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A B S T R A C T

Incorporation of bioactive natural compounds like polyphenols is an attractive approach for enhanced func-
tionalities of biomaterials. In particular flavonoids have important pharmacological activities, and controlled
release systems may be instrumental to realize the full potential of these phytochemicals.

Alginate presents interesting attributes for dermal and other biomaterial applications, and studies were
carried here to support the development of polyphenol-loaded alginate systems. Studies of capillary viscosity
indicated that ionic medium is an effective strategy to modulate the polyelectrolyte effect and viscosity prop-
erties of alginates. On gelation, considerable differences were observed between alginate gels produced with
Ca2+, Ba2+, Cu2+, Fe2+, Fe3+ and Zn2+ as crosslinkers, especially concerning shrinkage and morphological
regularity. Stability assays with different polyphenols in the presence of alginate-gelling cations pointed to the
choice of calcium, barium and zinc as safer crosslinkers. Alginate-based films loaded with epicatechin were
prepared and the kinetics of release of the flavonoid investigated. The results with calcium, barium and zinc
alginate matrices indicated that the release dynamics is dependent on film thicknesses, but also on the cross-
linking metal used.

On these grounds, an alginate-based system of convenient use was devised, so that flavonoids can be easily
loaded at simple point-of-care conditions before dermal application. This epicatechin-loaded patch was tested on
an ex-vivo skin model and demonstrated capacity to deliver therapeutically relevant concentrations on skin
surface. Moreover, the flavonoid released was not modified and retained full antioxidant bioactivity. The algi-
nate-based system proposed offers a multifunctional approach for flavonoid controllable delivery and protection
of skin injured or under risk.

1. Introduction

The development of bioactive materials incorporating natural
polyphenols is growing at a rapid pace. Applications were previously
reviewed by Shavandi et al. (2018) and include skin patches, wound
closure, coatings, coordination nanomaterials, theranostics and
engineered tissue substitutes [1–6]. More recently, Yu and colleagues
(2019) prepared titanium oxide composites with curcumin, quercetin
and catechin, which showed radical scavenging capacities similar or
superior to those of the composites with vitamin E [7]. Alginate
matrices have been less employed, but catechin showed partial pro-
tective effects on chondrocytes seeded on alginate-chitosan scaffolds

[8], and incorporation of icariin or chlorogenic acid into chondrocyte-
alginate hydrogel systems enhanced articular cartilage repair in animal
models [9,10]. Alginate-chitosan nanoparticles loaded with quercetin
showed antioxidant activity in different in vitro models and a good
safety profile in vivo [11].

Innumerous delivery systems have been developed aiming to
improve the bioavailability and therapeutic efficiency of polyphenols
and other phytochemicals. Some specific vehicles are designed
exploring mucosal and dermal delivery to achieve high concentrations
of the active compounds at target tissues such as brain, colon or skin, a
strategy that is particularly interesting for polyphenol-based therapies
[6].
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Polyphenols in general are recognized as antioxidant and anti-in-
flammatory agents, showing in varying degree anticancer, neuropro-
tective and other health promoting effects [6,11–13]. There is a great
diversity of polyphenols, from phenolic acids like gallic acid, to
curcuminoids and stilbenes (resveratrol). Gallic acid has anti-in-
flammatory and anti-toxic actions [14] and, in vitro, concentrations
inferior to 100 μM (between 4.8 and 13.2 μg/mL) killed cancer cells
without affecting hepatocytes [15]. Flavonoids are a major group of
polyphenols, including lead compounds such as quercetin and the tea
catechins (epi)catechin and epigallocatechin-3-gallate (EGCG). A recent
cohort study revealed the association of quercetin and epicatechin
consumption with a lower risk of mortality among participants with at
least one risk factor [16]. It is important to note that pharmacological
activities of flavonoids are expected typically at concentrations between
1 and 50 μM [4,6,11].

Incorporation of gallic acid, resveratrol, curcumin, genistein, quer-
cetin and tea catechins into (bio)polymer films, particles and other
carriers attracts significant attention in the development of bioavail-
ability-enhancing and therapeutic anticancer delivery systems [6,11].
Green tea and derived polyphenol-rich extracts showed promising an-
ticancer results in some clinical trials and EGCG is a top potential
chemopreventive agent with high level of evidence for melanoma
prevention [6,17]. Moreover, a catechin preparation consisting of an
ointment with a standardized extract of green tea leaves from Camellia
sinensis containing tea polyphenols (sinecatechins) is already approved
for topical use in humans for treating warts (Veregen™, PharmaDerm).
The treatment consists of three daily applications of the ointment up to
16 weeks. Meanwhile, a phase 2 trial of Veregen for the treatment of
basal cell carcinoma (total of 42 patients, application twice daily) no-
ticed some antitumor action, but not statistically significant [18]. Sur-
prisingly, this trial reported erythema and edema adverse effects,
whereas topical application of catechins was previously indicated to
decrease erythema conditions [17], all suggesting that dosing regimen
may be critical for the treatment outcome and optimized dermal de-
livery systems are necessary. In this line, a previous simulation study of
catechins’ dermal penetration recommended skin surface concentra-
tions of approximately 25 μM for high anticancer activity and, si-
multaneously, avoiding potential toxic effects at the dermis layer [19].

In addition to anticancer potential, other clinical trials, epidemio-
logical and laboratory studies give strong support to the beneficial ef-
fects of epicatechin and tea catechins in skin protection [20–22], car-
diovascular health [23–25] and against neurodegenerative diseases
[13]. Oral administration in humans showed that catechins can reach
the skin, but at lower levels than in plasma and with significant me-
tabolization and interindividual variation [21,22]. Although human
trials generally find no side effects of interventions with green tea
[21,26], concerns regarding the hepatotoxicity of concentrated extracts
that boost oral bioavailability were published very recently [27]. In
alternative, dermal delivery is an attractive option to control pharma-
cologically relevant and non-toxic concentrations of tea catechins and
other protective flavonoids in skin.

