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ABSTRACT: Novel biocompatible hybrid-material composed
of iron-ion-cross-linked alginate with embedded protein
molecules has been designed for the signal-triggered drug
release. Electrochemically controlled oxidation of Fe2+ ions in
the presence of soluble natural alginate polymer and drug-
mimicking protein (bovine serum albumin, BSA) results in the
formation of an alginate-based thin-film cross-linked by Fe3+

ions at the electrode interface with the entrapped protein. The
electrochemically generated composite thin-film was charac-
terized by electrochemistry and atomic force microscopy
(AFM). Preliminary experiments demonstrated that the
electrochemically controlled deposition of the protein-
containing thin-film can be performed at microscale using scanning electrochemical microscopy (SECM) as the deposition
tool producing polymer-patterned spots potentially containing various entrapped drugs. Application of reductive potentials on
the modified electrode produced Fe2+ cations which do not keep complexation with alginate, thus resulting in the
electrochemically triggered thin-film dissolution and the protein release. Different experimental parameters, such as the film-
deposition time, concentrations of compounds and applied potentials, were varied in order to demonstrate that the
electrodepositon and electrodissolution of the alginate composite film can be tuned to the optimum performance. A statistical
modeling technique was applied to find optimal conditions for the formation of the composite thin-film for the maximal
encapsulation and release of the drug-mimicking protein at the lowest possible potential.
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■ INTRODUCTION
Novel functional materials for controlled signal-triggered
delivery of bioactive substances (drugs, vitamins, nutrients,
contrasts for imaging, genes, etc.) recently emerged for various
biomedical applications.1−5 These functional materials based on
polymer thin-films,6−8 membranes,9 nanoporous10 and meso-
porous structures,1−3,11,12 capsules,13−15 and liposomes16,17 are
able to entrap various molecular species and nano-objects and
then to release them upon receiving different physical or
chemical signals. Signal-responsive systems capable of respond-
ing to electrochemically applied potentials,18−20 magnetic
field,21−25 light signals,26−28 mechanical signals,29 temperature
changes,30−33 ultrasound,34 and chemical/biochemical in-
puts35,36 (e.g., pH changes37−40 or glucose addition41−43)
were designed and optimized for their operation in vitro44,45

and in vivo.46,47 Among methods for preparation of the delivery
systems the most frequently used techniques include formation
of self-assembled monolayers (SAMs) with direct attachment of
active species,48,49 layer-by-layer (LBL) deposition of polymer
molecules with the possibility to incorporate different varieties

of entities into molecular assembly50,51 and encapsulation of
entities inside different inorganic or organic nano- or
mesoporous materials.52−54 In the search for suitable matrices
for various species encapsulations and then their stimuli release,
different signal-responsive polymers55−57 have been thoroughly
investigated.
Alginate, a natural polymer, has attracted researchers owing

to its ease of availability, compatibility with hydrophobic as well
as hydrophilic molecules, lack of toxicity, and attractive
adhesive and mechanical properties.58 Alginate gels are
biodegradable in physiological conditions, and chemically
erasable in basic (pH > 7) aqueous environments.58 Due to
the biocompatibility of alginate polymers, they were used for
the formation of membranes and thin-films potentially useful in
bioseparation and other biorelated applications.59 Because of
alginate ability to be ionically cross-linked with multivalent

Received: November 13, 2011
Accepted: December 26, 2011
Published: December 26, 2011

Research Article

www.acsami.org

© 2011 American Chemical Society 466 dx.doi.org/10.1021/am201578m | ACS Appl. Mater. Interfaces 2012, 4, 466−475

www.acsami.org


metal cations entrapping biomolecules into the biopolymer
matrix, numerous reports have been published on the
encapsulation of proteins/enzymes,60−62 DNA,63,64 cells65,66

and other biomolecular species67,68 in alginate gels with the
retention of their full biological activity. The alginate gel is most
notably used as films or microcapsules that can release
components passively or in response to changed environmental
conditions, through the controlled degradation of the
assembly.69,70 Alternatively, the use of external stimuli allowing
for triggering the release of encapsulated species on demand,
irrespective of the environmental conditions, is less exploited
for alginate in literature.71 Among various stimuli used for
triggering molecular release from signal-responsive matri-
ces,18−43 the electrochemical triggering is particularly appealing
because it enables a precise control over the dissolution process
of polymer matrices sensitive to redox transformations.
This control can be achieved through cross-linking of

