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Abstract  8 

The conformational changes of myoglobin (Mb) during urea-induced protein 9 

unfolding were investigated using an electrochemical method. Using several different 10 

concentrations of urea, Mb adsorbed onto a montmorillonite clay modified glassy 11 

carbon electrode (GCE) was denatured. It was determined from the relative 12 

differences in the percentage of Mb unfolding that urea-induced Mb unfolding is a 13 

one-step, two-state transition process. The results obtained using electrochemical 14 

analysis were in agreement with those obtained by UV-vis spectroscopy and 15 

fluorescence spectroscopy, confirming our observations. Thermodynamic parameters 16 

during the conformational changes were also calculated to further characterize the 17 

unfolding process of Mb. Furthermore, two typical denaturants, urea and acid, were 18 

synergistically utilized to maintain GCE incorporated Mb in its most unfolded state, 19 

while simultaneously maintaining the presence of the heme groups. Under optimal 20 

conditions, the unfolded Mb/clay/GCE exhibited accelerated direct electron transfer 21 

relative to native Mb/clay/GCE. Additionally, the sensitivity for the detection of H2O2 22 
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was increased nearly 10-fold, and the limit of detection (LOD) for H2O2 was reduced 23 

to 0.3µM for unfolded Mb/clay/GCE relative to native Mb/Clay/GCE. The present 24 

work introduces a simple and effective way to study the unfolding of metalloproteins 25 

and holds great promise for the design of novel sensitive biosensors. 26 

Key words  Electrochemistry ⋅ Conformation ⋅ Unfolding ⋅ Myoglobin ⋅ Urea 27 

 28 

1 Introduction 29 

During several decades, the protein folding/unfolding has been widely studied in 30 

attempts to understand the relationship between protein structure and function.1, 2 The 31 

sequences of natural proteins have emerged through evolutionary processes so that 32 

their unique native folding states are formed very efficiently, even in the complex 33 

environment inside a living cell. However, under some conditions, proteins fail to fold 34 

correctly in living systems, and this failure can result in some amyloidoses associated 35 

diseases, including Alzheimer’s disease and Parkinson’s disease.3, 4 Thus, a large 36 

number of methods have been developed to investigate protein folding/unfolding, 37 

such as UV-vis spectroscopy, fluorescence spectroscopy, circular dichroism 38 

spectroscopy, mass spectrometry, and infrared/Raman spectroscopy.5−8  39 

Relative to spectral techniques, electrochemical methods play a considerable role 40 

due to their high sensitivity, rapid analysis, low instrument cost, and the capability of 41 

achieving kinetic and thermodynamic information on protein unfolding.9−12 The 42 

electrochemical signals of proteins are closely related to the structural characteristics 43 

they possess around their redox center.3,13−16 For instance, the relative exposure/burial 44 
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of the redox center or the disassembly/assembly of subunits within denatured protein 45 

molecules can lead to the change of peak current in voltammetry. The promotion or 46 

suppression of the electron transfer (ET) ability of the protein, which is indicative of 47 

variations in the distance between the redox center and the electrode surface, is 48 

correlated the change in peak-to-peak separation. The current-time profile provides 49 

information regarding the nature of the redox center dissociation and the dynamics of 50 

the dissociation itself.                                                                                                                                                                                 51 

The vast majority of proteins does not directly unfold from a natural state (N-state) 52 

to a fully unfolded state (U-state), but exist in one or more intermediate states (I-state) 53 

during the unfolding process.17 The overall structure of these I-states are still 54 

relatively similar and contain many secondary structures, but have lost the functional 55 

activities of the original N-state. The refolding process of a protein in the U-state is 56 

roughly the reverse of the unfolding process, however, for a variety of reasons,18 there 57 

may be different I-states that form aggregates and form precipitates. Three, four, and 58 

five states have been reported for the unfolding process of some proteins by different 59 

denaturants.19-23 The determination of these states not only requires fluorescence 60 

spectroscopy, nuclear magnetic resonance spectroscopy, circular dichroism 61 

spectroscopy, infrared spectroscopy, size exclusion chromatography and other 62 

physical and chemical means, but also additional complex tests and complicated 63 

calculations. However, electrochemical methods also play an important role in this 64 

research. For example, our group previously reported on the stable conformational 65 

state distribution of Hemoglobin (Hb) unfolding determined by an electrochemical 66 
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method.24
 67 