The polysaccharide alginate is appraised for producing biomedical
materials due to its good biocompatibility, relative low cost and
amenable gelation with divalent cations [28–30]. Concerning dermal
applications, the biopolymer's ability to maintain a moist environment
or absorb excess fluid is useful for wound healing [31]. Therefore,
alginate is an interesting carrier for novel polyphenol delivery systems,
but the possible use of different gelling cations and other factors
affecting the delivery abilities of alginate matrices should be
considered. Jiang and colleagues (2013) used the internal gelation
technique to load rutin in chitosan-coated alginate microcarriers and,
although a sustained release system was produced, several steps were
demanded [32]. Shrinkage during gelation (syneresis) can be a draw-
back of alginate and efforts are devoted to control it on the fabrication
of tridimensional (3D) structures [33,34]. Using copper ions as cross-
linker, we observed before that higher polysaccharide/cation ratios

generate gels with a greater water content and less rigid [35], and a
similar result was observed with zinc-induced gels [36].

Alginate is also less employed in 3D printed drug delivery systems
[37,38], probably because of the printability difficulties of alginate
usually crosslinked with calcium ions. A suitable viscosity is a top re-
quisite for printing technologies and varying the gelatin ratio in mix-
tures with alginate was explored to optimize printing parameters [39].
Polyethylene oxide and Triton X-100 were also used to modulate the
viscosity properties of alginates and improve their spinnability [40].
However, apparently divergent results of alginate viscosity properties
have been observed in different studies. While non-linear changes of
reduced viscosity with polymer concentrations have been discussed by
some authors [41–43], other studies report no such deviations
[40,44,45]. Moreover, in addition to the so-called “polyelectrolyte ef-
fect” [43], adsorption of the alginate polymer onto capillary walls was
also described to cause an increase of reduced viscosity with decreasing
polymer concentration [42] and might affect fluid dynamics in printing
spinnerets [33]. Recently, Dodero et al. (2019) underlined that the
viscosity properties, namely concentration regimes and polyelectrolyte
nature, will be influenced by the monomer composition and molecular
mass of alginates [40]. Nevertheless, the influence of biopolymer con-
centration and medium ionic strength in viscosity deserves further in-
vestigation to overcome difficulties in the production of complex algi-
nate structures, and this prompted us to carry out capillary viscosity
studies in this work.

Alginate hydrogels are most commonly produced by ionic crosslinking
using calcium cations, including for 3D and polyphenol-loaded structures
[9,10,33,46]. However, other metal cations (Cu2+, Zn2+, Sr2+, …) are
increasingly explored in novel production techniques or to tailor the
properties of alginates in the development of new functional biomaterials,
namely for antibacterial and bone tissue regeneration [36,46–51]. In
addition, published data indicate that by selecting the gelling cation (zinc
vs calcium) it is possible to tune the drug release properties of alginate
systems [52,53].

The aims of the present work were to investigate the suitability of
different metal ions in the production of alginate structures for poly-
phenol encapsulation and the development of an easy-to-use dermal
delivery system suitable for future flavonoid treatments.

2. Methods

2.1. Alginates and chemicals

Sodium alginates from two different suppliers were tested in this
work: one purchased from Panreac (catalog number 373059.1209) and
another from Sigma (catalog number A2033, medium viscosity, from
Macrocystis pyrifera), and hereinafter referred to as alginate P and al-
ginate S, respectively. Average molecular weight was calculated from
the intrinsic viscosity using the Mark–Houwink parameters
K = 7.3 × 10−5 and a = 0.92 [40,44]. The values obtained,
351 × 103 g/mol for alginate P and 428 × 103 g/mol for alginate S, are
within the order of magnitude of algae-sourced alginates used in bio-
medical applications [40,41,45,54,55].

Metal chlorides were obtained from Merck. Polyphenols gallic acid
(G7384, > 97%), epicatechin (E1753, > 90%) and EGCG (93894,
≥98%), cytochrome c (C7752) and all other chemicals and solvents
were supplied by Sigma-Aldrich (St. Louis, Missouri, USA).

Solutions of alginates with concentrations 0.2, 1 or 2% (m/v),
equivalent to g/dL, were prepared by dissolving a weighted amount of
sodium alginate in a volume of deionized water, followed by agitation
overnight. During the course of this work, at least 6 separate solutions
of each alginate were prepared and used for viscosity measurements,
gelation assays and preparation of films. Experimental solutions with
lower concentrations were prepared by dilution of the stock solutions in
deionized water.
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2.2. Viscosity measurements

The apparent viscosities of alginate solutions were measured with a
rotational viscometer Viscotech Myr model V1, using spindle L1 and two
different speeds, at 20 °C. The intrinsic viscosities were obtained with a
capillary viscometer having 0.5 mm capillary diameter and a solvent flow
time (100 mM NaCl) of 127.3 s at 40 °C. Solutions of alginate P and S in
deionized water and in 100 mM NaCl were used. For measurement, the
solution was loaded into the viscometer immersed in a 40 °C circulating
water bath, and the flow time was used to calculate the absolute viscosity
(μ, mPa∙s or cP):

=µ Cv t d (1)

where Cv is the viscometer constant (0.0072304 cSt/s), t is the flow time
(s) and d is the solution density (g/cm3). Equal measurements were carried
with the alginate solutions and the corresponding solvents (deionized
water and 100 mM NaCl). Flow time values were superior to 60 s in all
measurements.

