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Abstract

Interactions of a protein with a solid-liquid or a liquid-liquid interface may destabilise
its conformation and hence result in a loss of biological activity. We propose here a method for
the immobilisaiton of protein at an electrified liquid-liquid interface while maintaining it’s
native conformation. Cytochrome ¢ (Cyt c) is encapsulated in a silica matrix through an
electrochemical process at an electrified liquid-liquid interface. Silica condensation is triggered
by the interfacial transfer of cationic surfactant, cetyltrimethylammonium, at the lower end of
the interfacial potential window. Cyt c is then adsorbed on the previously electrodeposited silica
layer, when the interfacial potential, AY ¢, is at the positive end of the potential window. By
cycling the potential window back and forth, silica electrodeposition and Cyt c¢ adsorption
occurs sequentially as demonstrated by in situ UV-vis absorbance spectroscopy. After
collection from the liquid-liquid interface, the Cyt ¢ — silica matrix is characterised ex situ by
UV-vis diffuse reflectance spectroscopy, confocal Raman microscopy and fluorescence
microscopy, showing that the protein maintained its tertiary structure during the encapsulation
process. The absence of denaturation is further confirmed in situ by the absence of
electrocatalytic activity towards O, signalling Cyt ¢ denaturation. This method of protein
encapsulation may be used for other proteins in the development of biphasic bioelectrosynthesis

or bioelectrocatalysis applications.
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Introduction

Immobilisation of proteins is often sought for applications in the fields of bioanalysis
and biocatalysis.! Proteins immobilised onto a substrate offers a more convenient handling,
provides a separation from the product and improves the storage and operational stability over
time.? Nevertheless, the control of the protein environment during and after the immobilisation
process ensures that the immobilised protein will retain its biological activity. Indeed,
hydrophobic and electrostatic interactions of a protein at a solid-liquid or liquid-liquid interface
may impact the stability of its secondary structure and hence lead to a loss of biological
activity.® Furthermore, the direct environment of the protein (e.g. pH, ionic strength,
temperature, solvent polarity, protein isoelectric point, size, and shape...) can alter the
adsorption. In the field of bioelectrocatalysis, various strategies have been envisaged to create
a favourable environment to maintain the protein conformation and hence activity.*

The behaviour of various proteins at polarised liquid-liquid interfaces (a.k.a. interfaces
between two immiscible electrolyte solutions, ITIES) has been investigated by electrochemical
means.>® It was shown that proteins such as cytochrome c,”® insulin,’® haemoglobin,%*2
lysozyme,*® myoglobin,'* albumin,*® ferritin,'® and thrombin,'’ behaved in a similar manner at
the ITIES. Adsorption of the protein at the ITIES was induced by the application of a potential
difference greater than the potential of zero charge (PZC). At the positive end of the potential
window, the transfer of the anion of the background electrolyte of the organic phase was
assisted by the adsorbed protein solution through hydrophobic and electrostatic interactions
with the partially unfolded proteins as demonstrated experimentally'®2° and supported by
molecular dynamics simulations.??? In the case of cytochrome c, partial denaturation of the
protein was responsible for a bioelectrocatalytic O, reduction reaction observed at the ITIES.?
Preventing protein denaturation at the ITIES remains a challenge. Protein encapsulation within
biocompatible silica matrices may solve this issue.?*2® For instance, Montilla et al. have shown
that Cyt c species present long-term stability if they are encapsulated inside silica matrices,
made of a mixture of silanes and methylated silanes.?”? Recently, Poltorak et al. reported the
encapsulation of three proteins (haemoglobin, acid phosphatase and a-amylase) in a silica
matrix by a co-deposition process at the ITIES under acidic conditions.?>% After encapsulation,
these proteins presented interfacial activity towards ion-transfer reactions. Thus, the
encapsulation within silica networks might provide soft immobilisation conditions at the ITIES

delaying the denaturation process during the external biasing at positive potentials.



Furthermore, it could extend the lifetime of the proteins at the ITIES and facilitate their
extraction for further ex situ assays.