Myoglobin (Mb) is a small heme proteins found in muscle cells whose 68 

physiological function is to store and increase the diffusion rate of dioxygen. 69 

Although Mb does not act as an electron carrier, it does participate in redox reactions 70 

in the respiratory system, thus playing an essential role in biological processes. The 71 

cofactor in native Mb is a type-b heme (iron-protoporphyrin IX ring), which directly 72 

interacts with the protein through the side chain of the proximal histidine (His93 in 73 

Mb). The second axial ligand is either exogenous water when the iron of the heme 74 

gruoups is in the ferric state, or O2 when the iron is reduced, and both of these ligands 75 

interact with the protein through hydrogen bonding, with the distal histidine (His64 in 76 

Mb).25 Studies on Mb folding have focused mainly on characterizing the stabilities 77 

and structures of initial, intermediate, and final apoglobin states in the absence of 78 

heme. For example, sperm whale apoMb has been shown to lose a significant amount 79 

of secondary structure after heme removal, which primarily involves unfolding of the 80 

F helix and surrounding EF and FG loops.26−28 Further perturbation induced by the 81 

addition of heat or chemical denaturants (acid, urea, or GuHCl) leads to the complete 82 

loss of secondary and tertiary structure. 83 

In this paper, the conformational changes occurring during the unfolding process 84 

of Mb were successfully revealed by electrochemical and optical methods. Moreover, 85 

a sensitive electrochemical approach for detecting H2O2 was developed based on 86 

controlled protein unfolding. This work provides a simple and effective way to study 87 

the unfolding of heme proteins, and could potentially be applied to the design of novel 88 
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and sensitive biosensors due to the greater exposure of the electrically active center 89 

relative to other methods.  90 

 91 

2 Experimental  92 

 93 

2.1 Chemicals and reagents 94 

Bovine Mb (Mw = 17 700) was purchased from Sigma and used without further 95 

purification. Urea was obtained from Fluka. Other reagents were analytical reagent 96 

grade.  97 

Phosphate buffer saline (PBS, 0.1 M, pH 7.0, containing 0.1 M KCl) was 98 

prepared from the stock solutions of Na2HPO4 and NaH2PO4, and adjusted to the pH 99 

value. Urea solutions with different concentrations (1.0-8.0 M) were prepared by 100 

dissolving desirable amount of urea in PBS. Montmorillonite clay suspension (1.0 mg 101 

mL− 1) was prepared by dispersing clay (1.0 mg) in doubly distilled water (1.0 mL) 102 

with ultrasonication before use.  103 

 104 

2.2 Electrochemical measurements 105 

A glassy carbon electrode (GCE) of 3 mm diameter was polished to a mirror-like 106 

state with 1.0, 0.3 and 0.05 mm Al2O3 powder. The well polished GCE was cleaned in 107 

absolute ethanol and doubly distilled water by sonication for 5 min, respectively. 108 

Montmorillonite clay suspension (5 µL) was then carefully dropped onto the surface 109 

of GCE and dried at room temperature (clay/GCE). Mb was dissolved in PBS solution, 110 
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and the Mb concentration was 5 mg mL−1; 5 µL of the resulting solution was cast onto 111 

the clay/GCE surface using a syringe. The modified electrode was moved into a 112 

refrigerator and kept at 4 °C to dry overnight. The fabricated modified electrode was 113 

stored at 4 °C in a refrigerator when not in use and noted as Mb/clay/GCE. 114 

Mb/clay/GCE was dipped in different concentration of urea (1.0-8.0 M) at 4 °C for 8 115 

h to make Mb unfold in different levels.  116 

Cyclic voltammetry (CV) was performed with CHI 660D electrochemical 117 

workstation (Shanghai CH Instrument Co. Ltd., China) in three-electrode cell. 118 