The specific viscosity (ηsp) was computed from the absolute visc-
osities of the polymer solution and the corresponding solvent:

= µ solution µ solvent
µ solventsp (2)

The reduced viscosity (ηsp/c, dL/g) is the quotient of the specific
viscosity of the solution by the polymer concentration (c, g/dL), and the
intrinsic viscosity, [ ], is defined by the Huggins equation [43,45,56]:

=
c

[ ] lim
c

sp

0 (3)

2.3. Gelation studies using different metal ions

Alginate gels were prepared with diverse crosslinking metal ions,
Ca2+, Ba2+, Cu2+, Fe2+, Fe3+ and Zn2+, all as chloride salt solutions
of 100 mM concentration. For gelation, 10 g of solution of sodium al-
ginates S or P at 1% and 2% concentrations (w/v) in water, were placed
in round molds of 9 cm diameter. Then, 20 mL of the metal solutions
were gently added and the molds were maintained levelled and resting
through 24 h. After this time, the remaining solution was collected, the
gel superficial liquid in excess was absorbed with paper, and the gel
structures immediately photographed and weighted.

The upper surface area of the gel discs produced was calculated
from the digital photograph, using the image analysis software ImageJ
[57]. The pH of the metal gelling solutions was measured with a
HANNA HI3221 potentiometer. The acid Ca2+ solutions for alginate
gelation were obtained by addition of small volumes of hydrochloric
acid until a pH similar to the copper and iron ions solutions was
reached (pH approximately 2–3, Table S.1).

For determination of the water content of gels, after weighting
(mgel), these were dried in an oven at 50 °C for a minimum of 5 days and
until constant weight (less than 10% change from previous day mass).
The last mass weighted (mdry) was used to calculate the water content
[%, (mgel-mdry)x100/mgel].

To study the stability of metal-alginate gels, dried and weighted gels
were immersed in 20 mL deionized water or in saline medium (NaCl
150 mM, 0.9%). After 7 days, alginates were recovered, visually ex-
amined and dried until constant weight.

2.4. Quantification and stability of polyphenols in the presence of alginate-
crosslinking metals

Stock solutions of the polyphenols were routinely prepared in di-
methyl sulfoxide (DMSO) and diluted to the target concentrations just
before use. Different methods were used to analyze the polyphenols:
UV–Vis spectrophotometry, polyphenol assay and HPLC. Epicatechin
was analyzed using UV–Vis spectrophotometry, by reading molecular

absorption at 278 nm in a Varian Cary 50 spectrophotometer using
10 mm path length cuvettes. Standard curves were routinely con-
structed from epicatechin solutions with known concentrations up to
100 μM in water or saline and showed good linearity (correlation
coefficients greater than 0.998). Concentration of unknown samples
was obtained by interpolation of the corresponding absorbance at
278 nm on the standard curves. The total polyphenol assay was adopted
from Ganesan et al. (2008). Briefly, 100 μL of sample was added to 2 mL
of Na2CO3 (2% m/v), homogenized and, after resting for 2 min, 100 μL
of Folin-Ciocalteu reagent (50% v/v) was added, homogenized and the
absorbance at 720 nm measured once incubated for 30 min at room
temperature in the dark [58]. EGCG and epicatechin were also quan-
tified by phase reverse HPLC in an Agilent 1100 system equipped with a
C18 column, and using a mobile phase consisting of triethylammonium
phosphate:water:acetonitrile 1:83:16 (pH 4.3), flux 0.6 mL/min, and
UV detection at 278 nm.

The stability of gallic acid, epicatechin and EGCG in presence of
metal ions was studied with 100 μM solutions in saline medium (NaCl
150 mM). Absorption spectra of polyphenol solutions were collected in
the range 200–600 nm, with a 1 nm resolution, then small volumes of
metal solutions were added to the cuvette, homogenized and spectra
was recollected (mixture polyphenol + metal ions). Assays were car-
ried with 100 μM metal ions (1 min reaction time) and 500 μM metal
ions (5 min reaction time) to examine possible changes in the absorp-
tion spectra of polyphenols. Difference spectra of the polyphenols in the
presence of the metals were obtained by subtracting the absorption
spectra of the metal solutions (at the corresponding concentration) from
the spectra of the mixture (polyphenol + metal ion).

In another set of stability tests, EGCG at a concentration of 10 mM
was mixed with metal ions (200 mM) and incubated for 20 h, at 4 or
20 °C. Initial and final mixtures were analyzed by HPLC. Chloride salts
of the metal cations were used in all the stability studies as in the ge-
lation of alginates.

2.5. Epicatechin loading into metal alginate matrices and release studies

The kinetics of release of epicatechin by alginate gelled using dif-
ferent crosslinking metal ions was studied with films of alginate having
identical surface area (143 mm2 in total, dry film).

Dry alginate films were prepared by casting so that films with two
different thicknesses were obtained. Sodium alginate S (2% w/v) so-
lution was distributed on a mold in two volume/area ratios (0.79 and
1.59 mL/cm2 of base). After drying for 6 days at 40 °C, alginate films
with 85 ± 12 and 202 ± 55 μm thicknesses and, respectively, with
1.5 ± 0.2 and 1.2 ± 0.4 mg/mm3 apparent density were obtained
and identified as thin and thick films. In the studies reported in this
work, for each membrane thickness, a total of 3 batches of membranes
were produced using separate solutions of alginate.

Epicatechin was encapsulated by addition to the crosslinking metal
solutions used to gel the alginate films. For gelation, the dry sodium
alginate films were immersed in a small volume of calcium, zinc or
barium chloride 200 mM, for 18 h at 4 °C. Blank films were gelled in the
absence of epicatechin, while epicatechin-loaded films were gelled with
crosslinking metal solutions containing 0.57 μmol of the flavonoid.
After gelation and encapsulation, the films were washed (three times
for 1 s) in 1 mL of saline, and placed in 5 mL of saline solution (NaCl
150 mM) for monitoring epicatechin release under gentle agitation.
Blank alginate matrices gelled with each metal were also assayed in
parallel for Control. Samples of the release medium were withdrawn at
time intervals and epicatechin quantified by molecular absorption
(278 nm). In addition, the concentration in the saline at the end of the
assays was confirmed (maximum difference 10%) by the polyphenol
assay or by HPLC, as described in the previous section.

