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Abstract

The conformational changes of myoglobin (Mb) during urea-induced protein
unfolding were investigated using an electrochemical method. Using several different
concentrations of urea, Mb adsorbed onto a montmorillonite clay modified glassy
carbon electrode (GCE) was denatured. It was determined from the relative
differences in the percentage of Mb unfolding that urea-induced Mb unfolding is a
one-step, two-state transition process. The results obtained using electrochemical
analysis were in agreement with those obtained by UV-vis spectroscopy and
fluorescence spectroscopy, confirming our observations. Thermodynamic parameters
during the conformational changes were also calculated to further characterize the
unfolding process of Mb. Furthermore, two typical denaturants, urea and acid, were
synergistically utilized to maintain GCE incorporated Mb in its most unfolded state,
while simultaneously maintaining the presence of the heme groups. Under optimal
conditions, the unfolded Mb/clay/GCE exhibited accelerated direct electron transfer

relative to native Mb/clay/GCE. Additionally, the sensitivity for the detection of H,O,
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was increased nearly 10-fold, and the limit of detection (LOD) for H,O, was reduced
to 0.3uM for unfolded Mb/clay/GCE relative to native Mb/Clay/GCE. The present
work introduces a simple and effective way to study the unfolding of metalloproteins
and holds great promise for the design of novel sensitive biosensors.

Key words Electrochemistry - Conformation - Unfolding - Myoglobin - Urea

1 Introduction

During several decades, the protein folding/unfolding has been widely studied in
attempts to understand the relationship between protein structure and function."* The
sequences of natural proteins have emerged through evolutionary processes so that
their unique native folding states are formed very efficiently, even in the complex
environment inside a living cell. However, under some conditions, proteins fail to fold
correctly in living systems, and this failure can result in some amyloidoses associated
diseases, including Alzheimer’s disease and Parkinson’s disease.> * Thus, a large
number of methods have been developed to investigate protein folding/unfolding,
such as UV-vis spectroscopy, fluorescence spectroscopy, circular dichroism
spectroscopy, mass spectrometry, and infrared/Raman spectroscopy.”

Relative to spectral techniques, electrochemical methods play a considerable role
due to their high sensitivity, rapid analysis, low instrument cost, and the capability of
achieving kinetic and thermodynamic information on protein unfolding.”'* The
electrochemical signals of proteins are closely related to the structural characteristics

they possess around their redox center.*'>™'® For instance, the relative exposure/burial
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of the redox center or the disassembly/assembly of subunits within denatured protein
molecules can lead to the change of peak current in voltammetry. The promotion or
suppression of the electron transfer (ET) ability of the protein, which is indicative of
variations in the distance between the redox center and the electrode surface, is
correlated the change in peak-to-peak separation. The current-time profile provides
information regarding the nature of the redox center dissociation and the dynamics of
the dissociation itself.

The vast majority of proteins does not directly unfold from a natural state (N-state)
to a fully unfolded state (U-state), but exist in one or more intermediate states (I-state)
during the unfolding process.17 The overall structure of these I-states are still
relatively similar and contain many secondary structures, but have lost the functional
activities of the original N-state. The refolding process of a protein in the U-state is
roughly the reverse of the unfolding process, however, for a variety of reasons,'® there
may be different I-states that form aggregates and form precipitates. Three, four, and
five states have been reported for the unfolding process of some proteins by different
denaturants.”* The determination of these states not only requires fluorescence
spectroscopy, nuclear magnetic resonance spectroscopy, circular dichroism
spectroscopy, infrared spectroscopy, size exclusion chromatography and other
physical and chemical means, but also additional complex tests and complicated
calculations. However, electrochemical methods also play an important role in this
research. For example, our group previously reported on the stable conformational

state distribution of Hemoglobin (Hb) unfolding determined by an electrochemical
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method.”*