Here, we have developed a novel method of protein immobilisation within silica matrices
generated at electrified liquid-liquid interfaces. Cytochrome c¢ (Cyt ¢) a component of the
mitochondrial electron transport chain was selected as a model redox protein and encapsulated
atthe ITIES. The Cyt c@silica film was generated at the ITIES following a silica sol-gel process
at pH 9.3132 The Cyt c@silica film formation is based on the electroassisted ion-transfer of
cetyltrimethylammonium (CTA") that favours the silica precursor condensation at the ITIES.3
The film condensation occurs at negative potentials avoiding any denaturation induced by
hydrophobic interactions with organic anions from the organic phase favoured at positive
potentials.® We have demonstrated that during the process of silica film formation, a model
protein such as Cyt ¢ was encapsulated maintaining its conformation. This method may be

extended towards the encapsulation of enzymes in a free-standing silica matrix.

Experimental section

Reagents. Cytochrome ¢ (Cyt c) from bovine heart > 95 % (Cyt c) was purchased from
Sigma-Aldrich in the oxidised form (Cyt c-Fe(l11)) and used without further purification. The
organic phase background electrolytes (bis(triphenylphosphoranylidene)ammonium
tetrakis(pentafluorophenyl)borate - BATB) and cetyltrimethylammonium
tetrakis(pentafluorophenyl)borate (CTA*TB") were precipitated by mixing equimolar amounts
of bis(triphenylphosphoranylidene)ammonium chloride (BACI, 97%, Sigma-Aldrich),
hexadecyltrimethylammonium bromide (CTAB, 98%, Sigma-Aldrich) and lithium
tetrakis(pentafluorophenyl)borate ethyl etherate (LiTB, 98%, Sigma-Aldrich), respectively.
Further detail regarded the preparation of the organic electrolytes are given in ref.®?
Trifluorotoluene (TFT, > 99 %, Sigma-Aldrich) and 1,2 dichloroethane (DCE, > 99 %, Alfa
Aesar) were used as organic solvents without further purification. Sodium chloride (> 98 %,
Prolabo) was used as an aqueous electrolyte for the interfacial silica film formation. The silica
precursors for the film formation were tetraethoxysilane (TEOS, 98 %, Alfa Aesar) and
triethoxymethylsilane (MTES, 99 %, Sigma Aldrich). The pH was adjusted with solutions of 1
M HCI (1 M, volumetric solution, Riedel-de Haen) and 1 M NaOH (from pellets, pure, Riedel-
de Haen). Ferric chloride hexahydrate (FeCls-6H20, 99-100 %, Fluka) was used to prepare
silver/silver chloride pseudo-reference electrodes. The electroactivity of encapsulated Cyt ¢ was
tested at pH 7 using a phosphate buffer solution (PBS) prepared from phosphate buffer saline



tablets purchased from Sigma-Aldrich for a final concentration of 2 mM Phosphate Buffer, 0.54
mM KCI, and 27.4 mM NaCl. Decamethylferrocene (DcMFc, 97%, Sigma Aldrich) was used
as purchased as the electron donor to assess the electroactivity of the Cyt c@silica films.
Purified water (18.2 MQ cm) was used to prepare all the aqueous solutions, supplied from a
Millipore milli-Q water purification system. All other reagents were of the highest grade
available and used as received.

Cyt c@SiO2 hydrogel electrogeneration. The sol was prepared as follows: (i) 100 mM
of TEOS was hydrolysed in 10 mL of 5 mM NaCl solution at pH 3 under constant stirring for
3 h, after which the hydrolysis was considered complete; (ii) the pH was then increased to pH
9, granting the formation of negatively charged silica oligomers. (iii) 3 mg of bovine heart cyt
¢ was dissolved in 4 mL of the hydrolysed solution and used as the aqueous phase in
electrochemical cells 1 and 2 (see cells 1 and 2 in Scheme 1). In the case of Cyt c@MeSiOa,
part of the TEOS precursor was replaced by methyltriethoxysilane (MTES). The total moles of
silica precursor was kept constant (1 mmol). Cyt c@SiO2 and Cyt c@MeSiO- hydrogels were
electrogenerated at the liquid-liquid interface in a custom-made four-electrode cell with 3 arms:
two Luggin capillaries for the reference electrodes and one arm to add electroactive species into
the organic phase (Figure S1). The geometrical area of the interface was 1.53 cm?.