The kinetics of epicatechin release was studied by fitting the ex-
perimental data to the first order, Korsmeyer-Peppas and Weibull
models [59]:
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= eFirst order model: C
C 1 kt

(4)

= ktKorsmeyer Peppas model: C
C n

(5)

= eWeibull model: C
C 1 atb

(6)

where k is the rate constant, n is an exponent related to the release
mechanism, and a and b are constants. The mathematical models were
compared by the adjusted coefficient of determination (R2

adj) calculated
with MATLAB as:

=R e
e p

R1 ( 1)
( )

(1 )adj
2 2

(7)

where e is the number of experimental points in the kinetic curve, p is
the number of parameters in the model equation and R2 is the coeffi-
cient of determination.

Skin delivery was studied in an ex vivo model using pig skin col-
lected in a local abattoir and used less than 6 h after animal sacrifice.
Calcium alginate thin films with encapsulated epicatechin were pre-
pared as above. The skin was placed in a horizontal base, a small su-
perficial incision (1 mm deep) was made, 100 μL of saline were dropped
over the incision and, then, an epicatechin-loaded film was applied
covering completely the incision. Control assays without any film and
with Blank (no-flavonoid) films were run in parallel. After 1 h, the films
were gently removed, the incision and skin covered by the film was
sampled with 100 μL of saline rapidly collected to a microtube and
frozen or maintained refrigerated for less than 3 h until analysis. The
samples were centrifuged at 10 000 g for 5 min, and the supernatant
analyzed for the epicatechin concentration by HPLC and antioxidant
bioactivity.

Antioxidant bioactivity was measured by the cytochrome c reduc-
tion assay [12]. The samples were added to 10 mM phosphate buffer pH
8.0 supplemented with cytochrome c (20 μM final concentration), and
the kinetics of reduction of the protein was followed by absorbance
readings at 550 nm. In the case of the samples from skin exposed to
blank films, after confirming the absence of antioxidant bioactivity,
they were spiked with epicatechin at concentrations similar to those
measured in samples from loaded films and cytochrome c reducing
activity measured for comparison.

3. Results and discussion

3.1. Viscosity studies

This work employed two commercial alginates that have been used
by different authors in the development of alginate-based biomaterials
[35,40,54,60], alginates S and P specified in Methods section 2.1.

The viscosity of alginate solutions is a critical parameter in the
production of alginate-based materials and some seeming divergent
results have been reported in the bibliography, namely regarding the
relevance of the “polyelectrolyte effect” or the adsorption of polymer
chains on capillary surfaces [42,43].

Initially, we measured apparent viscosities of the two alginates, as
described in Materials and Methods section. The results represented in
Fig. 1 of Supplementary Data (Figure S.1) show that viscosity of algi-
nates increased approximately linearly with concentration from 0.02 to
0.1 g/dL (or % m/v). Because the alginates exhibited very similar ap-
parent viscosities, we proceeded to capillary viscosity studies and de-
termination of their intrinsic viscosities.

Intrinsic viscosity is a measure of the hydrodynamic volume of the
polymers at infinite dilution in a certain solvent. To investigate the
influence of ions present in the solvent, alginate solutions in deionized
water and 100 mM NaCl were compared. Absolute viscosities were
measured and, then, specific and reduced viscosities were calculated as
explained in the Materials and Methods section. Results indicate that

alginate S is quite more viscous than alginate P, with absolute viscos-
ities of 5.4 ± 0.1 and 4.6 ± 0.1 mPa s at 0.1 g/dL in water, re-
spectively. Fig. 1 shows that absolute viscosities increase with alginate
concentration both in the absence (panel A) and in the presence of NaCl
(panel B). These plots suggest that the concentration dependence is not
linear, and the deviations become more evident when plotting the
specific viscosity (not shown) or the reduced viscosity (Fig. 1C and D).
The deviations from linearity can be a consequence, at least in part, of
the chain entanglement at low/intermediate concentrations [40].

All the data indicates that salt in the medium decreases markedly
the biopolymer viscosity, probably because interactions of alginate
chains with mobile ions Na+ and Cl− alter the molecular arrangement
of the polysaccharide [56]. Interestingly, in the presence of salt, we
could observe the constant increase of reduced viscosity at higher
concentrations, as expected, but for more diluted solutions the reduced
viscosity jumps to much higher values (Fig. 1D). The upward bending of
reduced viscosity with dilution was also observed while studying the
alginate solutions in deionized water and, in this case, it extended up to
concentration 0.2 g/dL (Fig. 1C).

The linear increase in the reduced viscosity of NaCl alginate solu-
tions for concentrations superior to 0.03 g/dL (trend lines in Fig. 1D) is
the standard polymer behavior [44,45] and returned us the intrinsic
viscosities of 11.1 ± 0.4 dL/g for alginate S and 9.2 ± 0.4 dL/g for
alginate P by extrapolation of the reduced viscosity line to zero polymer
concentration. These values are typical of medium/high viscosity al-
ginates employed in biomaterial development [40,45,54]. Other au-
thors reported this linear behavior of alginate solutions of inter-
mediate/high concentrations, at least with NaCl solutions and alginate
concentrations superior to 0.02 g/dL [44,45,56]. However, in different
studies it was observed a curvature of reduced viscosity with alginate
dilution that could span concentrations as 0.1 g/dL [41–43]. This ob-
servation is common with polyelectrolytes and interpreted as a “poly-
electrolyte effect”: alginate is a strong anionic polyelectrolyte and the
electrostatic repulsion of charges in the same backbone (intra-chain)
leads to chain extension and an increase of reduced viscosity with di-
lution [43,56]. Nevertheless, Zhong et al. (2010) presented an alter-
native explanation for that observation based on the adsorption of the
polymer on glass capillary walls [42].