Myoglobin (Mb) is a small heme proteins found in muscle cells whose
physiological function is to store and increase the diffusion rate of dioxygen.
Although Mb does not act as an electron carrier, it does participate in redox reactions
in the respiratory system, thus playing an essential role in biological processes. The
cofactor in native Mb is a type-b heme (iron-protoporphyrin IX ring), which directly
interacts with the protein through the side chain of the proximal histidine (His93 in
Mb). The second axial ligand is either exogenous water when the iron of the heme
gruoups is in the ferric state, or O, when the iron is reduced, and both of these ligands
interact with the protein through hydrogen bonding, with the distal histidine (His64 in
Mb).”* Studies on Mb folding have focused mainly on characterizing the stabilities
and structures of initial, intermediate, and final apoglobin states in the absence of
heme. For example, sperm whale apoMb has been shown to lose a significant amount
of secondary structure after heme removal, which primarily involves unfolding of the

F helix and surrounding EF and FG loops.*®**

Further perturbation induced by the
addition of heat or chemical denaturants (acid, urea, or GuHCI) leads to the complete
loss of secondary and tertiary structure.

In this paper, the conformational changes occurring during the unfolding process
of Mb were successfully revealed by electrochemical and optical methods. Moreover,
a sensitive electrochemical approach for detecting H,O, was developed based on

controlled protein unfolding. This work provides a simple and effective way to study

the unfolding of heme proteins, and could potentially be applied to the design of novel
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and sensitive biosensors due to the greater exposure of the electrically active center

relative to other methods.

2 Experimental

2.1 Chemicals and reagents

Bovine Mb (M,, = 17 700) was purchased from Sigma and used without further
purification. Urea was obtained from Fluka. Other reagents were analytical reagent
grade.

Phosphate buffer saline (PBS, 0.1 M, pH 7.0, containing 0.1 M KCI) was
prepared from the stock solutions of Na,HPO,4 and NaH,PO,, and adjusted to the pH
value. Urea solutions with different concentrations (1.0-8.0 M) were prepared by
dissolving desirable amount of urea in PBS. Montmorillonite clay suspension (1.0 mg
mL™") was prepared by dispersing clay (1.0 mg) in doubly distilled water (1.0 mL)

with ultrasonication before use.

2.2 Electrochemical measurements

A glassy carbon electrode (GCE) of 3 mm diameter was polished to a mirror-like
state with 1.0, 0.3 and 0.05 mm Al,O3 powder. The well polished GCE was cleaned in
absolute ethanol and doubly distilled water by sonication for 5 min, respectively.
Montmorillonite clay suspension (5 puL) was then carefully dropped onto the surface

of GCE and dried at room temperature (clay/GCE). Mb was dissolved in PBS solution,
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and the Mb concentration was 5 mg mL™'; 5 uL of the resulting solution was cast onto
the clay/GCE surface using a syringe. The modified electrode was moved into a
refrigerator and kept at 4 °C to dry overnight. The fabricated modified electrode was
stored at 4 °C in a refrigerator when not in use and noted as Mb/clay/GCE.
Mb/clay/GCE was dipped in different concentration of urea (1.0-8.0 M) at 4 °C for 8
h to make Mb unfold in different levels.

Cyclic voltammetry (CV) was performed with CHI 660D electrochemical
workstation (Shanghai CH Instrument Co. Ltd., China) in three-electrode cell.
Modified GCE was used as working electrode, and a platinum spiral wire was used as
the counter electrode. All potentials were biased versus saturated calomel electrode
(SCE). For the electrochemical experiments conducted under anaerobic conditions,
the solutions were bubbled with pure N, gas for more than 30 min, and N, gas was

kept flowing over the solution during the electrochemical measurements.

2.3 Spectral measurements

UV-vis absorption spectra were recorded on a Specord 50 spectrometer (Jena,
Germany). Fluorescence measurements were conducted on an F-2500 fluorescence
spectrometer with xenon lamps (Hitachi Ltd., Japan). Unless stated otherwise, all
measurements were performed at ambient temperature (25 £ 2 °C).

