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etic field on the activity of
superoxide dismutase studied at the enzyme level

Sangwoo Yoon,ab Seung-Cheol Chang, a Gregory F. Payne, c Seunghun Lee, d

Kwangseuk Kyhm,a Sung-Gyu Park*b and Mijeong Kang *ae

Regulation of reactive oxygen species is essential for maintaining cellular homeostasis, and superoxide

dismutase (SOD) is a key antioxidant enzyme responsible for the removal of superoxide. In this study, the

effect of a static magnetic field on SOD activity was analyzed at the molecular level using a purified

enzyme-based reaction system. Superoxide was generated through the xanthine oxidase (XOD)–

xanthine reaction, and the magnetic field effect was evaluated using optical methods. Both superoxide

generation and SOD-mediated superoxide removal were facilitated by the magnetic field. To further

understand the enhanced scavenging activity, SOD was immobilized on an Au electrode surface, and

electrochemical analyses confirmed that the electron transfer characteristics between the Cu center in

SOD and the electrode were altered under the magnetic field. These results present, for a single-

enzyme-level system, that a magnetic field can be involved in the electron transfer behavior of

antioxidant enzymes and the resulting catalytic activity, and provide fundamental insight into the

interaction between magnetic fields and biological redox reactions.
Introduction

Reactive oxygen species (ROS) are continuously generated during
various metabolic processes, and cells maintain redox balance by
eliminating them through antioxidant systems.1 When this
balance is disrupted, excessive ROS can cause damage to
proteins, lipids, and nucleic acids, leading to impaired cellular
function, inammation, and the development of degenerative
diseases.2 Therefore, proper regulation between ROS generation
and removal is essential for cellular homeostasis.3 Among ROS,
superoxide is considered a primary precursor from which
multiple ROS are derived, and superoxide dismutase (SOD), an
antioxidant enzyme that catalyzes the removal of superoxide,
plays a critical role in this regulatory system.4,5 Meanwhile, recent
studies have reported that external physical stimuli, such as
magnetic stimulation, can inuence cellular redox balance.6 In
this study, we investigate whether a magnetic eld can modulate
the enzymatic activity of SOD.

Previous studies have primarily investigated magnetic-eld-
related changes in SOD activity at the cellular or organismal
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level.7–9 In those studies, cells or living systems were exposed to
magnetic elds, and variation in SOD activity was evaluated
alongside other oxidative-stress-related markers as part of
a broader physiological response. Although such approaches
provide valuable biological insight, they do not isolate the
enzyme from confounding biological factors and therefore offer
limited information on how magnetic eld directly inuence the
catalytic activity of SOD at the molecular level. Studies using
puried SOD in well-dened systems remain particularly limited.

Here, we report the effects of a static magnetic eld on
a simplied reaction system containing puried SOD (Fig. 1).
Superoxide, the substrate of SOD, was generated using a xanthine
oxidase (XOD)–xanthine reaction system.10 Prior to evaluating the
effect of magnetic elds on the superoxide scavenging activity of
SOD, we rst investigated their effect on the XOD–xanthine
reaction system using a standard optical method. The same
optical method was then used to quantify changes in SOD activity
by the magnetic eld. Finally, to directly verify how the magnetic
elds affect the redox behavior of the Cu center in SOD, which is
central to its catalytic activity, electrochemical measurements
were performed. By avoiding the complexity of cellular or
organismal systems, this molecular-level analysis provides
amore fundamental basis for interpreting the effects ofmagnetic
elds on antioxidant systems, and may help clarify mechanisms
relevant to magnetic-stimulation-based clinical technologies.
Experimental methods

XOD, xanthine, water-soluble tetrazolium 8 (WST-8), SOD, and
cysteine were purchased from Sigma-Aldrich and used as
RSC Adv., 2026, 16, 25395–25401 | 25395
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Fig. 1 Schematic representation of the experimental configuration for the study of the magnetic field effect on the activity of superoxide di-
smutase during the scavenging of superoxide generated by xanthine oxidase.
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View Article Online
received without further purication. All solutions were
prepared in phosphate buffer solutions (pH ∼7.18, 0.1 M, in
deionized water).

To apply the magnetic eld, cylindrical permanent magnets
were used. Three magnets were stacked and aligned in a vertical
conguration. For absorbance measurements, the magnets
were placed above and below the reaction solution, whereas for
electrochemical measurements, they were positioned below the
reaction solution. A home-built magnet holder was used to x
the magnet positions stably. The magnetic ux density applied
to the system was measured using a Gauss meter (HGM09 s,
MAGSYS Magnet Systeme, Germany). Approximately 700 mT
was applied to the solution during absorbance experiments,
whereas approximately 560 mT was applied during electro-
chemical measurements; these values were chosen based on
safety considerations associated with each experimental setup.
For direct comparison between optical and electrochemical
results, additional absorbance measurements were performed
at 560 mT, and the corresponding data are provided in the SI
(see details below).