The interfacial potential difference, A} ¢, was controlled with a PINE wavedriver 20
potentiostat (Pine research, USA). Cyt c@SiO2, or Cyt c@MeSiO2 hydrogels were
electrogenerated by cyclic voltammetry at a slow scan rate (1 or 2 mV s1). The number of scans
varied between 2 and 7. Once formed, the hydrogels were prepared for further characterisation.
For ex situ Raman and reflective UV-vis spectroscopy, the hydrogel was collected with a
spatula and rinsed with a solution of 1:10 ethanol : 1 mM HCI by immersion for 2 hours. This
allowed the removal of organic electrolyte and CTA" template. Next, the hydrogels were rinsed
with a mixture of 1:10 acetone:distilled water and dried overnight in the oven at 40°C. For the
in situ electrochemical characterisation, the aqueous phase used for the electrogeneration was
carefully removed from the electrochemical cell and replaced with 2 mM PBS solution. This
process was repeated several times before achieving electrochemical stabilisation of the film in
the new aqueous phase electrolyte solution cyclic voltammetry through 20 repetitive scans at

20 mV st see cell 3 in Scheme 1.



Electrochemical cell 1

Sat. (BA*)(C) 5 mM (BA*)(TB") 9.6 UM Cyt ¢
Ag|AgCl : nr~m | 14 mM (CTAY)(TBY) 100 mM TEOS (pH 9) |AgCl|Ag
10 mM (Li*)(CI7) TFT 5 mM (Na*)(CI)
Electrochemical cell 2
sat. (BAY)(CH) 5 mM (BA*)(TB") 9.6 UM Cyt ¢
Ag|AgCl : N | 14 mM (CTA*)(TBY) | | (100-x) mM TEOS +x mM MTEOS (pH 9)| AgCl|Ag
10 mM (Li*)(CI7) TFT 5 mM (Na*)(Ch)

Electrochemical cell 3

5 mM (BA*)(TB") Cyt c@Si0,

Sat. (BA*)(CI- 2 mM PBS
Ag|AgCl| 1o mli/l (Li)*()(CI)‘) 14 mM (CTA*)(TB") or (pH 7) AgCl|Ag
TFT Cyt c@MeSiO,
Electrochemical cell 4
100 uM DcMFc .
Cyt SiO
Sat. (BA*)(CI) 5 mM (BA*)(TB") yt c@sio, 2 mM PBS
A81A8Cll 1 mamt (Li(cr) | 12 m (cTa)TBA) or H7) ||
: p
TET Cyt c@MeSiO,

Scheme 1. Four-electrode electrochemical cell configurations investigated.

Cyt c@SiO2 and Cyt c@MeSiO2 hydrogel characterisation. In situ UV-Vis experiments
were carried out with a parallel beam configuration using a USB 2000 Fiber Optic Spectrometer
(Ocean Optics, USA). The light beam was generated using a DH-2000-BAL deuterium-—
halogen light source (Ocean Optics, USA), and guided through the optical fiber of 600 nm of
diameter (Ocean Optics, USA). The light beam was collimated using optical lenses (Thor-lab,
focal length: 2 cm) before and after the transmission of the beam through the electrochemical
cell (Figure S2). The potential was controlled using an Autolab PGSTAT204 potentiostat
(Metrohm, Switzerland). Confocal Raman spectroscopy measurements were carried out using
a WITec 300R spectrometer with a green light laser (532 nm) as excitation source, equipped
with a polarising beam splitter for polarised light experiments. The samples were placed on a
glass slide and mounted in the focal plane of an Olympus X50 objective. The laser spot was
around 2 um?. Raman mappings were analysed using WITec project 2.08 software. UV-vis
Diffuse Reflectance Spectroscopy (UV-vis DRS) were recorded using a UV-visible-NIR
spectrometer (Cary 6000, Agilent), the preparation of the sample (pellets) was 5 mg of sample
mixed with 95 mg of KBr. Fluorescence Microscopy was performed using an Olympus BX3-