For all spectral measurements, Mb was incubated in urea (1.0-8.0 M) for 8 h at 4
°C to reach equilibrium, and the unfolded Mb was noted as uMb. In order to obtain

better spectra, all the Mb solutions were diluted before measurements, and the time
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between the measurements and dilution was controlled within seconds. The
concentrations of Mb for UV-vis and fluorescence measurements were 80 and 300 mg
L', respectively. Some parameters fluorescence measurements are listed below. The
slits of excitation and emission were both 5 nm; the excitation wavelength was 295
nm; the scanning range of wavelength was 300-450 nm; the scanning speed was 1000
nm / min. All spectral measurements were carried out at ambient temperature (25 + 2

°Q).

3 Results and Discussion

3.1 Effect of unfolding time

The effect of unfolding time on Mb induced by urea was investigated firstly. Fig.
1 showed the variation of absorbance and fluorescence intensity during Mb unfolding
induced by 8.0 M urea from 1 h to 12 h. The absorbance decreased gradually while
fluorescence intensity increased from 1 h to 8 h, which revealed the change of Mb
conformation. The absorbance and fluorescence intensity kept almost the same
beyond 8 h, which showed that the conformation of Mb was stable. Therefore, the

time of unfolding for Mb induced by urea was determined for 8 h.

Fig. 1

3.2 Urea-induced unfolding of Mb on clay-modified electrode
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In the native state of Mb, the iron atom in the center of heme porphyrin has six
coordinate bonds, four of which participate in the coordination with the nitrogen
atoms in porphyrin ring and form a plane. The heme groups are deeply buried in the
hydrophobic pockets of Mb with a six-coordinate high-spin complex and thus show a
poor electrochemical property at modified electrode. Mb and Hb are both belong to
hemeproteins, our previous research®® showed that the electrochemical response
increased upon the unfolding of Hb induced by urea because of the exposure of
electrical active center.

Fig. 2A showed typical cyclic voltammograms (CVs) of different chemically
modified electrode in the absence or presence of 8.0 M urea as the denaturant. Clay
had no electrochemical response on GCE (Fig. 2A, curve a), after Mb adsorbed onto
the clay/GCE (Mb/clay/GCE), a pair of weak redox peaks were observed with the
formal potential (E*) of —0.208 V and the peak-to-peak separation (AE,) of 112 mV
(Fig. 2A, curve b). The redox couple at —0.208 V was attributed to the redox reaction
of heme Fe""/Fe" in Mb.*” The E° of Mb was smaller than previous reports that Mb
was immobilized in Cys/Au,”” and Chit-MWCNT/AgNPs/GCE.*' This indicates that
the different film components, which might interact with protein or affect electric
double layer of the electrode, may have an obvious effect on the kinetics of the
electrode reaction for hemeproteins.”>* Mb is one of the most well-studied proteins
and has long been serving as a model for the folding and unfolding of heme proteins.
The long distance between the heme groups and electrode and the large steric

hindrance of native Mb** essentially result in the poor electrochemical response of Mb
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at the clay modified GCE. The incubation of Mb in 8.0 M urea (uMb/clay/GCE)
caused changes of the native secondary and tertiary structure surrounding the heme
group, thus resulted an enhancement of the water solubility of hydrophobic side
chains. Therefore, the peak current (/) increased greatly with a positive shift of E° to
-0.182 V and an enlarged AE, to 183 mV (Fig. 2A, curve c). The change of the
coordinating environment of heme irons resulted in the change of E°.** Although the
direct electron transfer between the heme groups of Mb and clay-related film can be
facilitated, the AE, was larger than that of Mb/clay/GCE, moreover, the I, of
uMb/clay/GCE was larger than that of Mb/clay/GCE, suggesting that the greater

exposure of the electroactive center and the change of Mb conformation.

Fig. 2

The hydrogen bonds formed by urea and amino acid residues in the protein have
an important role for the protein unfolding, and different concentration of urea can
cause different exposure extent of electrical active center in Mb. Fig. 2B showed the
CVs of Mb which was unfolded by urea with different concentrations. The current
response increased at different extent as urea concentration increased because of the
greater exposure of the electroactive center. Fig. 2C showed the relationship between
I, and urea concentration during the step-wise denaturation of Mb. The change for /,
was great as urea concentration between 0-3.0 M, which indicated that the

conformation of Mb changed greatly. /,. changed slightly as urea concentration from
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3.0 to 8.0 M.