Modified GCE was used as working electrode, and a platinum spiral wire was used as 119 

the counter electrode. All potentials were biased versus saturated calomel electrode 120 

(SCE). For the electrochemical experiments conducted under anaerobic conditions, 121 

the solutions were bubbled with pure N2 gas for more than 30 min, and N2 gas was 122 

kept flowing over the solution during the electrochemical measurements.  123 

 124 

2.3 Spectral measurements 125 

UV-vis absorption spectra were recorded on a Specord 50 spectrometer (Jena, 126 

Germany). Fluorescence measurements were conducted on an F-2500 fluorescence 127 

spectrometer with xenon lamps (Hitachi Ltd., Japan). Unless stated otherwise, all 128 

measurements were performed at ambient temperature (25 ± 2 °C).  129 

For all spectral measurements, Mb was incubated in urea (1.0-8.0 M) for 8 h at 4 
130 

°C to reach equilibrium, and the unfolded Mb was noted as uMb. In order to obtain 131 

better spectra, all the Mb solutions were diluted before measurements, and the time 132 
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between the measurements and dilution was controlled within seconds. The 133 

concentrations of Mb for UV-vis and fluorescence measurements were 80 and 300 mg 134 

L−1, respectively. Some parameters fluorescence measurements are listed below. The 135 

slits of excitation and emission were both 5 nm; the excitation wavelength was 295 136 

nm; the scanning range of wavelength was 300-450 nm; the scanning speed was 1000 137 

nm / min. All spectral measurements were carried out at ambient temperature (25 ± 2 138 

°C). 139 

 140 

3 Results and Discussion 141 

 142 

3.1 Effect of unfolding time 143 

The effect of unfolding time on Mb induced by urea was investigated firstly. Fig. 144 

1 showed the variation of absorbance and fluorescence intensity during Mb unfolding 145 

induced by 8.0 M urea from 1 h to 12 h. The absorbance decreased gradually while 146 

fluorescence intensity increased from 1 h to 8 h, which revealed the change of Mb 147 

conformation. The absorbance and fluorescence intensity kept almost the same 148 

beyond 8 h, which showed that the conformation of Mb was stable. Therefore, the 149 

time of unfolding for Mb induced by urea was determined for 8 h. 150 

 151 

Fig. 1 152 

 153 

3.2 Urea-induced unfolding of Mb on clay-modified electrode 154 
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    In the native state of Mb, the iron atom in the center of heme porphyrin has six 155 

coordinate bonds, four of which participate in the coordination with the nitrogen 156 

atoms in porphyrin ring and form a plane. The heme groups are deeply buried in the 157 

hydrophobic pockets of Mb with a six-coordinate high-spin complex and thus show a 158 

poor electrochemical property at modified electrode. Mb and Hb are both belong to 159 

hemeproteins, our previous research24 showed that the electrochemical response 160 

increased upon the unfolding of Hb induced by urea because of the exposure of 161 

electrical active center. 162 

Fig. 2A showed typical cyclic voltammograms (CVs) of different chemically 163 

modified electrode in the absence or presence of 8.0 M urea as the denaturant. Clay 164 

had no electrochemical response on GCE (Fig. 2A, curve a), after Mb adsorbed onto 165 

the clay/GCE (Mb/clay/GCE), a pair of weak redox peaks were observed with the 166 

formal potential (Eo′) of −0.208 V and the peak-to-peak separation (∆Ep) of 112 mV 167 

(Fig. 2A, curve b). The redox couple at −0.208 V was attributed to the redox reaction 168 

of heme FeIII/FeII in Mb.29 The Eo′ of Mb was smaller than previous reports that Mb 169 

was immobilized in Cys/Au,30 and Chit-MWCNT/AgNPs/GCE.31 This indicates that 170 

the different film components, which might interact with protein or affect electric 171 

double layer of the electrode, may have an obvious effect on the kinetics of the 172 

electrode reaction for hemeproteins.32, 33 Mb is one of the most well-studied proteins 173 

and has long been serving as a model for the folding and unfolding of heme proteins. 174 