alginate with iron cations which possess distinctly different
coordination chemistry of Fe2+ and Fe3+ cations. Fe2+ is a “soft”
metal cation that tends to bind neutral ligands containing
nitrogen and sulfur atoms, whereas Fe3+ cation is a typical
example of a “hard” metal cation that preferentially binds
oxygen atoms in negatively charged ligands such as carboxylate
group.72 The dramatic difference in binding of carboxylate
groups by Fe2+ and Fe3+ is evident from stability constants of
their citrate complexes which have log K1 values 3.2 and 11.85,
correspondingly.73 Because binding of carboxylate groups by
Fe2+ is substantially weaker than their binding by Fe3+, it can be
expected that “soft” Fe2+ cations will have a lower ability for
cross-linking alginate in comparison to “hard” Fe3+ cations and
interconversion between Fe2+ and Fe3+ will directly affect the
alginate gel stability.
Aiming at the electrochemically controlled formation and

dissolution of alginate thin-films resulting in the entrapment
and release of biomolecules, respectively, we studied Fe3+/Fe2+

cross-linking of alginate in the form of thin-films on an
electrode surface. Ionic iron can be oxidized and reduced
electrochemically as well as used as a cross-linking agent for the
formation of alginate gel on an electrode. The advantage of iron
ions in comparison to Ca2+ (frequently used for alginate cross-
linking)58 is implementing of the electrochemical control over
both process of the thin-film formation and dissolution upon
changing the iron ions oxidation state. The electrochemical
fabrication method provides the possibility of encapsulating
proteins in alginate thin-films as a model system for drug
delivering.
The present study aims at the detailed investigation of the

formation and dissolution of the alginate thin-film cross-linked
with iron ions by means of electrochemistry. By changing the
composition of the alginate thin-film, electrodeposition time
and the applied potential stimulating the film dissolution, the
system was optimized for the encapsulation and release of a
drug-mimicking protein (bovine serum albumin, BSA). Because
of limited information about the mechanism of the controlled
protein release and the absence of mathematical models
representing complex nature of the process, we applied
statistical analyses74,75 in order to optimize the influence of
operational parameters for obtaining the desired responses.
Application of multiple regression analysis−response surface
methodology (RSM)−was used as a statistical modeling
technique employed in the study using quantitative data
obtained from properly designed experiments to solve
multivariable equations simultaneously.76 In literature, RSM

has been successfully applied for electrodeposition pro-
cesses,77,78 whereas in the present paper, it is used for the
electrochemically induced release process.

■ EXPERIMENTAL SECTION
Materials and Instruments. Alginic acid sodium salt from brown

algae (medium viscosity, ≥ 2,000 cP), albumin from bovine serum
(BSA), sodium sulfate (anhydrous, 99%), ferrous sulfate heptahydrate,
Bradford reagent, protein standard (BSA, 200 mg mL−1) and 1,10-
phenanthroline monohydrate were purchased from Sigma-Aldrich, J.
T. Baker and Fisher Scientific and used as supplied without any
pretreatment or further purification. All experiments were carried out
in ultrapure water (18.2 MΩ cm; Barnstead NANOpure Diamond).

All electrochemical measurements were performed in 3-electrode
system; graphite rod (diameter 3 mm, low density, 99.99% trace
metals basis; Sigma-Aldrich), working electrode // Ag|AgCl|KCl 3 M
(Metrohm), reference electrode // Pt wire (Metrohm), counter
electrode. A single-compartment cell was used with an electrochemical
workstation (ECO Chemie Autolab PASTAT 10) and the GPES 4.9
(General Purpose Electrochemical System) software. Micropatterning
electrochemical deposition experiments were conducted by a PC-
controlled SECM bipotentiostat (CHI920C, CH Instruments Inc.,
USA) applying the potential pulses in direct-mode. The Pt
ultramicroelectrode (UME/10 μm diameter; CHI116, CH Instru-
ments) was positioned by a three-dimensional nanopositioner and
acted as a counter electrode in the electrical circuit. A 2-mm Pt
substrate, which was used as a working electrode, was polished with
1.0, 0.3, and 0.05 μm alumina powder (Buehler, USA) prior to the
experiments. The SECM experiments were carried out with an Ag/
AgCl reference electrode and apparatus was placed in a grounded
Faraday cage. Images of the deposited microspots were acquired by
optical microscopy (Olympus).

Optical absorbance measurements were performed in a 1 mL
poly(methyl methacrylate) (PMMA) cuvette with an optical path
length of 1 cm using a UV-2450 spectrophotometer (Shimadzu).

Atomic force microscopy (AFM) was used to visualize the film
morphology and to perform the scratch analysis of a film thickness. A
Dimension 3100 microscope (Veeco Instruments, USA) operating in
the tapping mode and BAS-Tap300 Silicon probes (Budget Sensors),
having a tip radius of 10 nm, a spring constant of 40 N m−1, and a
resonance frequency of 300 kHz, were employed for the analysis.
Commercial software supplied with the instrument was used for the
image analysis. The composite alginate film for the AFM character-
ization was prepared electrochemically on a graphite electrode (see the
detailed procedure below) and then delaminated from the conducting
support by applying potential of −2.0 V for 5 s. A freely floating
polymer film was obtained after the electrode was transferred to a
plastic tube and gently vortexed. For the AFM measurements the
polymer film was placed on a glass slide.