The Soret absorption band (350-450 nm) of hemeprotein is sensitive to
conformation change nearby heme.*® *” Therefore, UV-vis absorption spectrum is
widely used for the research of Mb conformation change.

Without the presence of urea, a tight Soret band at 410 nm was obtained (Fig. 3,
curve a), which was assigned to the heme monomer coordinated to His93 in the native
state of Mb.** The intensity of the absorption spectra decreased as the urea
concentration from 1.0 M to 8.0 M (curves b-i). Moreover, the maximum absorption
wavelength kept almost the same under various urea concentrations, indicating the
heme remained attached to Mb at the native site when Mb was unfolded by urea.*®
The Soret absorption band of hemeprotein is caused by the interaction between heme
and globin. In urea-water mixture, the hydrogen bond between urea and globin can

effect the interaction and result in the decrease of absorption intensity.**

Fig. 3

The intrinsic fluorescence property of proteins has proved to be a useful probe of
protein structure, function, and dynamic. Tryptophan (Trp), tyrosine and phenylanine
amino acid residues in protein molecules emit fluorescence. As shown in Fig. 4, the
Mb molecule produced a maximum emission peak at 346 nm (curve a). When the
urea concentration increased from 1.0 to 8.0 M, the fluorescence intensity of Trp
increased gradually, and the maximum emission wavelength shifted slightly to 357

10
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nm (curves b-i), indicating that the presence of urea caused changes of hydrophobicity
in the vicinity of Trp residues. In native Mb, the Trp residues are located in the
vicinity of heme, and their fluorescence is strongly quenched by Forster resonance
energy transfer.*” * With the increase of urea concentration, the conformational
change of Mb led to the increase of the distance between Trp and heme. Accordingly,
the energy transfer efficiency was reduced, and the fluorescence intensity increased

gradually.” 4

Fig. 4

In order to further evaluate the results from different techniques, a linear free

energy model (LEM) was used.***

Jfu (%)= YTV 100% (for CV and Fluorescence spectroscopy) (1)
-y
Ju (%)= yxn—yu x100% (for UV-vis spectroscopy) (2)

Where y represents the electrochemical or spectral intensity value in a particular
unfolding condition, yn and yy are the electrochemical or spectral intensity value in
the native and fully unfolded state of Mb. The unfolded percentage of the native Mb
(fv) 1s 0 % while that of the fully unfolded Mb (fy) is 100 %.

Fig. 5 summarized the results obtained by electrochemistry, UV-vis spectroscopy,
and fluorescence spectroscopy for Mb unfolding as a function of the urea denaturant.

The unfolding percentage of Mb obtained by the three methods was calculated by
11
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using the value obtained in the absence or presence of urea. The small discrepancies
of fiy from electrochemistry and spectroscopy methods was because electrochemical
measurements were performed on the electrode interface, while spectral
measurements in solution system. There was no platform in fy during the Mb
unfolding induced by urea, consequently, a one-step, two-state transition process was
monitored by electrochemical and spectral methods. This showed that there were only
two stable conformations, including natural state and completely unfolded state. The
denatu- ration process of Mb conformed to a typical two-state model. In our previous
research, there existed an intermediate state in Hb step-wise unfolding induced by
urea, however, no intermediate state was found in Mb unfolding induced by urea. The
possible reason is that the molecular structure of Mb is different from Hb. Hb in its
native state is approximately spherical in shape with dimensions of 65 x 55 x 50 A
and has a heterotetrameric structure composed of four subunits that are referred to as
al and o2 subunits with eight helices and B1 and B2 subunits with seven helices.
However, the molecule structure of Mb is relatively simple than that of Hb. Mb is a
small, compact globular protein having eight a helices (A-H) and is composed of 153
amino acids cradling a heme prosthetic group with iron in center surrounded by a
hydrophobic core. The good consistency in the unfolding curves obtained with CV,
UV-vis spectroscopy and fluorescence spectroscopy further substantially validated the
electrochemical method based on the redox process of the heme groups at chemical
modified electrodes as a new tool for the study of the unfolding processes of Mb
induced by urea.