The long distance between the heme groups and electrode and the large steric 175 

hindrance of native Mb34 essentially result in the poor electrochemical response of Mb 176 
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at the clay modified GCE. The incubation of Mb in 8.0 M urea (uMb/clay/GCE) 177 

caused changes of the native secondary and tertiary structure surrounding the heme 178 

group, thus resulted an enhancement of the water solubility of hydrophobic side 179 

chains. Therefore, the peak current (Ip) increased greatly with a positive shift of Eo′ to 180 

-0.182 V and an enlarged ∆Ep to 183 mV (Fig. 2A, curve c). The change of the 181 

coordinating environment of heme irons resulted in the change of Eo′.35 Although the 182 

direct electron transfer between the heme groups of Mb and clay-related film can be 183 

facilitated, the ∆Ep was larger than that of Mb/clay/GCE, moreover, the Ip of 184 

uMb/clay/GCE was larger than that of Mb/clay/GCE, suggesting that the greater 185 

exposure of the electroactive center and the change of Mb conformation.  186 

 187 

Fig. 2 188 

 189 

The hydrogen bonds formed by urea and amino acid residues in the protein have 190 

an important role for the protein unfolding, and different concentration of urea can 191 

cause different exposure extent of electrical active center in Mb. Fig. 2B showed the 192 

CVs of Mb which was unfolded by urea with different concentrations. The current 193 

response increased at different extent as urea concentration increased because of the 194 

greater exposure of the electroactive center. Fig. 2C showed the relationship between 195 

Ipc and urea concentration during the step-wise denaturation of Mb. The change for Ipc 196 

was great as urea concentration between 0-3.0 M, which indicated that the 197 

conformation of Mb changed greatly. Ipc changed slightly as urea concentration from 198 

c 
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3.0 to 8.0 M.  199 

    The Söret absorption band (350-450 nm) of hemeprotein is sensitive to 200 

conformation change nearby heme.36, 37 Therefore, UV-vis absorption spectrum is 201 

widely used for the research of Mb conformation change.  202 

Without the presence of urea, a tight Söret band at 410 nm was obtained (Fig. 3, 203 

curve a), which was assigned to the heme monomer coordinated to His93 in the native 204 

state of Mb.36 The intensity of the absorption spectra decreased as the urea 205 

concentration from 1.0 M to 8.0 M (curves b-i). Moreover, the maximum absorption 206 

wavelength kept almost the same under various urea concentrations, indicating the 207 

heme remained attached to Mb at the native site when Mb was unfolded by urea.38 208 

The Söret absorption band of hemeprotein is caused by the interaction between heme 209 

and globin. In urea-water mixture, the hydrogen bond between urea and globin can 210 

effect the interaction and result in the decrease of absorption intensity.34 211 

 212 

Fig. 3 213 

 214 

The intrinsic fluorescence property of proteins has proved to be a useful probe of 215 

protein structure, function, and dynamic. Tryptophan (Trp), tyrosine and phenylanine 216 

amino acid residues in protein molecules emit fluorescence. As shown in Fig. 4, the 217 

Mb molecule produced a maximum emission peak at 346 nm (curve a). When the 218 

urea concentration increased from 1.0 to 8.0 M, the fluorescence intensity of Trp 219 

increased gradually, and the maximum emission wavelength shifted slightly to 357 220 
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nm (curves b-i), indicating that the presence of urea caused changes of hydrophobicity 221 

in the vicinity of Trp residues. In native Mb, the Trp residues are located in the 222 

vicinity of heme, and their fluorescence is strongly quenched by Förster resonance 223 

energy transfer.39, 40 With the increase of urea concentration, the conformational 224 

change of Mb led to the increase of the distance between Trp and heme. Accordingly, 225 

the energy transfer efficiency was reduced, and the fluorescence intensity increased 226 

gradually.7, 41  227 

 228 

Fig. 4 229 

 230 

In order to further evaluate the results from different techniques, a linear free 231 

energy model (LEM) was used.42, 43  232 

fU (%) = 
U

−

−

N

N

y y

y y
 × 100%  (for CV and Fluorescence spectroscopy)  ( 1 ) 233 

fU (%) = 

N

N

−

− U

y y

y y  × 100%  (for UV-vis spectroscopy)              ( 2 ) 234 

Where y represents the electrochemical or spectral intensity value in a particular 235 

unfolding condition, yN and yU are the electrochemical or spectral intensity value in 236 

the native and fully unfolded state of Mb. The unfolded percentage of the native Mb 237 

