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ABSTRACT: Major ozone autohemotherapy (MAH) is a popular clinical
practice for treating a variety of pathological conditions due to the mild and
controlled oxidative stress produced by the reaction of ozone gas with other
biological components. Previous studies have shown that blood ozonation leads
to structural changes in hemoglobin (Hb); therefore, in the present study, the
molecular effects of ozonation on Hb of a healthy individual were assessed by
ozonating whole blood samples with single doses of ozone at 40, 60, and 80 μg/
mL or double doses of ozone at 20 + 20, 30 + 30, and 40 + 40 μg/mL ozone to
investigate whether ozonating once versus twice (but with the same final ozone
concentration) would have varying effects on Hb. Additionally, our study aimed
to verify whether using a very high ozone concentration (80 + 80 μg/mL),
despite mixing it with blood in two steps, would result in Hb autoxidation. The
pH, oxygen partial pressure, and saturation percentage of the whole blood
samples were measured through a venous blood gas test, and the purified Hb
samples were analyzed using several techniques including intrinsic fluorescence, circular dichroism and UV−vis absorption
spectroscopies, SDS-polyacrylamide gel electrophoresis, dynamic light scattering, and a zeta potential analyzer. Structural and
sequence analyses were also used to study the Hb heme pocket autoxidation sites and the residues involved. The results showed that
the oligomerization and instability of Hb can be reduced if the ozone concentration to be used in MAH is divided into two doses.
Indeed, our study demonstrated that two-step ozonation with 20, 30, and 40 μg/mL of ozone instead of single-dose ozonation with
40, 60, and 80 μg/mL of ozone reduced the potential adverse effects of ozone on Hb including protein instability and
oligomerization. Moreover, it was found that for certain residues, their orientation or displacement leads to the entry of excess water
molecules into the heme moiety, which can contribute to Hb autoxidation. Additionally, the autoxidation rate was found to be higher
in alpha globins compared to beta globins.

1. INTRODUCTION
Ozone gas is a colorless, water-soluble molecule composed of
three atoms of oxygen (O3) and is believed to have numerous
therapeutic applications with an array of antiseptic properties.1

The oxidant strength of ozone is the third highest after fluorine
and persulfate.2 In clinical settings, controlled and innocuous
concentrations of oxygen (95−99%) and ozone (5−1%) are
applied using a medical-grade ozone generator.3 Typically, the
ozone concentration ranges from 10 to 80 μg/mL, and although
the majority of the mixture consists of oxygen, minor changes in
ozone concentration can significantly alter the overall effect of
ozone therapy.4 Although the highest medical concentration of
ozone is equivalent to 80 μg/mL, the use of higher
concentrations (up to 160 μg/mL) has also been investigated
in previous studies.5,6

Currently, ozone therapy is used as a complementary medical
approach for treating a plethora of ailments including vascular
and neurodegenerative diseases.7 However, the long-term effect
of ozone therapy merits further investigation as well as

controlled and randomized clinical trials. Ozone therapy is
known to modulate free radicals and antioxidant levels by
inducing controlled and moderate oxidative stress.7,8 Due to the
fact that ozone has no receptors, its mechanism of action is
indirect and is correlated to the activation of Nrf2 (nuclear factor
erythroid 2-related factor 2) and protein synthesis pathways.9

Once ozone enters the bloodstream, it reacts with polyunsatu-
rated fatty acids (PUFAs) of the plasma membrane and leads to
the formation of two secondary messengers: hydrogen peroxide
(H2O2) and lipid ozonation products (LOPs).10 The biological
activity of ozone may be mediated by these messengers as they
partake in signal transduction and increase the expression of
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casein kinase 2, which regulates the activity of Nrf2 through its
phosphorylation. Activation of Nrf2 leads to the production of a
set of antioxidant enzymes and free antioxidant response
elements that can alleviate chronic oxidative stress caused by
the underlying disease and protect cells from the harmful effects
of oxidation and inflammation.7,11,12 The effectiveness and the
toxicity levels of ozone vary based on the strength of the
oxidative stress; severe oxidative stress triggers nuclear tran-
scriptional factor kappa B, which subsequently induces
inflammatory responses, whereas Nrf2 is activated in moderate
oxidative stress.7,11

Ozone has other applications in the medical field. For
instance, a number of studies have shown that ozone exhibits
bactericidal activity and can efficiently kill microorganisms such
as Staphylococcus aureus (S. aureus), Escherichia coli, Pseudomo-
nas aeruginosa, and Enterococcus faecalis, with 99.6% growth
inhibition against S. aureus.13,14 The bactericidal activity of
ozone mostly relies on disrupting the integrity of bacterial cells
through oxidizing its membrane proteins (glycoproteins and
lipoproteins) and phospholipids, all of which will lead to an
attenuation in the stability of the bacterial cell and interfere with
its reproductive cycle.11,15,16

Currently, the most popular ozone therapy approach is known
as major ozone autohemotherapy (MAH), also referred to as
auto-hemotransfusion, in which a small volume of blood is
drawn from the patient, mixed with a precise concentration of
medical-grade ozone ex vivo, and then reinfused into the
bloodstream of the patient.11,17 Despite its advantages, ozone
gas is toxic at concentrations higher than the therapeutic range,
and its administration needs to be judiciously monitored by
choosing the appropriate concentration, exposure time, and
administration route. Moreover, the effect of ozone in MAH
varies among individuals based on their plasma antioxidant
levels, highlighting the importance of personalizing ozone
therapy.17,18 Hence, it is highly recommended to accurately
assess the effect of different concentrations of ozone on whole
blood samples of patients before initiating MAH.

