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ABSTRACT: Tannic acid (TA) was assembled in alternation with two different polycations, strong poly-
(dimethyldiallylamide) (PDDA) and weak poly(allylamine) (PAH), using a layer-by-layer technique. Their
deposition at different pH was confirmed by QCM, UV—vis spectroscopy, and surface charge measure-
ments. TA/polyelectrolyte multilayer films and capsules have pH-dependent structural properties different
from those of commonly used poly(styrenesulfonate)/poly(allylamine) (PSS/PAH) compositions. The lowest
speed of TA/polycation multilayer dissolution was found at the conditions close to those used for film
preparation. Permeability for fluorescein-labeled dextrans into tannic acid/polycation capsules with a
five bilayer wall composition was investigated as a function of pH using confocal microscopy. It was found
that minimal permeability occurs at pH 5—7 and maximal permeability at very high and very low pH,
providing new opportunities for capsule loading as compared with an established procedure for PSS/
PAH microcapsules. For TA/PDDA layers, less soluble films and less permeable capsules were obtained

as compared with TA/PAH layers.

Introduction

The development of methods to form ultrathin organic
films and microshells with tunable properties is of great
interest. Layer-by-layer (LbL) electrostatic assembly
was introduced as a method allowing construction of
multilayers with nanometer precision and predeter-
mined layer composition.! Among the species used for
LbL assembly are polyelectrolytes, nanoparticles, DNA,
and enzymes as well as lower molecular weight sub-
stances such as porphyrins.!2 The shells consisting of
ordered polyelectrolyte layers can be formed over mi-
crocores, such as latex and inorganic microparticles,
enzyme complexes, and drug crystals, providing modi-
fication of their solubility, biocompatibility, stability,
and other properties.? It has been demonstrated that
changing environmental pH or ionic strength of solu-
tions can result in the formation of films with porous
structure® or lead to partial decomposition of some
assemblies.*® Despite such properties which may pro-
vide control over release of drug encapsulated in poly-
electrolyte capsules, the decomposable combinations of
polyelectrolyte complexes are very limited.>* Salt-
induced deconstruction of layered DNA/polyelectrolyte
assemblies was reported;®®P however, it requires very
high salt concentrations, which are not possible at
physiological conditions. Application of poly(S-ami-
noesters) for hydrolytically decomposable films was also
proposed.> Therefore, a search for macromolecule ma-
terials suitable for degradable LbL membranes with
tunable properties is of great interest.

Tannic acid (TA) belongs to the group of high molec-
ular weight polyphenolic compounds, also known as
hydrolyzable tannins, and contains a central carbohy-
drate (glucose) core, which is esterified by phenols (gallic
acid) (Figure 1). Tannins originate from plants and
microorganisms and are well-known because of their
ability to precipitate proteins, such as collagen, gelatin,
albumin, some polysaccharides, and alkaloids from
solution.®~® Binding of the proteins by tannins is pH-
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dependent. The amount of precipitated protein depends
on the conditions used, and no precipitation takes place
at extremely low or high pH.® Moreover, protein pre-
cipitation by some tannins depends on temperature.’®
Tannins interact with specific sites of proteins forming
strong noncovalent bonds with such hydrophobic moi-
eties of proteins as proline and histidine residues, but
interaction with arginine, a positively charged site, was
also reported.®8 Acidic properties of TA were seldom
mentioned,5~8 but no systematic investigation was
reported and the ionization of galloyl phenol group is
usually ignored. The only available pK, value of TA is
2.5,% and it appears to be unexpectedly low for phenols.
Because of their ability to form intra- and intermolecu-
lar hydrogen bonds, polyphenols often exist in solution
as loosely bounded complexes of several molecules,
which can influence apparent behavior of the sub-
stances.®~8 A few researches were reported on adsorp-
tion of phenols and polyphenols on polymers,? but none
of them include amine-based polyelectrolytes or LbL-
assembled films and capsules.