(fN) is 0 % while that of the fully unfolded Mb (fU) is 100 %. 238 

Fig. 5 summarized the results obtained by electrochemistry, UV-vis spectroscopy, 239 

and fluorescence spectroscopy for Mb unfolding as a function of the urea denaturant. 240 

The unfolding percentage of Mb obtained by the three methods was calculated by 241 
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using the value obtained in the absence or presence of urea. The small discrepancies 242 

of fU from electrochemistry and spectroscopy methods was because electrochemical 243 

measurements were performed on the electrode interface, while spectral 244 

measurements in solution system. There was no platform in fU during the Mb 245 

unfolding induced by urea, consequently, a one-step, two-state transition process was 246 

monitored by electrochemical and spectral methods. This showed that there were only 247 

two stable conformations, including natural state and completely unfolded state. The 248 

denatu- ration process of Mb conformed to a typical two-state model. In our previous 249 

research, there existed an intermediate state in Hb step-wise unfolding induced by 250 

urea, however, no intermediate state was found in Mb unfolding induced by urea. The 251 

possible reason is that the molecular structure of Mb is different from Hb. Hb in its 252 

native state is approximately spherical in shape with dimensions of 65 × 55 × 50 Å 253 

and has a heterotetrameric structure composed of four subunits that are referred to as 254 

α1 and α2 subunits with eight helices and β1 and β2 subunits with seven helices. 255 

However, the molecule structure of Mb is relatively simple than that of Hb. Mb is a 256 

small, compact globular protein having eight α helices (A-H) and is composed of 153 257 

amino acids cradling a heme prosthetic group with iron in center surrounded by a 258 

hydrophobic core. The good consistency in the unfolding curves obtained with CV, 259 

UV-vis spectroscopy and fluorescence spectroscopy further substantially validated the 260 

electrochemical method based on the redox process of the heme groups at chemical 261 

modified electrodes as a new tool for the study of the unfolding processes of Mb 262 

induced by urea. 263 
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 264 

Fig. 5 265 

 266 

3.3 The calculation of the thermodynamic parameters during Mb conformational 267 

change  268 

According to the LEM,42, 43 the relationship between the free energy and 269 

equilibrium constant is shown as following: 270 

Keq = 
U

N

f

f
 = 

1

U

U

f

f−        

( 3 ) 271 

∆GU = - RT ln Keq        ( 4 ) 272 

∆GU = ∆GU, water – m[D]    ( 5 ) 273 

Keq is the equilibrium constant between the folded and unfolded state of Mb. 274 

∆GU is the change in the free energy of Mb in a certain unfolding condition. ∆GU, water 275 

is the change in the free energy of the folding Mb in water. m, which can index the 276 

change in solvent exposure during the transition and the compactness of Mb, is 277 

obtained from the slope of the Santoro-Bolen equation.44–46 [D] is the concentration of 278 

urea. Accordingly, similar thermodynamic parameters of m and ∆GU, water of Mb were 279 

obtained from electrochemistry, fluorescence spectroscopy and UV-vis spectroscopy 280 

(Table 1). 281 

 282 

Table 1  283 

 284 

The small discrepancies of m and ∆GU,water from electrochemistry and 285 
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spectroscopy methods was also due to that electrochemical measurements were 286 

performed on the electrode interface, while spectral measurement in solution system.  287 

A thermodynamic cycle of Mb induced by urea was established as following:47, 48 
288 