Ozone can dissolve in aqueous environments and release its
energy to hematic components19 including hemoglobin (Hb),
the most abundant heme-containing protein in the blood
circulation. Additionally, ozone gas is found to accelerate
autoxidation processes,20 and previous studies have shown that
the number of water molecules in the heme pocket as well as the
presence and orientation of certain amino acids determines the
rate of autoxidation in Hb.21 Autoxidation of oxygen binding
heme proteins is an inevitable phenomenon in which the heme-
iron is oxidized from ferrous to ferric state and prevents the
reversible binding of oxygen to Hb.22 The Hb protein is
inactivated when all of its iron atoms are autoxidized, which
subsequently leads to hemin loss and denaturation of the apo-
globin.23 The Hb heme either can bind to oxygen (Oxy-Hb),
carbon monoxide (CO-Hb), or water (Met-Hb) or can also be
non-ligand-bound, which is referred to as deoxy-Hb. The
autoxidized form of Hb is called Met-Hb, in which the sixth
coordination position of the iron atom is occupied by a water
molecule.24 Additionally, the autoxidation rate and the oxygen
binding affinity vary between alpha and beta globin chains of Hb,
with the autoxidation rate being higher in the former because of
the water molecules being already present in the proximity of the
heme group of the alpha globin, whereas in the beta globin
(specifically in human Hb), there is a valine (Val) residue at
position 67 blocking the ligand binding site.25,26 Furthermore, it
has been reported that hemin loss is more likely to occur when

water molecules gain entry to both distal and proximal portions
of the heme pocket in Met-Hb, which increases the rate of
oxidative stress.27 Insights into the structural changes of Hb that
promote autoxidation and eventual hemin loss are of great
importance because they can pave the way for developing
cardiovascular medications.28

Since ozone gas is a potent oxidizing agent, its reaction with
proteins leads to ozonolysis of certain amino acids such as
tryptophan (Trp), tyrosine (Tyr), and cysteine (Cys) and
subsequently alters protein folding and binding abilities.29

Additionally, previous research has established that ozonation
leads to structural changes in Hb in a dose- and time-dependent
manner,18,30,31 and it has been set forth that autoxidation of Hb,
which is unfavorable as it causes lipid oxidation,32 is partly due to
the presence of certain amino acids and their orientation around
the heme group as well as the number of water molecules in the
heme pocket.21

A previous study has shown that ozonating whole blood and
saline-washed erythrocytes at concentrations of 20, 40, 80, and
160 μg/mL leads to serious damage to saline-washed
erythrocytes, indicating that in the absence of potent plasma
antioxidants, the erythrocytes are more prone to degradation.5

In another study, the effect of ozone concentrations of 40, 80,
and 160 μg/mL using an in vitroMAH method was evaluated on
various blood parameters of aortic dissection patients, including
free hemoglobin levels, to assess hemolysis and morphological
alterations of erythrocytes in comparison to the nonozonated
sample. The results revealed that exceeding the ozone
concentration to 160 μg/mL increased the rate of malformation
and morphological changes of erythrocyte samples in both
patients and the control group.6 Furthermore, similar results
have been seen using ozone concentrations of 1 and 10 μg/mL
for purified Hb versus whole blood samples, showing that in the
purified Hb samples, more adverse structural changes were
observed because of the absence of blood antioxidants, whereas
the presence of antioxidants in the whole blood samples
prevented major alterations in the Hb structure.18 Additionally,
in another study, it was seen that ozonating stored human blood
with concentrations below 80 μg/mL did not adversely affect the
heme binding to Hb, and hence, it was not toxic.33 Interestingly,
it was previously reported that alkalinity (due to the presence of
carbonate and bicarbonate ions) influenced the conformation of
Hb upon ozonation by reducing the rate of ozone decom-
position. Moreover, Hb oligomerization was increased at a
higher rate when using higher concentrations of ozone in
samples where phosphate buffer was diluted with ion-free
water.31

Table 1 summarizes the results of previous MAH studies and
their corresponding effects on blood components. All of the
reported studies had assessed the effect of MAH using a single
dose of ozone at different concentrations. None of the studies
had compared the effect of using a double dose of ozone versus a
single dose, as reported in the present study.

Given the available literature and research conducted so far, in
the present study, human nonozonated and ozonated Hb
samples treated with either a single dose (40, 60, and 80 μg/mL)
or double dose of ozone (20 + 20, 30 + 30, and 40 + 40 μg/mL)
were analyzed using techniques such as intrinsic fluorescence,
far- and near-circular dichroism, UV−vis absorption, SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), dynamic light
scattering, as well as zeta potential to assess whether there will be
any differences between the single-dose- and double-dose-
ozonated Hb samples. This was done to determine if using the
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aforementioned method in MAH can potentially reduce the
oligomerization and instability of Hb. Additionally, Hb samples
ozonated with 80 + 80 μg/mL of ozone were also studied as a
means to highlight the destructive effects of very high
concentrations of ozone on human Hb (even when adminis-
tered in two doses). Furthermore, the whole blood samples
ozonated at concentrations of 40, 60, and 80 μg/mL were sent
for venous blood gas (VBG) tests to determine variations in the
pH, oxygen partial pressure, and saturation percentage values.
The second part of this study involved identifying the Hb heme
pocket residues that increase the autoxidation rate through using
structural and sequence analyses and molecular visualization
tools.

2. METHODS
2.1. Blood Collection andOzonation. A volume of 40 mL

of venous blood was collected from a healthy, 27-year-old
nonsmoker male who provided consent for his participation in
this study. Sodium citrate (4%) was used as anticoagulant, and
the samples were divided into eight equal volumes: one was
nonozonated (control); three were ozonated once with ozone
concentrations of 40, 60, and 80 μg/mL; and the remaining
samples were ozonated twice with ozone concentrations of 20,
30, 40, and 80 μg/mL. All ozonated samples were exposed to an
ozone−oxygen gas mixture composed of 5% ozone and 95%
oxygen for 5 min at a 1:1 volumetric ratio using a Gardina
medical ozone generator (Figure 1).
2.2. Venous Blood Gas (VBG) Test. After blood collection

and ozonation, the blood samples were sent to the Tehran Heart
Center for VBG analysis using a MEDICA Easy Stat blood gas
analyzer to measure the pH, partial pressure, and percent
saturation of oxygen in the nonozonated and 40, 60 and, 80 μg/
mL ozonated whole blood samples.
2.3. Hb Purification. The Hb of the nonozonated and

ozonated samples was purified by a previously reported
method.18 Briefly, the blood samples were centrifuged at 850g
for 20 min at 4 °C to remove the plasma components. The
pellets were first washed with 0.9% NaCl isotonic saline solution
and then with sodium phosphate buffer (200 mM, pH 7.4) three
times, and finally, cold double distilled water was added to
osmotically lyse the red blood cells. Subsequently, the samples
were centrifuged at 20,000g for 20 min at 4 °C to remove
membrane components. With the use of neutralized solid
ammonium sulfate, the Hb solution was brought to 20%
saturation, incubated for 15 min at 4 °C, and centrifuged at a
speed of 18,000g for 60 min at 2 °C. The precipitate was
discarded, and the samples were dialyzed in sodium phosphate
buffer (50 mM, pH 7.4) for 24 h using 10 kDa molecular weight
cutoff dialysis membranes.
2.4. Intrinsic Fluorescence Spectroscopy. Fluorescence