12
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Fig. 5

3.3 The calculation of the thermodynamic parameters during Mb conformational
change
According to the LEM,** *# the relationship between the free energy and

equilibrium constant is shown as following:

Su Ju
Keg= 2 = 3
I (3)
AGy=-RT In K¢q (4)

AGy = AGuy, water — m[D] (5)

Keq is the equilibrium constant between the folded and unfolded state of Mb.
AGy is the change in the free energy of Mb in a certain unfolding condition. AGuy, water
is the change in the free energy of the folding Mb in water. m, which can index the
change in solvent exposure during the transition and the compactness of Mb, is
obtained from the slope of the Santoro-Bolen equation.“’46 [D] is the concentration of
urea. Accordingly, similar thermodynamic parameters of m and AGuy, water of Mb were
obtained from electrochemistry, fluorescence spectroscopy and UV-vis spectroscopy

(Table 1).

Table 1

The small discrepancies of m and AGuwae from electrochemistry and
13
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spectroscopy methods was also due to that electrochemical measurements were

performed on the electrode interface, while spectral measurement in solution system.

A thermodynamic cycle of Mb induced by urea was established as following:

AG m
Fe" Mb (folded) Fe" Mb (unfolded)
AG 1 AG,
Fe" Mb (folded) Fe" Mb (unfolded)
AGu 1

By combining the electrochemical data with the free energy changes in Mb
unfolding process, the different stability of reduced and oxidized Mb induced by
urea can be assessed from the cycle. According to AGy —~AG, = —nF (AE) = —nF
(Efo' —Euol ), the difference of the free energies between unfolding the oxidized and
the reduced Mb (AAGu =AGu™ —AGu") was estimated to be —3.5 kJ mol .
Consequently, when treated with urea at pH 7.0, the reduced Fe" Mb was more

I

stable than the oxidized Fe© Mb, which may be caused by the different

coordination environments of Fe' and Fe'"' in the native Mb.

3.4 Optimization of Mb unfolding conditions

Protein controllable unfolding can be used for biosensor establishment with high
sensitivity because of the greater exposure of the electroactive center.’ As typical
denaturants, acid and urea have different unfolding ability. Acid has strong subunit

and heme-dissociating ability, while urea has chaotropic effects.”® By synchronous

14

47,48
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optimization of acid and urea conditions, the unfolding state of Mb can be precisely
regulated to a most unfolded state without losing the heme groups in 5.0 M urea at pH
4.0. Fig. 3 showed the UV-vis spectra of 80 mg L' Mb in 0.1 M pH 7.0 PBS
containing different concentrations of urea from 0 to 8.0 M. Mb in neutral PBS
exhibited a sharp Soret absorption at 410 nm, which is attributed to he heme monomer
coordinated to His93. As urea increased from 1.0 to 8.0 M, the intensity of the Soret
absorption decreased markedly at nearly a constant maximal absorption wavelength.
The results suggested that urea is a mild denaturant and Mb only undergoes
conformational changes while does not lose its heme groups even at high
concentration of urea.”

In comparison with the unfolding of Mb by urea, Mb in 0.1 M PBS with different
pH from 7.0 to 1.0 showed different unfolding behaviors (Fig. 6A). The Soret
absorption at 410 nm showed no obvious change at pH from 7.0 to 5.0, and a dramatic
decrease at pH 4.0. When pH lower than 4.0, the Soret absorption at 410 nm totally
disappeared and a new broad Soret band near 392
nm emerged, indicating the rupture of the coordination bond between heme groups
and the His93 of Mb.

In order to mostly expose Mb without losing its heme groups, acid and urea were
performed synchronously. Fig. 6B showed the UV-vis spectra of 80 mg L™' Mb in 5.0
M urea solution with various pH values. With decrease in pH from 6.0 to 4.0, the
Soret absorbance of Mb at 410 nm dramatically decreased with no shift in the
maximal absorption wavelength. When pH was lower than 4.0, the absorption peak at

15
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390 nm appeared and increased with the decrease in pH, suggesting the start of
breaking the heme groups in Mb. These results indicate that Mb in pH 4.0 PBS
containing 5.0 M urea can be exposed mostly without losing heme groups.