 289 

Fe
ⅢⅢⅢⅢ
 Mb (folded)  Fe

ⅢⅢⅢⅢ
 Mb (unfolded) 290 

                                       291 

Fe
ⅡⅡⅡⅡ
 Mb (folded)  Fe

ⅡⅡⅡⅡ
 Mb (unfolded) 292 

 293 

By combining the electrochemical data with the free energy changes in Mb 294 

unfolding process, the different stability of reduced and oxidized Mb induced by 295 

urea can be assessed from the cycle. According to ∆Gf
′ −∆Gu

′ = −nF (∆Eo′) = −nF 296 

(Ef
o′ −Eu

o′ ), the difference of the free energies between unfolding the oxidized and 297 

the reduced Mb (∆∆Gu =∆GuIII −∆GuII) was estimated to be −3.5 kJ mol−1. 298 

Consequently, when treated with urea at pH 7.0, the reduced FeII Mb was more 299 

stable than the oxidized FeIII Mb, which may be caused by the different 300 

coordination environments of FeII and FeIII in the native Mb.  301 

 302 

3.4 Optimization of Mb unfolding conditions  303 

    Protein controllable unfolding can be used for biosensor establishment with high 304 

sensitivity because of the greater exposure of the electroactive center.49 As typical 305 

denaturants, acid and urea have different unfolding ability. Acid has strong subunit 306 

and heme-dissociating ability, while urea has chaotropic effects.28 By synchronous 307 

∆Gu
ⅢⅢⅢⅢ 

∆Gu
ⅡⅡⅡⅡ 

∆G′′′′
f ∆G′′′′

u 
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optimization of acid and urea conditions, the unfolding state of Mb can be precisely 308 

regulated to a most unfolded state without losing the heme groups in 5.0 M urea at pH 309 

4.0. Fig. 3 showed the UV-vis spectra of 80 mg L−1 Mb in 0.1 M pH 7.0 PBS 310 

containing different concentrations of urea from 0 to 8.0 M. Mb in neutral PBS 311 

exhibited a sharp Söret absorption at 410 nm, which is attributed to he heme monomer 312 

coordinated to His93. As urea increased from 1.0 to 8.0 M, the intensity of the Söret 313 

absorption decreased markedly at nearly a constant maximal absorption wavelength. 314 

The results suggested that urea is a mild denaturant and Mb only undergoes 315 

conformational changes while does not lose its heme groups even at high 316 

concentration of urea.50  317 

In comparison with the unfolding of Mb by urea, Mb in 0.1 M PBS with different 318 

pH from 7.0 to 1.0 showed different unfolding behaviors (Fig. 6A). The Söret 319 

absorption at 410 nm showed no obvious change at pH from 7.0 to 5.0, and a dramatic 320 

decrease at pH 4.0. When pH lower than 4.0, the Söret absorption at 410 nm totally 321 

disappeared and a new broad Söret band near 392                                                                                                                               322 

nm emerged, indicating the rupture of the coordination bond between heme groups 323 

and the His93 of Mb. 324 

In order to mostly expose Mb without losing its heme groups, acid and urea were 325 

performed synchronously. Fig. 6B showed the UV-vis spectra of 80 mg L−1 Mb in 5.0 326 

M urea solution with various pH values. With decrease in pH from 6.0 to 4.0, the 327 

Söret absorbance of Mb at 410 nm dramatically decreased with no shift in the 328 

maximal absorption wavelength. When pH was lower than 4.0, the absorption peak at 329 
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390 nm appeared and increased with the decrease in pH, suggesting the start of 330 

breaking the heme groups in Mb. These results indicate that Mb in pH 4.0 PBS 331 

containing 5.0 M urea can be exposed mostly without losing heme groups. 332 

The unfolding state of Mb in 5.0 M urea with different pH values was also 333 

investigated by fluorescence spectroscopy, as shown in Fig. 6C. When pH gradually 334 

decreased from 6.0 to 4.0, the fluorescence enhanced dramatically with red shift. Mb 335 

molecule contains a number of Trp residues, which locate closely to heme groups. 336 