Electrochemical Deposition of Alginate Thin-Films Loaded
with BSA on an Electrode. BSA, sodium alginate and FeSO4 were
dissolved in 100 mM Na2SO4, pH 6.0, and stirred for 4 h at 45 °C.
Within the experiments, solutions with different concentrations of
each component were prepared by adding 2.5 mg mL−1 BSA to
different amounts of sodium alginate (0.6, 1.3, and 2.0% w/w) and
different concentrations of FeSO4 (5, 20, and 35 mM). BSA-loaded
alginate thin-films were deposited on a graphite electrode (geometrical
area, 1 cm2) upon potentiostatic (+0.8 V) oxidation of Fe2+ cations
resulting in the formation of Fe3+ and yielding the alginate cross-
linking on the electrode surface. The solutions were degassed by argon
purging prior to the electrodeposition. The electrodeposition was
performed for 60, 530 and 1000 s and then the modified electrodes
were rinsed with water and soaked at room temperature in Na2SO4
solution for 45 min prior use. The total amount of the entrapped BSA
and cross-linking iron ions was analyzed by dissolution of the thin-
films in the presence of ascorbic acid (10 mM) followed by
spectrophotometric analysis of the released BSA and Fe2+ cations.
For the microspot deposition (SECM experiments), the Pt substrate
was immersed in the deposition bath containing 100 mM Na2SO4 (pH
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6.0) supplemented with 1.5% w/w alginate, 5 mM FeSO4 and 1 mM
Ru(NH3)6Cl3, where the Ru-complex was used as a redox probe for
controlling the distance between the UME and Pt surface. Alginate
deposition on the Pt surface (E = 0.8 V vs Ag/AgCl) was carried out
for 60 s by approaching the substrate with the Pt UME (E = 0 V vs
Ag/AgCl). Finally, the modified substrate was washed with copious
amount of water.
Electrochemical Release of BSA and Fe2+ Cations from the

Alginate Thin-Films. BSA and iron ions entrapped in the alginate
thin-films were electrochemically released in Na2SO4 solution (100
mM, pH 6.0) upon application of reductive potentials (−0.4, −1.0, and
−1.6 V) to the modified electrodes for 30 min. Concentrations of the
electrochemically released Fe2+ cations and BSA were determined
spectrophotometrically by standard techniques using 1,10-phenanthro-
line79 and Bradford reagent,80 respectively. Protein standard (Sigma)
was used for calibrating the BSA analysis.
Experimental Design and Optimization. Design-Expert 8.0

(Stat-Ease Inc., Minneapolis, USA)81,82 was employed for regression
analysis of the data and optimization (see details in the Supporting
Information). The quality of the fit of polynomial model was expressed
by the coefficient of determination R2 and Radj

2, and statistical
significance was checked by the F-test in the program. For
optimization, a module in Design-Expert software searched for a
combination of factor levels that simultaneously satisfy the require-
ments placed on each of the factors and responses. Performance of the
process was evaluated by analyzing the response of electrochemically
released product concentrations. The desired goals were selected as
maximum electrochemically released Fe2+ and BSA concentrations and
minimum releasing potential while electrodeposition time, initial Fe2+

and alginate concentrations were kept within the range. Correspond-
ing importance of BSA and iron releases were selected as “the most
important parameters” in the program. Response surfaces of the
objective functions were visualized as 3D plots as a function of two
operational factors, while keeping the other two constant at optimum
conditions.
All experiments were performed at ambient temperature 23 ± 2 °C.

■ RESULTS AND DISCUSSION

As can be predicted, “soft” Fe2+ cations are much weaker cross-
linkers of polysacharide chains in alginate than Fe3+ cations.
Homogeneous alginate solutions can be obtained with
concentration of Fe2+ cations up to 40 mM. However, upon
their oxidation, Fe3+ cations strongly interact with alginate, thus
resulting in its cross-linking and gel formation, Figure 1,
(quantitative characterization of the alginate gel formation

upon reacting in a solution is outside of the scope of the
present paper and it will be reported elsewhere).
Thin-films of alginate polymer ionically cross-linked with