Taking into account properties of tannic acid,’9 we
assume that tannins can be used as negatively charged
structural blocks for LbL assembly in alternation with
positive polyions. Two different polycations were chosen
to be assembled: strong poly(dimethyldiallylamide)
(PDDA) and weak poly(allylamine) (PAH).12 As a pri-
mary amine, PAH can form hydrogen bonds with
phenolic rings of TA through formation of hydrogen-
centered complexes,!0712 but formation of such bonds
is not possible in the case of PDDA. Since tannic acid is
a weak polyacid, strong influence of pH on properties
of the multilayers based on TA is expected. Tannins and
other derivatives of gallic acid have been recognized as
substances with high biological activity, including an-
tioxidant,!3 antimicrobial, and antiviral* properties,
which allows future introduction of coatings with pro-
tective properties.
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Figure 1. Chemical structure of tannic acid (a) and possible
bond formation models of polyamine—tannic acid interaction
in LbL films for PDDA (b) and PAH (c¢).

Experimental Section

Materials. Tannic acid (TA, 90% pentagalloyl glucose, MW
1701), sodium poly(styrenesulfonate) (PSS, MW 70 000), poly-
(dimethyl diallylamide) (PDDA, MW 100 000—200 000), poly-
(allylamine hydrochloride) (PAH, MW 70 000), sodium chlo-
ride, sodium carbonate, hydrochloric acid, sodium hydroxide,
and Folin-Ciocalteu reagent were purchased from Sigma-
Aldrich and used as received.

Film Deposition. (PDDA/TA), and (PAH/TA), (n = 6—6.5)
films were deposited by sequential dipping of 1 x 2 x 0.1 cm?
glass slides into 3.0 mg/mL solutions of a polycation (PAH or
PDDA) and TA at pH 4.0, 7.0, or 9.0 for 10 min per layer with
two intermediate washings in DI water using an automated
dipping machine. In a separate series of experiments, the films
were also assembled on 0.9 x 1.8 x 0.09 cm?® quartz slides,
and the deposition of each layer was followed by UV—vis
spectroscopy (Agilent 8453 spectrometer).

The film thickness was estimated by the quartz crystal
microbalance (QCM) technique. The films were deposited on
QCM silver resonators in the same way as it was done for films
on slides with the exception that the films were dried after
deposition of each layer, and the resonator frequencies were
measured. The frequency change (AF) of the resonators was
monitored using a QCM instrument (USI-System, Japan) and
converted into thickness or mass using the Sauerbrey equation
Ad (nm) = —0.016AF (Hz), an empirical formula for 9 MHz
electrodes, or Am (ng) = —0.84AF (Hz). The detailed descrip-
tion of the procedure can be found elsewhere.!> The value of
bilayer thickness was calculated for TA/polycation films.

The amount of tannic acid in the films was estimated using
the Folin-Ciocalteu assay for polyphenols.!® A glass slide with
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a TA-containing film on it was immersed into 6 mL of DI
water, and 1 mL of Folin-Ciocalteu reagent was added. The
content was mixed and allowed to stand for 7—8 min at room
temperature. Then 10 mL of a 7% sodium carbonate solution
was added, followed by addition of water to 20 mL. The
solution was mixed and allowed to stand for 2 h at room
temperature. The concentration of TA was determined using
absorbance at 765 nm. TA in solution was used for calibration.
Beforehand, it was shown that the interference of PAH and
PDDA with the assay is negligible.

Film Dissolution Procedure. The (PDDA/TA)s/PDDA or
(PAH/TA)¢/PAH films deposited on glass slides were immersed
into 3 mL of DI water with a pH value in the range of 1.0—
10.0 in a quartz cuvette. With 0.5—10 min intervals, the slides
were removed, and UV—vis spectra of the solutions were
recorded. The TA concentration in the solutions was estimated
from absorbance at 280 nm (the wavelength corresponds to
the neutral form of TA) using extinction coefficients experi-
mentally obtained for TA solutions at a given pH.

