experiments (eq S.1) is shown in
Figure 8. In all of the multilayers studied, G’ and G” are in the
MPa range, which corresponds to the rubbery region of typical
polymers in the low-frequency range (below 100 Hz). This is
reasonable considering that the multilayers are highly plasticized
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by water,”® and it is in a§reement with the results reported for
other wet multilayers.'>>**®

The behavior of the films in which the layers of PAA were
assembled from low-pH solutions shows that they have an
essentially viscous character with G > G/, which corresponds
to diffuse structures that are able to dissipate energy. When the
PAA layers are assembled from pH 5 solutions, the films behave
as an elastic body. However, upon increasing the pH of the PAA
solutions, the values of G’ become close to those of G”, thus
suggesting that the multilayer behaves as a gel at the high
frequencies of our measurements.”® This is the first time that
such a pH-induced crossover from mainly viscous to mainly
elastic behavior has been reported, which might be useful in
tuning the permeability of small molecules through the multi-
layer (e.g., in polyelectrolyte-coated nanocapsules). In general,
the increase in X, leads to soft layers with higher values of G”; the
inverse behavior was found for multilayers with low values of X,
where the elastic part of the shear modulus is higher (Figure S.7
in the Supporting Information ).

4.6. Multilayers as Drug-Delivery Systems. Figure 9a shows
the adsorbed amount of propranolol, I, onto the different
CHI layers assembled at pH S. This drug was chosen because it is
an efficient beta blocker that may interact with PAA and CHI via
the formation of hydrogen bonds and/or electrostatic interac-
tions. Drug storage and delivery from multilayers are important
to topical treatments. The results show that the adsorbed amount
of propranolol per layer increases with the number of layers,
which may be due to the diffusion of propranolol molecules into
the interior of the multilayer. The total absorbed amount of
propranolol for a multilayer with 22 layers (S of them are
propranolol) was I',,,(0) = 3.4 £ 0.4 ug- cm 2.

Figure 9b shows the kinetics of releasing propranolol from a
multilayer assembled at pH 5. The relative amount of propra-
nolol released from the multilayer, R = 1 — [[0p/T pr0p(0)]
versus time may be modeled as first-order kinetics’® with a
characteristic time of T ejeasing = 0.43 & 0.3 days (~10.3 h), which
may be considered to be a relatively fast releasing process for
topical pharmaceutical treatments. Notice that after 18 days the
total amount of propranolol released is only 1.3 & 0.3 ug-cm ™2,
which is less than half the total amount adsorbed. In fact, it is not
possible to rule out that the amount released is only the one
adsorbed in the last two layers of propranolol (the amount
adsorbed in the last layer was 1.1 £ 0.1 g*cm ™). This may be
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due to the role of propanolol as a cross-linker of the polyelec-
trolyte matrix via hydrogen bonding. In spite of the fact that only
38% of the propanolol is released over a 2 day period, it has to be
kept in mind that the use of multilayers may be useful because the
amount of propranolol adsorbed in each layer increases with the
number of layers in the film as a result of the nonlinear growth
regime.

5. CONCLUSIONS

The electrostatic self-assembly of PAA and CHI has been
studied by D-QCM and ellipsometry. The effect of the pH of the
solutions on the assembly of the layers has been discussed. Both
techniques indicated that the adsorption of both polyelectrolytes
is essentially irreversible. The growth mechanism is nonlinear
(exponential) independent of the pH used for the assembly,
although for the multilayers that grow at a slower rate the growth
looks linear. The surface density of monomers shows an excess of
ionizable monomers that depends on the assembly conditions,
with it being possible to control the mechanism of charge
compensation by modifying the pH of the solutions of PAA
and CHI. The comparison of the thickness values obtained from
D-QCM and ellipsometry has allowed us to estimate the water
content in the multilayers. In general, the overall water content
decreases as the number of layers increases, being quite large for
films with a small number of layers. For films with a large number
of layers, the water content remains almost constant with N, the
value of the plateau depending on the assembly conditions. The
complex shear modulus of the film thickness was obtained from
D-QCM, showing G’ and G” values in the range of a few MPas. It
has been possible to modulate the mechanical properties for the
assembly conditions of PAA, going from purely elastic films to
quasi-purely viscous films. The mechanical properties of the films
are strongly correlated with the water content of the multilayer.
In all cases studied, it was found that the adsorption followed
bimodal kinetics whose characteristic adsorption times depend
on the number of layers for the different adsorbed layers. The
adsorption times for both processes depend on the assembly
conditions in the case of PAA layers; however, for the CHI layers,
no dependence on the assembly conditions was found. This is
probably related to the rigidity of the CHI chains, which can be
tuned by changing the degree of deacetylation of the chitin
precursor. The multilayers studied may act as drug storage and
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delivery systems. Although the propranol released is only 37% of
the total amount adsorbed at pH §, it has been found that the
amount of propranolol adsorbed in each layer increases with the
number of layers of the polymer film, which may be useful for
drug delivery. The effect of pH on the values of G’ and G’ can be
used to tune the permeability of the LbL multilayers and there-
fore the kinetics of drug delivery.
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