In our results, the presence of NaCl shows a potential useful influence
on the increase of reduced viscosity upon dilution (Fig. 1C and D). The
“polyelectrolyte effect” was much limited in the presence of salt (polymer
concentrations < 0.02 g/dL), probably because it diminishes the alginate
chains’ charge density, hence weakening the repulsive electrostatic
interactions and diminishing the propensity to assume rod-like
conformation and behave as semi-rigid sticks [40]. In other words, small
ions in alginate solution seem to favor a random coil conformation typical
of neutral polymers. Without ruling out alternative explanations to the
nonstandard increase in reduced viscosity at low alginate concentrations
[42], our data and a previous study with alginate from Lessonia nigrescens
[56] suggest that the “polyelectrolyte effect” is the dominant factor
affecting such abnormality.

Yang and colleagues (2009) reported a similar action of a cationic
surfactant in alginate solutions. The surfactant counteracted the poly-
electrolyte behavior of alginate, dose-dependently attenuating the re-
duced viscosity increase at low alginate concentrations [41]. These
authors argued that, at neutral pH, the cationic surfactant decreases the
overall charge of carboxylic groups, the size of the anionic alginate
chains and the intra-molecule repulsion, while enhancing inter-
molecular possible entanglements, hydrogen bonds and formation of
association structures.

Although further studies would be needed to detail the effects on the
molecular arrangement of the biopolymer chains, the present results
point to the use of NaCl in alginate solutions as a practical means to
modulate the viscosity properties. Physiological salt concentrations
(0.9% m/v) are suitable for biological systems, may favor hydrogel
stability [61] and provide an alternative to other additives [39–41] for
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easing the fabrication of complex alginate structures. The studies of
alginate hydrogel formation and polyphenol encapsulation in simple
geometries presented in the following sections were performed in the
absence of NaCl, as chloride salt solutions of the crosslinking metal ions
at 100 mM concentration were used and no further control of viscosity
was needed.

3.2. Alginate gelation using different metal ions

One of the most interesting properties of alginate is the ability to
obtain gel structures by reticulation with different metal ions in mild
conditions. Discs of metal-alginates were produced using Ca2+, Ba2+,
Cu2+, Fe2+, Fe3+ and Zn2+ added to sodium alginates S and P in
concentrations 1% and 2% (w/v) in identical molds, and Fig. 2 shows
photographs of typical gels obtained. The gels obtained with 1% algi-
nates were generally very similar to the 2% (w/v), but some results of
1% gels are given in Supplementary Data for further discussion (Figure
S.2).

Calcium, barium and zinc generated the more regular gels, at least
with alginate S, while copper alginates tended to gel in uneven way and
thus lose the round shape of the mold (Fig. 2). All the gels had enough
resistance for common handling as removing from the mold and
weighting, with exception of those obtained with Fe3+ and Fe2+ that
could not be removed from the mold without breaking the fragile gel in
parts. The gels formed with Fe2+ (not shown) and Fe3+ were similar,
and remarkably gelled with low shrinkage (Figs. 2 and 3). To evaluate
syneresis, the surface area and mass of the gels were measured and
plotted in Fig. 3, showing that on typical gelation with Ca2+, Ba2+ and
Zn2+, the initial 10 g sodium alginate solutions resulted in

approximately 5 g gel discs with areas less than half that of the mold.
The copper alginates were slightly bigger than those obtained with
Ba2+ or Zn2+, and their mass actually reached values similar to the
iron-induced gels when sodium alginate in concentration 1% (w/v) was
used (Figure S.2A).

In addition to viscosity of alginate flow, shrinkage in the gelling
process is a major complication for printing, microfluidics and geo-
metric control of alginate structures [33,34]. The differential shrinkage
we observed in copper and iron-induced gelation suggests these cross-
linking ions may be useful for production of alginates with improved
geometric control. However, it should be remembered that alginate can
also gel as alginic acid in acidic conditions [62], hence the gelation
induced by copper and iron solutions might be influenced by the pH of
these solutions.

Indeed, the copper and iron ions solutions used in alginate gelation
were acidic, with pH values below 4 (Table S.1). To investigate this
potential interfering factor, calcium solutions were acidified to pHs
similar to the iron and copper solutions and used to gel alginate in the
same conditions. After the 24 h gelation, the remaining calcium solu-
tions preserved a pH acid and considerably lower than the non-acidified
solution (Table S.1), but the calcium alginate gels formed in these
dissimilar pH conditions don't show any significant differences (Figs. 2
and 3). These results suggest that the differences observed in the for-
mation of iron and copper alginates are not due to the solution acidity,
but more directly related to the metal ions interacting differently with
alginate chains.

A closer look at the pH changes in the gelation baths (Table S.1)
show that at the end of the process the pH of the remaining solutions
was in general superior to the initial. All these changes were in the

Fig. 1. Absolute viscosity (A and B) and reduced viscosity (C and D) of alginates S and P in deionized water and in 100 mM NaCl. Absolute viscosity increases with
alginate concentration, both in absence and in presence of NaCl. Reduced viscosity decreases with biopolymer concentration, but in NaCl this decrease is limited to
concentrations inferior to 0.02 g/dL. Measurements were carried out with two solutions of each alginate and the maximum standard error (SE) observed for reduced
viscosity was 2.0 dL/g (relative SE 16%, with an alginate concentration 0.01 g/dL in NaCl). The straight lines in panel D correspond to linear regression fits of the
experimental data and where used to obtain the intrinsic viscosities of the alginates (equation (3) in Methods).
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direction of neutrality, as expected taking into account that the sodium
alginate solutions had neutral pHs (7.0 ± 0.1 for alginate S and
6.5 ± 0.3 for alginate P). The only exception was observed in gelation
of Zn-alginates that caused a small acidification of the medium.

There were no evident differences between the alginates S and P
regarding the water content of the gels produced that was very high:
most of the gels had 94–96% water, both starting with alginate solu-
tions 2% (Fig. 3C) or 1% (w/v) (Figure S.2B). Although not reaching
significant differences, some copper and iron-induced gels showed
slightly higher water contents in accordance to the decreased syneresis
(water and mass loss) on gelation.