The fluorescence emission spectrum of Trp residues, which is quenched by heme and 337 

other surrounding groups in native Mb, reflects the conformational information of Mb. 338 

The unfolding of Mb increases the distance between Trp residues and heme groups. 339 

Therefore, the energy transfer between Trp residues and heme groups decreases 340 

accordingly,13 causing the enhancement of the fluorescence intensity. Besides, the 341 

exposure of Trp residues to polar environment with the unfolding of Mb results in the 342 

red shift of Trp fluorescence.3 When pH decreased to 4.0, the fluorescence intensity 343 

reached the maximum and leveled off, indicating the completely exposed state of Mb. 344 

Further reduce of pH led to a dramatic decrease in fluorescence intensity, suggesting 345 

the start losing of heme groups. Consequently, in order to obtain the best 346 

electrocatalytic activity, an unfolding condition of pH 4.0 PBS containing 5.0 M urea 347 

was selected. 348 

 349 

Fig. 6 350 

 351 
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3.5 Electrocatalytic ability of unfolded Mb/clay/GCE based on controlled protein 352 

unfolding 353 

Amperometric detection is an important detection method in electrochemical 354 

analysis. The resulting current is proportional to the concentration of the species 355 

generating the current, and the quantification of H2O2 can be achieved via the 356 

electrochemical detection of the proposed Mb modified electrode.  357 

    The response of the modified electrode for determination of H2O2 based on 358 

uMb/clay/GCE was tested by the amperometric current-time curves. Fig. 7 359 

demonstrated the typical current-time curves of this modified electrode through 360 

successive addition H2O2 of different concentration into a 20 mL continuous stirring 361 

N2-saturated PBS. When H2O2 was added into 0.1 M blank PBS, the reduction current 362 

rose steeply to reach a stable value. The 95% of the steady-state current could be 363 

obtained at about 3 s by using the proposed modified electrode, which indicated a fast 364 

response process. In addition, the current responses of the proposed modified 365 

electrode were linearly related to H2O2 concentration in a wider linearity range from 366 

8.0 × 10-7 to 1.8 × 10-4 M (inset in Fig.7). The linear regression equation is I (µA) = 367 

4.73 × 10-2 C (µM) + 8.42 × 10-3 (r = 0.9983) with a limit of detection (LOD) 3.0 × 368 

10-7 M (S/N = 3). A sensitivity of 151.5 µA mM-1 was obtained, which was nearly 369 

10-fold larger than that of neutral Mb/clay/GCE (15.5 µA mM-1, inset in Fig.7). The 370 

great improvements in sensitivity and LOD hold great promise for the design of novel 371 

sensitive biosensors. Moreover, the performance comparisons of the present sensor 372 

with others were presented in Table 2. Through these comparisons, obviously, 373 
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performance of the uMb/clay/GCE was better than that of other electrodes, especially 374 

the extremely high sensitivity and low LOD. The high sensitivity and low LOD were 375 

due to the greater exposure of the electrical active center of hemeprotein with the 376 

denaturant and the acceleration of electron transfer.  377 

The cyclic voltammetric responses of the uMb/clay/GCE in PBS retained above 378 

98% of its initial response after 30 cycles, and then it decreased slowly with the 379 

increase of the cycle, indicating that the modfied electrode was stable. The storage 380 

stability of the uMb/clay/GCE was further investigated. The amperometric measure- 381 

ments were measured using the same electrode and it retained above 96% of its initial 382 

response after being stored at 4 °C for one months. These results displayed that the 383 

sensor had a good stability. 384 

 385 

Fig. 7 386 

 387 

Table 2 388 

 389 

Conclusions 390 

An effective electrochemical method was successfully demonstrated here for 391 

investigation of conformation change of Mb during its unfolding induced by urea. The 392 

results showed that there were only two stable conformations, including natural state 393 

and completely folded state during Mb unfolding process induced by urea. In order to 394 

overcome the obstacles of low sensitivity and long response time of routine methods, 395 
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the entrapped Mb in Mb/clay/GCE was controlled to the most unfolding state, and the 396 

electrocatalytic ability of Mb/clay/GCE was extremely improved. The method 397 

demonstrated here could provide a simple and effective way to research hemeprotein 398 

unfolding and present new idea for the novel sensitive biosensors design based on the 399 

greater exposure of the electrical active center of hemeprotein with the denaturant. 400 
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Captions 581 