Fe3+ cations were produced on graphite electrodes upon
electrochemical oxidation of Fe2+ ions in the presence of
soluble alginate. It should be noted that Fe2+ cations originally
added to the alginate solution do not result in cross-linking of
the alginate, while upon their oxidation, the electrochemically
generated Fe3+ ions strongly interact with alginate, thus
resulting in its cross-linking and deposition on the electrode
surface in the form of an insoluble polymer thin-film. When
bovine serum albumin (BSA), 2.5 mg/mL, was added to the
solution, the electrochemically generated alginate thin-film
included physically entrapped BSA which mimicked a protein-
drug. Prior to studying the electrochemical dissolution of the
alginate thin-film and the corresponding BSA release, the
modified electrode coated with the BSA-entrapped/Fe3+-cross-
linked/alginate (BSAFeAlg) film was characterized by electro-
chemistry and atomic force microscopy (AFM). For the
electrochemical investigation the modified electrode interface
was prepared from a solution containing alginate (1.5% w/w),
FeSO4 (35 mM) and 0.1 M Na2SO4 as a background electrolyte
applying 0.8 V at the graphite electrode for 60 s, whereas for
the AFM measurements, the time of the alginate thin-film
deposition was varied from 30 to 600 s (see the Experimental
Section for the details).
Figure 2 shows cyclic voltammograms obtained on the

BSAFeAlg-modified graphite electrode in the solution contain-
ing only a background electrolyte. The peaks observed in the

cyclic voltammograms correspond to the well-defined quasi-
reversible redox process of the redox polymer with the
midpoint potential of E1/2 = 0.495 V. Since the alginate
polymer itself is not electrochemically active in the applied
potential range (note that Ca2+-cross-linked alginate chemically
deposited on an electrode surface in a control experiment does
not show any redox peaks in this potential range), the redox
process is associated with the reduction/oxidation of iron ions
which serve as the cross-linkers in the alginate thin-film. The
redox process in the polymer film might be kinetically limited

Figure 1. Photograph represents formation of the alginate gel in the
solution with Fe3+ cations composed of alginate (1.5% w/w), FeCl3
(35 mM) (right), whereas alginate solution with Fe2+ cations
composed of alginate (1.5% w/w), FeSO4 (35 mM), and 0.1 M
Na2SO4 remains a viscous liquid (left).

Figure 2. Cyclic voltammograms obtained on the BSAFeAlg-modified
graphite electrode in 0.1 M Na2SO4 aqueous solution, pH 6; potential
scan rates: a) 50, b) 100, c) 150 mV s−1. The BSAFeAlg film was
prepared by the electrochemical deposition at 0.8 V for 60 s from the
aqueous solution composed of alginate (1.5% w/w), FeSO4 (35 mM),
BSA (2.5 mg/mL), and 0.1 M Na2SO4.
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either by the interfacial electron transfer between the
conducting electrode support and adjacent Fe3+ species
(Laviron-kind kinetics)83,84 or by the charge propagation
across the polymer film (quasi-diffusional kinetics similar to
electrochemical diffusional processes in solutions).85 In order
to investigate the kinetics of the electrochemical trans-
formations in the polymer film we recorded cyclic voltammo-
grams at different potential scan rates, ν, Figure 2. The peak-
current function on the applied potential scan rate demon-
strates a linear dependence, Figure 3A, typical of a nondiffu-
sional electrochemical process, thus indicating that the
interfacial electron transfer process of the surface-confined
redox species takes place.83−85 On the other hand, the peak-to-
peak separation values, ΔE = Epa − Epc (where Epa and Epc are
potentials of the anodic and cathodic peaks, respectively),
derived from the cyclic voltammograms, Figure 3B, are much
larger than they might be expected for the surface-confined
electrochemistry process, at least for the first Laviron’s
approximation which predicts zero-value for the ΔE in case
of reversible electrochemical reactions.83 Eventually, the
experimental ΔE values are out of the range which allows the
quantitative estimation of the interfacial electron transfer rate
constants.83 In other words, the electrochemical process is too
slow and the rate constant is too small to be calculated based
on the simple Laviron’s approach.83 The ΔE values, larger than
expected for the surface-confined electrochemical process,
could be also explained by the repulsion interactions between
Fe3+ species in the frame of the second Laviron’s approx-
imation.84 However, the complexity of this interaction and the
lack of the information about many parameters included in the
second Laviron’s approximation84 do not allow quantitative
analysis of the electrochemical kinetics based on the cyclic
voltammetry measurements. The midpoint potential, E1/2,
derived from the cyclic voltammograms was almost independ-
ent of the potential scan rate because the electrochemical
process was kinetically symmetrical for the anodic and cathodic
reactions: δEpa/δ(log ν) ≈ δEpc/δ(log ν) ≈ 0.33 V, Figure 3C.
Thus, it can be assumed that the anodic and cathodic transfer
coefficients αa and αc, are both about 0.5, and the
experimentally measured E1/2 is almost equal to the standard
potential E°.85 This result is interesting and unexpected because
the oxidized and reduced iron species, Fe3+ and Fe2+, should be
in different chemical environment because of their different
interaction with the alginate polymer that could possibly lead to
different kinetics for their reduction and oxidation processes.
Another unexpected result comes from the comparison of

