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ABSTRACT: With the purpose to replace expensive and significantly
cytotoxic positively charged polypeptides in biodegradable capsules
formed via Layer-by-Layer (LbL) assembly, multilayers of bovine
serum albumin (BSA) and tannic acid (TA) are obtained and
employed for encapsulation and release of model drugs with different
solubility in water: hydrophilic-tetramethylrhodamine-isothiocyanate-
labeled BSA (TRITC-BSA) and hydrophobic 3,4,9,10-tetra-(hectoxy-
carbonyl)-perylene (THCP). Hydrogen bonding is proposed to be
predominant within thus formed BSA/TA films. The TRITC-BSA-
loaded capsules comprising 6 bilayers of the protein and polyphenol
are benchmarked against the shells composed of dextran sulfate (DS)
and poly-L-arginine (PARG) on degradability by two proteolytic
enzymes with different cleavage site specificity (i.e., @-chymotrypsin

ponphenoI/protem
multilayer capsule

and trypsin) and toxicity for murine RAW264.7 macrophage cells. Capsules of both types possess low cytotoxicity taken at
concentrations equal or below 50 capsules per cell, and evident susceptibility to a-chymotrypsin resulted in release of TRITC-
BSA. While the BSA/TA-based capsules clearly display resistance to treatment with trypsin, the assemblies of DS/PARG
extensively degrade. Successful encapsulation of THCP in the TRITC-BSA/TA/BSA multilayer is confirmed, and the release of
the model drug is observed in response to treatment with a-chymotrypsin. The thickness, surface morphology, and enzyme-
catalyzed degradation process of the BSA/TA-based films are investigated on a planar multilayer comprising 40 bilayers of the
protein and polyphenol deposited on a silicon wafer. The developed BSA/TA-based capsules with a protease-specific degradation
mechanism are proposed to find applications in personal care, pharmacology, and the development of drug delivery systems

including those intravenous injectable and having site-specific release capability.
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B INTRODUCTION

In situ release of active molecules in response to external
stimuli is one of the key features of smart nano- and micron-
sized encapsulating systems. Although drug delivery remains
the main application area, these systems can be found nowadays
in food and feed, functional coatings, personal care, laundry,
and home care products.

Layer-by-layer (LbL) assembled polymer composite micro-
capsules are proven to be prospective for various application
areas due to versatility with respect to payload, targeted
delivery, and controlled release options. LbL shells can retain a
variety of molecules and other payload with different water
solubility and perform either gradual release by diffusion or
burst release forced by remote activation with light, magnetic
field, ultrasound, temperature, pH, salinity, redox potential, and
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chemicals.' ™ The development of capsules decomposing in
response to biological stimuli, such as enzymatic cleavage, is of
particular significance for biomedicine, personal care, and food
industries. Enzymatically degradable capsules made of
oppositely charged polypeptides® or polysaccharide-coupled
polyamino acids” have been extensively investigated with the
scope of retention and release of water-soluble macro-
molecules’” and employed for delivery of genes,® growth
factors,'"' and vaccines.'*™™* The main drawback of the
above-mentioned capsules is the use of expensive and
significantly cytotoxic polycations that limits their practical
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application. Unmodified chitosan is one candidate among a
group of very few cheap alternatives to polyamino acids in
electrostatically driven multilayer assemblies. However, chito-
san possesses good solubility in water only at acidic pH">'® and
may not be suitable for encapsulation of pH sensitive payload.
Moreover, chitosan and its modifications are yet to receive FDA
approval for health-related applications.

Interfacial complexation of macromolecules via hydrogen
bonding'”"'® allows the production of capsules without using
polycations.'”™" Tannic acid (TA), a plant polyphenol of
natural origin, is a quite popular building block in such
;1ssemblies.§7_19’21’22 ! Pop ¢

Protein-based drugs are essential components of medical
care, and for that reason, protein layered films were studied as
early as in the 1990s,® almost immediately after the LbL
method for polyelectrolytes was published for the first time by
Decher and co-workers.”* The ability of tannins and other
polyphenols to precipitate proteins from solution®® turns out to
be an easy way to include proteins in LbL films and
encapsulating shells. Polyphenols benefit the assemblies
through enhancing the protein stability by their antioxidant
activity”* "> and UV-absorbing properties.*®> In addition,
thermally stable proteins are often used for encapsulation of
those polyphenols sensitive to high temperature and
oxidation.”*”* Proteases found inside the biological cells and
digestive tracts of living organisms can cleave the peptide bonds
of protein building blocks in the protein/polyphenol films,
thereby disrupting the complex. Therefore, capsules made of
protein/polyphenol multilayers are envisioned to possess the
enhanced stability of both ingredients and enzymatically
triggered degradation mechanism essential for in situ intra-
cellular delivery and oral administration of drugs and active
compounds.