URA fluorescence microscope with a mercury lamp as excitation source and a Power Supply



Unit U-RFL-T. The samples were excited at 360 nm and the fluorescence images were acquired
using a 420 nm filter. Interfacial electron transfer reactions at the liquid-liquid interface were
investigated after addition of an aliquot of DcMFc to the organic phase. 500 pL of a 1 mM
DcMFc solution was added carefully through the third arm of the homemade 4-electrode cell,
see cell 4 in Scheme 1. The organic solution was stirred for 3 min using a PTFE magnetic bar,

further details about the electrochemical setup are shown in Figure S1B.

Results and Discussion

Encapsulation of cytochrome ¢ within silica matrices by electrochemistry at the
ITIES. Cyt c@silica films at the ITIES were obtained by cyclic voltammetry. The interfacial
transfer of CTA" (a cationic surfactant) triggered the condensation of hydrolysed TEOS
molecules®:32 (Figure 1), and Cyt ¢ encapsulation. The potential was scanned at 1 mV s from
the open-circuit potential (AE = +0.19 V) towards the negative end of the potential window.
The first cycle, showed a sharp negative current appearing between +0.10 and —-0.05 V. This
current was attributed to the transfer of CTA* from the organic to the aqueous phase.®? Here,
the CTA" transfer was facilitated by the presence of negatively charged siloxane oligomeric
species, which are abundant at pH 9.3* Once the CTA" was transferred to the aqueous phase,
these ions led to the formation of charged micelles, which were surrounded by the silica species,
facilitating their condensation, and thereby a hydrogel was formed. Upon reversing the scan
towards more positive potentials, a peak attributed to a partial back transfer of CTA* appeared
at +0.28 V.* Further changes in polarisation toward more positive potentials have shown a
capacitive current attributed to the double layer of the liquid-liquid interface. Repetitive scans
have shown a constant increase in the peak intensity attributed to the CTA* back-transfer, which
indicated the thickening of SiO2 deposits at the liquid-liquid interface. Control experiments
demonstrated that the formation of the silica deposits was not spontaneous; cell 1 was left for
about 1 hour at open circuit potential without the formation of a silica film at the liquid-liquid
interface. It is worth mentioning that the electrochemical response of Cyt ¢ at pH 9 is featureless
within the potential window range used for the Cyt c@silica films syntheses (-0.05 to 0.60 V).
Therefore, all the voltammetric features shown in Figurel should be attributed to the silica film
formation. As a control, the electrochemical behaviour of Cyt ¢ in the absence of CTA™ and
TEOS is shown in Figure S3. Cyt ¢ adsorption is observed at the positive end of the potential

window around +0.90 V, which is agreement with previous studies.’”®
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Figure 1. Cyclic voltammogram recorded at the liquid-liquid interface during the Cyt c@silica

films formation using electrochemical cell 1 (see Scheme 1) at a scan rate of 1 mV s,

Studies on immobilisation of proteins within nanoporous supports have shown that the
maximum efficiency of immobilisation was achieved near a protein’s isoelectric point (pl). 3%
Herein, the pH of the aqueous phase was close to the Cyt ¢ isoelectric point (pl 9.8) 8. Thus,
our conditions of silica film formation should favour the Cyt c encapsulation. In order to
confirm our hypothesis, the silica sol-gel film formation was followed by in situ parallel beam
UV-vis absorbance spectroscopy (Figure 2). Here, the beam was parallel to the aqueous side of
the liquid-liquid interface where Cyt ¢ and the silica precursor were dissolved. Each absorbance
spectrum was recorded at —0.04 V. The experimental set-up allowed the recording of UV-vis
absorption spectra of Cyt ¢ located near the interface during the silica film condensation.