emission spectra were measured using a spectrofluorometer
(Varian, Cary Eclipse, Australia). The intrinsic fluorescence
spectra of Hb were measured over a wavelength range of 300 to
400 nm using an excitation wavelength of 280 nm,
corresponding to Tyr and Trp residues.
2.5. CD Measurements. CD measurements were carried

out using an AVIV 215 spectropolarimeter (Aviv Associates,
Lakewood, NJ, USA) with 50 mM phosphate buffer (pH 7.4) as
blank and protein concentrations of 0.5 mg/mL for near-UV CD
and 0.2 mg/mL for far-UV CD analyses. The samples were
examined at 190−260 and 240−460 nm designated for far- and
near-UV CD spectra, respectively. The results were plotted
using ellipticity as a function of wavelength in nanometers.T
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2.6. UV−Vis Absorption Spectroscopy. The concen-
trations of the nonozonated and ozonated protein samples were
estimated using absorption at 280 nm and the extinction
coefficient ε = 2.65 dm3 g−1 cm−1. The absorbance and UV scan
spectra of the nonozonated and ozonated samples were
measured using a UV−visible spectrophotometer (Varian,
Cary 100 Bio, Australia) at an absorbance of 280 nm and
reported in the range of 200−700 nm.
2.7. SDS-PAGE. All samples were mixed with equal volumes

of the loading buffer (0.05 M Tris−HCl, 2% SDS; 10% glycerol,
and 0.1% bromophenol blue, pH 6.8) either with dithiothreitol
(DTT) or without DTT, heated at 100 °C for 10 min, and
loaded into an 18% SDS gel.
2.8. Dynamic Light Scattering and Zeta Potential. The

hydrodynamic sizes and the surface charges of nonozonated and
ozonated Hb samples were measured using a nanoparticle size
analyzer (SZ-100-Horiba, Japan) dynamic light scattering
instrument. Samples were loaded into disposable 1 cm optical
path cuvettes. The refractive index of the protein was set to 1.59,
and the absorption was set to 0.01 using a dispersion medium
viscosity of 0.893 mPa·s and a refractive index of 1.33.
2.9. Bioinformatic Analysis. A protein BLAST search was

done using the Hb sequence related to Caspian Sea sturgeon
Acipenser stellatus (PDB ID: 6IYI) as reference, with evidence of
heme oxidation. This structure had been previously determined
by our group using macromolecular X-ray crystallography.21

The PDB ID selection for alpha and beta globins was based on
native (unmutated) and noncomplexed forms of Hb in different
heme states (CO-Hb, deoxy-Hb, Met-Hb, and Oxy-Hb).
Afterward, Chimera34 and LigPlot35 programs were used for
detailed sequence and structural analyses.

3. RESULTS
3.1. Venous Blood Gas Analysis. The venous blood gas

(VBG) test is designated for determining the acid−base status

(pH) of the blood as well as the partial pressure of gases like
oxygen (PO2) and oxygen saturation (saO2) levels.36,37 The PO2
levels signify the amount of oxygen gas dissolved in the blood,
and the saO2 level is a measure of the amount of oxygen bound
to Hb in the red blood cells.37 The VBG results of the whole
blood samples are shown in Table 2. In the case of 60 and 80 μg/

mL ozonated samples, the blood samples became more acidic
(pH decreased), whereas in the 40 μg/mL ozonated sample, the
pH did not change with respect to the nonozonated (control)
sample. However, the PO2 and saO2 levels increased with
increasing ozone concentration, which indicate an increase in
dissolved oxygen and Oxy-Hb levels, respectively.
3.2. Intrinsic Fluorescence Spectroscopy Results.

Intrinsic fluorescence is a widely used method for studying the
dynamics and conformational characteristics of proteins. The
intrinsic fluorescence property of proteins is mainly due to the
presence of aromatic residues such as Trp, Tyr, and phenyl-
alanine (Phe), all of which are sensitive to the polarity of the

Figure 1.A schematic representation of blood collection and ozonation. Venous blood is collected (1), and the proper ozone concentration is obtained
from a medical-grade ozone generator (2). The blood sample gets exposed to the ozone−oxygen gas mixture for 5 min at a 1:1 volumetric ratio (3 and
4), and the blood sample’s color changes to a brighter red. For double-dose ozonation, steps 3 and 4 are repeated. Subsequently, the ozonated blood is
ready for Hb purification (5).

Table 2. VBG Test Results Showing the pH, PO2, and saO2
Status of Nonozonated (Control) and Ozonated Whole
Blood Samples with Ozone Concentrations of 40, 60, and 80
μg/mLa

sample pH PO2 (mmHg) saO2 (%)

control 7.41 46 82.9
40 μg/mL 7.41 82 96.3
60 μg/mL 7.38 283 99.9
80 μg/mL 7.37 288 99.9

aThe first column shows the sample type, the second column
indicates the sample pH, the third column displays the partial pressure
of oxygen or the amount of oxygen dissolved in the blood in mmHg,
and the fourth column shows the percent saturation of oxygen or the
amount of oxygen bound to Hb.
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protein’s local environment, and alterations in the surrounding
microenvironment of these residues can lead to protein

structural changes.38 Figure 2 depicts the intrinsic fluorescence
spectra of ozonated and nonozonated Hb samples. The

Figure 2. The intrinsic fluorescence spectral changes of ozonated and nonozonated Hb samples excited at λex = 280 nm. (a) Fluorescence spectra of
control and 40, 60, and 80 μg/mL ozonated samples. (b) Fluorescence spectra of control and 40 and 20 + 20 μg/mL ozonated samples. (c)
Fluorescence spectra of control and 60 and 30 + 30 μg/mL ozonated samples. (d) Fluorescence spectra of control and 80 and 40 + 40 μg/mL ozonated
samples plus the 80 + 80 μg/mL ozonated sample.