Shell Assembly on Microcores and Preparation of
Hollow Capsules. For capsule preparation, 0.5 mL (1.0 mL
for the first TA layer) of a 3 mg/mL TA solution and a 2 mg/
mL PAH or PDDA solution at pH 7.0 were added alternatively
to 15 mL of a suspension containing 25 mg of MnCOj3 cores
(diameter 7.0 um, prepared according to ref 17). After 15 min
adsorption of each layer, the particles were washed with DI
water three times. In some cases, two PSS/PAH bilayer
precursor films were additionally fabricated on carbonate cores
by alternative adsorption of anionic PSS and cationic PAH
from 3 mg/mL solutions in 0.5 M NaCl at pH 7.0.2 The
assembly was monitored with surface potential (¢-potential)
measurements using a Brookhaven Zeta Plus microelectro-
phoretic instrument. For dissolution of MnCOs cores, the
obtained particles were resuspended in 2 mL of a 0.1 M EDTA
solution at pH 7.0. After 4 h at room temperature the
supernatant was replaced with a new portion of EDTA solution
for 12 h. Finally, the capsules were rinsed with DI water three
times. (PSS/PAH)y/(TA/PAH); capsules were prepared in the
same way as above. Atomic force microscopy (AFM) images of
dried capsules on mica were taken using a Q-Scope 250
Quesant instrument in intermittent-contact mode. Confocal
laser scanning microscopy (Leica DMI RE2) was used to
analyze the structure of the obtained microcapsules.

Capsule Permeability Test. Fluorescein isothiocyanate
(FITC, Sigma) and FITC-labeled dextrans (1 mg/mL, Sigma)
with molecular weights of 4400, 77 000, and 2 000 000 were
used for permeability test experiments. Typically, 20 uL of a
capsule solution with pH adjusted with NaOH and HCI to the
value under investigation were mixed with 20 uL of a dextran
solution on a glass slide placed in the holder of the confocal
microscope. One of the capsules was chosen, zoomed on, and
the intensities of the light emitted by capsule interior (/i) and
by surrounding solution (Iex;) were measured 10 min after the
mixing. The measurements were done for 7—11 capsules at
each pH and averaged.

Results and Discussion

Layer-by-Layer Assembly on QCM Resonators.
Tannic acid was assembled at different pH in alterna-
tion with strong (PDDA) or weak (PAH) polycations. The
QCM data for TA in alternation with PDDA at different
conditions are presented in Figure 2a. The film shows
a stable tendency to grow with deposition of each layer.
The thickness of PDDA/TA bilayers is ca. 3.8—5.8 nm
and depends on the pH used for film assembly (Figure
2a, inset). For PDDA/TA compositions, thicker films
were obtained at pH 4.0, where, as we assume, the
negative charge density of TA macromolecules is smaller.
Following the general tendency of electrostatic assembly
of polyelectrolytes,!3 TA/PDDA film thickness de-
creases with increasing charge density at higher pH.

For TA/PAH combinations, the assembly features are
slightly different (Figure 2b). An excess deposition of
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Figure 2. QCM results for deposition of TA in alternation
with PDDA (a) and PAH (b). The insets show dependence of
tannic acid/polycation bilayer thickness on pH; open symbols
correspond to assemblies prepared at pH 4.0 for TA layers and
pH 3.5 (O) and 5.5 (O) for PAH layers.

TA on PAH layers was observed. The film thickness
increases by 1.2—5.7 nm for a single TA layer and then
decreases after deposition of the next PAH layer; the
phenomenon is higher at low pH and more noticeable
for the first 2—3 bilayers. Such an “up/down” mode was
often observed for alternation of polymers and multi-
charged connectors, such as sulfonated porphyrines, and
explained by dye aggregation.l® Besides, the thickness
of a TA layer deposited on the top of a PAH layer
decreases with increasing number of TA/PAH layers in
the films. At pH 3.0, the estimated thickness drops from
5.7 nm for the first TA layer to ~2.2 nm for the 4—5th
layer. At pH 5.5 and 8.0, the corresponding changes are
smaller (from ~2.2 to 1.2 nm). The reason for such
tendency remains unclear and may be related to ag-
gregation and nonuniformity of bulk films. However, the
higher thickness of TA layers at pH 3.0 can be explained
by increased hydrophobic aggregation of TA molecules
uncharged at low pH. For both TA/PDDA and TA/PAH
assemblies, the thickness of initially deposited polyphe-
nol layers is much higher than any dimension of a single
TA molecule (1.85 x 1.65 x 1.01 nm3).8¢ The ability of
polyphenols to form self-aggregates in solution is a well-
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Table 1. Amount of Tannic Acid in Films (Folin-Ciocalteu