The metal-alginate materials were further challenged by testing
their stability in deionized water and in saline medium (NaCl 150 mM,
0.9%) simulating body fluids. This and the following studies were
carried out only with alginate S, since it was the alginate giving more
regular structures on gelation (Fig. 2). Gelation with Fe2+ was also not
further studied since the formed gels were too brittle. After immersion
in deionized water for 7 days, no visible changes were observed in any
of the gels, but in saline medium the barium and zinc alginates became
softer and more fragile. At least for zinc alginates, the stability can be
improved through a post-gelation immersion in CaCl2 [36]. We have
also noticed the decrease in pH of both media (deionized water and
saline) in the case of Fe3+ alginate, possibly because of leakage of the
metal ions to the bathing solutions. Importantly, all alginates lost
considerable mass throughout the assay, except calcium alginate that
revealed a good stability in saline medium (Fig. 4).

3.3. Stability of polyphenols in presence of alginate-crosslinking metals

Construction of polyphenol-loaded alginate gels requires the selec-
tion of reticulating metal ions compatible with polyphenols. Some
metal ions and polyphenols are far from being chemically inert species,
so this point can be critical for the design of delivery systems. We chose
three polyphenols to investigate possible incompatibilities with metal
cations: gallic acid as a prototypical simple polyphenol with a

Fig. 2. Gels of alginates S and P obtained with different crosslinking metal ions. Sodium alginates (10 g, 2% w/v) in round molds (9 cm diameter) were gelled with
100 mM solutions of each metal. Photographs are representative of three gelation assays with each alginate and metal ion. Calcium-induced gelation was also studied
using solutions acidified with HCl to pH = 2.3 ± 0.5.

Fig. 3. Mass (A), upper surface area (B) and water content (C) of gels of alginates S and P obtained with different crosslinking metal ions. Details as in Fig. 2 caption
and Methods. Calcium, barium and zinc induced extensive syneresis, as indicated by lower gel mass and surface area. Gelation with both iron ions Fe2+ and Fe3+

originated larger, but brittle, gels. All gels had similar water content and superior to 94%. Data presented are the mean ± SE from triplicate gelation assays.

Fig. 4. Relative mass retention of metal alginates in deionized water and saline
medium (NaCl 150 mM). All the metal alginates lost mass in the media tested,
except for calcium alginate in saline. Data presented are the mean ± SE from
triplicate gelation assays.
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pyrogallol ring, and epicatechin and EGCG as two chief bioactive fla-
vonoids.

Having in mind the redox behavior of polyphenols, it is expectable
that they are able to reduce certain oxidizing metal cations. In addition,
flavonoids can form complexes with metal cations [4,63], so we probed
the interaction between the polyphenols and alginate-gelling ions by
UV–Vis spectrophotometry. Fig. 5 shows the absorption spectrum of
gallic acid and EGCG with the UV absorption band typical of phenolic
compounds and in the presence of metals used in alginate gelation.
Representative spectra obtained with epicatechin are presented in
Supplementary Data (Figure S.3). Calcium, barium and zinc ions caused
no detectable alterations in the absorption spectra of the compounds,
even when excess (1:5 ratio) concentration was used, as shown in Fig. 5
and S.3. On the other hand, both Cu2+ and Fe3+ induced changes in the
spectra of the three polyphenols suggestive of oxidation, noticeable
with 100 μM concentration of the metal ions (Fig. 5B and E, S.3B and
S.3C).

The integrity of EGCG was also examined by HPLC that confirmed
the transformation of the flavonoid in the presence of Cu2+ ions
(Fig. 6). Analysis of the mixture of EGCG with Cu2+ showed that the
chromatographic peak characteristic of EGCG decreased substantially
compared with the control solutions without metal ions, and new peaks
appeared in the chromatogram at shorter retention times plausibly due
to degradation products of the flavonoid (Fig. 6A). The cupric and ferric
ions-induced alterations in the absorption spectra of polyphenols, ap-
pearance of absorbance bands in the visible region (Fig. 5B and E), and
changes in the chromatographic profile (Fig. 6A), even at low con-
centrations and in a short reaction time, indicate that these metal ions
are incompatible with polyphenol loading into alginate materials due to
redox reaction.

Considering the better compatibility of Ca2+, Ba2+ and Zn2+ ions
with polyphenols, we extended the stability studies to more challenging
conditions identical to those used in alginate gelation, i.e. with higher
concentrations and longer incubation times. This set of assays was

carried out with EGCG, which has a low redox potential, so it is more
prone to oxidation [12]. The flavonoid was incubated with calcium and
zinc ions (200 mM) for 20 h, exceeding the gelation time we used in the
production of flavonoid-carrying films (section 2.5). After incubation at
4 or 20 °C, EGCG solutions with or without ion metals were analyzed by
HPLC (Fig. 6B and Table 1). In any of the cases we noticed significant
changes in the chromatographic profile of the flavonoid, as illustrated
in Fig. 6B for the zinc mixture. Quantification of the flavonoid peak
area from solution after incubation and comparison with the initial

Fig. 5. Absorption spectra of 100 μM solutions of gallic acid (upper panels) and epigallocatechin-gallate (EGCG) (lower panels) in the absence (solid line) and in the
presence (dotted or dashed line) of metal cations. The molecular structures of gallic acid and EGCG are shown in panels A and D, respectively. Further details in
Methods. Spectra are representative of at least two assays with each polyphenol and metal ion. While calcium, barium and zinc do not alter the absorption spectra of
the tested polyphenols, iron and copper do so, which suggests oxidation of the polyphenols by these metal ions.

