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Methemoglobinemia (MetHb, Fe3*) is a chronic disease arising from the unequal distribution

of oxyhemoglobin (HbFe?*, OHb) in the blood circulatory system. The oxidation of standard
oxyhemoglobin forms methemoglobin, causing cyanosis (skin bluish staining). Methemoglobin cannot
bind the pulmonary gaseous ligands such as oxygen (O,) and carbon monoxide (CO). As an oxidizing
agent, the biochemical approach (MetHb, Fe3*) is modified in vitro by sodium nitrite (NaNO,). The
silver-doped iron zinc oxide (Ag@Fe;0,/Zn0) is hydrothermally synthesized and characterized by
analytical and spectroscopic techniques for the electrochemical sensing of methemoglobin via cyclic
voltammetry (CV). Detection parameters such as concentration, pH, scan rate, electrochemical active
surface area (ECSA), and electrochemical impedance spectroscopy (EIS) are optimized. The linear
limit of detection for Ag@Fe;0,/Zn0 is 0.17 pM. The stability is determined by 100 cycles of CV and
chronoamperometry for 40 h. The serum samples of anemia patients with different hemoglobin levels
(Hb) are analyzed using Ag@Fe;0,/ZnO modified biosensor. The sensor’s stability, selectivity, and
response suggest its use in methemoglobinemia monitoring.

Methemoglobinemia is a long-lasting metabolic, idiopathic, genetic, and self-disrupting disorder of oxygen-
carrying hemoglobin in the bloodstream of vertebrates'2 Biochemically, oxyhemoglobin (OHDb) is a tetrahedral
complex having iron [Fe?] as the central metal atom (CMA) and four pyrrole rings attached to (CMA)®. The
transportation of pulmonary gases (O, and CO) during the metabolic and respiratory cycle is controlled by the
iron-containing non-proteinaceous, “heme and prosthetic” group of hemoglobin*. Mutations’ in a and f chains
of globular (OHDb) cause diseases such as diabetes (HbA1c)®, sickle cell anemia, leukemia, and thalassemia. Con-
genitally toxic medication, deficiency of cytochrome-b; and self-disruption of (OHb) oxidize [Fe?*] “prosthetic
or heme” to [Fe’*] central metal atom”®. The oxidation of ferrous to ferric alters the normal oxyhemoglobin
(HbFe**) as methemoglobin (HbFe**) or ferrihemoglobin®!°. This variation leads to chronic methemoglobinemia.
Methemoglobin causes the non-binding capability of O, with [Fe**], which further leads to the lack of working
power of muscles and tissues in vertebrates.

The 8-hydroxy quinone (8-HCQ) in-take causes methemoglobinemia and hemolysis in patients with a defi-
ciency of the (G6DP) enzyme!’. High and mild (1-5%) levels of (MetHb) lead to the formation of Ar-Amines and
Ar-Halides, which cause deficiency of biochemical enzymes (glucose 6-p-phosphate and reductase) and greater
concentrations of nitrites and nitrates'. The oxyhemoglobin dissociation curve indicates a higher concentration
of allosteric ferric [Fe**] ions. The induced shift in hemoglobin increases congenital methemoglobinemia through
erythrocytes in anemic patients, termed erythrocytosis'%. Cyanosis'® (skin bluish staining) establishes rapidly
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in patients with high levels of MetHb (10-15%) than with normal hemoglobin due to oxygen deficiency®. The
clinical trials find that MetHb levels vary from 10 to 70%. An increase in [Fe**] concentration changes red blood
cell (RBCs) color from red to brownish mud, indicating severe cyanosis and hypoxia'*. Methylene blue (MB) is
the first antidote cofactor for NADH reductase, which lowers chronological methemoglobinemia in respiratory
and cardiac patients'.