 582 

Fig. 1 Effect of spectral intensity toward unfolding time. (A) The relation curve between the max 583 

absorbance in UV-vis spectra and unfolding time. (B) The relation curve between the max 584 

fluorescence intensity and unfolding time. The Mb was unfolded in 8.0 M urea solution.  585 

 586 

Fig. 2 （A）CVs of clay/GCE (a), Mb/clay/GCE (b), and uMb/clay/GCE (c) in pH 7.0 PBS at scan 587 

rate of 0.3 V s−1. （B）The CVs of uMb/clay/GCE, in which Mb was unfolded by 1.0, 2.0, 3.0, 4.0, 588 

5.0, 6.0, 7.0 and 8.0 M urea, respectively (from a to h). The scan rate was 0.3 V s−1. （C）The rela- 589 

tionship between Ipc on clay-modified electrode and the concentration of urea. 590 

 591 

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 8.0 592 

M urea (a to i). The concentration of Mb was 80 mg L−1. 593 

 594 

Fig. 4 The intrinsic fluorescence emission spectra of Trp within Mb unfolded by 0, 1.0, 2.0, 3.0, 595 

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−1. 596 

The excitation wavelength was 295 nm. 597 

 598 

Fig. 5 The unfolding curves of Mb obtained from CV (�), molecule fluorescence spectroscopy 599 

(MFS) (▲) and UV-vis absorbance (▼) changes resulting from the unfolding of Mb induced by 600 

different concentrations of urea. 601 

 602 

c 
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Fig. 6 (A) UV-vis spectra of 80 mg L−1 Mb in 0.1 M PBS with different pH values of 7.0, 6.0, 5.0, 603 

4.0, 3.0, 2.0, and 1.0 (a to g). (B) UV-vis spectra of 80 mg L−1 Mb in 5.0 M acidic urea with 604 

various pH values of 6.0, 5.0, 4.0, 3.0, 2.0, and 1.0. (C) fluorescence spectra of 300 mg L−1 Mb in 605 

5.0 M acidic urea with various pH values of 6.0, 5.0, 4.0, 3.0, 2.0, and 1.0. 606 

 607 

Fig. 7 Amperometric responses of the uMb/clay/GCE at −100 mV (vs. SCE) upon successive 608 

addition of H2O2 into a deoxygenated 0.1 M PBS (pH 7.0); inset: plot of catalytic current vs. H2O2 609 

concentration. The black bars represent the unfolded Mb/clay/GCE, while red bars represent the 610 

natural Mb/clay/GCE.  611 

 612 

Table 1 The comparisons of m, and ∆GU, water obtained from electrochemical, fluorescence and 613 

UV-vis. 614 

 615 

Table 2 Comparison of the developed H2O2 biosensor with other enzymatic H2O2 biosensors. 616 

 617 
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Fig. 2 
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Fig. 4 
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Fig. 5 
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Fig. 7 
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Table 1 

 

Characterization 

method 
Electrochemistry Trp fluorescence UV-vis 

m(kJ mol
-2

) 1.521 1.549 1.502 

∆GU, water(kJ mol
-1

) 12.78 13.05 13.21 
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Table 2 

 

Sensors Applied 

potential (V) 

Linear range  

(mM) 

Sensitivity 

µA mM-1  

 cm-2 

Detection 

limit (µM) 

Literature 

HRP/PTMSPA@GNR/ITO −0.25 0.01 − 1 21 0.06 [51] 

HRP-PANI-ClO4
-/ITO − 3 − 136 0.5638 − [52] 

Mb-ZnO/GCE −0.339 0.0048 − 0.2 − 2 [53] 

Hb-Fe3O4/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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