the electrochemically active species contributing to the cyclic
voltammetry responses and the total amount of Fe3+ species
included in the BSAFeAlg film, estimated by full chemical
dissolution of the film followed by the chemical analysis of the
released Fe2+ (see the Experimental Section for details).
Surprisingly, integration of the peak-currents in the cyclic
voltammograms results in much smaller amount of the redox
species than should be if all included in the polymer film Fe3+

were electrochemically active. Only 3% of the total content of
Fe3+ contribute to the cyclic voltammetry response at the
potential scan rate of 150 mV s−1, whereas the amount of the
electrochemically active Fe3+ increases to 9% when the scan
rates decreases to 1 mV s−1, still being much smaller than the
total content of iron ions in the film. This can be explained by
very slow charge propagation across the polymer film, thus
resulting in much longer reaction time comparing with the
time-scale of the cyclic voltammetry experiments. The thickness

of the electrochemically responding polymer film (on the time-
scale of the cyclic voltammetry experiments) can be estimated
as 4.5 and 13.5 nm for ν 150 and 1 mV s−1, respectively (note
the total thickness of the polymer film is 150 nm, see the AFM
characterization described below). Thus, only the adjacent to
the conducting support redox species respond reversibly to the

Figure 3. Cyclic voltammetry characterization of the BSAFeAlg-
modified electrode: (A) Peak−current (cathodic), Ipc, dependence on
the potential scan rate, ν. (B) Peak-to-peak separation, ΔE, as function
of the potential scan rate, log(ν). (C) Peak current potentials (Epa and
Epc, for anodic and cathodic peaks, respectively) as function of the
potential scan rate, log(ν). The measurements were performed in 0.1
M Na2SO4 aqueous solution, pH 6.0. The BSAFeAlg film was prepared
by the electrochemical deposition at 0.8 V for 60 s from the aqueous
solution composed of alginate (1.5% w/w), FeSO4 (35 mM), BSA (2.5
mg/mL), and 0.1 M Na2SO4.
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potential changes applied in the cyclic voltammetry experi-
ments, whereas the total redox reaction of the polymeric film
requires much longer times and high overpotentials applied to
the electrode are needed to facilitate the electron transfer
process across the film.
AFM analysis of the electrochemically generated BSAFeAlg

films was performed for different deposition-times, Figure 4. To
aid the film thickness analysis, we delaminated the films from
the graphite substrates, where they were generated electro-
chemically and transferred onto glass slides; the films were
measured near the edges of needle scratches (the dark regions
on the images). The measured film thickness clearly increases
with the time of the electrochemical deposition, Figure 5. This
indicates that the charge propagation across the film is still
possible, thus resulting in the continuing growth of the polymer
film on the electrode surface upon increasing the deposition
time. The polymeric films with larger thicknesses are obviously
beneficial for the entrapment of bigger amounts of BSA
mimicking an immobilized drug, however, the kinetic problems
for the charge propagation found in the electrochemical
experiments would limit the efficiency of the BSA electro-
chemical release from the thick polymer films, thus requiring
optimization of the polymer film thickness by varying the
deposition time and the film composition.
To demonstrate the spatial selectivity of the BSAFeAlg film

formation, the deposition on an electrode surface was
performed in the form of a pattern using scanning electro-
chemical microscopy (SECM).86,87 The deposition was
conducted in the direct mode88,89 using ultra-micro-electrode

(UME) and a platinum substrate. The UME was biased at 0 V
in a solution of 100 mM Na2SO4, pH 6.0, 1.5% w/w alginate, 5
mM FeSO4 and 1 mM Ru(NH3)6Cl3 for 60 s; at the same time
the substrate was biased at 0.8 V. In our experimental
conditions when a UME was brought near a conducting
surface (a few micrometers above the substrate surface),
electron transfer was confined to a small area resolved by
means of optical microscopy as a spot with the lateral
dimensions of ca. 250 μm as shown in Figure 6A. Figure 6B
shows the electrodeposited spot topography measured by the

Figure 4. AFM topography images and the corresponding cross-sectional profiles of the BSAFeAlg films electrodeposited for (a) 50, (b) 100, (c)
200, and (d) 400 s from the solution composed of alginate (1.5% w/w), FeSO4 (35 mM), BSA (2.5 mg/mL), and 0.1 M Na2SO4 upon application of
0.8 V.

