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In this work, we have simultaneously examined, electrochemically driven deposition of three proteins
(haemoglobin, acid phosphatase, and a-amylase) and silica films at a polarized liquid–liquid interface.
The interfacial adsorption of the proteins occurs efficiently within the acidic pH range (pH = 2–4). The
interfacial charge transfer reactions recorded in the presence of fully positivity charged macromolecules
were followed with cyclic voltammetry on the positive side of the potential window. Faradaic currents
attributed to the presence of proteins in the aqueous phase appeared for concentrations equal to ca.
0.1 mM for haemoglobin and acid phosphatase and ca. 1 mM for the a-amylase. Concomitant deposition
of silica films was achieved via the addition of tetraethoxysilane molecules to the organic phase (1,2-
dichloroethane). The hydrolysis and condensation reactions of tetraethoxysilane were controlled via
the interfacial transfer of H+ coinciding with the potential for protein adsorption. The effect of
tetraethoxysilane concentration – up to 50% by volume – revealed significant shrinkage of the potential
window (the region where capacitive currents are recorded). The optimized platform was then used to
prepare silica-proteins co-deposits. These could be easily collected from the interface and further ana-
lyzed with infrared spectroscopy and transmission electron microscopy.

� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction an electrochemical platform where the interfacial transfer of
Interaction, immobilization or attachment of bio-components
with or to inorganic materials provide a platform that merges
the properties of both systems. Bio-molecules such as enzymes,
antibodies, DNA, cellular building blocks (among many other
examples) carry in unique properties that find applications in sens-
ing [1,2], biomimetic interfaces construction [3–5], bio-catalysis
[6,7] or bio-energetics [8,9]. In turn, the wide range of inorganic
materials provides complementary benefits, like their inert sup-
porting properties, electric conductivity, mesoporosity or suscepti-
bility towards additional post-grafting procedures. Further liaison
with the electrochemical input (e.g. system perturbation, interface
modification) or output (e.g. electroanalytical data collection) in a
form of solid electrodes or soft junctions extends their applicability
and also our understanding of such platforms.

Electrified liquid–liquid interface (LLI) – or the interface
between two immiscible electrolyte solutions (ITIES) [10,11] – is
charged species give rise to currents that can be probed with all
methods offered by an electrochemical toolbox. Few interfacial
charge transfer reaction mechanisms were revealed to date [12]
with simple ion transfer, facilitated ion transfer and electron trans-
fer reactions being in the core. Interestingly, charged or ionizable
macromolecules undergo similar interfacial charge transfer reac-
tion mechanisms. Successive polarization of the interfacial region
leads to the adsorption of macromolecules to the LLI. Further polar-
ization, together with the accumulated positive or negative charge
within defined locus, facilitates the transfer of the organic phase
background electrolyte anions or cations, respectively. This type
of interfacial behaviour was reported for dendrimers (poly-L-
lysine [13]; poly(propylamine) [14]; poly(amidoamine) [14,15] or
carboxyl terminated-poly(amidoamine) [16]), polyelectrolytes
(poly(diallyl dimethylammonium chloride) [17]; chitosan [18] pro-
tamine [19]; heparin [20]), proteins (e.g. ferritin [21] haemoglobin
(Hb) [22,23]; myoglobin [24]; insulin [25]; cytochrome [26]) or
DNA (thrombin binding aptamer [27]). Resulting deposits usually
reside at the interface in a form of thin films.
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The Janus properties (intrinsic asymmetry defined by two
immiscible solvents) of the polarized LLI allow for the separation
of reagents whose interfacial reaction may result in interfacial
deposit formation. An example could be the electron transfer reac-
tion between the metal ion complex initially present in the water
phase and the electron donor (usually derivatized ferrocene spe-
cies) dissolved in the organic phase. Supply of the energy in the
form of an applied potential difference allows for the e.g. Pt
[28,29], Pd [28–30] or Au [31] nanoparticles formation within the
interfacial region. Different interfacial modification strategies can
be based on the electrochemically controlled ion transfer reaction
followed by the interfacial precipitation. Surfactant templated
mesoporous silica materials were generated by using this
approach. Briefly, the cationic surfactant template initially present
in the organic phase is transferred to the water phase containing
silanol species. The formation of positively charged micelles cat-
alyzes the silica condensation process with the subsequent silica
gel layer residing at the LLI [32–36]. As the silica sol-gel processing
is highly dependent on the aqueous phase pH, both the hydrolysis
and condensation reaction can be controlled via interfacial H+