Assay)
pHof mma(F-C)x mam(QCM)x % TA
polyelectrolytes assembly 108, g/cm? 108, g/ecm2  in film
TA/PDDA 4.0 0.82 1.83 45
7.0 0.90 1.53 59
9.0 0.60 1.06 57
TA/PAH 7.0 0.73 £0.12 1.07 68

known phenomenon,”8 and we assume that such ag-
gregates, not single TA molecules, were deposited.

The average thickness of TA/PAH bilayers was found
to vary from 1.6 to 2.7 nm, being maximal for the films
assembled at pH 7 (Figure 2b, inset). These conditions
seem to be the best for obtaining stable, thick TA/PAH
films. Slight differences of pH for tannic acid and
polycation solutions do not influence the bilayer thick-
ness.

The step growth of films on QCM resonators (Figure
2a) shows that TA introduces about 50% of total
thickness (and mass) in TA/PDDA films. These data are
in good agreement with the results of the Folin-
Ciocalteu assay for (TA/PDDA)g/PDDA films (Table 1).
A slightly higher amount of the polyphenol was found
in TA/PAH multilayers compared with that in TA/PDDA
layers. It can be related with the excess deposition of
tannic acid on PAH layers.

UV-—Vis Spectra of Tannic Acid in Solution. In
aqueous acidic solution the absorption spectrum of
tannic acid exhibits two peaks at 214 and 271 nm
(Figure 3a) assigned to its neutral form and consistent
with the spectra in the UV range previously reported
for TA.18 At higher pH values, absorbance for both peaks
is smaller, and both peaks slightly shift their positions
to higher wavelengths. Besides, a shoulder at 233 nm
and a peak at 315 nm appear, and their intensities
increase with increasing pH. The presence of two
isosbestic points at 223 and 284 nm (289 nm in the case
of increasing pH) supports the assumption that at least
two different forms of tannic acid, convertible from one
into another, may be present in the solution. Taking into
account the available data on optical properties of
phenols, 18419 we assume that the peaks at 233 and
315 nm belong to the phenolate form of tannic acid.
Slightly different peak positions were observed in the
case when the spectra recording was started in basic
solutions and pH was adjusted to lower values by
sequential addition of a 0.1 M HCI solution (Supporting
Information, Figure A). The observed shift may be due
to vgr;able self-association of the polyphenol at different
pH.%~

Figure 4a shows how the ratio of the absorbance at
315 and 271 nm (the ratio of the ionized and neutral
forms of TA) depends on pH. From the equivalence point
on the curves,!® we estimated the apparent dissociation
constant (pK,pp) values of TA to be 3.2 and 2.2 for
increasing and decreasing pH, respectively. The ob-
tained pK,p, values are comparable with the only
available value (ca. 2.5) estimated from surface charge
measurements of iron oxide colloids precipitated by
TA.?0 These values also correlate with our data on pH
dependence of surface charge for TA-coated micropar-
ticles (see data on TA deposition on cores below). No
systematic data are available on ionization behavior of
tannic acid. We obtained pK,p, values somewhat higher
than usually expected for phenols (pK, 9.9), even for
those that have electron-withdrawing substitutive groups
in the ring.1%¢ Recently, the critical ionization model
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Figure 3. UV—vis spectra: (a) a 0.0375 mg/mL TA solution
at different pH; (b) a TA/PDDA film after deposition of a PDDA
(fine line) and TA (solid line) layer, pH 7.0; (¢c) a TA/PAH film
after deposition of a PAH (fine) and TA (solid) layer, pH 7.0.
The insets in (b) and (c) show the step growth of absorbance
at wavelengths corresponding to phenolate and neutral forms
of TA as a function of deposited layer.