Figure 3. Far-UV CD spectral changes of ozonated and nonozonated Hb samples. (a) Far-UV spectra of control and 40, 60, and 80 μg/mL ozonated
samples. (b) Far-UV spectra of control and 40 and 20 + 20 μg/mL ozonated samples. (c) Far-UV spectra of control and 60 and 30 + 30 μg/mL
ozonated samples. (d) Far-UV spectra of control and 80, 40 + 40, and 80 + 80 μg/mL ozonated samples.
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fluorescence intensity for the 40, 60, and 80 μg/mL ozonated
samples decreased only slightly compared to the control

nonozonated sample (Figure 2a), indicating that perhaps the
Trp, Tyr, and Phe residues are placed in a more exposed or

Figure 4. Near-UV spectral changes of ozonated and nonozonated Hb samples. (a) Near-UV spectra of control and 40, 60, and 80 μg/mL ozonated
samples. (b) Near-UV spectra of control and 40 and 20 + 20 μg/mL ozonated samples. (c) Near-UV spectra of control and 60 and 30 + 30 μg/mL
ozonated samples. (d) Near-UV spectra of control and 80, 40 + 40, and 80 + 80 μg/mL ozonated samples.

Figure 5. Soret-UV CD spectral changes of ozonated and nonozonated Hb samples. (a) Soret-UV spectra of control and 40, 60, and 80 μg/mL
ozonated samples. (b) Soret-UV spectra of control and 40 and 20 + 20 μg/mL ozonated samples. (c) Soret-UV spectra of control and 60 and 30 + 30
μg/mL ozonated samples. (d) Soret-UV spectra of control and 80, 40 + 40, and 80 + 80 μg/mL ozonated samples.
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hydrophilic environment upon ozonation. No significant
changes were seen when comparing the intrinsic fluorescence
peak intensities of samples ozonated at 40, 60, and 80 μg/mL of
ozone with the 20 + 20, 30 + 30, and 40 + 40 μg/mL ozonated
samples, respectively (Figure 2b−d). As for the 80 + 80 μg/mL
ozonated sample, the intrinsic fluorescence intensity was the
lowest compared to the remaining ozonated samples (Figure
2d). Furthermore, in all ozonated samples, there was a slight
shift toward longer wavelengths (red shift) relative to the control
sample.
3.3. Circular Dichroism. 3.3.1. Far-UV Circular Dichroism.

Far-UV circular dichroism (CD) was used to investigate the
secondary structural changes of Hb pre- and post-ozonation
with different concentrations of ozone. In the far-UV CD
spectrum of Hb, there are two negative absorption bands
(minima) at 208 and 222 nm and a positive band at 193 nm,
which are characteristics of the alpha-helical structure of
proteins.39 As seen in Figure 3a, the alpha-helical content of
Hb slightly decreased as a function of ozone concentration,
which may be due to alterations in the local environment of
aromatic residues of the protein upon ozonation. In the case of
40 and 20 + 20 μg/mL ozonated samples (Figure 3b), the alpha-
helical content of the protein of the 20 + 20 μg/mL sample was
higher and was very similar to the control sample as opposed to
the 40 μg/mL ozonated sample. No significant changes were
seen when comparing the far-UV CD spectra of 60 and 80 μg/
mL samples with the 30 + 30 and 40 + 40 μg/mL ozonated
samples, respectively (Figure 3c,d). As for the 80 + 80 μg/mL
ozonated sample, the alpha-helical content was the lowest
compared to all the other ozonated samples (Figure 3d). Having
said that, the shape and the peak position of the CD spectra for
the ozonated samples did not change compared to the

nonozonated sample, indicating that ozonation did not alter
the overall secondary structure of Hb.
3.3.2. Near-UV CD. The CD spectrum in the near-UV region

provides information on the arrangement of protein side-chain
chromophore groups (aromatic residues) as well as changes in
the disulfide bond, which reflects variations in the tertiary
structure of the protein as a positive peak at 260 nm (L-band).40

As shown in Figure 4a, the intensity of the 260 nm peak
significantly increased for the 80 μg/mL ozonated sample
compared to the control and 40 and 60 μg/mL ozonated
samples, which may be attributed to an increase in the binding of
heme to globin as a result of changes in the local environmental
of aromatic residues. However, no significant changes were
observed when comparing the L-band of the 40 μg/mL
ozonated sample with the 20 + 20 μg/mL ozonated sample
(Figure 4b). On the contrary, the L-band intensity for the 60 μg/
mL sample was lower than that of the 30 + 30 μg/mL sample
(Figure 4c), and similarly for the 80 μg/mL ozonated sample,
the intensity was lower compared to the 40 + 40 μg/mL
ozonated sample. As for the 80 + 80 μg/mL ozonated sample
(Figure 4d), a significant increase in the intensity of L-band was
seen compared to all other ozonated samples.
3.3.3. Soret-UV CD.The CD spectrum in the Soret-UV region

shows changes in the heme group of Hb, including binding of
the heme group to globin and oxygen, as a positive peak in the
∼414 nm region.41 It can be seen from Figure 5a that there was a
slight increase in the peak intensity of the 60 and 80 μg/mL
ozonated samples compared to the control sample, whereas in
the 20 + 20 and 40 μg/mL ozonated Hb samples, the peak
intensities were similar to the control sample (Figure 5b).
Additionally, the peak intensities of the 60 and 80 μg/mL
ozonated samples were similar to the 30 + 30 and 40 + 40 μg/mL

Figure 6. UV−vis absorption spectral changes of ozonated and nonozonated Hb samples in the wavelength range of 200 to 340 nm. (a) UV−vis
absorption spectra of control and 40, 60, and 80 μg/mL ozonated samples. (b) UV−vis absorption spectra of control and 40 and 20 + 20 μg/mL
ozonated samples. (c) UV−vis absorption spectra of control and 60 and 30 + 30 μg/mL ozonated samples. (d) UV−vis absorption spectra of control
and 80, 40 + 40, and 80 + 80 μg/mL ozonated samples.
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Figure 7.UV−vis absorption spectral changes related to 414 nm B- or Soret-band of ozonated and nonozonated Hb samples in the wavelength range of
360 to 460 nm. (a) UV−vis absorption spectra of control and 40, 60, and 80 μg/mL ozonated samples. (b) UV−vis absorption spectra of control and
40 and 20 + 20 μg/mL ozonated samples. (c) UV−vis absorption spectra of control and 60 and 30 + 30 μg/mL ozonated sample. (d) UV−vis
absorption spectra of control and 80, 40 + 40, and 80 + 80 μg/mL ozonated samples.