transfer [32,37] or pH gradients created at the three-phase junc-
tion [38]. These are examples allowing for the precise control of
the deposit location, this is at the boundary between at least two
phases having distinct physicochemical properties.

In this work, we extend our previous study, [37] showing the
possibility of acid phosphatase (AP) immobilization within the sil-
ica matrix at the polarized LLI. Our approach combines the possi-
bility of electrochemically controlled interfacial adsorption of
proteins (the AP, the Hb, and the a-amylase) and electrodeposition
of the silica film. This is possible since the protein adsorption pro-
cess and the interfacial transfer of H+ to the organic phase, where it
catalyzes tetraethoxysilane (TEOS – silica precursor) hydrolysis
and condensation reactions, occur at similar positive potential val-
ues. The co-deposition process was optimized in terms of TEOS
loading in the organic phase, protein concentration and the pH of
the aqueous phase. Formed interfacial deposits were visible with
the naked eye and could be collected from the interface for further
analysis. This work opens new avenues allowing for bio-
components immobilization at soft junctions, were the inorganic
material help prevent the direct contact between e.g. sensitive pro-
teins and organic solvents.

2. Methods and materials

2.1. Materials

Sodium chloride (NaCl, >99%, Sigma-Aldrich), citric acid mono-
hydrate (C6H807, �99%, Sigma-Aldrich) served as the aqueous
phase background electrolytes. Acid phosphatase (AP) from wheat
germ, haemoglobin (Hb) from bovine blood and a-amylase fro-
m Aspergillus oryzae – all from Sigma-Aldrich - were selected as
model proteins. Tetraethoxysilane (TEOS, 98%, Sigma-Aldrich)
was used as the silica precursor. 1 M HCl or 1 M NaOH from Merck
were used to adjust the pH of the aqueous phase. The organic
phase background electrolyte (bis(triphenylphosphoranylidene)a
mmonium tetrakis(4-chlorophenyl)borate – BTPPATPBCl) was pre-
cipitated by mixing equimolar amounts of bis(triphenylphosphora
nylidene)ammonium chloride (BTPPACl, 97%, Sigma-Aldrich) and
potassium tetrakis(4-chlorophenyl)borate (KTPBCl, 98%, Sigma-
Aldrich). For details see [39].

2.2. Electrochemical set-up

All electrochemical experiments performed in this study were
supported by the Autolab PGSTAT302N. Two types of electrochem-
ical glass cells were employed to support both immiscible liquids:
(i) one having two Luggin capillaries with the LLI placed in
between (cell radius = 0.65 cm) [40] and the second cell with
one capillary fixed to the cell bottom and second removable capil-
lary that was introduced from the top (cell radius = 1.00 cm). The
interfacial polarization was performed through a four-electrode
configuration with two Ag/AgCl reference electrodes placed in
the cell’s capillaries and two Pt counter electrodes, one of each type
placed in the aqueous and the organic phase. Currents recorded
during all electrochemical experiments do not originate from the
oxidation/reduction reactions (the system is deprived of the classi-
cal working electrode) and are the consequence of the ions cross-
ing the LLI. Corresponding electrochemical cells apply for this
work:
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2.3. Infra-red spectroscopy

Infra-red spectra were recorded with a Nicolet 8700 FT-IR spec-
trometer. Around 2–3 mg of dried silica-based films collected from
the interface were mixed with the KBr powder giving around
100 mg of the final mixture. Next, KBr pellet was prepared and
the transmission spectra were collected from 4000 cm�1 to
500 cm�1 (resolution = 4 cm�1).