Protein/polyphenol complexes are most frequently based on
hydrophobic interactions*® and hydrogen bonding,>’ although
in the case of positively charged polyamino acids (poly-L-
arginine and poly-L-lysine), the reaction is predominantly
electrostatic.®® The phenolic group is an excellent hydrogen
donor forming hydrogen bonds with the protein’s carboxyl
group that are stronger than hydrophobic interactions at
normal temperatures and low ionic strength.36 In consistence,
the reaction of tannic acid with an immobilized layer of bovine
serum albumin (BSA) was mainly hydrogen bonding,®” despite
ca. 46% of hydrophobic amino acids present in the protein
structure according to Stein et al.*> Hydrophobic interactions of
protein and polyphenol can nevertheless be strong enough to
form free-standing capsules, as it has been shown for proline-
enriched gelatin coupled with (—)-epigallocatechin gallate.*!
Although these capsules, with no electrostatic forces con-
tributing to interlayer interactions, were observed having severe
structural defects.!

This work is devoted to the fabrication of capsules composed
of bovine serum albumin and tannic acid with a potential for
controlled enzyme-catalyzed release of molecules with different
solubility in water. BSA was chosen as one of the shell
constituents because of its availability, good water solubility
over a wide range of pH values, and low cost with respect to
commonly used polyamino acids. The BSA/TA complexes in
the bulk phase have been extensively studied elsewhere.*>*
Recently, we have demonstrated stabilization of a fragrance
containing oil-in-water emulsions with BSA/TA layers.**
However, the possibility to obtain hollow capsules and
encapsulation of water-soluble molecules are yet to be

discovered. Here, the BSA/TA multilayers are employed to
encapsulate a water-soluble model drug, tetramethylrhodamine-
isothiocyanate-labeled BSA, and a hydrophobic model drug,
3,4,9,10-tetra-(hectoxy-carbonyl)-perylene). Then the capsule
degradation is studied under the effect of two proteolytic
enzymes with different cleavage site specificity (ie., a-
chymotrypsin and trypsin). To confirm that the obtained
BSA/TA-based capsules are suitable for biorelated applications,
their cytotoxicity is studied and benchmarked against the poly-
L-arginine/dextran sulfate multilayer assembly previously
reported for intracellular drug delivery.*'> The thickness and
morphology of the BSA/TA-based multilayer film are
investigated by means of scanning electron microscopy and
atomic force microscopy of the multilayers deposited on a flat
solid substrate.

B EXPERIMENTAL SECTION

Materials. Dextran sulfate, sodium salt (Dex, MW > 500 000),
poly-L-arginine hydrochloride (PARG, MW > 70 000), bovine serum
albumin (BSA), tetramethylrhodamine-isothiocyanate-labeled bovine
serum albumin (TRITC-BSA), a-chymotrypsin from bovine pancreas
(98.7 U/mg, > 40 units/mg protein), trypsin from bovine pancreas
(>10.000 units/mg protein), polyethylenimine (branched, average
MW ~25.000) (PEI), tannic acid (TA), boric acid, hydrochloric acid,
calcium chloride dihydrate, anhydrous sodium carbonate, ethyl-
enediaminetetraacetic acid trisodium salt (EDTA), sunflower oil, and
In Vitro Toxicology Assay Kit (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) based) were obtained from
Sigma-Aldrich, and dimethyl sulfoxide (DMSO) and hydrochloric acid
were obtained from Merck and used without further purification.
3,4,9,10-Tetra-(hectoxy-carbonyl)-perylene (THCP) was synthesized
as described elsewhere.” Deionized water with specific resistivity
higher than 182 MQcm from a three-stage Milli-Q Plus 185
purification system was used in the experiments. Single-side-polished
boron-doped Prime silicon wafers (675 pm thick) were purchased
from Syst Integration Pte Ltd. (Singapore).