Figure 8.UV−vis absorption spectral changes of ozonated and nonozonated Hb samples related to 542 and 577 nm Q-bands in the wavelength range
of 480 to 640 nm. (a) UV−vis absorption spectra of control and 40, 60, and 80 μg/mL ozonated samples. (b) UV−vis absorption spectra of control and
40 and 20 + 20 μg/mL ozonated samples. (c) UV−vis absorption spectra of control and 60 and 30 + 30 μg/mL ozonated samples. (d) UV−vis
absorption spectra of control and 80, 40 + 40, and 80 + 80 μg/mL ozonated samples.
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ozonated samples, respectively, and the highest Soret band
intensity was related to the 80 + 80 μg/mL ozonated sample
(Figure 5c,d).
3.4. UV−Vis Absorption Spectroscopy. UV−vis absorp-

tion spectroscopy is a powerful technique for analyzing
secondary and tertiary structural changes of proteins as well as
heme prosthetic group configuration and oxidation state in
Hb.42 UV−vis spectra of Hb in the range of 200−700 nm show a
peak at 222 nm (peptide bond), 278 nm (aromatic residues),
414 nm (Soret-band), as well as 542 and 577 nm (Q-bands).18,30

In all the samples studied, the intensity of the 222 nm bands
overlapped greatly and did not change compared to the control
nonozonated sample. Thus, increasing the ozone concentration
did not lead to protein degradation. The changes related to
aromatic residues at 278 nm also showed a slight increase for the
60 and 80 μg/mL samples as well as 40 + 40 and 80 + 80 μg/mL
ozonated samples (Figure 6), which may be due to the oxidation
of aromatic residues and alterations in their local microenviron-
ment upon ozonation.

Changes related to binding of heme to globin can be deduced
from the Soret-band intensity at 414 nm. As shown in Figure 7,
there were no prominent changes in the intensity of the Soret-
band with increasing ozone concentration.

However, in Figure 8, the intensity of the Q-bands was greater
for the 40, 60, and 80 μg/mL ozonated samples compared to the
20 + 20, 30 + 30, and 40 + 40 ozonated samples, respectively,
which indicated an increase in the binding of oxygen to the iron
atom in the heme group. Out of the ozonated samples, the Hb
sample ozonated at 80 + 80 μg/mL of ozone had the highest
intensity peak.
3.5. SDS-PAGE Analysis. The SDS-PAGE results for the

reduced and nonreduced Hb samples are shown in Figure 9. In
both gels, either in the presence of dithiothreitol (DTT, a
reducing agent) or in its absence (Figures 9a,b, respectively),
there was a prominent band with a molecular weight of 15 kDa
related to the monomeric Hb globins. A higher-molecular-
weight band, between 25 and 35 kDa, was also observed in both
gels, being more apparent under nonreducing conditions, which
is plausible to be related to the Hb dimers formed as a result of
dityrosine covalent cross-linkage upon ozonation.43 In the
absence of DTT, the dimeric globin bands varied in band
intensity based on the single- or double-dose ozonation and also
the concentration of ozone. As shown in Figure 9b, the dimeric
band was more intense in lanes 2, 6, and 7, corresponding to 80 +
80, 80, and 60 μg/mL ozone. Furthermore, by increasing the
ozone concentration and using single-dose instead of double-
dose ozonation, additional bands with higher molecular weights

were observed perhaps because of the formation of giant
extracellular Hb44 (Figure 9b). Hb oligomerization may have
increased as a function of ozone concentration and single dose
because of the oxidation of Tyr and Cys residues and the
formation of covalent dityrosine cross-links and disulfide bonds.
It appeared that ozonating twice, as observed in Figure 9b lanes
3−5, had the least amount of oligomerization.
3.6. Dynamic Light Scattering. Dynamic light scattering

(DLS) is extensively used for obtaining data on the particle size
distribution of macromolecules in solutions and for detecting
protein oligomers.45 The DLS results for the nonozonated and
ozonated Hb samples in both number and intensity modes are
given in Table 3, and the size distribution of Hb samples
revealed by DLS in the number mode is shown in Figure 10. The
particle size distribution in the number mode showed that the
control nonozonated Hb sample had an estimated diameter size
of 5.1 nm. However, upon ozonation, the diameter size
increased gradually in an ozone-concentration-dependent

Figure 9. SDS-PAGE analysis of nonozonated and ozonated Hb samples in the presence of DTT (a) and absence of DTT (b). The order of the
samples in the gels are as follows: first lane, protein marker; lanes 1−8, control (nonozonated) sample and ozonated samples at concentrations of 80 +
80, 20 + 20, 30 + 30, 40 + 40, 80, 60, and 40 μg/mL, respectively.

Table 3. Zeta Potential Values and Diameter Size of
Nonozonated and Ozonated Hb Samples in Number and
Intensity Modesa

samples

zeta
potential

(mV)

diameter
(nm)

(number
mode)

diameter
(nm)

(intensity
mode)

intensity (%)
(intensity

mode)

control −18.7 5.1 11.0 69
706.9 31

20 + 20 μg/mL −13.3 7.3 9.3 11
1108 89

40 μg/mL −9.9 7.9 8.9 5
1411.6 95

30 + 30 μg/mL −8.5 8.2 10.1 8
1023.1 92

60 μg/mL −7.2 15.1 17.1 8
1132.3 92

40 + 40 μg/mL −6.0 23.3 39.3 16
1491.8 84

80 μg/mL −5.4 33.6 34.5 11
775.6 89

80 + 80 μg/mL −2.2 68.0 73.2 29
623.1 71

aThe first column shows the sample type description; the second
column indicates the zeta potential values in millivolts; the third and
fourth columns provide the diameter size in number and intensity
modes, respectively; and the fifth column indicates the percentage
intensity values.
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manner. The particle size distribution in terms of the intensity
mode also increased as a function of ozone concentration
because of the formation of oligomeric species, which was also
evident in the SDS-PAGE results. In addition, the oligomer
diameter sizes in the 40, 60, and 80 μg/mL ozonated samples
were larger than those in the 20 + 20, 30 + 30, and 40 + 40 μg/
mL samples, respectively. Therefore, it can be concluded that
using ozone concentrations of 20 + 20, 30 + 30, and 40 + 40 μg/
mL instead of 40, 60, and 80 μg/mL can reduce the adverse
effects of ozonation on Hb oligomerization. In the case of Hb
samples ozonated with 80 + 80 μg/mL of ozone, the diameter
size as well as the number of oligomeric species increased
significantly compared to the other ozone-treated samples.
3.7. Zeta Potential. The zeta potential is a parameter for

determining the magnitude of surface charge distribution
corresponding to attraction/repulsion between particles and
can provide information on particle size stability.46 The zeta
potential results of nonozonated and ozonated Hb samples are
given in Table 3 as well as Figure 11. The control nonozonated
sample has an estimated zeta potential value of −18.7 mV;
however, this value decreased gradually as a function of ozone
concentration. As for the 80 + 80 μg/mL ozonated sample, the
zeta potential value decreased to −2.2 mV, which signified
greater instability of the protein. The decrease in zeta potential
value with increasing ozone concentration may be due to the
reduction of electrostatic repulsion forces and accumulation of

Hb particles. Furthermore, the zeta potential values of the 40, 60,
and 80 μg/mL ozonated samples were lower than those of the 20
+ 20, 30 + 30, and 40 + 40 μg/mL ozonated samples,
respectively.
3.8. Sequence and Structural Analyses of Hb Autox-

idation Sites. 3.8.1. Residues Involved in the Autoxidation of
Hb. Previously, the sequences and structures of Hb from two
species of Caspian Sea sturgeon, Acipenser stellatus (PDB ID

Figure 10. DLS profiles of nonozonated and ozonated Hb samples. The peak diameter values in number mode are expressed in nanometers. For
intensity mode values and intensity percentage, please refer to Table 3.