Recent studies show that methemoglobin (MetHb) can be synthesized by a controlled reaction of hemoglobin
(Hb) with potassium ferrocyanide [K;Fe(CN)g4] at specific temperatures and pressure. Redox reactions convert
standard hemoglobin to methemoglobin. Hydrogen peroxide (H,0,), hydrogen sulfide!® (H,S), and sodium
nitrite (NaNO,) are the strong oxidizing agents catalyzing this reaction'’. Several methods have been adopted
for detecting hemoglobin and its components. Spectroscopic and separation techniques such as infrared (IR)
spectroscopy, mass spectrometry (MS), fluorometry'é, fluorescence spectroscopy, gas chromatography'® (GC),
and high-performance liquid chromatography (HPLC) are used for the hemoglobin detection. Specific gravity,
colorimetry, electrochemical techniques, and Kurt electric resistance? are also employed for quantitative and
qualitative analysis of methemoglobin.

The developments in electronic, wearable, and robotic technologies have brought variations in mechanical
sensors®!. Electrochemical sensors are inexpensive, durable, sensitive, simple, and portable?*?. They have spe-
cific mechanical stress/strain properties for biomolecule detection*!. Advancements in electrical detections and
fabricated pathways have a role in developing chemical and electrical composites as electrochemical sensors?>2.
Electrochemical methods include cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS)?,
chronoamperometry (CA), and differential pulse voltammetry (DPV)?$-%,

Various electrochemical biosensors have been developed for hemoglobin detection. Voltammetric MXene-
based two-dimensional (2D) transition metal carbides®, tin oxide (SnO,) nanoparticles*, graphite carbon nitride
(G-C;3Ny),* platinum (Pt) doped iron phosphorus carbide (FeP-C)*, tellurium nanowires doped graphene oxide
(TeNWs/GO) nanocomposite®, ticlopidine/titanium dioxide (Tic-TiO,) nanoparticles®®, boron-doped graph-
eme (B-GQDs) quantum dots”, and chiral nano-imprinted (Fe;0,/SiO,) polymers®® have been reported for the
quantitative analysis of hemoglobin. MXene compositional variability, hydrophilicity, elevated metallic con-
ductivities, and large surface make them efficient tools for analyte detection. Although, it faces some challenges
during its synthetic process, i.e., no proper termination step and development of new etching layers. A less toxic
and eco-friendly method must be introduced for MXene synthesis®’. SnO, is utilized in different fields, including
lithium-ion batteries and dye-sensitized solar cells, due to their high chemical stability and catalytic activity*>.
G-C;N, has been extensively employed as an electrochemical chemosensor and a water-splitting agent. Although
it is a major limitation, it cannot be utilized alone because of its low conductivity. It is used with semiconductors,
metal nanoparticles, carbon material, and metal ions®.

In this study, Ag@Fe;0,/ZnO (SIZO) nanomaterial is synthesized hydrothermally for the quantitative elec-
trochemical sensing of methemoglobin (MetHb) in anemic patients. Methemoglobinemia (anemic) patients
carry lower oxygen levels in a metabolic cycle, which leads to cyanosis. The (SIZO) modified electrode shows
enhanced electro-catalytic activity and fast electron transfer for in vitro and in vivo electrochemical sensing of
methemoglobin compared to other nanomaterials. By far, sensors have been reported to detect hemoglobin,
and its link to anemia has been a concern. According to our literature survey, the relationship between sensors
for detecting methemoglobin and anemia has never been reported. The fabricated nanocomposite will assist
in detecting methemoglobin, making an earlier diagnosis of methemoglobinemia, further leading to cyanosis
much easier. The electrochemical analysis of methemoglobin is accomplished in the blood samples of anemic
patients. The novel silver-doped iron zinc oxide (SIZO) nanomaterial is being reported for the first time in the
electrochemical sensing of methemoglobin (MetHb).

Experimental section

Chemicalsandreagents. Silver nitrate (AgNO;) > 99%, Iron (1I) sulfate heptahydrate = 99% (FeSO,7H,0),
Iron (III) chloride 97% (FeCls), Zinc acetate dehydrate 99.9% Zn(CH;CO,),-2H,0, Standard Hemoglobin (Hb)
powder (=99.9%), Sodium nitrite (NaNO,) >99%, absolute ethanol >99.8% (CH;CH,OH), Sodium hydroxide
99.99% (NaOH), Ammonium hydroxide (NH,OH) 30% solution, Monopotassium dihydrate phosphate 98%
(KH,PO,), Dipotassium monohydrate phosphate 98% (K,HPO,), Trisodium citrate 99% (C,H;0,Nas), and Cit-
ric acid 99.99% (C¢HO,) were purchased from Sigma Aldrich USA.