Preparation of TRITC-BSA-Loaded Microcapsules. BSA/TA-
based capsules loaded with a model water-soluble active compound,
TRITC-BSA, were prepared with assistance of a CaCOj sacrificial
template, as depicted in Figure la. CaCO; microparticles were
synthesized according to Volodkin et al.** In brief, TRITC-BSA (2
mL, 0.8 mg/mL in water) was successively mixed with equivalent
amounts of CaCl, and Na,COj; solutions (0.615 mL, 1 M) under
vigorous agitation. Spherical TRITC-BSA loaded CaCO; particles with
an average diameter of 3 ym were then collected by centrifugation and
washed with water. To ensure good mechanical stability of the forming
capsules, a 2 mg/mL PARG solution in 0.5 M NaCl was used to form
the first layer. A multilayer shell comprising six bilayers of TA/BSA
was then assembled in the LbL fashion alternately using 3 mg/mL
solution of TA (pH 3) and 4 mg/mL solution of BSA (pH 5.8) with
two washing steps after deposition of each layer. This procedure was
repeated six times resulting in six deposited bilayers. Two consecutive
treatments with 0.2 M EDTA lasting for 15 min each were then
performed to extract CaCOj. Beforehand, pH in the EDTA solution
was adjusted to 7.0 by 1 M HCL Similar to polymeric multilayer
capsules of other biodegradable constituents, PARG/ [DS/PARG]; has
good structural stability and is not prone to aggregate upon storage at
4 °C. The stability studies are presented in Figure S1, Supporting
Information.

PARG/[DS/PARG] capsules were fabricated in the same manner
using 2 mg/mL aqueous solutions of respective polymers also
containing 0.5 M NaCL

Encapsulation of THCP. Encapsulation of THCP was carried as it
schematically shown in Figure 1b via slightly modified routine
described previously by our group.*’”*® In brief, 10 000 ppm of
THCP dissolved in 1 mL of sunflower oil was added to 9 mL of a 4
mg/mL TRITC-BSA aqueous solution and shaken in a 50 mL
centrifuge tube for 10 s. The suspension was then homogenized for 2
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Figure 1. Schematic representation of encapsulation of model drugs
with different solubility in water in protein/polyphenol assemblies.
Encapsulation of TRITC-BSA (a) and THCP (b).

min by an Ultra Turrax disperser (IKA, Germany) at 24 000 rpm and
allowed to relax for 15 min. After adding of 20 mL of TA solution, the
suspension was again treated by the Ultra Turrax disperser for 1 min
and then transferred to a 50 mL stirred filtration cell (Millipore Corp.,
U.S.A.) and kept under vigorous agitation for 15 min followed by three
washing cycles. To adsorb an outmost layer of BSA, 10 mL of filtered
suspension was covered with 20 mL of a 2 mg/mL BSA solution and
stirred for 15 min also followed by three washing cycles. The obtained
capsules are stable upon long-term storage at 4 °C.**

Assembly of a BSA/TA Multilayer Film on a Flat Substrate.
LbL assembly on flat silicon wafers (2 X 3 cm) was performed by a
dipping method comprising deposition steps lasting for 10 min
followed by thorough rinsing the wafers with water.*”*° The wafers
were first subjected to RCA-1 cleaning®' and coated with an anchor
layer of PEI deposited from its aqueous solution (2 mg/mL, 2 M
NaCl). Alternate adsorption of BSA and TA was then performed using
their respective 4 and 3 mg/mL water solutions. The resulting PEI/
BSA/[TA/BSA]4 film was dried in air at room temperature.

Enzymatic Treatment. To provide optimal operating pH, borate
buffer (0.1 M, pH 8.0) and phosphate buffered saline (1 X , pH 7.4)
were chosen to prepare solutions of trypsin and a-chymotrypsin,
respectively. Freshly prepared PARG/[DS/PARG] and PARG/[TA/
BSA]4 microcapsules were first transferred into the respective buffers,
and then 100 pL of each suspension containing ca. 1.5% v/v of
capsules were mixed with the corresponding enzyme solution (V = 250
uL) containing 2 kU of the enzyme. The mixtures were placed in 2 mL
centrifuge tubes and kept at 37 °C for 10 h. a-Chymotrypsin
treatment of the TRITC-BSA/TA/BSA shells encapsulating THCP
was performed in a similar manner visualizing the results after 12 h.