was proposed to explain “hyperacidic” hydroxyl groups
of some synthetic polyphenols.2! The ability of polyphe-
nols to form intramolecular hydrogen bonds stabilizes
monoanions by distributing the anionic charge ef-
ficiently over several atoms. This effect grows as the
number of phenolic units participating in the distribu-
tion of charge increases. Moreover, the participating
hydroxyl groups can be separated much further in space,
and all acidic sites can be treated as energetically equal.
Each molecule of tannic acid (pentagalloylglucose) has
15 hydroxyl groups attached to 5 phenol rings, and
therefore, its pK,pp, may be much lower than that for
monophenols.?! Besides, one should take into account
that the obtained values characterize only pKap, of the
phenolic groups responsible for spectral changes, and
spectral properties of tannins may vary from source to
source.
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As25/Az74

Figure 4. Ratio of phenolate to neutral form absorbance for
tannic acid at different pH: (a) 0.0375 mg/mL TA solution;
(b) (PDDA/TA)s and (PDDA/TA)¢/PDDA films; (c) (PAH/TA)s
and (PAH/TA)¢/PAH.

UV—Vis Spectra of TA/PDDA Multilayers. Figure
3b shows UV—vis spectra of a PDDA/TA film in the
process of LbL assembly. Since PDDA in solution has
only slight absorbance in the far-UV region, we assume
that the spectrum of TA/PDDA films mostly corresponds
to that of TA. While tannic acid is assembled with PDDA
(pH 7.0), its spectrum shifts to higher wavelengths
compared with that in solution. The shift of the peak
positions can be caused by different charge distribution
in TA molecules as a result of conjugation with amide
moiety in PDDA. In analogy with the behavior of TA in
solution, we assume that the peaks at 215 and 280 nm
correspond to the neutral form of TA, while the peaks
at 247 and 330 nm correspond to the ionized TA
molecules. The relative contributions of these peaks
depend on the nature of the outermost layer. When TA
is the upper layer, two peaks at 215 and 280 nm are
observed with slight shoulders at the positions corre-
sponding to the ionized form. Deposition of the following
PDDA layer causes a decrease of intensity for these two
peaks and an increse for the peaks at 247 and 330 nm.
One can see that the deposition of PDDA results in
additional ionization of TA molecules (Figure 3b, inset).
Similar ionization oscillation was previously found for
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Figure 5. Dissolution kinetics of (PDDA/TA)¢/PDDA films prepared at pH 7.0 in water at different pH.

several other assemblies and explained by additional
protonation—deprotonation of the components as a
result of charge adjustment within a few layers from
the film surface.1¢22

The phenolate/neutral form absorbance ratios for TA/
PDDA films at different pH are shown in Figure 4b.
From the equivalence points on the curves, we estimated
pKapp values of TA to be smaller than 0.75 and 1.0 for
films with PDDA and TA as the outermost layers,
respectively. This means that the 1.5—2.5 unit shift of
pKapp for tannic acid is observed due to assembly with
such strong polycations as PDDA. Additionally, at pH
less than 1, the shift of TA peaks in film spectra
decreases, reaching the value for free uncharged TA in
solution (Figure A in Supporting Information). Our
observation corresponds to the results of several re-
search groups on increased ionization of polyanions
participating in LbL assembly.3:23

UV-—Vis Spectra of TA/PAH Multilayers. Chang-
ing PDDA for PAH does not significantly influence the
peak positions in the film spectra (Figure 3c). The
spectrum of TA assembled with PAH moved to higher
wavelengths compared to that in solution. The shift is
8 and 10 nm for neutral and phenolate forms against 5
and 15 nm for assemblies with PDDA. One can see
(Figure 3c, inset) that absorbance of ionized and neutral
forms of tannic acid in the TA/PAH films oscillates as a
function of the outermost layer. However, the neutral
form absorbance increases approximately on the same
value for each layer of tannic acid. Previously for TA/
PAH films on QCM resonators, an excess deposition of
tannic acid was observed. It can result in slightly
different absorbance changes with deposited layers for
the films as compared with TA/PDDA films.