Figure 11. Zeta potential measurements of nonozonated and ozonated
Hb samples, expressed in millivolts. The zeta potential values indicate
the surface charge on Hb. For more information on the zeta potential
values, please refer to Table 3.
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6IYI) and Acipenser persicus (PDB ID 6IYH), were identified,
and it was found that the former structure had five water
molecules and the latter had four water molecules inside their
heme pocket of the alpha globin.21 In the present study, a
protein BLAST search was done using the PDB ID: 6IYI as a
reference protein structure with a relatively high number of
water molecules, and a total of 100 structures were obtained for
both alpha and beta globins (Figure S1), out of which 63
structures were selected for the alpha globin and 47 structures
were selected for the beta globin after omitting the mutated and
complexed forms of the Hb proteins. Then, using LigPlot,35 the
residues involved in the Hb heme autoxidation as well as their
interactions with the heme prosthetic group were analyzed. The
Chimera visualization and analysis tool34 was used to determine
the number of water molecules present in the heme pocket as
well as the type of interaction and distance between the heme
group and nearby residues. The results for all the selected Hbs
are displayed in Tables S1 and S2 for alpha and beta globins,
respectively.

It was found that, in the alpha and beta globins, the Trp, Tyr,
and Phe residues were in contact with the heme group through
hydrogen bonding and hydrophobic interactions and that the
heme prosthetic group was located in a hydrophobic pocket.
Particularly in alpha globin, hydrophobic residues including
Tyr42, Phe43, Phe46, histidine (His)58, lysine (Lys)61, Val62,
leucine (Leu)83, Leu86, Leu91, Val93, asparagine (Asn)97,
Phe98, Leu101, and Leu136 were present near the Hb heme
group, whereas in beta globin, threonine (Thr)38, Phe41,
Phe42, His63, Lys66, Val67, serine (Ser)70, Leu88, Leu91,

Leu96, Val98, Asn102, Phe103, Leu106, and Leu141 were found
near the Hb heme group. Furthermore, in addition to Met-Hb,
there were a number of water molecules within the heme pocket
in CO-Hb, deoxy-Hb, and Oxy-Hb states in both alpha and beta
globins.
3.8.2. Number of Water Molecules in the Hb Heme Pocket.

In the next step, initially the structures of alpha globins that had
the highest and lowest number of water molecules in their heme
pocket, for all the heme states including CO, deoxy, Met, and
Oxy states, were compared (Tables S3−S7). For the deoxy-Hb
state of alpha globins, there were two structures with the highest
number of water molecules in their heme pocket, and therefore,
the two structures were analyzed separately in Tables S4 and S5.
Additionally, the results from comparing beta globins that had
the highest and lowest number of water molecules in their heme
pocket, in all heme states, were compared (Tables S8−S12).
Similar to the alpha globin analysis, the deoxy state of beta
globins had two structures with highest number of water
molecules in their heme pocket, and hence, the two structures
were analyzed separately in Tables S9 and S10. On the basis of
the results obtained from Tables S3−S12, it was found that the
presence or displacement of certain amino acids in the alpha and
beta globins in all heme states led to the entry of water molecules
into the heme pocket. Phe46 and Lys61 in the CO and deoxy
states, and His45 in the Met state of alpha globin, allowed more
water molecules to enter the heme moiety. Thr66 and Ile96 in
the CO state and Val66, Thr91, and Met141 in the deoxy state of
beta globin, allowed more water molecules to enter the heme
pocket.

Figure 12. Structural analysis of alpha globin prosthetic groups in the (a) CO-Hb, (b) deoxy-Hb, (c) Met-Hb, and (d) Oxy-Hb states. Gold and blue
colors correspond to PDB IDs with the highest and lowest number of water molecules in the heme pocket, respectively. The heme pocket residues are
shown in sticks and labeled with three-letter abbreviations; the propionate group oxygens are labeled as O1A, O2A, O1D, and O2D; water molecules
are shown as small red spheres; hydrogen bonds are shown as lines; and covalent bonds are shown as broadened lines. Figures were generated using
Chimera.
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3.8.3. Structural Analysis of the Heme Propionate Groups.
To determine which residues had a more significant role in
increasing the number of water molecules in the heme pocket,
the prosthetic groups of structures with the highest number of
water molecules and those that had the lowest number of water
molecules were compared separately for each Hb state. For the
alpha globin, in the CO-Hb state, two structures with PDB IDs
6II1 (H2O n = 7) and 1V4U (H2O n = 0) were compared
(Figure 12a). Structural analysis of propionate groups of these
two structures showed that Lys61 in the 6II1 structure was
associated with the propionate group of heme through a
hydrogen bond with O1A, whereas in the 1V4U structure, there
was no interaction with the propionate group. Also, His45 was
associated with the propionate group of heme via a hydrogen
bond with O1D in the 6II1 structure, whereas in 1V4U, His45
was bound to O2D via hydrogen bonding. In the 1V4U
structure, Trp47 (which was actually located in position 46) was
associated with the propionate group via hydrogen bonding with
O2D, whereas in the 6II1 structure, this position was occupied
by Phe46, and there were no interactions with propionate group
oxygens. For the deoxy-Hb state, two PDB structures, 1BAB