The electronic spectrum of Cyt ¢ presents two characteristic bands: (i) the Soret band
centred at 407 nm and (ii) the Q band centred at 533 nm. Both bands are attributed to the
absorption of the porphyrin chromophore of Cyt ¢ (see Figure 2A). The Soret band is attributed
to m-m* transitions in the porphyrin ring structure of the Cyt c-Fe"" (neme centre) and is an
indicator of the native-like state of the protein. A blue-shift of the Soret band is commonly
attributed to protein denaturation, whereas a red-shift is related to a change in the protein redox
state.*>*® The Q band between 500-565nm showed two absorption bands known as a and B
bands, which are poorly defined when the Cyt c is in an oxidised state (Fe''").*** The
absorbance of the Soret and Q bands increased after each cycle, suggesting that the molar
concentration of Cyt c near the interface increased after each voltammetric scan. The Soret band

was centred at 407 nm and was constant throughout the silica film formation thoroughly



suggesting that Cyt ¢ encapsulation occurred without denaturation nor changes in the redox
state (Figure 2A).
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Figure 2. (A) In situ UV-vis absorption spectra of Cyt ¢ at —0.04 V and (B) variation of the
absorbance at 407 nm during the cyclic voltammetry cycling experiments performed in Figure
1, using electrochemical cell 1 (see Scheme 1) at a scan rate of 1 mV s,

Figure 2B shows the absorbance of the Soret band vs. the potential for each voltammetric
cycle. The potential sweep started from +0.20 V towards less positive potentials. The Soret
band intensity increased during the second cycle (red line), from +0.20 V towards —0.05 V;
confirming that an accumulation of Cyt ¢ species occurs in the vicinity of the liquid-liquid
interface during negative biasing.3? When the potential sweep was reversed from —0.05 towards
+0.20 V, the intensity of the Soret band decreased, returning to its initial value observed at
+0.20 V (Figure 2B). This suggested that partial desorption of Cyt ¢ occurred. Another increase
of the Soret band absorbance was observed in the potential region from +0.25 to +0.60 V; this
was attributed to the presence of positive aqueous species and organic anions (TB") at the
liquid-liquid interface that is favoured at positive potentials (Figure S3). Therefore, a positive
biasing favoured the accumulation of Cyt ¢ species on the aqueous side of the interface,
suggesting a second accumulation step. The reverse scan from +0.60 toward +0.20 V did not
show significant changes in the Soret band absorbance, indicating that the concentration of Cyt
c was constant in the vicinity of the interface. The subsequent cycles presented similar features
as the second one. Overall, in situ parallel beam UV-vis experiments suggested that Cyt ¢
encapsulation should occur at two different stages of interfacial polarisation: i) at negative
potentials while the silica sol-gel formation is formed and ii) at positive potentials due to



electrostatic and hydrophobic interactions with pre-formed silica deposits and TB™ species from
the organic phase, respectively.