Synthesis of silver nanoparticles. Silver nanoparticles (Ag-NPs) were prepared by hydrothermal
method. Precursor mixtures were prepared in distilled water. 80 mL solution of 0.5 g AgNO; was heated at
60 °C and added to preheated 20 mL solution of (C¢H;0,Na;) and (C¢HgO,) at 60 °C and stirred for 20 min®.
The mixture was transferred to a 100 mL TEFLON-lined hydrothermal autoclave and placed at 160 °C for 12 h
(Eq. 1). The reaction products were washed and purified by deionized water under ultracentrifugation. The
washed nanomaterial was dried at 65 °C for 3 days and stored for further use.

+ Hydrothermal
4Ag" + C¢H507Na3 + 2H,0 E)C

4Ag® + C¢H507H;3 + 3Na™ + HY 4O~ (1)

Synthesis of Fe;O, nanoparticles. Fe,O, NPs were synthesized through the hydrothermal method. The
reaction mixture of 0.5 g FeSO,-7H,0 and 0.05 g FeCl; were dissolved in 60 mL distilled water at a 2:1 M ratio
and stirred at 40 °C for 4 h, followed by the dropwise addition of 3 mL NH,OH. The mixture was autoclaved in
a sealed pressure vessel of 55 mL volume at 140 °C for 4 h. The black oxidized precipitates were collected and
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washed with deionized water and absolute ethanol via ultracentrifugation-dispersion. Fe;O, NPs were dried at
60 °C for one week and annealed at 450 °C to obtain a black powder of iron oxide nanoparticles.

FeSOy4 - 7H,0 + 2FeCl; + 8NH,OH

Hydrothermal
—o> Fe;04 + 6NH4Cl 4+ (NHy),S04 + 11H,0 (2)

Preparation of ZnO nanoparticles. 1.83 g zinc acetate dihydrate Zn(CH;CO,),-2H,0 was dissolved in
40 mL deionized water. The mixture was dripped into NaOH (0.01 M) of pH 8.5 under stirring for 3 h. The white
precipitates were obtained and aged for 24 h. The mixture was transferred to an autoclave for the hydrothermal
treatment of 6 h at 160 °C. The white precipitates of ZnO NPs were washed with deionized water until pH 7 and
sonicated for 30 min. The dried powder was annealed at 370 °C in a muffle furnace for 5 h to get fine ZnO NPs
powder.

Hydrothermal

(A) Zn(CH3CO2); - 2H;0 + NaOH =3 CH3COONa + Zn(OHy) 3)
(B) Zn(OH)2 Cj%é"“ ZnO + H,0 (4)

Fabrication of Ag@Fe;0,/ZnO nanocomposite. A precipitation method was used to fabricate the sil-
ver-doped iron zinc oxide (Ag@Fe;0,/Zn0). The 1:1 M Fe;0, and ZnO NPs were dissolved in 30 mL ultrapure
water under constant stirring for 5 h. The reaction mixture was dripped into 0.05 M NaOH solution for precipi-
tation. The black precipitates of zinc oxide-coated iron oxide (Fe;0,/ZnO) were obtained. Then, 10 mL silver
NPs were homogenized in a 30 mL solution of Fe;O,/ZnO by ultrasonication for 30 min at 60 °C. The dark red
homogenous mixture of Ag@Fe;0,/ZnO was allowed to settle for 24 h and washed with deionized water and
ethanol.

Synthesis of methemoglobin from oxyhemoglobin. A 200 mL PBS buffer of pH 7.4 was used to
adjust the HbFe®* MetHb. To synthesize MetHb, 3.6 g standard hemoglobin (HbFe?>* OHb) was diluted in
200 mL PBS under constant stirring for 6 h**. The reactor vessel was adjusted with a suction pump to remove
extra froth during the reaction, and the mixture was recirculated repeatedly. As shown in the mechanism, a
10 mL sodium nitrite (NaNO,) solution (0.05 g/mL) was injected through a 10 mL syringe.