2.4. Transmission electron microscopy

Nanomorphology of silica films collected from the LLI was
investigated with the Transmission Electron Microscopy technique
using JEOL JEM-1400 Plus (the USA) at operating voltage equal to
200 kV. The suspension of silica powder in EtOH was drop cast
onto the copper mesh support. After drying the mesh in desiccator
the TEM investigation was performed.

3. Results and discussion

3.1. Electrochemically controlled silica deposition

The electrochemically controlled interfacial deposition of silica
was performed in a configuration where silica precursors (TEOS)
is initially dissolved in the organic phase (1,2-dichloroethane)
whereas adjacent water phase is acidified, and hence, provides pro-
tons having the ability to catalyze TEOS hydrolysis and subsequent
condensation reactions. This protocol is an alternative to a few
other methods allowing for silica formation at the interfacial
region. These include (i) surfactant templated interfacial silica
deposition arising from the electrochemically controlled reaction
between silanol species and cationic template initially present in
the water (pH ~ 9) and the organic phase respectively [32–36] or
(ii) ex situ interfacial modification relying on externally prepared
silica membranes that are further used to support the ITIES
[41–44]. The schematic representation of series of reactions occur-
ring at the LLI during silica deposition studied in this work is
depicted in Fig. 1A. The standard Galvani potential of the Hþ

aq!org



Fig. 1. A shows the schematic representation of a few mutually connected reactions occurring at the polarized LLI during the proposed silica deposition reaction. B and C are
cyclic voltammograms (CVs) recorded for different vol% TEOS in the organic phase as indicated on the right of each curve. D – is the width of the potential window averaged
over 15 scans for different vol% TEOS. E – shows consecutive CVs recorded for vol% TEOS in the organic phase equal to 30%, the number of cycles is indicated on the right of
each curve. F – is the width of the potential window for three different vol% TEOS in the organic phase as indicated on the right of the graph. G and H are the photos recorded
before and after 15 voltammetric cycles (vol% TEOS = 50%), respectively. For all CVs the scan rate was 10 mV�s�1. The aqueous phase was 10 mM HCl.
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equals to 0.55 V [40] and is lower than 0.59 V found for Naþaq!org

and Liþaq!org usually limiting the potential window (defined as the
region of the voltammogram where, in the presence of only back-
ground electrolyte ions, capacitive currents are recorded) on the
positive side of the voltammograms. This means that voltammo-
grams recorded in Cell I with only 10 mM HCl used as the aqueous
phase background electrolyte

will be limited by the Hþ
aq¢org on a more positive potential side

and Cl�aq¢org on the less positive potential side. With the forward
polarization towards more positive potential values protons from
the aqueous phase will eventually reach the LLI and further trans-
fer to the organic phase (Fig. 1A – reaction (1)). The increasing con-
centration of protons within the interfacial region catalyzes the
hydrolysis of TEOS which gives silanol species and EtOH as the
hydrolysis product (Fig. 1A – reaction (2)). Since silanols are more
hydrophilic than ethoxy silanes (e.g. theoretical predictions of
LogPwater/octanol equals to 5.10 and 0.65 for TEOS and orthosilicic
acid respectively [45]) their partitioning from the organic phase
to the LLI and further to the aqueous phase will occur (Fig. 1A –
reaction (3)). Protons from the water phase or available in the
mixed layer region of the LLI will now catalyze the subsequent
condensation of silanols to silica according to Reaction (4) from
Fig. 1A. Finally, the formed silica is found as a deposit at the soft
junction.