For TA/PAH films, the phenolate/neutral form absor-
bance ratio is shifted to higher pH values (Figure 4c).
Estimated on the basis of the data, pKap, values (ca. 5.5
and 6.3 for films with PAH and TA layers, accordingly)
are sufficiently higher than that for TA in solution and
in the assembly with PDDA. The result is surprising
because for weak polyelectrolytes in LbL films pKapp
values obviously shift approximately 2—3 units toward
the alkaline region for polycations or the acidic region

for polyanions.?? However, hydrogen bonding could
influence the interaction. In such a case, significantly
less ionization of charged specimens in assembled layers
was observed.*

Tannic Acid—Polycation Interaction in TA/
PDDA and TA/PAH Multilayers. One can find many
references on phenol—amine conjugation in aqueous and
organic solvents.1°~12 Hydrogen bonding in the systems
was confirmed by different methods, such as NMR and
IR spectroscopy,1%2~f viscosimetry,'%¢ and precipitation
of phenol—amine crystals'® as well as indirectly by
influence of amines on phenol oxidation.!! Several
mathematical models!2 have been proposed to optimize
structures of such complexes. However, the investiga-
tion of hydrogen bonding in the complexes is compli-
cated by numerous factors that contribute to their
structure, such as interactions between different parts
of the molecules in the complexes, possibility of solvent
participation, etc.

In accordance with previously reported data on in-
teractions between phenol derivatives and amines,10-12
we propose that the difference in polyphenol/polyamine
bonding significantly influence properties of formed
complexes for various amine-based polyelectrolytes. At
pH 7, clumps of tannic acid apparently have charged
and uncharged groups on the surface. We assume that
at interaction of TA and PDDA, which is completely
charged at pH 7.0, new polar bonds form between
charged sites as well as additional ionization of un-
charged sites of tannic acid occurs (Figure 1b). In the
case of PAH the picture is different. At pH 7, PAH (pK,
of PAH ca. 8.7 in solution and 10.7 in PSS/PAH films?232)
is partially uncharged. Forming bonds probably include
electrostatic interaction between charged sites of tannic
acid and PAH as well as several different types of
conjugation between —NHy (—NH3") and —OH (—0")
groups, resulting in formation of hydrogen-centered
bonds (Figure 1c).

Dissolution Kinetics for TA/PDDA Multilayers.
Figure 5 shows dissolution kinetics of (PDDA/TA)¢/
PDDA films at different pH. Initial dissolution is very
fast but slows down with time. The lowest dissolution
speed was found at the conditions that are close to those
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PDDA)s films prepared at pH 4 (1), pH 7 (2), and pH 9 (3); (b)
(TA/PAH); films prepared at pH 7.0.

used for film preparation (Figure 6a). It is quite
understandable considering charge compensation within
the films. The observed very light dissolution under
these conditions can be a result of extraction of TA
molecules from the films into surrounding solution
(water). The films are constructed from clumps of TA
linked to the polycation, but some TA molecules inside
the clumps are coupled loosely and can be released. For
TA/PDDA films, the rate of dissolution remains low over
the pH region between pH of film preparation (4, 7, or
9 accordingly) and pH 4. It accelerates at pH below 4
apart from the pH used for film preparation. At these
low pH values, TA molecules are less charged and the
films become unstable. However, dissolution behavior
of the TA/PDDA films in basic solutions is surprising
assuming that both TA and PDDA should be completely
charged at these conditions. In basic solutions above pH
of preparation, film dissolution is very fast (Figure 6a).
An additional increase in charge density of anionic TA
layers overcomes the attraction of TA and PDDA in the
layers. Further shift of TA peak positions to higher
wavelengths (Figure A in Supporting Information) can
be considered as an indirect evidence of increasing
charge of TA. Besides, solubility of phenolic compounds
is higher at basic pH, and the dissolution can be affected
by extraction of TA molecules from the films.

