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Laviron Model:

Laviron model is used for heterogeneous rate constant and transfer coefficient for the

surface adsorbed redox process. The bellow formalism is used for kinetic parameter:

E,=E’+—{n
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Where E,, is the peak potential of redox process, E 1s the formal potential of the system, R
is universal gas constant (8.314 J K-'mol-"), T is the absolute temperature (298 K), o is
electron transfer coefficient of the electrode process, n is the number of electron
participation in redox process, F is the Faraday constant (96485 C mol!), K is the

heterogeneous electron transfer rate constant.

Calculation of % of reduced or oxidized Species:

Operando UV-vis spectroscopy is employed to calculate the % of reduced or oxidized
species during redox process and the formal potential calculation. The following formalism
is used to calculate the formal potential as well as number of electrons in the redox process.
[reduced form]

0 E

-A
s [1]

A
[oxidzed form] - Ag
Ag 1s absorbance of proteins in fully reduced state, Ay is absorbance after complete
oxidation, and Ag is the absorbance at different depth of potential. At the initial state of
experiment, we assume all the species are in oxidized state. Ay is set as zero for the
absorbance before the experiment. The above equation is:
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To formalized with Nernst equation with the above equation
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Where E,ppiica 18 the applied potential of working electrode, E? is the formal potential of
the reaction and n is the number electron in the redox reaction. For calculate of the
percentage of reduced species as a function of potential Soret band and B band intensity as

function of voltage is considerate.

Operando UV-vis spectroscopy:

Operando UV — vis spectroscopy is performed in a three electrode an optically transparent
thin layer electrochemical cell (OTTLE) which schematic shown below. Working electrode
(WE) (1x1 cm? Pt mesh) and counter electrode (CE) (Pt wire) is placed in 1 mm thickness
path length of the cuvette and the reference electrode (Ag/AgCl) is placed in top of the
working electrode (10 mm pathlength). For the gas inlet and gas outlet hole is present to
purge the electrolyte before the experiment and maintain the inert atmosphere during
experiment. All the data is collected in AutoLab UB spectrophotometer (Metrohm) in DIO
trigger mode with deuterium /halogen light source. The data is collected in 200 to 800 nm
wavelength with integration time of 25 ms with 100 number of spectra averages. During
the data collection sampled DC voltammogram is performed with a SmV voltage pulse for
30 sec. Before the experiment, electrolyte is purged for 30 min with the flow rate of 150
mL/min in the air sealed cell and keep the gas flow top of the solution to maintain the inert
atmosphere (anaerobic condition). The beam is incident on the working electrode surface
to monitor electronic energy state changes during the redox process which is shown in

schematic.
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Schematic 1: Operando UV-vis spectroscopy experimental set up. The pathlength of the
light is I mm where WE and CE electrode is placed and reference electrode top of them.
All three electrode is connected to a potentiostat for apply the voltage pulse. The light beam

is focused on the working electrode surface.

Operando circular dichroism:

Operando circular dichroism experiment is carried out an inhouse build electrochemical
set up which schematic is shown below. The experiment is done in nitrogen atmosphere.
The electrolyte is purged at the flow rate of 150 mL/min for 30 min and maintain the gas
flow during data collection. The data is collected for 60 sec of accumulation time with
averaging 2 times of the spectrum. During data collection, sampled DC voltammogram is
performed with a 50 mV voltage pulse for 120 sec in each step. The working and reference

electrode is connected with potentiostat (AutoLab, Metrohm).
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Schematic 2: Operando circular dichroism experimental set up. The pathlength of the
cuvette is 1 mm. Gas inlet and outlet is there to purge the electrolyte and maintain the inert
atmosphere.

Operando Raman experiment:

Operando Raman experiments are carried out in house build operando electrochemical cell
which schematic is given bellow. In this cell, quartz window is used for the Raman
transparent window. The distance of the window and working electrode is 2 mm to
minimize the interference of the lessor beam by the window as well as electrolyte. The
volume of the electrolyte is used 1.5 mL in this cell. In the below and upper part of the cell
is tight with screw with an O ring to air tight the cell. Reference and counter electrode are
inserted inside cell with the side wall of the cell. To minimize the distance of the distance
of the CE, RE and WE, all three electrode is precisely placed in small volume of the
electrolyte. All the experiment is done in inert atmosphere where the electrolyte (PBS
buffer) is purged before the experiment at 150 mL/min of flow rate for 30 min. Horiba
confocal Raman instrument is used for the experiment where 50 XL lense is use for

focusing and 633 nm lessor source is used for the experiment with 25 % of power with 500