The unfolding state of Mb in 5.0 M urea with different pH values was also
investigated by fluorescence spectroscopy, as shown in Fig. 6C. When pH gradually
decreased from 6.0 to 4.0, the fluorescence enhanced dramatically with red shift. Mb
molecule contains a number of Trp residues, which locate closely to heme groups.

The fluorescence emission spectrum of Trp residues, which is quenched by heme and

other surrounding groups in native Mb, reflects the conformational information of Mb.

The unfolding of Mb increases the distance between Trp residues and heme groups.
Therefore, the energy transfer between Trp residues and heme groups decreases
accordingly,13 causing the enhancement of the fluorescence intensity. Besides, the
exposure of Trp residues to polar environment with the unfolding of Mb results in the
red shift of Trp fluorescence.” When pH decreased to 4.0, the fluorescence intensity
reached the maximum and leveled off, indicating the completely exposed state of Mb.
Further reduce of pH led to a dramatic decrease in fluorescence intensity, suggesting
the start losing of heme groups. Consequently, in order to obtain the best
electrocatalytic activity, an unfolding condition of pH 4.0 PBS containing 5.0 M urea

was selected.

Fig. 6

16
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3.5 Electrocatalytic ability of unfolded Mb/clay/GCE based on controlled protein
unfolding

Amperometric detection is an important detection method in electrochemical
analysis. The resulting current is proportional to the concentration of the species
generating the current, and the quantification of H,O, can be achieved via the
electrochemical detection of the proposed Mb modified electrode.

The response of the modified electrode for determination of H,O, based on
uMb/clay/GCE was tested by the amperometric current-time curves. Fig. 7
demonstrated the typical current-time curves of this modified electrode through
successive addition H,O, of different concentration into a 20 mL continuous stirring
N,-saturated PBS. When H,0, was added into 0.1 M blank PBS, the reduction current
rose steeply to reach a stable value. The 95% of the steady-state current could be
obtained at about 3 s by using the proposed modified electrode, which indicated a fast
response process. In addition, the current responses of the proposed modified
electrode were linearly related to H>O, concentration in a wider linearity range from
8.0 x 107 to 1.8 x 10™ M (inset in Fig.7). The linear regression equation is / (1A) =
473 x 107 C (uM) + 8.42 x 107 (r = 0.9983) with a limit of detection (LOD) 3.0 x
107 M (S/N = 3). A sensitivity of 151.5 pA mM™' was obtained, which was nearly
10-fold larger than that of neutral Mb/clay/GCE (15.5 pA mM™, inset in Fig.7). The
great improvements in sensitivity and LOD hold great promise for the design of novel
sensitive biosensors. Moreover, the performance comparisons of the present sensor
with others were presented in Table 2. Through these comparisons, obviously,

17
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performance of the uMb/clay/GCE was better than that of other electrodes, especially
the extremely high sensitivity and low LOD. The high sensitivity and low LOD were
due to the greater exposure of the electrical active center of hemeprotein with the
denaturant and the acceleration of electron transfer.

The cyclic voltammetric responses of the uMb/clay/GCE in PBS retained above
98% of its initial response after 30 cycles, and then it decreased slowly with the
increase of the cycle, indicating that the modfied electrode was stable. The storage
stability of the uMb/clay/GCE was further investigated. The amperometric measure-
ments were measured using the same electrode and it retained above 96% of its initial
response after being stored at 4 °C for one months. These results displayed that the

sensor had a good stability.

Fig. 7

Table 2

Conclusions

An effective electrochemical method was successfully demonstrated here for
investigation of conformation change of Mb during its unfolding induced by urea. The
results showed that there were only two stable conformations, including natural state
and completely folded state during Mb unfolding process induced by urea. In order to
overcome the obstacles of low sensitivity and long response time of routine methods,
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the entrapped Mb in Mb/clay/GCE was controlled to the most unfolding state, and the
electrocatalytic ability of Mb/clay/GCE was extremely improved. The method
demonstrated here could provide a simple and effective way to research hemeprotein
unfolding and present new idea for the novel sensitive biosensors design based on the

greater exposure of the electrical active center of hemeprotein with the denaturant.
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Captions

Fig. 1 Effect of spectral intensity toward unfolding time. (A) The relation curve between the max
absorbance in UV-vis spectra and unfolding time. (B) The relation curve between the max

fluorescence intensity and unfolding time. The Mb was unfolded in 8.0 M urea solution.