To evaluate the superoxide generation by the XOD–xanthine
system and the superoxide scavenging by SOD, UV-vis absorp-
tion spectra were recorded in the range of 400–540 nm (Spec-
traMax M5, Molecular Devices, USA). To observe the redox
behavior of SOD, cyclic voltammetry was performed (CHI 600E,
CH Instruments, USA). A three-electrode conguration con-
sisting of a Au working electrode, an Ag/AgCl (3 M KCl) refer-
ence electrode, and a Pt wire counter electrode was used, with
a phosphate buffer solution as the supporting electrolyte. The
potential was applied from +0.4 to −0.3 V at a scan rate of
100 mV s−1. To monitor the adsorption behavior of SOD on the
Au working electrode, quartz crystal microbalance with dissi-
pation monitoring (QCM-D, QSense OMNI, Biolin Scientic,
Sweden) measurements were used. All experiments except
QCM-D measurement were conducted in the presence and the
absence of a magnetic eld.
25396 | RSC Adv., 2026, 16, 25395–25401
To form a self-assembled monolayer of cysteine on the Au
electrode surface, the electrode surface was rst mechanically
and electrochemically polished.11 A 10 mM cysteine solution
was then drop-cast onto the Au electrode. The electrode was
subsequently rinsed with deionized water to remove physically
adsorbed cysteine.

Results and discussion
Magnetic-eld-responsive characteristics of the reaction
system

The reaction system employed in this study consists of the
superoxide generation through an enzymatic reaction of XOD
with xanthine and O2, followed by SOD-mediated superoxide
removal. XOD, O2, and SOD possess paramagnetic properties,
indicating that they may respond to an external magnetic eld.
The SOD used in this study, SOD1, contains a Cu cation complex
at its active center, where the Cu alternates between the +2 and
+1 oxidation states to oxidize and reduce superoxide, respec-
tively.12 When the Cu is in +2 state (electronic conguration d9),
it possesses one unpaired electron spin and thus exhibits
paramagnetic character.13 In the XOD reaction, electrons
extracted from xanthine are transferred to O2 via Mo centers,
Fe–S clusters, and avin adenine dinucleotide (FAD), and the
radical intermediates formed in this process exhibit para-
magnetic characteristics.14 O2 dissolved in a solution also
exhibits paramagnetic character based on its triplet ground
state.15,16 Together, these attributes constitute the minimal
conditions necessary for our experimental system to respond to
a magnetic eld.

Magnetic eld effect on superoxide generation

To investigate the effect of a magnetic eld on SOD activity, it is
necessary rst to determine how the eld affect the amount of
its substrate, superoxide. Superoxide generation was examined
in a buffer solution containing only XOD, xanthine, and water-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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soluble tetrazolium 8 (WST-8), an optical probe for superoxide,
without SOD. WST-8 is reduced by superoxide to form WST-8
formazan, changing the solution color from pink to orange.17

First, xanthine andWST-8 were added to the buffer solution and
exposed to a static magnetic eld (700 mT) for 30 min. As
a negative control, an identical solution was prepared without
exposure to a magnetic eld. Subsequently, XOD was added to
both solutions simultaneously to initiate superoxide generation
under conditions with and without the magnetic eld.

Fig. 2A shows absorption spectra used to evaluate the
magnetic eld effect on superoxide generation. WST-8 present
in a xanthine solution does not exhibit absorption in the range
of 400–550 nm, while WST-8 formazan formed by the reaction of
WST-8 with superoxide exhibits an absorption peak at approx-
imately 460 nm. The spectra were collected 10 min aer adding
XOD to solutions containing xanthine and WST-8 in the pres-
ence and absence of a magnetic eld. Under both conditions,
absorption peaks corresponding to WST-8 formazan were
observed, indicating that superoxide was generated via the
XOD–xanthine reaction. In the presence of the magnetic eld,
the peak intensity was approximately 30% higher than that
observed in the absence of the eld. Statistical analysis for 10
samples per group using Student's t-test indicates a signicant
difference between the two groups (p < 0.01, Fig. 2B), suggesting
that the magnetic eld enhances the XOD–xanthine-based
superoxide generation. To interpret this result, we focus on
the reaction of FAD in XOD, which directly transfers electrons to
O2. The reaction between FAD and O2 branches into one-
electron or two-electron pathways depending on the overall
reduction state of XOD, which includes Mo center and Fe–S
cluster in addition to FAD. When XOD is fully reduced, the
reduced FAD (FADH2) reacts with O2 to form FADHc and
superoxide through one-electron pathway, whereas under
partially reduced conditions of XOD, FADH2-O2 becomes
FADHc–superoxide and transforms to avin peroxide, nally
producing H2O2 through two-electron pathway.18 If the one-
Fig. 2 Effect of magnetic field on superoxide formation. (A) Absorption
water-soluble tetrazolium 8 (WST-8) in the presence (red) and the abse
after adding XOD to the solution containing xanthine and WST-8. Das
respectively (N = 10 per group). (B) Optical density at 460 nm obser
significance was assessed using the Student's t-test (p < 0.01). MF: magn