Planar silicon wafers coated with PEI/BSA/[TA/BSA],, layers were
immersed into 1 mL of a-chymotrypsin solutions with different
concentrations of the enzyme (0.002 mg/mlL, 0.02 mg/mL, and 0.2
mg/mL equal to 0.197 U, 1.97 U and 19.7 U respectively) for 1 min at
37 °C followed by drying the wafers in air at room temperature before
further analysis.

Characterization. The capsules and films were analyzed with
Atomic Force Microscopy (AFM), Confocal Laser Scanning
Microscopy (CLSM), and Scanning Electron Microscopy (SEM).

Cell viability was obtained via MTT assay. The detailed description of
the analytical methods and characterization tools used in the
manuscript is available as Characterization, Supporting Information.

B RESULTS AND DISCUSSION

Encapsulation and Enzyme-Catalyzed Release of
TRITC-BSA. It was mentioned that the shells formed of solely
BSA/TA multilayers decomposed upon extraction of CaCOj;,
but the respective capsules possessed good mechanical stability,
if an anchor layer of a TA-binding polycation was adsorbed on
the surface of CaCOj. For consistency, PARG was chosen to
form an anchor layer in the BSA/TA-based capsules in our
experiments. Adsorption of a layer of TA on TRITC-BSA-
containing CaCOj precipitate coated with a layer of PARG
resulted in microparticles having a bluish-green tint that
gradually became more intense upon deposition of the
consequent layers of TA. The particle color change was not
observed for the PARG/DS pair and could be caused by
oxidation of TA, which is known to happen in solutions with
pH > 7 due to reaction with atmospheric oxygen.'® To
investigate the mechanism of the protein/polyphenol multilayer
assembly on the surface of CaCOj; precipitate, pH in the
continuous phase was measured in each step of the capsule
formation process (Figure 2).
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Figure 2. Continuous phase pH upon the protein/polyphenol film
assembly on the surface of TRITC-BSA-loaded CaCOj (--M--), water-
dispersed THCP microdroplets (gray --@--).

Mixing the equivalent volumes of 1 M CaCl, and Na,CO;
aqueous solutions results in precipitation of vaterite, which is a
metastable polymorph of calcium carbonate characterized by
spherical shape, micrometer size, high porosity, and higher
water solubility if compared to calcite or aragonite.>” If formed
in the presence of macromolecules (like, for instance, TRITC-
BSA used in our experiments), they will be absorbed by
growing porous particles.* pH in the solution after calcium
carbonate precipitation was ~10 (Figure 2) due to relatively
high saturation concentration of sodium carbonate. Upon
further washing of the precipitate with water, the solution pH
dropped but remained slightly alkaline at 7.5. This pH well
above the isoelectric point of BSA (4.7) ensured a negative
surface charge of calcium carbonate microparticles. Further
introduction of PARG aqueous solution (2 mg/mL, pH S.5)
resulted in immediate increase of pH back to highly alkaline
value of ~10. The reason could be that the adsorption of the
polycation on calcium carbonate was accompanied by complex-
ation of Ca** with guanidinium and peptide nitrogens of
PARG,™ partial dissolution of calcium carbonate, and release of
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sodium carbonate. Washing with water reduced pH back to
slightly alkaline value of 7.5. When TA was introduced to
CaCO,;/TRITC-BSA/PARG precipitate, the continuous phase
pH increased to ~7. TA is a very weak acid with pK, ~ 8.5, but
its solution has a rather low pH of ~3, possibly reflecting
natural acidity of the tannin extract®* and hydrolysis of tannic
acid with formation of gallic acid.>® Again, the reason for the
pH increase in this step could be partial dissolution of CaCOj,
and additional complexing of Ca®* ions with tannic acid or the
products of its hydrolysis. Such complexes are known to be
insoluble in water and could coexist with CaCO;/TRITC-BSA/
PARG/TA microparticles.** This trend was followed upon
further process of multilayer assembly: washing with water
reduced pH to ~5.5 but introduction of BSA or TA increased
pH back to ~7 (Figure 2). pK, of TA (~8.5), literature
data,***”*? and the results in Figure 2 allow us to propose
hydrogen bonding as the predominant type of interlayer
interactions within the formed BSA/TA-based multilayer shell.
Because hydrogen bonding is the most likely to be involved in
the complex formation, the coupling molecules of BSA might
undergo the conformation changes. A better understanding of
the molecular conformation would require X-ray analysis that is
beyond the scope of this manuscript.