After 4 h stirring and recirculating this solution, the dark brown color indicated the formation of MetHb, as
shown in Fig. 1. The obtained methemoglobin solution was refrigerated at 4 °C for 1 week.

Electrochemical sensing of methemoglobin using Ag@Fe;0,/ZnO nanocomposite. The elec-
trical conductivity and redox reaction of Ag@Fe;0,/ZnO was evaluated by CV. A potentiostat model (COR-
RTEST-CS120) with Ag@Fe;0,/ZnO modified glassy carbon (GCE) as the working electrode, platinum (Pt) as
a counter electrode, and Ag/AgCl as the reference electrode were used to determine the electrochemical reac-
tions. GCE was polished with ethanol and water to avoid contamination. Ag@Fe;0,/ZnO NPs were dispersed in
deionized water to obtain slurry for making reference electrodes. This slurry of Ag@Fe;0,/ZnO was deposited
on GCE by micropipette and dried. HbFe** MetHb solution was diluted in different PBS concentrations. All
mentioned parameters were adjusted at room temperature.

Collection and analysis of anemic blood samples. Blood samples of anemic patients (major) were
collected from Sahiwal Medical College, Sahiwal, Pakistan, with the prior approval of the Ethical Committee of
Sahiwal Medical College Sahiwal Pakistan. All methods were carried out in accordance with relevant guidelines
and regulations. The samples were collected from in K2-EDTA (BD-Vacutainers)*! with their prior informed
consent of volunteers and analyzed on potentiostat to determine the comparative aspects of methemoglobin in
“vivo” and modified MetHb from standard hemoglobin in “vitro”

Results and discussion
Characterizations. UV-visible spectrophotometer (AQ7100APAC Thermo Fischer Scientific UK Spectro-
photometer) is used to analyze Ag@Fe;0,/Zn0O and MetHb/OHD at a wavelength ranging from 200 to 800 nm.
UV-visible spectra of Ag@Fe;0,/ZnO and MetHb/OHDb are shown in Fig. 2A,B, respectively. The absorption
bands at 234 nm, 324 nm, 361 nm, and 461 nm indicate the nanocomposite formation. Figure 2B shows absorp-
tion bands at 395 nm, 409 nm, 550 nm, and 562 nm for MetHb/OHb. FTIR spectra of Ag@Fe;0,/ZnO and
MetHb/OHDb are shown in Fig. 2C,D, respectively, and are obtained by measuring transmittance from 4000 to
400 cm™ on INVENIO FTIR Spectrophotometer Bruker Germany. The bands between 3500 and 2800 cm™
represent OH and CH stretch. The sharp band at 2380 cm™ and shoulder peak between 1600 and 1350 cm™
indicate the stretching vibration of Ag NPs. The peaks from 1600 to 1700 cm™ represent C=0 and C-NH. The
sharp peaks from 600 to 540 cm™ represent pure metal and metallic oxides (FeO ZnO and Ag*). MetHb/OHb
shows a broad band from 3300 to 3000 cm™ for the hydrogen bonding of the OH bond. The amide and (a, )
sheet bands are shown at 1600 and 1100 cm™'. CMA in MetHb/OHDb, shows a sharp band from 550 to 500 cm™,
as reported in the literature®2.

The prepared Ag-Fe;0, (Fig. 3A), ZnO (Fig. 3B), and Ag@Fe;0,/ZnO (Fig. 3C) exhibit rough surfaces. X-ray
diffraction (XRD) analysis data of Ag@Fe;0,/ZnO is given in Fig. 3D. The crystalline structure of Ag@Fe;0,/ZnO
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Step-2

(A) NO-Generation

(DeoxyHemoglobin) (MetHemoglobin)

(B) NO-binding/Release

(DeoxyHemoglobin)

O H

Hb-BetaCys%ig,I‘\I;@ + NO

(C) NO-Consumption

(OxyHemoglobin) (MetHemoglobin)

Figure 1. Conversion of oxyhemoglobin into methemoglobin.

shows peaks at 32°, 30°, 38°, 45°, 46°, 58°, and 65° while ZnO shows at 32°, 35°, 38°, 46°, 58°, and 64°. Ag NPs
show signals at 38°, 45°, and 65°, whereas Fe;O, shows peaks at 30°, 35°, 45°, and 58°. Sharp peaks throughout
the data indicate the crystallinity of Ag@Fe;0,/ZnO nanomaterial.