© 2026 The Author(s). Published by the Royal Society of Chemistry
electron pathway is favored, the superoxide formation can
increase.19 From a thermodynamic perspective, it is considered
unlikely that the magnetic eld used in this study signicantly
alters the intrinsic redox properties of XOD, as the Zeeman
energy under sub-tesla elds is more than two orders of
magnitude smaller than thermal energy at room temperature.
Instead, it is possible that the magnetic eld modulates reac-
tion kinetics by inuencing O2 accessibility near the avin site.
As O2 is paramagnetic, magnetic elds may inuence its local
accessibility in solution without signicantly altering equilib-
rium solubility under the conditions used in this study.20 This
could alter the encounter dynamics at the avin reaction
interface. Under conditions of enhanced O2 accessibility, the
initial one-electron transfer from FADH2 to O2 is expected to
occur more frequently. In contrast, completion of the two-
electron pathway requires that the intermediate persists long
enough for a second electron transfer step, which depends on
intramolecular electron redistribution within XOD. If O2

encounters become more frequent but shorter-lived, the reac-
tion is more likely to terminate aer the rst electron transfer
step, leading to enhanced superoxide formation. Within this
framework, the magnetic eld is interpreted to subtly enhance
superoxide formation through kinetic modulation of pathway
branching in XOD.
Magnetic eld effect on superoxide scavenging by SOD

Aer conrming that a magnetic eld enhanced superoxide
generation, we investigated its effect on the superoxide scav-
enging activity of SOD. A buffer solution containing xanthine,
SOD, and WST-8 was rst prepared and exposed to a magnetic
eld (560 mT) for 30 min. As a negative control, an identical
solution that was prepared without the exposure to the eld.
Subsequently, XOD was added to both solutions simultaneously
to initiate the superoxide-generating reaction under conditions
with and without the magnetic eld.
spectra of solutions containing xanthine oxidase (XOD), xanthine, and
nce (black) of a magnetic field. The spectra were obtained 10 minutes
hed lines and shaded areas denote average and standard deviation,
ved from (A). Horizontal bars indicate the average values. Statistical
etic field.

RSC Adv., 2026, 16, 25395–25401 | 25397
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Fig. 3 shows that SOD-mediated suppression of WST-8
formazan formation, which reects superoxide scavenging,
depends on the presence a magnetic eld. Superoxide gener-
ated via the XOD–xanthine reaction either reduces WST-8 to
form WST-8 formazan or reacts with SOD (Fig. 3A). When
superoxide is scavenged by SOD, WST-8 formazan formation is
suppressed and the absorption signal decreases. In the pres-
ence of a magnetic eld, SOD suppressed the WST-8 formazan
peak intensity by 69.0% (Fig. 3B), whereas the suppression was
57.8% in the absence of the eld (Fig. 3C). Fig. 3D shows that
the suppression ratio increased by approximately 11.2% by the
magnetic eld. A t-test comparing the suppression ratios
between the two groups (N = 10 per group) revealed a statisti-
cally signicant difference (p < 0.05). Thus, we conclude that the
superoxide-scavenging activity of SOD increases in the presence
of a magnetic eld. To further investigate the magnetic eld
effects on the behavior of SOD, we performed electrochemical
analyses as described below.

Although the main optical absorbance data were obtained
under a magnetic eld of 700 mT, the optical absorbance
response was also examined at 560 mT (see Fig. S1 in the SI),
which corresponds to the magnetic ux density used in the
electrochemical measurements, to allow direct comparison
between the optical and electrochemical results. The same
overall trend was observed at 560 mT, although the magnitude
of the magnetic-eld-induced effect was slightly smaller.
Fig. 3 Effect of magnetic field on the activity of superoxide dismutase (S
generated by xanthine oxidase (XOD). Superoxide reacts with either SOD
8 reaction, WST-8 formazan is formed, which exhibits strong absorpti
xanthine, XOD, and WST-8 (dashed lines) and of solutions additionally con
(C) of a magnetic field (flux density: 700 mT). All spectra were obtained
WST-8 with or without SOD. Lines and shaded areas denote average and
the absorptions at 460 nm observed in B (red) and C (black). Statistica
magnetic field.