Spectroscopic characterisation of Cyt c@SiO2 hydrogels. A robust and slightly reddish
hydrogel, formed after 7 voltammetric cycles (Figure 3A), was collected from the interface and
these Cyt c@SiO> hydrogel films were characterised by UV-vis DRS and Raman spectroscopy.
Further details about sample treatment are described vide supra (see sections 2.2 and 2.5).
Figure 3B shows the UV-vis spectra of Cyt c crystals, Cyt c-free silica and Cyt c@SiO> films.
The UV-vis spectrum of Cyt ¢ crystals presented a Soret band centred at 407nm and a well
defined Q-band (red line). The UV-vis spectrum of encapsulated Cyt ¢ (blue line) presented a
Soret band centred at 402 nm, and the absorbance of the Q-band decreased with the appearance
of new peaks centred at 509 and 535 nm. The variations of the Q-band absorption and the
appearance of new Q band peaks at 509 and 535 nm indicated that the low spin hemes of Cyt ¢
were converted to the high spin form.*%4” This was confirmed by the appearance of a new band
centred at 615 nm which was attributed to in-plane charge transfer between the porphyrin and
heme iron of high-spin species.*®>° The change from the low-spin (native Cyt c) to the high-
spin configuration indicates that the sixth ligand of heme is no longer the Met-80 residue and
has been replaced by a different residue or by water molecules. However, encapsulated Cyt ¢
still retained its integrity after the immobilisation, which was confirmed by the retention of
well-defined Soret band features. Denatured Cyt ¢ have would shown a significant decrease in
absorbance, a substantial blue shift, and a broadening of the Soret band.®34%5! Note that a blue-
shift of ca. 5 nm of the Soret band and the decrease of the Q-band intensity could indicate
changes in the microenvironment of the encapsulated protein caused by the loss of the water
after the drying process.’>® Indeed, a decay of the Q-band might be related to strong
electrostatic interactions within the silica pores.>* The UV-vis diffuse reflectance spectrum of
pure silica deposits (Figure 3B, black curve) did not show any features at 407 nm or in the 500
— 600 nm region. Therefore, the spectrum taken for the encapsulated Cyt ¢ must be purely
attributed to electronic transitions of the heme group.
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Figure 3. (A) Top: Photograph of the Cyt c@ SiO> films deposited at the interface after 7
repetitive scans at 1 mV s, bottom: Cyt c@ SiO; film collected at the liquid-liquid interface.
(B) UV-vis DRS of pure Cyt ¢ powder (red curve), Cyt c@ SiO: films after CTA" extraction

(blue curve) and SiO2 deposits in the absence of Cyt ¢ (black curve).

UV-vis DRS studies have shown that Cyt ¢ species were successfully immobilised
within the silica films; however, the distribution of the protein within the silica matrix was still
uncertain. Therefore, Raman scattering measurements were performed to study the distribution
and the structural changes of Cyt ¢ within the silica films.>>-® Most of the Raman vibrational
modes of Cyt ¢ have been described in detail by Spiro et al. ®°0°° and assigned to active
vibrational modes of the heme group (m—=* transition in the porphyrin ring). Figure 4A shows
the Raman spectra of Cyt c crystals (red line), Cyt c@SiO: (blue line) and SiO; (black line)
films. The vibrational studies were performed in the range of 1000 and 1650 cm™ since most
of the relevant Raman modes belong to this vibrational window.

The Raman spectrum of Cyt c crystals (red line) showed a vibrational mode at 1374 cm™
L (v, pyrrole half-ringsys), known as the v vibrational mode and assigned to the porphyrin ring
breathing mode.®® This band was considered an indicator of the oxidation state of the heme
since it followed the electron density of the iron porphyrin. The vibrational modes at 1585 and
1639 cm known as vz and vio , respectively, corresponded to Raman modes of the amide-I
symmetric stretching (Cg-Cp) and (Co-Cm).%® Here, the band v is considered as a spin-state
marker, whereas vio is considered a band sensitive to structural changes in the protein.®! Thus,

the Cyt ¢ crystals were oxidised and in their native state (Cyt ¢ Fe'""). It is worth mentioning
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that any down-shift of the v4 and vio bands could be attributed to changes in the oxidation state
or in the structural conformation of Cyt c, respectively.