Fig. 1B and 1C show the effect of different concentrations of
TEOS added to the organic phase on the shape of the recorded cyc-
lic voltammograms (CVs). After adding 1% vol of TEOS to the
organic phase the shape of the voltammogram barely changed over
15 consecutive scans as compared with blank (not shown). Further
increase of the TEOS concentration causes a visible increase in the
potential window limiting current on the positive potential side
from 77 mA for blank and 1% vol TEOS to 284 mA for 15% vol TEOS
and further to 2.2 mM for 50% vol TEOS. The positive current on the
right-hand side of the voltammogram may be attributed to the
interfacial ion transfer of protonated, and hence, positively charged
silicic acid (pKa = 9.9) [46] or other silanol species from the aque-
ous to the organic phase. The change in interfacial polarization on
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the reversed scan (from higher to lower potential values) draws the
negative peak current which is due to reversed ion transfer reac-
tion - protonated silicic acid back transfer from the organic to
the aqueous phase. Also, as shown in Fig. 1D, we have noticed that
the available potential window shrinks gradually from 0.67 V to
0.47 V with the increasing concentration of TEOS in the organic
phase. This happens as the H+ catalyzed hydrolysis reaction pro-
vides (i) interfacially active silicic acid species having a standard
ion transfer potential lower than that reported for protons and
(ii) EtOH which affects the structure of the LLI mixed layer region,
or in other words, increases the mutual miscibility between water
and 1,2-dichloroethane. The final factor affecting the voltammetric
readout was the number of repetitions recorded in a single exper-
iment as shown in Fig. 1E for 30% vol TEOS, or presented in Fig. 1F
as the width of the potential window for three different TEOS con-
centrations. Again we have noticed shrinkage of the potential win-
dow and increasing limiting currents at more positive potential
values with an increasing number of voltammetric cycles. This
effect was especially prominent for higher concentrations of TEOS.
Over 15 cycles the potential window was reduced by 4%, 15% and
24% for TEOS concentrations of 5, 30 and 50%, vol respectively. This
indicates that the hydrolysis and condensation reactions are
directly catalyzed by the electrochemical proton transfer from
the water to the organic phase. Additionally, after a few voltam-
metric cycles, even for low concentrations of TEOS, white deposits
appeared at the ITIES – see Fig. 1G (before deposition) and Fig. 1H
(after 15 cycles for 50% vol TEOS). These deposits were then col-
lected and analyzed with infra-red spectroscopy with the results
shown in Fig. 2. The appearance of three characteristic absorption
bands at 460 cm�1 (SiAO bending), 802 cm�1 (Si stretching) and
1086 cm�1 (SiAO stretching) confirm that the electrochemically
formed deposit is silica [47]. The peak at around 950 cm�1 and
the wide arm with a center around 1200 cm�1 suggests the pres-
ence of non-hydrolyzed alkoxysilane functions (ASiAOACH2ACH3)
[48]. Other peaks are summarized in the caption of Fig. 2. To con-
firm that the silica deposition is controlled by electrochemistry we
set the control experiment, this is 50% vol TEOS in the organic
phase and 10 mMHCl in the aqueous phase with no external polar-
ization, for which no deposit formation was observed up to 2 h. Just
Fig. 2. Infra-red spectra of silica film collected from the interface after 15
consecutive cycles. pH of the aqueous phase was equal to 2. TEOS concentration
in the organic phase was 50% vol. Absorption bands marked with letters correspond
to: A – Si-O bending (460 cm�1); B – Si stretching (802 cm�1); C – SiAOACH2ACH3

(958 cm�1); D – SiAO stretching (1086 cm�1); E – SiAOACH2ACH3 (1202 (arm)
cm�1); F – SiAOH (3467 cm�1); G – Free OH (3640 cm�1).
for comparison, for high concentrations of TEOS, the silica film was
observed already after one voltammetric cycle (around 1 min).
3.2. Interfacial behavior of proteins