Electrochemical studies. The electrochemical properties of Ag@Fe;0,/Zn0O are analyzed through CV
in 0.1 M K,[(Fe(CN4)]/KCl solution. The current (I) intensity is higher in Ag@Fe;0,/Zn0O, used for the elec-
trochemical detection of methemoglobin (MetHb) in anemic patients. Ag@Fe;O0,/ZnO response toward the
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Figure 2. (A, B) UV and (C, D) FTIR spectra of Ag@Fe;0,/ZnO nanocomposite and MetHb/OHb,
respectively.

electrochemical signal depends on the conductivity of this nanomaterial, and the response is studied before and
after the activation of the nanomaterial. The strong anodic and cathodic peaks can be seen in the voltammogram
after activation, as shown in Fig. 4. The oxidation and reduction reactions of Ag@Fe;0,/ZnO modified GCE in
0.1 M K,[(Fe (CNg)]/KCl solution resulted in these prominent anodic and cathodic peaks due to efficient elec-
tron transfer. Both current signals, i.e., oxidative and reductive, become stronger after activation. Equations for
oxidation (Eq. 5) and reduction (Eq. 6) are given below

Ag@Fe304/Zn0 + K4[Fe (CNg)] — Ag@Fe304/Zn0O + 4[Fe (CN)¢]™ + 4K™ (5)

Ag@Fe3O4/ZnO+ + 4[Fe (CN)g]™ +4e~ — Ag@Fe304/Zn0O + K4[Fe (CNpg)] (6)

Mechanism of electrochemical sensing of methemoglobin. The chemical oxidation of hemoglobin
(HbFe?*) through (NaNO,) leads to the formation of methemoglobin (HbFe**) in anemic patients. Electron
transfer during this process determines the overall process. Ag@Fe;0,/ZnO are the electrochemical transducers
for detecting methemoglobin via CV. Fe304/ZnO assesses the electrical conductivity and increment in surface
area, and charge transfer is enhanced by Ag NPs*.

Optimization of CV parameters for MetHb detection. The effect of hemoglobin concentration on
Ag@Fe;0,/Zn0 is determined by CV (Fig. 5A). The oxidative current increases with an increase in MetHb con-
centration which results in the maximum oxidation signal. The maximum current is observed at 35 pM MetHb
concentration, while the lowest oxidation peak current is at 10 pM in 0.1 M PBS solution of pH 7.4. The rela-
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Figure 3. (A) Ag-Fe;O,, (B) ZnO, and (C) Ag@Fe;0,/ZnO represent SEM, and (D) depicts XRD patterns.
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Figure 4. Conductance of Ag@Fe;0,/ZnO nanomaterial.

tion between current and concentration of MetHb has a correlation coefficient of R? 0.996, as shown in Fig. 5C.
MetHb is detected at different pH (6.8, 7.0, 7.2, 7.4, 7.6, and 7.8), and generated cyclic voltammograms are given
in Fig. 5B which illustrate the maximum as well as current at different pH (Fig. 5D). Depending on the intensity
and shape of MetHb signals, pH 7.4 is optimal for MetHb detection through CV in 0.1 M PBS. A significant
decrease in peak current is observed at pH above or below 7.4. The effects of scan rates and fluctuations in cur-
rent due to the redox behavior of Ag@Fe;0,/ZnO for MetHb sensing are shown in Fig. 6A,B.
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Figure 5. Cyclic voltammograms depicting the effects of concentration and pH (A, B) on the electrochemical
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Figure 6. (A) Scan rate, (B) line graph for methemoglobin sensing, and (C) corresponding Tafel slope.

ECSA plays an essential role in the detection of the analyte. Increased ECSA provided more reactive sites
for albumin to interact with fabricated material, increasing sensor response. The sole reason is the interaction
between the electrode surface and analyte generating signal, which the sensor detects.