The Raman spectrum of a Cyt c@SiO: film (blue line) revealed well-defined v4 and vio
modes. These bands did not overlap with the SiO> stretching bands (see black line). The
appearance of a broad band centred ca. 1596 cm™ indicated the presence of mixed tertiary
structure and intermingled a-helical and p-sheet secondary structures.®® These conformational
changes were attributed to the strong interactions between the silica walls and the Cyt c. With
regards to the v4 mode centred at 1374 cm™2, this band did not show any shift for the Cyt c@SiO;
film indicating that the encapsulated protein kept its initial oxidation state. The Raman spectrum
for the Cyt c-free silica film (black line) has shown bands centred at 1091 and 1452 cm™?, these
bands were attributed to C-O asymmetric stretching and CHz asymmetric deformation of
partially hydrolysed TEOS, respectively.?
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Figure 4. (A) Raman spectra of Cyt c crystals (red curve), Cyt c@ SiO2 (blue curve) and SiO>
deposit (black curve). (B) Optical image of Cyt c@ SiO> (top), Raman mapping considering a
band specific to Cyt ¢ (vio at 1639 cm™, middle) and a band specific to SiO, (CHs asymmetric
deformation of partially hydrolysed TEOS at 1452 cm™, bottom) as the integration peaks,
respectively.

The primary concern during the encapsulation process was Cyt ¢ agglomeration within
the silica matrix. Therefore, Raman mapping was used to verify the even distribution of Cyt ¢

at the microscopic level. To do so, we have selected one Raman band specific to Cyt ¢ and
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another one for SiO,. We used the broad band centred at 1596 cm™, which included the pair of
peaks centred at 1585 and 1639 cm™* attributed to the vibration modes v- and vio of Cyt c. We
carried out the integration of the band centred at 1452 cm™! to identify the SiO»-rich region of
the sample. The mapping of Cyt c@SiO> pointed out that both SiO> and Cyt ¢ were evenly
distributed within the sample, suggesting a homogeneous distribution of Cyt ¢ within the silica
during the silica deposition process.

Experiments of fluorescence microscopy confirmed the results obtained by Raman
spectroscopy suggesting the presence of a mixed tertiary structure of Cyt ¢ species within the
silica film (Figure 5). Tryptophan fluorescence is a convenient method to investigate the local
conformation of a protein.%3® Tryptophan-59 of Cyt ¢ forms a hydrogen-bond to one of the
propionic groups of the heme centre. In the native state, the fluorescence emission intensity of
this group is low due to quenching of the emission signal.®>-%” However, a partial unfolding of
the protein decreases the fluorescence quenching, and the emission intensity of Tryptophan-59
became measurable.%® The fluorescent emission micrograph did not show fluorescent regions,
suggesting that Cyt ¢ was encapsulated in a native-like state, as suggested by UV-vis DRS and
Raman studies. The Cyt c@SiO: film was then treated using a mixture 1:1 of 0.1 M HCl:ethanol
for two hours under constant stirring to chemically induce denaturing of the encapsulated
protein. After application of this chemical treatment, the appearance of the film was not
affected. However, the emission intensity increased noticeably all over the film (Figure 5B),

with several fluorescent hot spots attributed to the unfolded structure of Cyt ¢ observed.

Figure 5. Fluorescence micrographs of Cyt c@SiO2 deposits before (A) and after (B) 0.1 M

HCl:ethanol treatment.
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Based on the ex situ spectroscopic characterisation of the Cyt c@SiO» hydrogel, Cyt c retained
its tertiary structure and did not unfold during the encapsulation process at the ITIES. This result
suggests that other proteins (enzymes, monoclonal antibodies, among others) could be
immobilised and studied at the interface following a similar in situ sol-gel encapsulation process
at the ITIES.

Electrochemical characterisation of Cyt c@SiO2 hydrogels. In our recent
breakthrough study we have shown that,in the absence of silica, Cyt ¢ adsorbs on the interface
by the application of an interfacial potential difference higher than the PZC.?® Under positive
polarization of the interface, Cyt c is oriented with the active heme group facing towards the
organic phase, where it is accessible for an electron transfer reaction with the organic reductant
decamethylferrocene (DcMFc). Cyclic voltammetry in the presence of Cyt ¢ and DcMFc
showed two processes: (i) a rise of current at an onset potential at +0.50 V and (ii) a reversible
ion transfer at a half-wave potential at +0.20 V (Figure S4). The first process was attributed to
the interfacial electron transfer reaction between Cyt ¢ and DcMFc, while the second process
was linked to the transfer of the DcMFc™ cations generated. The interfacial electron transfer is
the consequence of O catalytic reduction by Cyt c partially denatured by interfacial adsorption
and its interaction with organic TB". In its native state, Cyt ¢ does not catalyse O reduction,
but upon partial denaturation by polarisation of the ITIES, Cyt ¢ becomes a potential O>
reduction catalyst.?®