In this work, we have chosen three model proteins – the AP, the
Hb) and a-amylase – that were studied at the ITIES. All molecules,
build from the amino acid building blocks have to be charged in
order to become interfacially active. Correspondingly, we have
chosen 10 mM HCl (pH = 2) assuring the positive charge within
the protein chain. Fig. 3A shows the blank voltammogram recorded
in cell II for [protein] = 0 mM. Only the potential region where the
Faradaic signals originating from the presence of positively
charged macromolecules are expected to occur is shown. The cur-
rent limiting the potential window at the more positive potential
side is due to Hþ

aq¢org .
Fig. 3B–D represent the voltammetric responses recorded in cell

II (2)for [AP] = 10 mM; [Hb] = 12 mM and [a-amylase] = 16 mM
respectively. The ion transfer voltammograms for AP and Hb share
similar characteristics: (i) the intensities of the forward (positive)
and reversed (negative) peak currents deviate from unity; (ii) cur-
rent patterns hold irregular shapes – dissimilar to signals expected
for reversible ion transfer reactions; (iii) the signals appear within
the positive side of the potential window and (iv) the reversed
peaks are terminated with the abrupt drop in a peak current indi-
cating interfacial adsorption process. This is a very typical behavior
of macromolecules at the electrified LLI indicating proteins interfa-
cial adsorption process facilitating the transfer of the organic phase
background anion (TPBCl in case of this study) [22,23,49,50]. The
scan rate dependence (see Fig. S2 from supplementary informa-
tion) performed for all proteins revealed the linear relationship
of the positive peak current versus the square root from the scan
rate meaning that the transfer of the interfacially active species
towards the interface is governed by diffusion. All this indicates
that the mechanism of the charge transfer reactions recorded in
Fig. 3. A – Blank CV recorded in cell II. B – CV recorded for [Hb] = 10 lM; C – CV
recorded for [AP] = 12 lM and D – CV recorded for [a-Amylase] = 16 lM. pH of the
aqueous phase was equal to 2.
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the presence of ionized proteins is governed by both diffusion and
adsorption processes. At this point, we have to mention that these
observations are in line with other reports [49–52]. Investigation of
a-amylase appeared to be troublesome as this protein did not dis-
solve in the aqueous phase. Nevertheless, the blurry solution of a-
amylase was subjected to electrochemical investigation still giving
a Faradaic response – see Fig. 3D, S1 and S2-E (further discussion is
available in supporting information).

The different behavior of Hb together with AP and the a-
amylase can be also inferred from the calibration curves plotted
in Fig. 4A. In the calibration patterns recorded for the Hb and the
AP three linear ranges can be noticed. (i) The first one, having a rel-
atively low slope, for protein concentrations up to around 1 mM
that can be attributed to the formation of a protein monolayer.
(ii) The region with the highest sensitivity from 1 mM to around
6 mM which we think is due to the protein multilayer build-up.
As the facilitated transfer of the organic phase background elec-
trolyte anion from the organic phase to the interfacial region is
directly proportional to the surface charge, this is the region expe-
riencing the highest charge increments per voltammetric cycle. (iii)
Eventually, the positive peak currents reach a plateau (for the Hb)
or gradually lose sensitivity (for AP). At this point, we can speculate
that the thickness of the protein film is self-screening the positive
charge from the outer layers. Correspondingly, the signal intensity
decreases or simply saturates. The table in Fig. 4B summarizes the
fitting parameters of the linear regression line fitted to the region
showing the highest sensitivity. Obtain slopes can be qualitatively
attributed to the charge increments accumulated at the LLI being
highest for the Hb (slope = 35.67 A�M�1) followed by slightly lower
value for the AP (slope = 18.21 A�M�1) to finally mention the a-
amylase giving two orders of magnitude lower value (Fig. S1-A,
slope = 0.13 A�M�1). After performing the calibration experiment
the photos of the LLI were taken and are shown in Fig. 4C (the
non-modified LLI depicted for comparison) and Fig. 4D–F. Clear
and visible with naked eye films were present at the interface for
the Hb (dark and uniform layer, Fig. 4D) and AB (wrinkled deposit,
Fig. 4E) only after voltammetric cycling further confirming electro-
chemically controlled adsorption process. Since the adsorption
process for all three studied portions can be controlled
Fig. 4. A – Positive peak current in function of Hb (black circles) and AP (red squares) con
(n = 4) and for the AP is y = 18.21x (A�M-1) – 2.65; R2 = 0.997 (n = 3). Photos of the LLI: B –
data points in the calibration curves were collected using cyclic voltammetry (scan rate
electrochemically only for the HB and the AP, the a-amylase was
excluded from the co-deposition protocol described in the follow-
ing section.