To change is quantified via the charge transfer coefficient (a), determined by the following equation:
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RT
o = Tafel slope x 2.303 x F (7)
n

here, R denotes the global gas constant (8.314 JK™! mol™), T indicates thermodynamic temperature (298.15 K), n
represents the number of electrons transferred in rate determining step (i.e., 2), and F refers to Faraday constant
(96,485 C mol™). Thus, the obtained Tafel slope of the modified electrode is 24 mV/s (Fig. 6C). The calculated
transfer coefficient is 0.71. Similarly, the obtained value of the Tafel slope for bare electrodes is 33 mV/s. The
calculated transfer coefficient is 0.75. Due to increased surface area, the Tafel slope of modified GCE is lower
with higher electrocatalytic activity than bare GCE since more active sites are available at modified GCE, leading
to more charge transfer rate.

Electrochemical surface area (ECSA) of Ag@Fe;0,/Zn0O. ECSA of Ag@Fe;0,/Zn0 is evaluated by
using 0.04 mM [Fe(CN)4]**~ and KCl solutions (0.1 M) in a 1:1 M ratio, respectively. To get more precise and
comparable results, bare GCE and Ag@Fe;0,/ZnO NPs (SIZO-NPs) modified GCE are analyzed through the
CV.

Both bare GCE and Ag@Fe;0,/ZnO NPs (SIZO-NPs)/GCE have shown different results. Different scan
rates of Ag@Fe;0,/ZnO/GCE are taken in [Fe(CN)¢]>”"*~ solution to perform the voltammetric analysis and
to determine ECSA*.. The scan rates vary between 10 to 70 mV/s in redox solution; the outcome is shown in
Fig. 7A,B. The obtained surface area of Ag@Fe;0,/ZnO modified GCE is 0.0791 cm?, and for the unmodified
GCE is 0.073 cm?.

Whereas the kinetic parameter is calculated from the following equation:

W = (0.6288 + 0.021X) /(1 — 0.017X)

X is the AEP is used to determine v as a function of AE;, from the experimentally recorded voltammetry. Thus,
the obtained value of the kinetic parameter (y) is 0.63.

The catalytic reaction rate constant (kcat). The value of the catalytic reaction rate constant (kcat) is
determined by the following equation:
. RT
" F2R,AC
here, R, T, E R,,, A, and C represents the global gas constant (R=8.314 JK™! mol™!), thermodynamic temperature
(T=298.15 K), faraday constant (F=96,485 C mol™"), charge transfer resistance (R, =35,867 Q) cm?), electrode

surface area (A =0.07), the concentration of the electrolyte in 0.1 KOH (C), respectively. The catalytic reaction
rate constant (kcat) is 1.06x 1078,

Transfer coefficient (o). The transfer coefficient is determined by employing the following equation:
RT
a = Tafel slope x 2.303 x —
nF

here, R denotes the global gas constant (8.314 JK™! mol™), T denotes thermodynamic temperature (298.15 K), n
denotes the number of electrons transferred in the rate-determining step, i.e., 2 and F refer to the faraday constant
(96,485 C mol™). The calculated transfer coefficient is found to be 0.71.
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Figure 7. (A) ECSA of Ag@Fe;0,/ZnO on GCE at various scan rates, and (B) slope calibration of scan rates.
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Tafel slope (b). Tafel slope (b) can be determined by employing the following equation:
Y =a+bX
The calculated Tafel slope (b) value is 0.24 mV/dec (Fig. 8).

Selectivity factor. The selectivity factor of the sensor is calculated by using the following equation:
i = K(C; + Ek;}mpc,-)

where Ci, Cj, i, and K are the concentrations of the target analyte, the concentration of interfering species at
35 uM, total current response, and catalytic reaction rate constant, i.e., 1.06 x 10°%, respectively. Zk;*™ is the
amperometric selectivity coefficient, a measure of the preference of the sensor for the analyte relative to the
interferents (Fig. 9).

Zk;*™ is found to be 3.49.