CaCOj; extraction by EDTA entailed with extensive burst
release of the colored complex. It means that the oxidized form
of TA mainly presented in TA-Ca®" insoluble complexes but
not in the PARG/[TA/BSA]s capsules. The complex was
dissolved by EDTA, and the products were washed away upon
further washing steps. However, the resulted pellet of the
PARG/[TA/BSA]¢ capsules still had a darker shade than that
of the PARG/[DS/PARG]4 composition.

The obtained PARG/[TA/BSA]4 and PARG/[DS/PARG],
capsules were treated by two proteolytic enzymes (a-
chymotrypsin and trypsin), with the aim to compare their
degradation properties. The results of microscopy studies of
freshly prepared PARG/[TA/BSA]s and PARG/[DS/PARG]
capsules are shown in the top section of Figure 3. CLSM
evidence successful formation of the protein/poly phenol
microcapsules. In addition, the SEM image displays that these
capsules were not collapsed and significantly denser than their

Figure 3. Representative CLSM and SEM images of the PARG/ [TA/
BSA]s and PARG/[DS/PARG] capsules before (top section) and
after their 10 h treatment with a-chymotrypsin (middle section) and
trypsin (bottom section).

counterparts. Immediately performed EDX measurements
(Figure S2, Supporting Information) confirmed complete
decomposition of the CaCO; template, so that the observed
morphology was proven attributed to the protein/polyphenol
multilayers rather than being a result of the incomplete core
extraction.

CLSM and SEM images taken after 10 h of incubation with
a-chymotrypsin (Figure 3, middle section) evidence that the
capsules of both types were destroyed. The fluorescent signal of
the encapsulated TRITC-BSA disappeared, indicating the
protein was released from the capsules and most likely was
degraded by the enzyme later. A minor amount of intact-
looking shells of both types were also observed in the respective
batches (Figure S3, Supporting Information) probably
evidencing the enzyme aging that happens faster than in 10
h. Another possible explanation is that these capsules initially
occurred inside larger aggregates, and became covered by
nondegradable shell residues of their outer neighbors. The
structures resembling not fully decomposed capsules were seen
more often in the sample of DS/PARG-based formulation
(Figure S3, Supporting Information).

It is important to highlight that the enzyme-catalyzed
degradation of the protein/polyphenol capsules was observed
only when their outmost layer was formed by BSA. A possible
reason could be precipitation of the a-chymotrypsin molecules
by the molecules of TA at the capsule surface causing the
protease to deactivate. Indeed, extensive turbidity seen upon
mixing of solutions of TA and a-chymotrypsin in a test tube
supports this assumption.

PARG/[TA/BSA]; shells preserved their integrity and did
not release payload in trypsin solution. The CLSM image in
Figure 3 bottom section left displays undistorted spherical
shape of these capsules and strong intensity of fluorescence of
the encapsulated TRITC-BSA. A minor impact of the trypsin
treatment is seen in appearance of small aggregates, which
might also be an issue of a higher storage temperature. Indeed,
PARG/[TA/BSA]s capsules were noted to form small
aggregates even in pure water if stored at 37 °C for 10 h. In
agreement, the respective SEM image in Figure 3 confirms
integrity of the protein/polyphenol multilayers. Some amount
of broken capsules seen by SEM might be also a result of the
temperature regime rather than being caused by enzymatic
activity. Several probes of the respective sample were
thoroughly analyzed with no differences in the capsule integrity
noticed (Figure S4, Supporting Information).

The observed results can be explained by a different cleavage
site specificity of a-chymotrypsin and trypsin. a-Chymotrypsin
hydrolyzes amide bonds at the sites of various amino acids but
preferentially cleaves peptide amide bonds where the carboxyl
side of the amide bond is a large hydrophobic amino acid
(tyrosine, tryptophan, or phenylalanine). BSA contains 6.56%
of phenylalanine, 5.06% of tyrosine, and 0.58% of tryptophan,*’
which sites were supposed to be actively cleaved by the enzyme
within the structure of the PARG/[TA/BSA]4 capsules. The
fact that the PARG/[DS/PARG], capsules were also degraded
by a-chymotrypsin is hence an evidence of a sufficient
unspecific activity of this enzyme toward the amide bonds in
PARG.