25398 | RSC Adv., 2026, 16, 25395–25401
Electrochemical investigation of the redox behavior of SOD
under magnetic elds

The optical experiments described above indicate that
a magnetic eld enhances SOD activity in a chromogenic assay.
To analyze this phenomenon from a redox behavior perspective,
electrochemical measurements were employed.21 Because the
Cu center in SOD must be electrically accessible to the Au
electrode, SOD was immobilized on the electrode surface. We
attempted to observe the redox signal of freely diffusing SOD
using an unmodied Au electrode; however, no characteristic
redox peaks were observed under our experimental conditions
(see details below). Therefore, SOD immobilization was used to
enable electrochemical access to the Cu redox center. Although
this conguration does not fully reproduce freely diffusing SOD
in biological uids, it provides a controlled interfacial model for
examining magnetic-eld-dependent SOD redox behavior.

To immobilize SOD on a Au electrode surface, a self-
assembled monolayer (SAM) was rst formed on the Au
surface using cysteine.22 In a neutral buffer solution, the
carboxyl and amine groups of cysteine carry negative and
positive charges, respectively, enabling electrostatic interac-
tions with amino acid residues of SOD, while hydrogen bonding
and hydrophobic interaction may also contribute to adsorption,
thereby facilitating the immobilization of SOD on the electrode
surface. This immobilization via cysteine is known to help SOD
retain its activity for the dismutation of superoxide.22 Using the
cysteine-modied Au electrode, cyclic voltammograms (CVs)
OD). (A) Schematic illustration of the reaction pathways of superoxide
or water-soluble tetrazolium 8 (WST-8). As a result of superoxide-WST-
on at 460 nm. (B and C) Absorption spectra of solutions containing
taining SOD (solid lines), recorded in the presence (B) and the absence
10 minutes after adding XOD to the solution containing xanthine and
standard deviation, respectively (N = 10 per group). (D) Suppression of
l significance was assessed using the Student's t-test (p < 0.05). MF:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cyclic voltammograms of superoxide dismutase (SOD) recor-
ded using cysteine-modified and bare Au electrodes.
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were rst obtained in a blank buffer solution, followed by the
measurements aer adding SOD to the same solution. Fig. 4
shows CVs presenting the differences in SOD signals in the
presence and the absence of the cysteine SAM. On a bare Au
electrode, only currents originating from the oxygen reduction
reaction (ORR, onset potential:∼0 V vs. Ag/AgCl) of dissolved O2

were observed in both blank and SOD-containing buffer solu-
tions. In contrast, CVs recorded with a cysteine-coated Au
electrode in a blank buffer showed no ORR, indicating that the
SAM formed a compact coating that hindered the ORR.23 When
SOD was added to this solution and the potential was scanned
in the negative direction, a reduction peak appeared at
approximately −0.0 V. Upon reversing the scan direction, an
oxidation peak appeared near 0.2 V. These peaks are attributed
Fig. 5 Effect of a magnetic field on the redox properties of superoxide dis
in the presence (A) and the absence (B) of a magnetic field (N = 5 per grou
adding SOD to the electrolyte solution at 10 min intervals. (C and D) Tim
separation (D) for the reduction and oxidation peaks of SOD observed in

© 2026 The Author(s). Published by the Royal Society of Chemistry
to the reduction and oxidation of the Cu center in SOD.22 By
coating the electrode with cysteine, stable measurement of the
SOD redox signal was enabled, and all subsequent electro-
chemical experiments were performed using cysteine-coated
electrodes.

The inuence of a magnetic eld on the redox behavior of
the Cu center in SOD was examined. Fig. 5A shows time-
dependent CVs recorded aer immersing a cysteine-coated
electrode in a buffer containing only SOD in the presence of
a magnetic eld. In this experiment, neither XOD nor xanthine
was present in the solution; therefore, no superoxide was
generated. The measured current is attributed exclusively to
electron exchange between the Cu center in SOD and the elec-
trode, for which electron tunneling is considered the dominant
pathway. Measurements were conducted for 120 min at 10 min
intervals. An increase in current over time was observed
(Fig. 5C). QCM-D measurements (performed in the absence of
a magnetic eld, see Fig. S2 in the SI) conrmed progressive
adsorption of SOD onto the cysteine-coated Au surface. Thus,
the current increase is attributed, at least in part, to gradual
SOD adsorption. However, the accompanying increase in peak
separation (Fig. 5D) suggests that the adsorbed SOD population
does not contribute uniformly to the electron transfer, likely
reecting a distribution of coupling states, including weakly
coupled species with slower apparent electron transfer
kinetics.24