Figure 5. BSAFeAlg film thickness derived from AFM images (similar
to Figure 4) as the function of the electrochemical deposition time
period.
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AFM at the region marked with red in Figure 6A. The spot
localized on the surface with sharply defined borders (height ca.
50 nm), giving a distinct topological contrast between the bare
electrode and the composite film, confirming spatial confine-
ment of the thin-film in the lateral direction to the electrode.
SECM-based surface patterning can be used to form a variety of
micrometer-sized structures.90−92 The use of polymers91,92 for
patterning with SECM is particularly attractive because of the
possibility of entrapment of different biological molecules
within a polymer film, which could potentially be used for
electroaddressing of different biological components at specific
device addresses, enlisting the capabilities of electronics to
provide spatiotemporally controlled electrochemical signals.
After characterization of the BSAFeAlg films by electro-

chemistry and AFM, the films were electrochemically dissolved
by reducing cross-linking Fe3+ to yield Fe2+, which is weakly
interacting with alginate, thus resulting in the BSA release,
Scheme 1. The chronocoulometry was used to follow the
electrochemical reduction process of Fe3+ in the polymeric film
upon application of various potentials to the modified
electrode, Figure 7A. Then the released BSA and Fe2+ were
chemically analyzed in the solution (see the Experimental
Section for the details) to give quantitative measure of the
polymer film decomposition by the electrochemical process. In
order to find the total amount of BSA entrapped in the alginate
thin-film and to characterize the electrochemically released BSA
as percentage from this amount, the alginate film was
chemically reacted with ascorbic acid (10 mM, 30 min),
which resulted in the complete Fe3+ reduction and film
dissolution. A cyclic voltammogram recorded on the electrode
after chemical dissolution of the BSAFeAlg film does not show
any redox peaks, thus confirming the complete decomposition
of the polymer film. The total amount of BSA encapsulated in
the composite film was found to be different for different time
of film deposition and varying from 20 to 403 μg that

Figure 6. (A) Optical microscope image of the Fe3+-cross-linked
alginate microspot produced by SECM on a Pt support from the 100
mM Na2SO4, pH 6.0, electrolyte solution containing 1.5% w/w
alginate, and 5 mM FeSO4 upon application of 0.8 V for 60 s; 1 mM
Ru(NH3)6Cl3 was present in the solution as a redox probe for SECM
(see details in the Experimental Section). (B) The topography of the
electrochemically generated alginate microspot imaged by the AFM.

Scheme 1. Schematic Representation of Electrochemical
Dissolution of the BSAFeAlg Film upon Reduction of the
Cross-Linking Fe3+ Cations Resulting in the Release of BSA
and Fe2+ Cations into a Solution

Figure 7. (A) Chronocoulometry curves obtained for the electro-
chemical dissolution of the BSAFeAlg films upon application of
different reductive potentials: (a) +0.1, (b) −0.4, (c) −1.0 V to the
modified electrode. (B) Percentage (from the total amount in the
BSAFeAlg film) of the released iron cations and BSA upon application
of different reductive potentials for 30 min. The BSAFeAlg-film was
prepared by the electrochemical deposition at 0.8 V for 60 s from the
aqueous solution composed of alginate (1.5% w/w), FeSO4 (35 mM),
BSA (2.5 mg/mL) and 0.1 M Na2SO4.
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corresponds to ca. 10% (w/w) from the BSAFeAlg film
deposited for 60 s. The electrochemical release of BSA
performed at different reducing potentials, +0.1, −0.4, and
−1.0 V shows increasing BSA release upon elevation of the
reductive potential, Figure 7B. It should be noted that all these
potentials are thermodynamically enough for the reduction of
the cross-linking Fe3+ cations in the BSAFeAlg film (note
E°(Fe3+/Fe2+) = 0.495 V derived from the cyclic voltammo-
grams, Figure 2). However, taking into account the slow charge
propagation, the more negative potentials provide the higher
rates for the electrochemical dissolution process and the
corresponding BSA release, Figure 7B, changing from ca. 10%
of the total amount of BSA in the film at the potential of 0.1 V
applied for 30 min to almost 100% BSA release when −1.0 V
was applied for the same time-period. It should be noted that
the time scale of the charge propagation, 30 s, in the
chronocoulometry experiment (Figure 7A) and the time
required for the polymer film dissolution, 30 min, (Figure
7B) are significantly different. This is not surprising since the
former process includes only electron hopping between the
Fe3+ redox species, while the latter includes dissociation of
chemical bonds and decomposition of the polymeric film.
When the modified electrode was incubated in an aqueous
solution (100 mM Na2SO4, pH 6.0) without applied potentials,
a small BSA leakage has been detected (ca. 4% per hour on the
time scale of 5 h). This process represents the BSA release from
the macroporous alginate gel without reduction of Fe3+ cross-
linking centers and without the gel dissolution. This process
depends on the density of the gel, which can be varied and
optimized.
Multiparameter optimization was applied to the system in