(H2O n = 3) and 1OUT (H2O n = 0), were compared (Figure
12b). Structural analysis of the propionate groups of these two
structures showed that Lys62 in 1BAB (which was actually
located in position 61) was associated with the O2A of the
propionate group through hydrogen bonding. Lys62 was also
associated with a water molecule through hydrogen bonding,
and the water molecule was hydrogen bonded to the O1D of the
propionate group and the distal histidine. On the other hand, in
the 1OUT structure, Ile62 (which was actually located in
position 61) had no association with the propionate group
oxygens. However, His45 hydrogen bonded to the O2D of the
propionate group in both structures. In the 1OUT structure,
Trp46 established a hydrogen bond with O2D of the propionate
group, whereas in the 1BAB structure, the same position was
occupied by Phe47 (which was actually located at position 46),
and there were no interactions with the propionate group
oxygens. For the Met-Hb state, two structures, 1V75 (H2O n =
8) and 2QU0 (H2O n = 0), were compared (Figure 12c).
Structural analysis of the propionate groups of these two
structures showed that His45 in the 1V75 structure formed a
hydrogen bond with O1D of the propionate group; as for the

Figure 13. Structural analysis of beta globin prosthetic groups in the (a) CO-Hb, (b) deoxy-Hb, (c) Met-Hb, and (d) Oxy-Hb states. Gold and blue
colors correspond to PDB IDs with the highest and lowest water molecules in the heme pocket, respectively. The heme pocket residues are shown in
sticks and labeled with three-letter abbreviations; the propionate group oxygens are labeled as O1A, O2A, O1D, and O2D; water molecules are shown
as small red spheres; hydrogen bonds are shown as lines; and covalent bonds are shown as broadened lines. Figures were generated using Chimera.
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2QU0 structure, there was no association with the propionate
group. For the Oxy-Hb state, two structures with PDB IDs 3FH9
(H2O n = 6) and 3LQD (H2O n = 0) were compared (Figure
12d). The structural analysis of the propionate groups of these
two structures showed that His45 in the 3LQD structure formed
a hydrogen bond with O1D of the propionate group, whereas in
the 3FH9 structure, there were no interactions with the
propionate group oxygens.

As for the beta globins, in the CO-Hb state, two structures,
1SPG (H2O n = 4) and 1V4U (H2O n = 0), were compared
(Figure 13a). The structural analysis of the propionate groups of
these two structures showed that in the 1V4U structure, Tyr45
was hydrogen bonded to the O2D of the propionate group,
whereas in 1SPG, Phe45 had no interaction with the propionate
group oxygens. For the deoxy-Hb state, two structures, 1OUT
(H2O n = 3) and 2DHB (H2O n = 0), were compared (Figure
13b). The structural analysis of the propionate groups of these
structures showed that in 2DHB, Ser44 was hydrogen bonded to
the O1D of the propionate group, whereas in 1OUT, Ser44 had
no interaction with the propionate group oxygens. However, in
the 1OUT structure, the Thr91 residue was hydrogen bonded to
O2A of the propionate group, whereas in the 2DHB structure, a
Leu occupied this position, which had no interaction with the
propionate group oxygens. As for the Met-Hb state, two
structures, 4H2l (H2O n = 8) and 2ZFB (H2O n = 0), were
compared (Figure 13c). The structural analysis of the
propionate groups of these two structures showed that Lys66
in the 2ZFB structure formed a hydrogen bond with O2A
oxygen of the propionate group, whereas in the 4H2I structure,
there was no interaction with the propionate group oxygens. For
the Oxy-Hb state, two structures, 3FH9 (H2O n = 9) and 3LQD
(H2O n = 0), were compared (Figure 13d). The structural
analysis of the propionate groups of these two structures showed
that in the 3FH9 structure, Phe41 hydrogen bonded to a water
molecule, and the water molecule was hydrogen bonded to the
O1D of the propionate group. His63 was also hydrogen bonded
to a water molecule, and this water molecule was hydrogen
bonded to the O2D of the propionate group in the 3FH9
structure.
3.8.4. Sequence Comparison Between Alpha and Beta

Globins and the Structural Flexibilty of Propionate Groups.
Sequence analysis of alpha globins with the highest number of
water molecules in the heme pocket and of alpha globins with
the least number of water molecules in each of the CO, deoxy,
Met, and Oxy states are shown in Figures S2−S5, respectively.
The results for the CO, deoxy, Met, and Oxy states of beta globin
are shown in Figures S6−S9. On the basis of the results obtained
from Figures S2−S5, it was found that, in the alpha globin, the
sequence identity percentage for the CO state Hbs across 137
residues varied from 47 to 87%. Additionally, the sequence
identity percentage in the deoxy state Hbs across 141 residues
varied from 57 to 87%. In the case of Met-Hbs, the sequence
identity percentage of alpha globins varied from 48 to 57%
across 141 residues. It should be noted that in the case of Oxy-
Hbs, the sequence identity percentage of alpha globins across
141 residues varied from 66 to 82%.

On the basis of the results obtained from Figures S6−S9, it
was found that, in the beta globins, the sequence identity
percentage for the CO state Hbs varied between 50 and 64%
across 145 residues. Also, the sequence identity in the deoxy
state of beta globins varied between 45 and 99% across 146
residues. In the Met state, the sequence identity percentage
varied between 66 and 97% across 146 residues. In the Oxy state,

the sequence identity percentage across 146 residues varied
between 51 and 91%.

It was also found that the sequence identity percentage in the
beta globin was higher than that in the alpha globin, indicating
the higher structural diversity in the alpha globin. Furthermore,
the heme propionate groups in the alpha and beta globins, in all
heme states, had different orientations, especially in the deoxy
state.