Roughness factor (fr). The fr is the ratio between peak current I, and surface area A, of material (Ag@
Fe;0,/Zn0) to the peak current L,; and surface area A, of blank GCE as shown in Eq. (8). The given formula
calculates the roughness factor:

D2 A2

fr= Il Al (8)
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Figure 8. Tafel slope of the Ag@Fe;0,/ZnO modified GCE for methemoglobin sensing.
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Figure 9. Selectivity factor of the Ag@Fe;0,/ZnO modified GCE for methemoglobin sensing.
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The electrode dimensions and quantity of redox centers on the analyte surface determine the roughness
factor’s strength (fr). It is intended by I,, of ferrocyanide [Fe(CN),]*~* through redox couple equaling to blank
GCE. The electrode surface area ratio is equivalent to the oxidation ratio between two electrodes, representing
the change in actual surface area. The actual dimensions of the electrode followed by an electrochemical pathway
and redox cores existing on the surface are responsible for the fluctuation in fr*. The surface areas of Ag@Fe;0,/
ZnO (A,) and blank GCE (A,) are 0.0791 cm? and 0.073 cm?, respectively, and the calculated fr is 1.08.

Stability of Ag@Fe;0,/ZnO/GCE. The stability of modified electrode Ag@Fe;O,/ZnO/GCE is deter-
mined by running 100 cycles with 1 uM of modified hemoglobin, i.e., methemoglobin (MetHb) in 0.1 M PBS
of pH 7.4, as shown in Fig. 10A. After 100 cycles, the redox signal is measured at the same potential as in the
first cycle. Ag@Fe;0,/ZnO/GCE can reproducibly be used many times. The further steady-state durability of
Ag@Fe;0,/Zn0 is determined by chronoamperometry, as shown in Fig. 10B at 0.038 V for 40 h with suitable
concentrations.

Electrochemical impedance spectroscopy (EIS) of Ag@Fe;0,/ZnO. EIS assesses the charge trans-
fer mechanism of sensing material and stepwise modification. In Fig. 11A, impedance is measured on Ag@
Fe;0,/Zn0O using 0.1 M K;[Fe(CN),] and 0.1 M KCI. The concentration effect of methemoglobin (HbFe*) on
impedance from 10 to 35 uM is given in Fig. 11B. The interfacial charge transfer increases with an increase in the
concentration of MetHb, and results depict that electrostatic forces of attraction are related to the concentration
of MetHDb and produce alterations in charge transfer resistance of MetHb on the modified electrode surface.

MetHb molecules are bulky, which causes the steric hindrance toward charge transfer. The effect of pH is
determined by applying impedance at sequential pH of 6.8. 7.0, 7.2, 7.4, 7.6, and 7.8, as shown in Fig. 11C. In
the equivalent circuit diagram, R, is the electron transfer resistance on the surface of an electrochemical sensor,
R, is solution resistance, and Cy is the component capacitance of the electrochemical sensor.

Electron transfer rate constant (k°) in heterogeneous phase. The electrochemical cells work in an
electro-catalytic solution under alternating current (AC) potential. Hence, EIS determines the charge distribu-
tion on electrodes by applying sinusoidal perturbation in continuous linear and semicircular segment circuits.
The interfacial capacitance (CdI), Ohmic resistance (Rs), electron transfer resistance (Rct), and Warburg imped-
ance (Zw) are the major components of a continuous circuit. The electron transfer resistance (Rct) detects elec-
tron transference in a redox reaction and is measured by semicircular diameter. Ag@Fe;0,/ZnO NPs enhance
the electron transfer rate between electrodes due to excess conductivity and reliability. Linearity in signal is due
to dispersion at lower frequencies. GCE’s electron transfer resistance (Rct) is ~27,249 Q, and Ag@Fe;0,/ZnO
is 17,172 Q, respectively. The relationship is determined between surface resistance and electrical conductivity
of Ag@Fe;0,/ZnO.

The conductivity of Ag@Fe;0,/ZnO NPs is greater compared to bare GCE. The minor difference in
conductivity of nanomaterial and GCE is responsible for the change in reduction potential as Ag@Fe;0,/ZnO
has a large surface area and higher electrical conductivity. They imply an impact on the selectivity and sensitivity
of EIS.