order to find optimum conditions for the BSAFeAlg film
electrochemical formation and decomposition. Central compo-
site design (CCD)93,94 was used for experimental design based
on response surface methodology (RSM)95 in the current study
(see details in the Supporting Information). It should be noted
that the response surface analysis has been shown as a powerful
method in the optimization of drug delivering systems.96 A
quadratic model,93 which also includes the linear terms, given
as eq 1, was used in the present study
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where; η is the response, xi and xj are variables (i = 1 to k), βo is
the constant coefficient, βj, βjj, and βij (i and j = 1 to k) are
interaction coefficients of linear, quadratic and the second-order
terms, respectively, k is the number of independent parameters
(k = 4 in this study) and ei is the error. The variables (initial
concentrations of Fe2+ and alginate, releasing potential and
electrodeposition time) were chosen as independent (opera-
tional) parameters since they are directly related to the
operational preference. The process was evaluated by
considering electrochemically released Fe2+ and BSA concen-
trations as objective functions. CCD with four factors at three
levels was used for fitting experimental data to the objective
functions. Optimized conditions with the highest desirability
were determined as −1.19 V releasing potential, 35 mM initial
Fe2+ concentration, 60 s deposition time, and 0.96% initial

alginate concentration. Under these optimized conditions,
electrochemical release of BSA and iron are 81.22 and
59.83% from their total content in the BSAFeAlg film,
respectively. In order to validate the optimization, a specific
batch run was performed under the optimum conditions. In this
run, electrochemical release of BSA and iron were realized as
85.60% and 51.35%, respectively, providing fair predictive
power of the model approach.
Equations derived from the CCD analysis (see eqs 2 and 3 in

the Supporting Information) were used to visualize the effects
of operational parameters on electrochemical release of Fe2+

and BSA under optimized conditions in 3D graphs, Figures 8
and 9 and Figures SI1 and SI2 in the Supporting Information

(note that the electrochemically induced release of the drug-
mimicking protein BSA is the primary aim of the study, thus

Figure 8. Effects of the releasing potential (E) applied to the
BSAFeAlg-modified electrode and initial alginate concentration
([Alg]in) on the electrochemically released BSA concentration
([BSA]), at room temperature, 60 s polymer film deposition time,
and 35 mM initial Fe2+ concentration used for the polymer film
deposition.

Figure 9. Effects of the deposition time (t) and initial iron
concentration ([Fe2+]in) on the electrochemically released BSA
concentration ([BSA]), at room temperature, −1.19 V releasing
potential and 0.96% (w/w) initial alginate concentration used for the
polymer film deposition.
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results of the concomitant release of Fe2+ cations are collected
in the Supporting Information, Figures SI1 and SI2). The
effects of the releasing potential and initial alginate concen-
tration on the electrochemical release of BSA and Fe2+ are
shown in Figure 8 and Figure SI1 in the Supporting
Information, respectively. During electrochemical process,
released BSA and Fe2+ concentrations increased proportionally
to the increase in the reductive potential applied on the
BSAFeAlg-modified electrode. These data confirm the result
derived earlier from the electrochemical measurements that the
charge propagation in the alginate film attached to the electrode
surface depends on the applied potential. For the condition
when the propagation of the charge carriers through the film is
sensitive to the applied potential, the choice of the potential
range is of high importance. For ultrathin-films, low potentials
for the electrochemical release would be sufficient, whereas
thicker films require maintaining release at relatively high
reductive potentials, where side reactions may become
dominant affecting morphology of the membrane. Therefore,
the lowest possible potential value able to achieve satisfactory
levels of the electrochemical release for relatively thick films
within a relatively short period of time should be employed.
According to the releasing efficiency and control experiments
performed to determine stability of the BSAFeAlg at different
potentials, the releasing potential of −1.19 V would be a good
choice, where the electrochemical release is relatively sufficient,
while the membrane is not deformed or rapidly detached. In
general, initial alginate concentration does not profoundly affect
the electrochemical release of BSA, Figure 8. On the other
hand, electrochemical release of Fe2+ decreased with an increase
in initial alginate concentration at high alginate concentrations,
> 1.3%, see Figure SI1 in the Supporting Information.
Relatively high initial alginate concentration provides larger
number of binding sites of alginate for iron ions resulting in the
formation of a more compact gel membrane as it was previously
reported for calcium cross-linked alginate gels,100 which, in
turn, leads to increase in the electrochemical release of Fe2+