(600 nm) grading (schematic3). The resolution of spectrometer is 1 cm-!. The spot size of

the laser is used 2x2 um?.
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Schematic 3: Electrochemical cell for operando Raman spectroscopy measurements. The
working electrode is covered with the thin film of protein molecules.
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Figure S1. (A) Cyclic Voltammogram of hemin in PBS buffer at different scan rates. The

arrow represents the scan direction. (B) Cathodic peak current versus v plot indicates a
linear relationship due to the surface adsorbed electron transfer process. (C) Plot of peak

position (cathodic and anodic) versus Inv used in the estimation of rate constant and

transfer coefficient as per the Laviron model.
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Figure S2. Cyclic Voltammogram of myoglobin (Mb) and hemoglobin (Hb) in left pannel

in PBS (pH 7.2) buffer. Scan rate versus cathodic peak current for validation of surface

adsorption process in the right panel.



Table S1. Heterogeneous rate constant and transfer coefficient of heme proteins as
obtained from Laviron equation.!

OlSystem / Ottemin KSystem/ Ktemin
Myoglobin 0.693 0.423
Hemoglobin 0.66 0.245
Cytochrome C 0.25 0.89
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Figure S3. UV-vis spectra of hemin before and after application of potential. Under the
application of potential, the hemozoin formation is shown in right side where the
carboxylate group of the porphyrin ring coordinate to the iron center. The Soret band is

due to the transition of electron from 'A, to 'E, state and B band due to !A;, to 'E,.
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Figure S4. Operando UV-vis spectra of hemin in PBS buffer during oxidation of Fe?* —

Fe3*
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Figure S5. Operando UV-vis Spectra of Hemin and histidine mixture during the oxidation.

The top one is for 1:1 and the bottom one is for 1:10 mixture.
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Figure S6. Operando UV-vis spectroscopy of hemin and methionine mixture. (A) and (B)
1:1 mixture of hemin and methionine during reduction and oxidation process respectively.
(C) and (D) are for the 1:10 ratio of hemin : methionine mixture during the cathodic and

anodic processes respectively.
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Figure S7. Operando UV-vis spectra during anodic process for (A) myoglobin (Mb), (B)

hemoglobin and (C) cytochrome — C.
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Figure S8. Cyclic voltammogram in PBS buffer for histidine (A) and tryptophan (C). UV
-vis spectra in PBS buffer for histidine (B) and tryptophan (D) before application of
voltage. The redox peak between -0.6V to -0.8V is due to the direct electrochemical
deprotonation of the terminal primary amine (NH3*) of histidine and tryptophan. The

absorbance band near 214 nm due to the © — * transition.?3
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Figure S9. Operando UV-vis spectroscopy of histidine during reduction (top) and
oxidation (below) graph. The m — ©* transition during the redox process is shifted during
the redox process due to direct electrochemical deprotonation of the amino acid leads to

change in the energy state.
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Figure S10. Operando spectroscopy of tryptophan during reduction (top) and oxidation

(bottom). During individual redox chemistry of amino acid, the electrochemical
deprotonation of the side chain amino acid used to happen. Thus, the effect on UV-vis

spectra during the redox process is negligible on the aromatic ring.
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Figure S11. UV-vis spectra of myoglobin (Mb) in PBS buffer (pH 7.2) without any
electrical field (at OCV) and after the first reduction cycle ( -0.9 V) and after the first
oxidation cycle (0.0 V). The absorbance band at 282 nm and 227 nm band merge together
when the reduction occurs at the metal center which is shown in light red color. During

cathodic process, the band separates slightly, however, the profile of the bands are
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Figure S16: Raman spectra of Glassy carbon electrode and hemin cast on glassy carbon
electrode inside the electrochemical cell in presence of electrolyte. As the glassy carbon
electrode is covered by the thin film of the hemin, the D and G band is not observed for the
modified electrode.

Table S2: Structural components of Hemoglobin during reduction from BeStSel fitting.