Trypsin cleaves peptide chains mainly at the carboxyl side of
the amino acids lysine or arginine. In agreement, the sites of
arginine in the PARG/[DS/PARG] capsules were subjected to
cleavage by trypsin. Relatively low content of lysine and
arginine in BSA is presumably the reason for the PARG/ [TA/
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Figure 4. Murine RAW264.7 macrophage cell viability in the presence of PARG/[TA/BSA]¢ and PARG/[DS/PARG]4 capsules after incubation for

24 h (a) and 48 h (b).

BSA]4 shells were not susceptible to trypsin. Moreover, the
fluorescence of the TRITS-BSA payload can be clearly seen by
CLSM in the sample of the PARG/[DS/PARG], capsules
treated with trypsin, although the capsules themselves were
tully decomposed by the enzyme, as suggested by both CLSM
and SEM visualization methods (Figure 3 bottom section
right). Indeed, the total amount of lysine and arginine in BSA is
18.72%;*® however, this forms less than 9% of total amount of
arginine monomers in PARG.

Because trypsin has been proved inactive toward BSA and its
multilayer complex with polyphenol, the BSA/TA capsules
could find application in pharmacology as a component of
trypsin-based drug formulations. Strong selectivity toward
different proteases seen for the protein/polyphenol capsules
opens up an opportunity to develop delivery systems with a
site-specific release mechanism.

Cell Viability. PARG/DS shells of different thickness have
been already found possessing low cytotoxicity for 1929 cell
line."" Thus, the protein/polyphenol microcapsules, PARG/
[TA/BSA]s;, were benchmarked against the PARG/[DS/
PARG]s counterparts regarding the effect on viability of
murine RAW264.7 macrophage cells.

For cytotoxicity studies, murine RAW264.7 macrophage cells
were cultured for 48 h in the presence of PARG/[TA/BSA], or
PARG/[DS/PARG] capsules. Both investigated compositions
evidently possess low cytotoxicity at concentrations equal or
below 100 capsules/cell during the first 24 h (Figure 4a).
However, after the next 24 h, the MTT assay revealed for both
that the cell viability dropped below 80% for concentrations of
100 capsules/cell and 150 capsules/cell (Figure 4b). Therefore,
50 capsules/cell represents the concentration at which both
PARG/[TA/BSA]s and PARG/[DS/PARG]4 capsule compo-
sitions have no major negative effect on cell viability.

As for toxicity of TRITC-BSA/TA/BSA shells, which were
used below in the manuscript to encapsulate THCP, it is
expected to be even less compare to that of PARG/[TA/BSA],
because of smaller total amount of the shell constituents and
the complete absence of polycation. Unfortunately, creaming
(due to the gravitational oil/water separation) makes this
sample inappropriate for cell culture study to verify the
presumption.

Murine RAW264.7 macrophages were also cultured in the
presence of a sole component of each of the investigated
compositions monitoring the cell viability after 24 and 48 h of
incubation (Figure SS, Supporting Information). Whereas BSA,
TA, and DS appear noncytotoxic within the concentration
interval from 1 X 1072 to 3 X 1072 mg/mlL, drastic inhibition of
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the cell proliferation was detected for PARG at the 48 h time
point, presumably due to the polymer interacting with the
oppositely charged membranes of the macrophages affecting
their growth. This result clearly suggests the potential benefit of
exploiting the TA/BSA-based capsules in biomedical applica-
tions as they contain no apparent cytotoxic polycations.

Encapsulation and Release of THCP. TRITC-BSA
stabilized THCP microdroplets were characterized with
negative (-potential of (—18 = 1.8) mV, which should
correspond to the continuous phase pH slightly above the
isoelectric point of the protein (4.7). In consistence, pH in the
continuous phase appeared to be 5.5 (Figure 2). After the
microdroplets were immersed into the solution of TA, pH
dropped down to 4, and ({-potential remained almost
unchanged ((—16 = 3) mV). It is worthwhile to note that
the continuous phase pH in this case was drastically lower than
during the BSA-TA shell assembly on CaCO; particles. It
confirms our hypothesis that high pH in the previous case was
due to CaCO, dissolution upon Ca** complexing with TA and
formation of sodium carbonate. Adsorption of the consequent
layer of unlabeled BSA resulted in the particle surface charge of
(=30 + 1.9) mV and pH of the continuous phase of 5.7.
Negative values of {-potential upon shell assembly allow us to
exclude contribution of electrostatic forces also proposing
hydrogen bonding between the layers. It could be mentioned
that pH in the continuous phase did not drop below 4 over the
whole encapsulation process and was above 5 when BSA was
introduced to form a consequent layer (Figure 2). According to
Barbosa et al, these observations allow the expectation that
there are no significant conformational changes in the protein
structure caused by pH.>