cations. In our experiments, this situation is realized for
concentrations of alginate less than 1.3%, see Figure SI1 in the
Supporting Information. Although the concentration of iron
remains constant (35 mM) concentration of alginate is
increasing reaching values where viscosity is high, so for
concentration of alginate more than 1.3% the steric effects in
the solution became dominant. Furthermore, disbalance
between the amount of binding sites for iron ions in alginate
and concentration of iron with the overall high concentration of
alginate favored the process of partial blocking the electrode
surface preventing iron influx to the electrode, enabling
electrochemical formation of thinner film with increased
inhomogeneity in the structure.
Effects of deposition time and initial iron concentration on

electrochemical release of BSA and iron at room temperature,
0.96% (w/w) initial alginate concentration and −1.19 V
releasing potential are shown in Figure 9 and Figure SI2 in
the Supporting Information, respectively. A linear increase in
the electrochemical release of BSA concentration was observed
with the increase on initial iron concentration in the range of
5−35 mM, whereas, electrochemically released iron concen-
tration was increased at relatively high initial iron concen-
trations (>20 mM). The larger the amount of iron ions reduced
in the BSA loaded alginate gel and consequently the larger the
amount of the protein released from the membrane by Fe2+

ions. When the deposition time is increased the thickness of the

membrane increases, and this is presumably due to the fact that
increasing the number of biopolymer molecules per unit
solution, the number of binding sites for Fe2+ ions also
increases. As a result a more densely cross-linked gel structure
is probably formed, and consequently results in the formation
of thicker walls. The dense membrane is expected to create
diffusion resistance which resulted in lower release of BSA and
iron, Figure 9 and Figure SI2 in the Supporting Information.
Moreover, detachment of a thick film (formed at the high
deposition time) from the electrode surface was observed
during experiments which cause decrease of the electrochemi-
cally released amounts of BSA and Fe2+.

■ CONCLUSIONS

Electrochemical formation and decomposition of the iron-ion-
cross-linked alginate thin-films was studied as a general
approach to the electrochemically triggered controlled drug
release process. The concept of the electrochemically
responsive alginate films is based on the large difference in
the iron ions ability to cross-link alginate depending on the
oxidation state of the iron ions. Whereas Fe3+ cations result in
the alginate gel formation, Fe2+ ions have weak interaction with
alginate and their electrochemical formation results in the
alginate gel dissolution. The electrochemically induced alginate
gel formation upon oxidation of iron cations from their original
Fe2+ state to Fe3+ in the presence of soluble alginate was
accompanied by entrapment of protein molecules into the gel
thin-film structure on the electrode surface. BSA was utilized as
a model protein mimicking a drug entrapped in the redox-
responsive alginate matrix. The electrochemical reduction of
cross-linking Fe3+ ions resulted in the alginate gel dissolution
and BSA release. The detailed electrochemical study accom-
panied with AFM characterization of the alginate thin-films
revealed kinetic problems for the charge propagation across the
polymer films. Therefore, large overpotentials were required for
the effective dissolution of the films and BSA release.
Multiparameter modeling experiments were performed for
the optimization of the redox-responsive polymer film for the
effective BSA release. Future efforts will be directed to the
facilitation of the charge propagation in the redox-responsive
polymer and to the application of real drug molecules for the
electrochemically triggered release processes.
It should be emphasized that the use of the alginate matrix

results in important advantages for future controlled drug-
release applications over other polymer-based systems (partic-
ularly comparing with synthetic redox polymers).18−20

Specifically, the alginate matrix is biocompatible and based on
nontoxic natural biomolecules. This matrix is known to stabilize
proteins/enzymes resulting in their extended lifetime in the
immobilized state.58

Still, the issue of the potential toxicity of Fe2+ ions98 released
upon electrochemical dissolution of the BSAFeAlg film should
be addressed. The concomitant release of Fe2+ ions upon
complete decomposition of the polymer film results in
dissolution of ca. 50 μg iron ions (the exact amount depends
on the film composition which could be optimized). This
amount should be compared with iron content (10−18 mg
daily) in food supplements according to the Recommended
Dietary Allowance (RDA) of nutritional elements.99 One can
conclude that the iron release from the BSAFeAlg film is much
below the recommended iron consumption, thus there is no
any toxicity issue associated with the Fe2+ ions.
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One should note that BSA is a negatively charged protein at
neutral pH values (pI = 4.7),100 thus its entrapment in the
negatively charged101 alginate gel is unfavorable. The successful
results obtained for the entrapment of BSA followed by its
controlled release demonstrated that even in this unfavorable
combination (negatively charged protein in the negatively
charged polymeric matrix) is still possible. Thus, we expect that
positively charged proteins (e.g., lysozyme, pI = 11.3)102

included in the alginate matrix will demonstrate even better
performance. The results for a lysozyme−alginate composite
film and its antibacterial operation are in progress and will be
reported elsewhere.
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