Ex situ spectroscopic characterisation, reported in section 3.2, suggested that Cyt c
encapsulated in silica (Cyt c@SiOy) retained its native conformation and hence should not
catalyse O2 reduction. A Cyt c@SiO> hydrogel was thus prepared by cyclic voltammetry using
electrochemical cell 2. Once the Cyt c@SiO. was formed, the aqueous phase was carefully
replaced with a phosphate buffer solution at pH 7 (Figure S5). The silica film remained intact
after the replacement of the aqueous solution. Indeed, it did not show macroscopic defects; it
was flexible and robust, with waves or curls at the interface suggesting a membrane-like
behaviour. A stable cyclic voltammetry signal was obtained after 20 repetitive cycles. The
stabilised CV presented a featureless blank CV with a typical ion transfer of background
electrolyte at both negative and positive end potentials (Figure S5). After the addition of 100
MM of DcMFc to the organic phase, no electrocatalytic activity towards O. reduction was
observed, confirming that Cyt ¢ kept its native conformation during the encapsulation (Figure
6). This may be ascribed to electrostatic interactions between Cyt ¢ and the surface of the silica

pores,?® avoiding further hydrophobic interactions and partial protein denaturation.
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Since the environment nearby a protein plays a major role in its electroactivity,?’238
Cyt c species were encapsulated within organic-inorganic hybrid silica films. A hybrid Cyt
c@Silica film was prepared from a sol which contained 10 % of methyltriethoxysilane
(MTEQS). These Cyt c@MeSiO: films presented an interfacial electroactivity in the presence
of DcMFc with an onset of current at +0.45 V, attributed to O reduction (Figure 6). The
interfacial electroactivity observed with hybrid Cyt c@MeSiO: films might be due to the higher
hydrophobicity, allowing organic phase to diffuse through the hybrid silica gel and thus causing
partial denaturation of the encapsulated Cyt c. These experiments show that control of Cyt ¢’s
immediate environment can protect the biomolecule from denaturation despite the application

of a positive interfacial potential difference and the close proximity of the organic phase.

100

75 4 Cyt C@Si02 [

Cyt c@MeSiO,
(4

504

Current / pA

-25 4

-50 4

754

0:0 ‘ 0:2 ' 0:4 I O:G ' 0:8
N TA
Figure 6. Cyclic voltammograms of Cyt c@SiO> (blue curve) and Cyt c@MeSiO- (red curves)
modified ITIES in the absence (dashed curves) and in the presence (solid curves) of 100 uM
DcMFc in the organic phase. They cyclic voltammetry was performed using electrochemical
cell 4 (see Scheme 1) at a scan rate of 20 mV s™. The arrow represent the current evolution with

the repetition of scans in the case of Cyt c@MeSiOx.

Conclusions

Cyt ¢ was encapsulated in a silica hydrogel during the cycling of the potential window,
which allowed subsequent silica condensation and Cyt c¢ adsorption. This two-step
electrochemical process was followed by in situ UV-vis absorption spectroscopy. After the
hydrogel formation, ex situ spectroscopic characterisation (confocal Raman microscopy,
fluorescence spectroscopy and UV-vis diffusive reflectance spectroscopy) showed that Cyt ¢

was deposited in its native state. This was also confirmed by the absence of O catalysed by

14



denatured Cyt c at the ITIES. This method for the encapsulation of Cyt c at soft polarised
interfaces could be used for other types of proteins in the field of bioelectrosynthesis or
bioelectrocatalysis, where the low water solubility of hydrophobic substrates or products may

limit the conversion rate of chiral compounds of pharmaceutical interest.
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