THCP-containing oil microdroplets prepared as described
above have been previously characterized with a broad size
distribution and the mean diameter of (3.8 # 0.8) um.*
Microdroplets larger than 2 pm can be well resolved by a
confocal microscope. CLSM images of the protein/polyphenol
shells, TRITC-BSA/TA/BSA, encapsulating THCP are shown
in Figure Sa. The microdroplets prominently display a core/
shell structure visualized by green spots attributed to the
THCP-containing oil cores (Figure Sa, top-left) and red
surrounding circles attributed to the shells with a layer of
TRITC-BSA (Figure Sa, bottom-left). The fluorescent (top-left
and bottom-left), bright-field (top-right), and overlay (bottom-
right) images in Figure Sa indicate that the cores and shells are
colocalized giving an evidence of successful encapsulation of
THCP-containing oil.
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—
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™25 um

Figure S. CLSM images of TRITC-BSA/TA/BSA coated oil
microdroplets containing THCP before (a) and after (b) treatment
with a-chymotrypsin for 10 h. In each pattern (a) and (b), top-left
image is obtained at A, = 488 nm, A, = 525 nm; bottom-left image is
obtained at 4. = 529 nm, 4., = 596 nm; top-right image is a bright-
field microscopy image; bottom-right image is an overlay of top-left,
bottom-left, and top-right images.

Among the two enzymes studied with respect to degradation
of the PARG/[TA/PARG] capsules loaded with TRITC-BSA,
only a-chymotrypsin has shown decomposition activity.
Because of this result, only a-chymotrypsin was used to initiate
release of encapsulated THCP from the TRITC-BSA/TA/BSA
shells. Incubation with a-chymotrypsin resulted in complete
degradation of the particle shell and release of THCP. Indeed,
CLSM images taken after the treatment with a-chymotrypsin
display no signal from TRITC-BSA (Figure Sb, bottom-left). In
addition, CLSM reveals extensive coalescence of THCP-
containing oil droplets in response to the capsule decom-
position by visualizing green spots of a significantly larger size
than before the enzymatic treatment (Figure Sb, top-left and
bottom-right). As seen in Figure S, the a-chymotrypsin-treated
THCP-containing oil droplets are approximately S times larger
than the biggest particle captured in a freshly prepared sample.
Similar to the BSA/TA-based capsules loaded with TRITC-
BSA, the BSA/TA shells encapsulating droplets of THCP
dissolved in oil remained intact upon treatment with a-
chymotrypsin despite of their smaller thickness (data not
shown).

BSA/TA Film Characterization. To characterize the BSA/
TA film thickness and morphology, 40 respective bilayers were
deposited on planar silicon wafers precoated with PEI followed
by visualization by SEM and AFM. An SEM image of the film
cross-section shown in Figure 6 displays areas with apparent
height differences. The average thickness of the film was
roughly measured to be 313 nm. The value reveals one bilayer
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Figure 6. SEM image of the PEI/BSA/[TA/BSA],, film assembled on
a flat silicon wafer.

of the BSA/TA-based film has a 7.8 nm thickness, which is in a
good agreement with 6—8 nm obtained by quartz crystal
microbalance technique for bilayers of (—)-Epigallocatechin
gallate/type B gelatin coupled solely by hydrophobic
interactions.

AFM images in taping mode allow easy recognition of the
area of interest as they provide high contrast of surface features
located virtually at any height imaged. AFM amplitude imaging
of the dried PEI/BSA/[TA/BSA],, film surface also evidence
its considerable lateral inhomogeneity (Figure 7a) with
numerous clusters of a 60—120 nm diameter.

Untreated nm

0.002 mg/ml a-chymotrypsin nm
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Figure 7. AFM amplitude images of the PEI/BSA/ [TA/BSA],, film
on a flat silicon wafer (a), after 1 min treatment with a-chymotrypsin
solution with different concentrations of the enzyme: 0.002 mg/mL
(b), 0.02 mg/mL (c), 0.2 mg/mL (d).