3.3. Concurrent deposition of proteins and silica

The electrochemical co-deposition of silica and protein was per-
formed in cell III. During all experiments, we have set the concer-
tation of the Hb and the AP in the aqueous phase to 4 lM. The
concentration of TEOS in the organic phase was chosen to be 30%
vol which is a compromise between the formation of a compact
and removable (from the interface) silica film and the width of
the potential window. Fig. 5A and 5B show the CVs recorded at
three different pH values for Hb and AP, respectively. The CVs for
the Hb and the AP recorded at pH = 2.8 share similar characteris-
tics. Signals originating from the proteins are overlaid with the lim-
iting current on the more positive potential side – the interfacial
transfer of the protonated silicic acid. The Hb gave a clear forward
and reversed peak at pH = 3.9 and 4.9 indicating that it is a protein
rather than hydrolyzed TEOS species which contributes to the
recorded signal. Although each voltammogram exhibits distinct
shape, we did not find a correlation that could explain the shared
behavior of the Hb and the AP in the presence of TEOS in the
organic phase. We can, however, conclude that the charge transfer
reaction triggered in the presence of charged macromolecules in
the water phase and TEOS in the organic phase can still be followed
using voltammetry.

To choose the appropriate pH for the proteins and silica co-
deposition, we further investigated the change in the capacitive
current over 50 consecutive voltammetric cycles. Results for three
different pH values are shown in Fig. 6A (for the Hb) and Fig. 6B
(for the AP). Since the capacitive current for the first cycle was
dependent on the pH we normalized the data set by dividing all
points from a series by the value of the first point. In this way,
we can follow the change in the surface charge as we repeatedly
polarize the ITIES. Although this effect is slightly more pronounced
for the Hb, the separation between the capacitive currents grows
only for the lowest studied pH of 2.8. Two other pH values dis-
played rather a stationary tendency. We have attributed the
centration. Linear fit equation for the Hb is y = 35.67x (A�M-1) – 2.75 (mA); R2 = 0.989
before interfacial modification; C – after Hb deposition; D – after AP deposition. The
= 10 mV�s�1).



Fig. 5. 50th CV scan from the repetition series recorded for the Hb (A) and the AP (B) at three different pH values as indicated in the legend. The vol% of TEOS in the organic
phase equals to 30% in all cases; [Hb] and [AP] were set to 4 lM. CVs recorded in Cell III for z = 2.8 (black solid line), 3.9 (red dotted line) or 4.9 (grey dash-dot line).

Fig. 6. Capacitive current in the function of a number of CV cycles recorded for 4 lMHb (A) or AP (B). The vol% of TEOS in the organic phase equals 30% in all cases; pH of the
aqueous phase is 2.8 (black squares); 3.9 (red circles) and 4.9 (blue triangles). The capacitive current was measured at E = 0.4 V.

Fig. 7. A – Infra-red spectra recorded for blank SiO2 (black solid line), the AP co-deposited with SiO2 (red dotted line) and the Hb co-deposited with SiO2 (blue dash-dotted
line) Numbers (1) and (2) correspond to absorption bands centers equal to 2918 cm�1 and 2849 cm�1 respectively. B and C are the TEMmicrographics recorded for the Hb co-
deposited with silica films.
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change in the capacitive current separation to successive positive
charge accumulation in a form of electrodeposited silica (pKa =
4.0–4.3) [53], silica terminated with protonated silanol groups
and positively charged proteins. Consequently, we have chosen
the pH = 2.8 as the optimal for the proteins and silica co-
deposition.