© = RT ©)

" F2RctAC
ke is determined by the above equation, where F is Faraday constant (96,485 C mol™), Rct is electron transfer
resistance (27,249 Q for GCE, and 17,172 Q for Ag@Fe;0,/ZnO/GCE), T is the thermodynamic temperature
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Figure 10. (A) Stability of Ag@Fe;0,/ZnO at 100 cycles, and (B) chronoamperometry of CV.
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Figure 11. (A) Impedance graphs of unmodified GCE and Ag@Fe;0,/ZnO modified GCE in [Fe(CN)]>4
and KCl (B) at various concentrations of methemoglobin, and (C) at different pH.

(~298.15 K), R is the global gas constant (8.314 ] K! mol™"), A is electrode surface area (0.073 cm? for bare
GCE and 0.0791 cm? for Ag@Fe;0,/ZnO/GCE), C is [Fe(CN)¢]*7*" solution concentration (0.1 mM cm™), and
ke is the rate constant of standard heterogeneous electron transfer (cm s7'). k° for Ag@Fe;0,/ZnO/GCE and
for unmodified GCE are 1.96 x 1071° cm s and 1.3 x 107!% cm s7', respectively. k° represents the approximate
kinetics of redox pairs, and the system having higher k° establishes equilibrium in less time, depicting a faster
electron transfer rate.

Determination of limit of detection (LOD). The alternative, dependent derivative, i.e., the limit of
detection (LOD), determines the kinetics and completion of the chemical reaction with actual concentration.
LOD refers to the minimum concentration of the analytical sample, which can be distinguished by zero in an
analyte. LOD varies with the influence of reaction conditions and the redox pH of analytical components. The
following equations can determine LOD:

s
LOD =3— (10)
m
here “s” represents the standard deviation, “m” is the slope, and the calculated LOD is 0.17 pM.

MetHb detection in blood serum and recovery analysis. Ag@Fe;0,/ZnO NPs show peculiar char-
acteristics as electro-catalyst. The oxidized form of “heme” (Fe*") in serum samples of methemoglobinemia
patients is analyzed by a CV to verify the applicability of the modified Ag@Fe;0,/ZnO sensor. Blood samples
(S1, S2, S3, and S4) are collected from anemic patients. The samples are diluted in a buffer of pH 7.4, and the
recovery spike is denoted over the oxidative and reductive curves of cyclic voltammograms, as shown in Fig. 12.

Samples show a maximum oxidation form of standard hemoglobin in anemic patients, which refers to anemia.
The recovery percentage ranges from 88.8 to 97.7% of MetHb, as shown in Table 1. Oxidation and reduction
signals accurately detect methemoglobin levels in anemic patients.
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Figure 12. Cyclic voltammogram showing the detection of methemoglobin in the serum of anemic patients.

Sample | Added concentration (uM) | Calculated concentration (uM) | Recovery (%)
S1 35 31.1 88.8
S2 35 32.1 91.7
S3 35 33.8 96.5
S4 35 342 97.7

Table 1. Hemoglobin recovery studies from serum samples.

Conclusions

An electrochemical homogeneous deposition route has been adopted for sensing methemoglobin (HbFe**) in
anemic patients. The redox reaction in cyclic voltammetric (CV) setup verifies the sensing of a biological analyte.
All the parameters of CV; i.e., electrical conductivity, stability, selectivity chronoamperometry, pH, concentration,
and ECSA, are optimized in phosphate buffer (PBS) and potassium ferrocyanide [Fe(CN)¢]*~"*~ solutions. The
hydrothermal methodology has been adopted for synthesizing Ag@Fe;0,/ZnO electrocatalyst. The redox method
is used for preparing methemoglobin from the standard form of oxyhemoglobin. The as-synthesized Ag@Fe;0,/
ZnO sensor induces biosensing of methemoglobin oxidation and reduction with high sensitivity of 0.17 uM
HbFe** with fast response, selectivity, and stability in 0.1 M PBS. Results reveal the potential of Ag@Fe;0,/ZnO
NPs as a biosensor for application in clinical trials of detecting methemoglobin.
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