Dissolution Kinetics for TA/PAH Multilayers.
Dissolution patterns similar to TA/PDDA films were
found for (PAH/TA)¢/PAH films (Figure 6b). The films
dissolve with increased rate in acidic and basic solu-
tions. The lowest rates of dissolution were also observed
at pH 6—7; the conditions are close to that of film
preparation. At pH lower than 6.0, the amount of the
phenolate form of TA in the films rapidly decreases
(Figure 4c). In contrast, above pH 8, PAH becomes less
charged (pK, of PAH ca. 8.7 in solution and 10.7 in PSS/
PAH films?32). Changes of charge densities loosen the
films. One can see that the rate of TA/PAH film
dissolution is 3—6 times higher than that of TA/PDDA
films at the same conditions (Figure 6), indicating a less
bound structure of TA/PAH films.
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Polyelectrolyte Multilayer Shells on Microcores.
The TA/PDDA and TA/PAH shells were deposited on
MnCOs3 microcores at pH 7.0. Figure 7 shows the
alternating changes of surface charge of the particles
after deposition of each layer. Initially, positively charged
cores became negatively charged after deposition of a
TA layer. Deposition of the next PDDA or PAH layer
shifts the surface charge of the particles again to a
positive value, in agreement with LbL assembly prin-
ciples.! An attempt was made to determine the isoelec-
tric point of the microparticles with TA as the outermost
layer (for MF/(TA/PAH)o/TA microshells): it was found
that down to pH 4.0 the particles are slightly negative
with a surface charge of —14.0 + 5.0 mV. At pH 3.5,
the particles were strongly positive (50.3 + 9.0 mV).
Unfortunately, since at low pH fast dissolution of the
films containing TA takes place, one cannot say whether
the last highly positive value still characterizes the
assembly.

Microcapsules on the Basis of Tannic Acid. (TA/
PDDA); and (TA/PAH)5 empty capsules were prepared
as described in the Experimental Section. Figure 8a
shows confocal images of the TA/PDDA capsules with
a diameter of 7.0 um after dissolution of inner MnCOs3
cores. Capsule walls are smooth without noticeable
defects. Many of the TA/PAH capsules have defects in
the walls (Figure 8b, indicated by arrow) that do not
influence the capsule integrity and may result from
partial collapse of the walls. When the two inner TA/
PAH layers in the capsules are replaced by two PSS/
PAH layers, the capsules obtained after core dissolution
have very uneven, ragged wall structure with numerous
gaps and bulges (Figure 8c). The unusual structure can
appear as a result of the damaging influence of TA on
previously absorbed polyelectrolyte layers or, on the
other hand, originate from thick wall corruption during
core dissolution in relatively aggressive medium.

Figure 9a shows an AFM image of a dried five bilayer
(TA/PAH)5 capsule. The roughness of the capsule sur-
face is much higher than that usually observed for PSS/
PAH multilayered capsules (Figure 9b). Aggregates
ranging in size from 200 to 300 nm are observed on the
surface of (TA/PAH); capsules. Some smaller structures
with a diameter less than 100 nm also can be seen in
the image. The clusters seem to be tight complexes of
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Figure 8. Confocal images of (TA/PDDA)s (a), (TA/PAH);5 (b), and (PSS/PAH)»/(TA/PAH); (c) capsules in solution (capsules were
stained with FITC) with corresponding profiles. The arrow indicates a capsule defect.
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Figure 9. AFM images of a dried (TA/PAH)s5 (a) and (PSS/
PAH), (b) capsule with corresponding profiles.

TA and PAH. AFM imaging of polyphenolic acid clumps
on mica surface was also recently reported.2’ Consider-
ing the shape and size of dried TA/PAH capsules and
taking the density of solid residue as 1.1 g/cm3, the mass
of a hollow capsule can be estimated as (4.1 + 0.4) x
10712 g, In another approach, taking the thickness of
dried five bilayer capsule walls to be 20 + 2 nm (QCM)
and its diameter to be 7.0 + 0.5 um (confocal micros-
copy), one can calculate the mass of hollow capsule wall
to be (3.4 4 0.6) x 10712 g, which is in good agreement
with the experimental data.

From minimal heights on AFM profiles for four (TA/
PAH);5 capsules we estimated the thickness of a tannic

acid/PAH bilayer to be 5.7 &+ 0.6 nm. The value is
somewhat higher than that obtained by QCM (2.7 &+ 0.7
nm at pH 7.0) with drying the films after deposition of
each layer. Slightly different preparation conditions can
influence the observed layer thickness.