Potential(V) Helix Helixl Helix1 Antiparallel Antil  Anti2  Anti3 parallel turn  others

(Regular) (distorted) (Left (relax) (Right
twisted twisted)
0 39.2 238 15.4 15.7 0 0 15.7 0 79 372
-0.1 3902 238 15.4 15.7 0 0 15.7 0 79 372
-0.25 393 26.7 12.6 15.9 0 0 15.9 0.5 11.5 32.8
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-0.3 364 242 12.2 16.5 0.2 0 16.3 1 9.7 364
-0.35 36.6 23.8 12.8 16.7 0.9 0 15.8 1.8 84 364
-04 347 184 16.3 7.5 0 0 7.5 6.1 59 459
-0.45 355 18.5 16 4.8 0 0 4.8 8.8 8 44
-0.5 312 174 13.8 1.5 0 0 1.5 9.9 9.3 479
-0.55 28.7 17.5 11.2 12.1 0 0 12.1 5.2 11.4 42.6
-0.6 282 155 12.7 4.5 4.5 0 0 11.7 11.6 44
-0.65 283 163 12.1 12.3 0 0 12.3 53 9.5 445
-0.7 27.8 18.4 9.4 15.5 0 0 15.5 4.6 12.5 39.6
-0.75 279 16.8 11.1 13.5 0 0 13.5 4.4 9.7 444
-0.8 27.8 18.4 9.4 15.5 0 0 15.5 4.6 12.5 39.6
Table S3: Structural components of myoglobin during reduction from BeStSel fitting.
Potential(V) Helix Helixl Helix1 Antiparallel Antil  Anti2  Anti3 parallel turn  others
(Regular) (distorted) (Left  (relax) (Right
twisted twisted)

0.15 248 9.8 15 10.7 0 0 10.7 0 9.8 547
0.1 242 9.8 14.3 10.4 1.7 0 8.7 0 10.4 55
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Table S4: Structural components of Cytochrome C during reduction from BeStSel fitting.

Potential(V) Helix Helixl Helix1 Antiparallel Antil  Anti2  Anti3 parallel turn  others

(Regular)  (distorted) (Left  (relax) (Right

twisted twisted)
0 73 2.1 5.3 28.5 7 7.6 13.8 0 14.3 49.8
-0.1 6.8 1.8 4.9 28.3 2.5 109 15 0 15 50
-0.15 6.8 1.9 4.9 31.2 7.2 9.3 14.7 0 14.6 473
-0.25 7.1 2.2 5 30.5 9 8 13.6 0 14 48.4
-0.35 6.7 1.8 5 31.7 2.8 13.2 157 0 154 46.2
-0.45 6.3 1.5 4.9 28 9 5.1 14 0 144 51.2
-0.5 5.9 1.4 4.6 30.4 7.1 9.3 14 0 144 49.2
-0.55 5.8 1.4 4.4 32.2 8.8 9.6 13.8 0 14 47.9
-0.6 55 09 4.6 28 5.7 8.9 13.4 0 14.2 52.3
-0.65 42 04 4.2 324 8.5 9.5 14.4 0 14.6 48.4
-0.7 4 2.5 1.5 36.4 0 18.8 17.5 0 16.5 43.1
-0.75 42 0.5 3.7 35.6 4.3 15.7 15.5 0 15.3 45
-0.8 46 0.6 4 31.9 7.8 9.2 14.9 0 14.9 48.6
-0.9 46 0.8 39 31.1 6.4 9.7 15 0 149 494
-0.95 43 0.6 3.7 33.5 1.5 16.4 15.6 0 15.5 46.7
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Table SS: Band assignments, symmetry terms and local coordination of hemin at the initial

state. All the bands are well matched with the literature.*7 Some of the bands are small

deviated probably due to electrolyte interference. The notation of the mode as follows: v =

in - plane stretching mode Y" = out of plane mode and 6 = deformation mode.

Band Assignme Symmetry term Local Coordination
Position(cm” nt
)
1623* Vio B, V(CoCin) asym
1556* B, V(CyCyp)
1488* Ajg V(CoCrn) sym
1446* E, V(CoCin) sym
1398 Va9 B, v(pyrrole quarter ring)
1366 V(C-N)
1308 Ay, 8(CnH)
1234* E, 5(CrnH)
1167 V30 By, v(pyrrole half ring) asym
1120 Ang V(CoN)
974 Vie E, d(pyrrole deform),sym
819* By Y(CnH)
754 Vis Big Y(pyrrole breathing)
675% Vs Ajg d(pyrrole deform)sym,
405 3(CoCpCrn)
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345 v(Fe-N)
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