Fig.2 (A) CVs of clay/GCE (a), Mb/clay/GCE (b), and uMb/clay/GCE (c) in pH 7.0 PBS at scan
rate of 0.3 Vs '. (B)The CVs of uMb/clay/GCE, in which Mb was unfolded by 1.0, 2.0, 3.0, 4.0,
5.0, 6.0, 7.0 and 8.0 M urea, respectively (from a to h). The scan rate was 0.3 V's . (C) The rela-

tionship between /. on clay-modified electrode and the concentration of urea.

Fig. 3 UV-vis spectra of Mb incubated in the presence of 0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0 and 8.0

M urea (a to i). The concentration of Mb was 80 mg L

Fig. 4 The intrinsic fluorescence emission spectra of Trp within Mb unfolded by 0, 1.0, 2.0, 3.0,
4.0,5.0, 6.0, 7.0 and 8.0 M urea, respectively (a to i). The concentration of Mb was 300 mg L™

The excitation wavelength was 295 nm.

Fig. 5 The unfolding curves of Mb obtained from CV (m), molecule fluorescence spectroscopy

(MFS) (A) and UV-vis absorbance ( ¥) changes resulting from the unfolding of Mb induced by

different concentrations of urea.
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Fig. 6 (A) UV-vis spectra of 80 mg L™' Mb in 0.1 M PBS with different pH values of 7.0, 6.0, 5.0,
4.0, 3.0, 2.0, and 1.0 (a to g). (B) UV-vis spectra of 80 mg L™' Mb in 5.0 M acidic urea with
various pH values of 6.0, 5.0, 4.0, 3.0, 2.0, and 1.0. (C) fluorescence spectra of 300 mg L' Mb in

5.0 M acidic urea with various pH values of 6.0, 5.0, 4.0, 3.0, 2.0, and 1.0.

Fig. 7 Amperometric responses of the uMb/clay/GCE at —100 mV (vs. SCE) upon successive
addition of H,O, into a deoxygenated 0.1 M PBS (pH 7.0); inset: plot of catalytic current vs. H,O,
concentration. The black bars represent the unfolded Mb/clay/GCE, while red bars represent the

natural Mb/clay/GCE.

Table 1 The comparisons of m, and AGy, waer Obtained from electrochemical, fluorescence and

UV-vis.

Table 2 Comparison of the developed H,O, biosensor with other enzymatic H,O, biosensors.
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Table 1
Characterization
Electrochemistry Trp fluorescence UV-vis
method
m(kJ mol?) 1.521 1.549 1.502
AGy, yater(kJ mol™) 12.78 13.05 13.21
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Table 2
Sensors Applied Linear range Sensitivity Detection Literature
potential (V) (mM) pA mM! limit (uM)
cm?
HRP/PTMSPA @ GNR/ITO -0.25 0.01-1 21 0.06 [51]
HRP-PANI-CIO, /ITO - 3-136 0.5638 - [52]
Mb-ZnO/GCE -0.339 0.0048 - 0.2 - 2 [53]
Hb-Fe;0,/GE/CCE -0.3 0.0015-0.59 - 0.5 [54]
Nafion/Mb/Co/CILE —0.473 0.01-1.4 - 6 [55]
Chit- MWNTs/Mb/AgNPs/GCE -0.3 0.025-0.2 - 1.02 [31]
SA/Hb/CILE -0.25 1.0 - 100 - 1.0 [56]
Mb-[EMIM][BF4]-HA/GCE - 2.0-270 - 0.6 [57]
SA/HRP/GCE - 1.0-6.0 - 0.5 [58]
uMb/clay/GCE 0.1 0.0008 -0.18 151.5 0.3 this work
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