Permeability of TA-Based Capsules. The images
of (TA/PDDA); and (TA/PAH)5 capsules in solutions of
FITC-dextrans at different pH are shown in Figure 10.
The ratio of intensities emitted by capsule interiors and
surrounding solution, 10 min after mixing the capsule
suspension and dextran solutions, was used for evalu-
ation of capsule wall permeability. For (TA/PDDA)s;
capsules, I/« values lower than 1 were observed for
polymer chains with MW 2 000 000 at all pH. The
interior of capsules remains black for at least 30 min,
indicating that labeled dextran chains cannot penetrate
inside the capsules. The lowest permeability of the
capsules was found at pH 6—7. Downward and upward,
the ratio of interior/exterior intensities slightly in-
creases, indicating that the fluorescent polymer slowly
penetrates inside. For FITC-labeled dextran with MW
of 77 000 and 4400, the permeability increases in good
agreement with larger diffusion coefficient of substances
with lower molecular weight. The minimum Iiny/ext
values were found over the pH 5—7 region. Finally, the
capsules were permeable at any pH for low molecular
weight FITC.

Permeability of (TA/PAH); capsules for FITC-Dextran
with MW 2 000 000 remains low only over the pH region
of 5—7 (Figure 10b). Over the same region, the capsules
are partially permeable for dextran of MW 77 000. No
delayed interior fluorescence was found for substances
of lower molecular weight.

Comparison of Permeability for Different Cap-
sules. From the above data, one can conclude that both
(TA/PDDA); and (TA/PAH)5 capsules have the lowest
permeability at relatively mild conditions close to pH
of capsule preparation. For both capsule types, perme-
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Figure 10. Ratio of intensities emitted by capsule interiors (/int) and surrounding solution (Zexy) 10 min after mixing capsules
and solutions of FITC-dextran of different molecular weights. (a) (TA/PDDA)s capsules; the upper row shows confocal images of
the capsules in dextran-77000 at different pH. (b) (TA/PAH); capsules; the upper row shows confocal images of the capsules in

dextran-2000000 at different pH.

bility significantly increases both in low and in high pH
regions. One can see that permeability of capsules based
on tannic acid is different from commonly used PSS/
PAH capsules.?* PSS/PAH capsules usually are consid-
ered sealed for high molecular weight substances at pH
above 7.0 and open at pH lower than 7.0. At the same
time, the PSS/PAH capsules are completely permeable
at all pH for substances with molecular weight lower
than several thousands. Unlike PSS/PAH capsules, TA/
PDDA capsules show delayed interior fluorescence in
the case of dextran with MW 4000. Also, TA/PAH
capsules seem to be even more permeable for dextran
with MW 77 000 than PSS/PAH capsules.

The permeability features of the capsules containing
TA highly correlate with the dissolution kinetics ob-
served for corresponding films at different pH. For TA/
PDDA, less soluble films and less permeable capsules
were obtained as compared with TA/PAH layers. The
phenomenon apparently can be explained by formation
of a more bound structure in the case of TA/PDDA
assemblies compared with those for TA/PAH.

Conclusion

An introduction of polyphenols into layer-by-layer self-
assembly expands the range of components, which can
be incorporated into the films. Tannic acid can be LbL-
assembled with weak and strong positive polyelectro-
lytes into the multilayers, the stability of which varies
with environmental conditions. Capsules and films
designed with tannic acid show pH-dependent perme-
ability with strong minimum between pH 5 and 7, which
is different from that of commonly used PSS/PAH
microcapsules. It extends possible applications of mul-
tilayered polyelectrolyte membranes in controlled drug
release systems. In particular, the polyelectrolyte mi-
crocapsule loading—release profile may be better ad-
justed. Alternation of tannic acid with positively charged
natural polyelectrolytes with primary amine groups

(e.g., chitosan) or proteins allows new biodegradable
assemblies. Additionally, an application of polyphenols
for LbL. assembly may help to introduce antioxidant
activity for films and capsule shells, providing by this
active defense system.
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