4. DISCUSSION
Herein, the effects of different concentrations of ozone on
human Hb were investigated through molecular and spectro-
scopic analytical techniques with an emphasis on the single-
versus double-dose-dependent action of ozone on Hb. The VBG
analysis of whole blood ozonated samples indicated that the pH,
partial pressure, and saturation percentage of oxygen upon
ozonation differ from the nontreated whole blood sample.
Increasing the ozone concentration led to a decrease in pH and
increased the PO2 and saO2 levels. Intrinsic fluorescence spectra
of the purified Hb samples at λex = 280 nm showed a slight
decrease in the intrinsic fluorescence peaks of the ozonated
samples compared to the nonozonated sample, which indicates
that the local environment of the Hb fluorophores was slightly
changed postozonation. However, the presence of antioxidants
in the whole blood prevented major alterations upon treatment
with ozone.18 Additionally, the far-UV CD analysis showed that
the alpha helical content of the ozonated samples decreased
relative to the nonozonated sample, whereas the overall
secondary structure of Hb was not altered upon ozonation. As
for the near-UV CD, no major changes were seen in the
ozonated samples compared to the control Hb sample. Detailed
analysis of purified nonozonated and ozonated Hb samples
using techniques such as UV−vis spectroscopy did not show
major signs of Hb degradation upon ozonation as there were
only slight changes in the peptide bond, aromatic residues, and
Soret-band peaks. On the contrary, the peak intensities for the
Q-bands increased as the ozone concentration increased, which
was a sign of enhanced oxygen binding affinity to Hb. Moreover,
the peak intensities were higher for the 40, 60, and 80 μg/mL
ozonated samples compared to the 20 + 20, 30 + 30, and 40 + 40
μg/mL ozonated samples, respectively. Furthermore, all the Hb
ozonated samples were in the Oxy state and no Met-Hb were
detected, similar to the findings in previous studies.30 All of the
aforementioned techniques were found to be useful for
determining the effect of ozone on Hb; however, SDS-PAGE,
DLS, as well as zeta potential were found to be the most
appropriate for deducing the overall effects of ozonation on Hb.
The DLS results indicated the formation of higher-molecular-
weight Hb oligomers especially for higher ozone concentrations,
as seen by diameter size changes in the Hb tetramer from ∼5
nm47 to larger values, which were also consistent with the SDS-
PAGE results and in line with previous studies.18,30,43 As for the
zeta potential measurements, the stability of Hb decreased with
increasing ozone concentration shown as smaller negative zeta
potential values. Interestingly, the changes in zeta potential
values as well as SDS-PAGE and DLS were less when two doses
of ozone were used instead of a single dose of ozone. Moreover,
ozonating whole blood with 80 + 80 μg/mL of ozone did not
show major harmful effects on Hb, which is partly due to the
presence of antioxidants in the blood that make Hb less prone to
structural changes.5 However, SDS-PAGE, DLS, and zeta
potential results showed a noticeable increase in the formation
of oligomeric species and instability of the Hb in the 80 + 80 μg/
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mL ozonated samples. Additionally, a previous study has shown
that increasing ozone concentration to 160 μg/mL through in
vitro MAH induces hemolysis and morphological changes of
erythrocytes in both aortic dissection (AD) patients and healthy
individuals.6 Hence, the changes in the Hb treated with 80 + 80
μg/mL of ozone may be attributed to the overdosed ozone
concentration.

In the second part of this study, the residues involved in
autoxidation of Hb were analyzed using sequence and structural
analysis tools. Through detection of changes observed in the
heme propionate groups for all the Hb states, different
orientations were observed in alpha and beta globins, which
may be due to different local heme environments. It is worth
mentioning that structural diversity of propionate groups in all
heme states was more prominent in the alpha globin than the
beta globin, which is in agreement with previous reports.21

Furthermore, the results showed that there were a large number
of water molecules inside the heme pocket in both alpha and
beta globins for all heme states. However, this number was
higher in the alpha globin compared to the beta globin. Hence, it
can be concluded that the autoxidation rate in the alpha globin is
higher, as seen in previous studies.21,25

In the first part of this study, it was shown that ozone effects
Trp, Tyr, and Phe residues. As for the second part of this study, it
was shown that the aforementioned residues were associated
with the heme propionate groups of Hb through hydrogen
bonding and hydrophobic interactions and that the presence of
aromatic residues such as Phe enhances Hb autoxidation.
Indeed, the results showed that in the CO and deoxy states of
alpha globin, Phe46 and Lys61 and, in the Met state, His45 led
to structural changes by changing the orientation of the
propionate groups and therefore allowing more water molecules
to enter the heme moiety. Additionally, structural analysis of the
beta globins revealed that the presence of Thr66 and Ile96 in the
CO state of beta globin and Val66, Thr91, and Met141 in the
deoxy state of beta globin allowed more water molecules to enter
the heme pocket and thus resulted in the increase of heme
autoxidation rate. In the deoxy state of the beta globin, Thr91
and, in the Oxy state, Phe41 and His63 changed the orientation
of the propionate groups and as a result increased the number of
water molecules in the heme pocket. In fact, the presence and
displacement of certain amino acids around the Hb heme lead
to the entry of water molecules into the heme pocket, which
plays an important role in creating oxidative stress and
ultimately causing Hb autoxidation.

5. CONCLUSIONS
The present study confirms that a single dose and double dose of
ozonation, with the same total concentration, have varying
effects on Hb. This was verified by results from ozonating whole
blood samples with double doses of 20, 30, and 40 μg/mL ozone
versus ozonating them with a single dose of 40, 60, and 80 μg/
mL ozone, which showed that the former ozonation method
leads to decreased unfavorable effects in the Hb structure. Two
of the methods used in this study including DLS and SDS-PAGE
indicated the formation of more oligomeric Hb particles,
especially when single doses of high ozone concentrations were
used. The stability of Hb also decreased as a function of ozone
concentration, as seen by the decrease in negative zeta potential
values, which was more prominent in the single-dose ozonated
samples compared to double-dose ozonated Hb samples. Taken
together, the findings of this study imply that the suitable and
personalized ozone concentration for the participant who

donated blood in the present study was 40 μg/mL because no
significant changes were observed in the 40 μg/mL treated Hb
sample compared to the nonozonated control sample. Addi-
tionally, it was apparent that using double doses of 20 μg/mL
was even better than using a single dose of 40 μg/mL of ozone
for the participant who donated blood in this study, showing that
unfavorable effects could be eliminated by a two-dose versus
one-dose ozone mixture with blood. Hence, it can be suggested
that when a certain dose of ozone in MAH is selected without
enough tests, then a double-dose method would better favor the
patient and avoid unnecessary complications, especially when
the blood antioxidant levels vary from one patient to another. It
should be noted that these findings cannot be extrapolated to all
patients and the appropriate ozone dosage should be assessed
for each individual prior to MAH. Moreover, SDS-PAGE, DLS,
and zeta potential results showed an increase in the diameter size
and instability of the Hb samples for the samples treated with 80
+ 80 μg/mL of ozone. As for the second part of this study, it was
found that the autoxidation rate in the alpha globin is higher
than that in the beta globin. The presence of Lys61 and Phe46 in
both the CO-Hb and deoxy-Hb states and His45 in the Met-Hb
state of alpha globins and also the existence of Thr66 and Ile96
in the CO-Hb state; Val66, Thr91, and Met141 in the deoxy-Hb
state; and Phe41and His63 in the Oxy-Hb state of beta globins
allow entry of water molecules into the heme pocket, which can
eventually lead to heme autoxidation.
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