Fig. 6. Representative HPLC chromatograms for epigallocatechin-gallate
(EGCG) analysis. The below pair of chromatograms (A) are EGCG (100 μM) in
the absence and in the presence of equimolar copper (II) ions shortly after
addition (at 20 °C). The above pair (B) are EGCG with zinc ions just after mixing
(no incubation time, 0 h) and 20 h after incubation at 4 °C. For these latter
chromatograms, the mixtures of EGCG (10 mM) and zinc (200 mM) were di-
luted 100 times before analysis. The chromatograms are presented displaced in
the vertical and horizontal axes for better observation. Chromatograms shown
are representative results of triplicate assays with each metal ion.
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solution in deionized water demonstrated a good stability in water and
in calcium mixture at 4 °C (Table 1). At 20 °C and in the zinc solution
we detected slight decreases of EGCG concentration, eventually re-
sulting from slow oxidation by trace iron ions from zinc chloride re-
agent and favored by zinc-flavonoid chelates [64].

To sum up, the results in this section clearly indicate that Cu2+ and
Fe3+ ions should be avoided in biomaterials intended for polyphenol
encapsulation. Fe3+ reacts readily with phenolic compounds and Cu2+

at the high (milimolar) concentrations used for alginate gelation should
also be discarded. Copper-containing alginates have been tested for
antibacterial materials [48,49], and eventually Cu2+ ions might be
used in low amounts (doping) compatible with some polyphenols, but
careful analysis will be necessary. Furthermore, ions of copper and iron
can catalyze Fenton-like reactions inducing oxidative stress in cells
[11,65], being thus counterproductive to typical polyphenol bioac-
tivity, although these metal-alginates may be useful looking for cyto-
toxic/anticancer actions [6,65].

As for calcium, barium and zinc ions, we excluded the hypothesis
that they react substantially with common polyphenols and decided to
proceed the development of metal-alginate delivery systems using these
crosslinking ions.

3.4. Metal alginate matrices for controlled release of flavonoids

A convenient alginate-based delivery system was conceived con-
sisting on dry alginate films that can be gelled and loaded with the
bioactive drug close to time of application. Dry films are easier to
transport and maintain at simple point-of-care conditions, and this
possibility to develop controllable polyphenol delivery systems could
foster the therapeutic applications of these compounds and alginate-
based materials. In this work, we investigated the delivery properties of
alginate matrices crosslinked with Ca2+, Ba2+ and Zn2+ ions, and
epicatechin was selected for these studies as it is a prototypical flavo-
noid with important biological activities (as previously presented on
Introduction section).

Dry alginate films were produced by casting technique and drying to
obtain thin and thick films of 85 ± 12 and 202 ± 55 μm thicknesses,
respectively. For the release studies, films with identical surface area
were used, being epicatechin encapsulated in simultaneous to the ge-
lation of the films with the different metal ions. Gelation was carried at
4 °C to favor the stability of the flavonoid (section 4.3) and the flavo-
noid release was followed in saline medium at room temperature. Fig. 7
shows representative kinetic profiles obtained. Details for the produc-
tion of the alginate films, the release assays and the kinetic models
tested are described in Methods section 2.5.

Independently of the gelling metal ion used, the thin films released
epicatechin faster than the thick films (Fig. 7). Noticeably, the calcium-
gelled matrices attained a higher cumulative release than zinc and
barium alginates. In general, most of the flavonoid was released in the
first hour, although the thick barium matrices significantly prolonged
the kinetics of release (Fig. 7C). A previous study with alginate mi-
croparticles also indicated that crosslinking with ZnCl2 delayed diffu-
sional drug release compared to CaCl2-alginate matrices [53]. It should

be noted that the release assays of epicatechin-loaded films were always
run along with a blank film prepared in the same way, but without the
flavonoid, to control eventual interferences with epicatechin analysis
(inset in Fig. 7C). Overall, the results demonstrated that the delivery
systems here conceived are able to afford micromolar concentrations of
flavonoids, as required for accepted pharmacological activity
[4,6,11,15].

The release results were fitted to three kinetic models: first order,
Korsmeyer-Peppas and Weibull models (equations (4)–(6) in section
2.5). According to the correlation coefficients, the Weibull model is the
best to describe the experimental data (full kinetic curves), with the
lower R2

adj observed 0.877 (Table 2). Nevertheless, when we restricted
the modeling analysis to the first hour release data, thus capturing the
initial kinetics during which most of the flavonoid is released, and re-
ducing the contribution of the plateau phase to the analysis, we found
that the Korsmeyer-Peppas model also fitted rather well the release data
(Table S.2). The first order model fitted satisfactorily some of the re-
lease curves, as exemplified in the inset in Fig. 7B, but was more limited
(Table 2 and S.2).

The values of the Weibull parameter b inferior to 0.75 obtained for
most films (Table 2 and S.2) indicate that the release mechanism is by
Fickian diffusion [59]. The thick barium films seem an exception, with
0.75 < b < 1 pointing to a combined mechanism of Fickian diffusion
and case II transport. The low values of n in the Korsmeyer-Peppas
model (< 0.5) also suggest a simple diffusion mechanism for most
films, whereas the n > 0.5 reinforce a more complex mechanism oc-
curring with thick barium films [66]. The barium thick films lack the
release properties suitable for typical polyphenol dermal treatments of
a few hours, like Veregen® treatments, but it is remarkable that the
thick films exhibited kinetics that depended strongly on the crosslinking
metal, opening a possibility to tune alginate delivery systems for other
applications.

3.5. Delivery of epicatechin on skin by easy-to-use alginate patch

The system devised in the previous section was assessed on a skin ex
vivo model. Since calcium alginate films afforded the higher flavonoid
concentrations in the preceding release assays (Fig. 7), calcium was
chosen to crosslink the alginate films tested in skin. Alginate films were
loaded with epicatechin and applied on porcine skin (Fig. 8A). The
patch was applied over the small incision in the skin so that released
epicatechin could contact with injured dermis. As dermal fibroblasts are
known to metabolize polyphenols and some metabolites retain capacity
to protect against oxidant skin-damaging conditions [20,67], we aimed
to evaluate the presence of unmodified and antioxidant functional
epicatechin after the topical application.