The time-dependent SOD redox signals differ between
measurements performed in the presence (Fig. 5A) and the
absence (Fig. 5B) of a magnetic eld. Fig. 5C and D summarize
mutase (SOD). (A and B) Cyclic voltammograms (CVs) of SOD recorded
p, magnetic flux density: 560mT). CVs were recorded before and after
e-dependent changes in the current density (C) and the peak-to-peak
A and B.

RSC Adv., 2026, 16, 25395–25401 | 25399

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra10059c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 1
:2

0:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the peak current density and the peak potential separation
averaged from ve electrodes per group. Higher peak current
density and wider peak separation were observed under the
magnetic eld. In the context of the time-dependent evolution
of the SOD signal discussed above, these results suggest that the
magnetic eld increases the apparent surface density of elec-
trochemically addressable SOD, rather than simply accelerating
the intrinsic Cu-centered electron transfer kinetics. A possible
origin of this behavior is perturbation of the interfacial
electrochemical environment. Previous magnetoelectro-
chemical studies have shown that static magnetic elds can
modify the electrochemical double layer and shi the outer
Helmholtz plane in systems containing interfacial para-
magnetic species, thereby altering the apparent electrochemical
response without necessarily changing intrinsic redox
kinetics.25 In our SOD-cysteine-modied Au system, such
changes in the interfacial potential distribution may allow
previously weakly electroactive SOD species to contribute to the
measured current. This interpretation explains the increase in
peak current density, while the wider peak separation reects
less efficient or more heterogeneous coupling of this additional
SOD population to the electrode.

One possible factor that may be considered is magnetohy-
drodynamic (MHD) convection under a magnetic eld.26

Although MHD convection can, in principle, arise from the
Lorentz force (J× B, where J is current density and B is magnetic
ux density), its effect is expected to be minimal in our system,
where both the magnetic eld and the current are largely
aligned along the surface normal, greatly reducing the Lorentz
force. In addition, the current density is only on the order of
several mA m−2 and the magnetic ux density is below 1 T,
further limiting the magnitude of the Lorentz force per unit
volume. Using an approximate estimate with a diffusion-layer
thickness of ∼100 mm, the resulting ow velocity (estimated
as JBL2/m, where L is the characteristic length scale near the
electrode and m is the dynamic viscosity of the solution) is ex-
pected to be on the order of 10−2 mm s−1. This value is signi-
cantly smaller than that of diffusion-dominated transport.
Therefore, MHD-driven enhancement of mass transport is
unlikely to signicantly inuence the observed electrochemical
response.

Another possible factor to consider is the magnetic-eld-
induced reorientation of SOD at the electrode surface.
Although the Cu center in SOD is paramagnetic, the associated
magnetic energy scale (estimated as gmBB, on the order of 10−23

J at 0.5 T, where g is the Landé g-factor and mB is the Bohr
magneton) is much smaller than thermal energy (kBTz 10−21 J
at room temperature, where kB is the Boltzmann constant and T
is the temperature), indicating that any magnetic-eld-induced
orientational bias is very weak. In addition, the enzyme is
adsorbed on the electrode surface via electrostatic, hydrogen-
bonding, and hydrophobic interactions, corresponding to
interfacial binding energies, oen reaching 10 kBT and more.27

Reorientation would therefore require overcoming both
thermal uctuations and interfacial binding interactions, and is
unlikely to signicantly inuence the observed response.
25400 | RSC Adv., 2026, 16, 25395–25401
Conclusion

In this study, the effect of a static magnetic eld on SOD activity
was analyzed at the molecular level using a puried enzyme
reaction system. Optical quantication of superoxide generated
through the XOD–xanthine system revealed that the magnetic
eld enhanced superoxide generation and, more importantly,
the SOD-mediated superoxide removal. Electrochemical anal-
yses further revealed that the electron transfer characteristics
between the Cu centerin SOD and the electrode were altered
under the magnetic eld, demonstrating that SOD redox
behavior is magnetically responsive in this controlled interfa-
cial system. These ndings suggests that magnetic elds can
inuence the catalysis of antioxidant enzymes. Overall, this
single-enzyme-level study provides fundamental insight into
the interaction between magnetic elds and biological redox
reactions.
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