Treatment with 2 mg/mL solution of @-chymotrypsin over S
min completely erased the film from the wafer surface. Thus, a
series of experiments comprising treatments at several lower
concentrations of the enzyme in the range of 0.002—0.2 mg/
mL over a shorter period of time (1 min) was preformed to
monitor the film decomposition process.

Enzymatic treatment caused significant changes in the film
surface roughness reflected by the amplitude images (Figure
7b—d) and Table 1. The clusters observed for the untreated

Table 1. Parameters of the PEI/BSA/[TA/BSA],, Film
Treated with @-Chymotrypsin Solutions of Different
Concentrations Calculated from Respective AFM Scans

concentration of a-chymotrypsin, mg/mL roughness, nm

0 (untreated) 14.0 + 1.3
0.002 110 £ 2.4
0.02 8.0 £ 1§

0.2 4.0 £ 0.3

film became visibly broader when the enzyme concentration
increased from 0.002 mg/mL to 0.02 mg/mL (Figure 7b,c) and
were erased in 0.2 mg/mL a-chymotrypsin solution followed
by formation of small granular-like aggregates with a diameter
of 25—35 nm (Figure 7d).

Analysis of the corresponding height images (images not
shown) displayed that film roughness dropped by over 70%
(from (14.0 + 1.4) nm to (4.0 + 0.3) nm) after treatment with
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0.2 mg/mL a-chymotrypsin solution compare to the untreated
film (Table 1). The results suggest the surface flattening by
erasing of large clusters predominantly occurs in the early stage
of the enzyme-catalyzed PEI/BSA/[TA/BSA],, film degrada-
tion process presumably because the protein substrate is more
readily available for the enzyme at the sites of eminences.

H CONCLUSION

Successful fabrication of multilayers of bovine serum albumin
(BSA) and tannic acid (TA) was demonstrated proposing
interlayer hydrogen bonding predominantly responsible for
complexation between protein and polyphenol. The BSA/TA
multilayers were applied for encapsulation and enzyme-
catalyzed release of model hydrophilic and hydrophobic
drugs, tetramethylrhodamine-isothiocyanate-labeled BSA and
3,4,9,10-tetra- (hectoxy-carbonyl)-perylene, respectively.

TA/BSA-based capsules assembled on CaCOj; sacrificial
microparticles were benchmarked against the DS/PARG-based
combination on degradation by two proteolytic enzymes, a-
chymotrypsin and trypsin. Although degradation of both
PARG/[TA/BSA]s and PARG/[DS/PARG]4 shells by a-
chymotrypsin was observed, capsules of protein and polyphenol
stayed almost intact in trypsin solution due to inactivity of
trypsin toward BSA. Toxicity of the PARG/[TA/BSA], and
PARG/[DS/PARG]; capsules for murine RAW264.7 macro-
phage cells was found in the same range. Both TA and BSA,
when solely added to the cell culture medium, had no negative
effect on cell viability, whereas it was drastically decreased in
the presence of PARG.

Oil-dissolved THCP was successfully encapsulated with the
TRITC-BSA/TA/BSA layers and released after a-chymotryp-
sin-catalyzed degradation of the shell. It was generally noticed
that degradation of the BSA/TA-based capsules happened only
in the case when the outmost layer was formed by BSA.

The study of the surface morphology and enzyme-catalyzed
decomposition process of the protein/polyphenol multilayers
revealed high surface roughness of the film attributed to the
presence of large clusters, which were erased during the early
stage of enzymatic treatment.

In the current system, an anchor layer of polycation was
indispensable to produce hollow capsules of BSA and
polyphenol. Still, by using just one layer of PARG in the
formulation, the total capsule material cost was already
considerably decreased (by almost 7 times according to the
pricelist of Sigma-Aldrich) compared to PARG/[DS/PARG];.
Thus, the protein/polyphenol-based formulation has clear
benefits for personal care applications where the use of
expensive materials represents a major drawback. In the field
of drug delivery, such formulations open up an opportunity of
using patient blood serum proteins to create a capsule, thus
eliminating the immune response and thrombosis. Besides,
protease-specific degradation clearly determined for the
protein/polyphenol-based capsules is an encouraging finding
for further developments of drugs and sophisticated delivery
system with site-specific release mechanism.
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