Samples were collected from skin surface 1 h after the application of
alginate films and HPLC analysis confirmed the presence of significant
levels of epicatechin deposited on the skin (Fig. 8 and Figure S.4). Tests
were run in parallel with blank films (no epicatechin loaded) and, in
these samples, no chromatographic peaks confoundable with epica-
techin were detected (Figure S.4). These same samples collected from
skin treated with blank films showed no measurable antioxidant ac-
tivity by the cytochrome c reduction assay, while the epicatechin-
loaded films afforded a significant antioxidant activity, as indicated by
the rate of cytochrome c reduction induced by the sample (Fig. 8B).

Panel C in Fig. 8 summarizes the quantification of the flavonoid
(50.0 ± 17.2 μM) and antioxidant bioactivity measured in the samples
from skin treated with epicatechin-loaded films. The antioxidant ac-
tivity of these samples seems tightly related to their epicatechin level,
as the reduction rates are almost identical for blank samples spiked with
the flavonoid (as described in methods) prior to cytochrome c assay
(Fig. 8B). It should be noted that reduction of cytochrome c is a po-
tential mechanism of action of flavonoids in cells [12], so the present
results demonstrate that the alginate patch is able to deliver significant
amounts of functionally active epicatechin on skin.

Table 1
Stability of epigallocatechin-gallate in water and metal solutions in conditions
identical to the gelation of alginate matrices (metal concentration 200 mM).
Data presented are the mean ± SE from triplicate assays.

Temperature (°C) Medium Concentration decrease after 20h (%)

4 Deionized water 0.2 ± 1.3
Ca2+ 1.9 ± 3.8
Zn2+ 12.5 ± 1.0

20 Deionized water 0.0 ± 1.1
Ca2+ 8.1 ± 4.9
Zn2+ 3.8 ± 3.1
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Epicatechin shares drug descriptors such as molecular weight
(290 g/mol), hydrophobicity (logP > 0.5) or redox potential
(E = 0.33 V) similar to many flavonoids, hence the delivery system
here proposed is probably useful for the topical application of flavo-
noids in general. The epicatechin levels reached on skin surface suggest
the future testing of this system in anticancer (melanoma) therapies for
which simulation models predict that skin surface concentrations below
100 μM can be effective [6,19].

4. Conclusions

The studies carried in this work give additional support to the
production of more diverse polyphenol-containing alginate biomater-
ials and development of alginate-based flavonoid delivery systems.
Viscosity studies with alginate from two different suppliers indicate that
modulation of the ionic composition (e.g. NaCl) is a simple and effec-
tive way to adjust viscosity properties of alginate solutions, which may
prove useful to control the spinnability and printability of the biopo-
lymer. Gelation studies with diverse metal cations showed that calcium,
barium and zinc are the most suitable to produce morphologically
regular and mechanically resistant gels. Syneresis upon gelation (water
expulsion and mass reduction) increased in the order:
Fe2+ ≈ Fe3+ < Cu2+ < Ca2+ ≈ Ba2+ < Zn2+, independently of
starting with alginate solutions 1% or 2% (w/v). The distinct results
observed with both iron and copper-induced gelation are not a con-
sequence of the pH of the crosslinking solutions of these acid metal
ions.

Copper and iron ions should be avoided in the production of poly-
phenol-loaded materials because they react with the load, but calcium,
barium and zinc can be used in alginates encapsulating typical com-
pounds such as gallic acid, epicatechin and EGCG. Epicatechin loaded
into alginate films crosslinked with Ca2+, Ba2+ or Zn2+ is released by a
kinetics dependent on the crosslinking ion and the film thicknesses.
Diffusional release is the predominant mechanism and kinetics can be
modeled using the Weibull equation. The easy-to-use alginate patch

Fig. 7. Profiles of epicatechin release by calcium (A), zinc (B) and barium (C) alginate films in saline medium. The kinetic profiles shown are representative of
triplicate encapsulation and release assays. Lines in the main plots are the best nonlinear regression fits of the experimental data to the Weibull kinetic model. Inset in
panel B shows the fit of an initial release profile (first hour, thick zinc film) to the first order kinetic model. Insets in panel C show HPLC chromatographic peak
(retention time 14 min) illustrating the analysis of epicatechin in the release media from loaded and unloaded blank films (thick barium films).

Table 2
Kinetic model parameters for epicatechin release by different metal alginate
films. First order, Korsmeyer-Peppas and Weibull models were tested by non-
linear regression and R2

adj is the lowest (adjusted) coefficient of determination
obtained from the curves for each film type.

Condition First order Korsmeyer-Peppas Weibull

k (h−1) R2
adj k (h-n) n R2

adj a (h-b) b R2
adj

Ca2+ Thick 6.80 0.826 0.89 0.21 0.898 2.87 0.79 0.934
Thin 25.60 0.963 0.99 0.11 0.764 10.21 0.68 0.988

Zn2+ Thick 3.83 0.819 0.85 0.21 0.869 2.66 0.69 0.877
Thin 22.52 0.879 0.95 0.13 0.871 6.10 0.57 0.908

Ba2+ Thick 0.33 0.949 0.28 0.69 0.947 0.34 0.94 0.946
Thin 40.76 0.882 1.01 0.07 0.918 6.76 0.46 0.886

Fig. 8. Topical delivery of antioxidant epicatechin on porcine skin ex vivo. Epicatechin-loaded calcium alginate film applied on skin (A), and cytochrome c reducing
activity of skin surface sampled 1 h after film application in comparison to skin treated with unloaded (blank) film (B). A kinetic curve of cytochrome c reduction by a
blank sample spiked with epicatechin is also displayed. Panel C presents the quantification of epicatechin levels measured by HPLC and the cytochrome c reductive
activity (absorbance increase after 10 min assay) of the samples from skin surface after 1-h application of epicatechin-loaded films. The results shown are re-
presentative experimental traces or the mean ± SE from delivery assays using skin from three different animals (n = 3).
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here proposed was able to readily deliver therapeutically relevant
concentrations of antioxidant functional epicatechin on skin, offering a
novel and practical option for flavonoid-based therapies.
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