Finally, we used the electrochemical cell with the largest sur-
face area to generate sufficient amount of material for further
characterization. In this respect, we used infra-red spectroscopy
with the region of interests shown in Fig. 7A. Three samples
were analyzed (i) silica deposited at the LLI in the absence of
proteins; (ii) silica deposited at the LLI in the presence of the
AP and (iii) silica deposited at the LLI in the presence of the
Hb. The deposit formation protocol was the same in all three
cases. The potential equal to 0.9 V was applied for 30 min giving
a thick layer of proteins and silica that was subsequently col-
lected and dried. Since silica absorbs strongly in the infra-red
range from 400 cm�1 to 1500 cm�1 only the region from around
2800 cm�1 to 3000 cm�1 was analyzed to confirm the presence
of proteins. These appeared as two absorption bands with the
peaks located at 2849 cm�1 and 2918 cm�1 which can be attrib-
uted to the CH2 antisymmetric and CH2 and CH3 symmetric
stretching modes [54]. Also, we have studied the Hb and silica
co-deposited material with the transmission electron microscope
and the results are depicted in Fig. B and C. Obtained micro-
graphics indicate that the resulting material exhibits porosity
defined by elongated pores. Its morphology is similar to silica
templated by cationic surfactant at the electrified LLI [33].

In the future, we want to apply our methodology to support
enzymes at the ITIES. Carefully chosen enzymes (the focus will
be given to enzymes for which optimal working conditions fall
for the acidic pH, e.g. AP), reaction substrates and products having
different partitioning properties, may give an elegant platform
where the bio-component will be separated from the denaturing
organic phase by the inorganic material. In turn, separation of
the reactants and products of the enzymatic reaction will be
achieved by the soft junction. Since the synthetic conditions
applied in this work (silica-protein deposition requires low pH of
the aqueous phase) may lead to protein denaturation, ex-situ pre-
pared protein-inorganic deposits will be also investigated.

4. Conclusions

In this work, we have described and discussed three mutually
interconnected subjects. (i) The comprehensive study of the silica
film formation at the liquid-liquid interface that is catalyzed by
the electrochemically controlled proton transfer from the water
to the organic phase containing TEOS (silica precursor). We found
that TEOS added to the organic phase at the elevated concentra-
tions (up to 50% vol) significantly reduces the available potential
window and gives intense limiting positive currents that were
attributed to protonated silanol species crossing the interface. Also,
repetitive voltammetric cycling resulted in the silica film deposi-
tion. (ii) The electrochemical behavior of three model proteins
(the AP, the Hb, and the a-amylase) at the electrified liquid-
liquid interface. As reported by others and confirmed in this study,
the AP and the Hb were electrochemically active and were
adsorbed to the liquid-liquid interface forming films that were vis-
ible with the naked eye. Although the a-amylase was insoluble in
the acidified water phase we were still able to record Faradaic sig-
nals originating from its charged flakes residing at the ITIES.
Finally, (iii) electrochemically controlled co-deposition of proteins
and the silica film at the ITIES was investigated. We succeeded in
placing both bio- and inorganic components within the defined
locus. Afterward, the films were collected and analyzed using
infra-red spectroscopy (confirming the presence of proteins) and
transmission electron microscopy (revealing the silica surface mor-
phology) imaging.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

The authors are grateful to Wiel Evers for performing TEM anal-
ysis. Lukasz Poltorak is grateful for the financial support from the
National Science Center (NCN) in Krakow, Poland (Grant no.
UMO-2018/31/D/ST4/03259).

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.bioelechem.2020.107529.

References

[1] R.K. Shervedani, A.H. Mehrjardi, N. Zamiri, A novel method for glucose
determination based on electrochemical impedance spectroscopy using
glucose oxidase self-assembled biosensor, Bioelectrochemistry 69 (2006)
201–208, https://doi.org/10.1016/j.bioelechem.2006.01.003.

[2] B. Jiang, M. Wang, Y. Chen, J. Xie, Y. Xiang, Highly sensitive electrochemical
detection of cocaine on graphene/AuNP modified electrode via catalytic redox-
recycling amplification, Biosens. Bioelectron. 32 (2012) 305–308, https://doi.
org/10.1016/j.bios.2011.12.010.

[3] M. Kruszewski, M. Kusaczuk, J. Kotyńska, M. Gál, R. Krętowski, M. Cechowska-
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