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ABSTRACT

Objective(s): High levels of hydrogen peroxide (H,O,) induce oxidative stress in physiological environments.
Elevation of H,O, levels in semen can be a reason for male infertility, by causing protein and enzyme
denaturation, lipid peroxidation, and DNA damage. Oxidative stress can affect sperm features, such as
viability, motility, and fertilization potential. Although nanozymes are widely used to detect H,O, using
different techniques, monitoring of H,O, in physiological fluids remains a challenge that has not been studied
extensively. We report on a non-enzymatic paper strip based on y-Fe,O,@Prussian blue nanoparticles
(y-Fe203@PB NPs) and their performance for H,O, detection in buffer and seminal plasma.

Materials and Methods: y-Fe,O, NPs were synthesized using chemical coprecipitation method and were
then coated with PB. y-Fe,O,@PB NPs were characterized using ultraviolet-visible spectroscopy (UV-vis),
dynamic light scattering (DLS), X-ray diffraction (XRD), and transmission electron microscopy (TEM). The
results confirmed formation of relatively monodisperse and approximately 71 nm y-Fe,O,@PB NPs. The
peroxidase-like activities of y-Fe,O,NPs and y-Fe,O,@PB NPs were measured using UV-visible spectroscopy.
Results: The results demonstrated that the catalytic activity of y-Fe,O,@PB NPs was higher than that of
y-Fe—,~O, NPs. The concentrations of y-Fe,O0,@PB NPs and TMB, immobilized on paper strips, were
optimized. The detection limit of the constructed lateral flow assays (LFA) for H,O, in acetate buffer was
50.0 puM. Citric acid and ascorbic acid, as common components in semen, showed interference with the
performance of paper strips. The y-Fe,O,@PB NPs-based paper strip could detect H,O, spiked in human
seminal plasma in 20 min with a detection limit of 750.0 uM.

Conclusion: The colorimetric detection of H,O, on paper strips was successful and quantification of the
results was possible with the help of a cell phone, which makes it a breakthrough in quantitative rapid tests.
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INTRODUCTION

Detection of hydrogen peroxide (H,0,) is
essential in many fields, such as food security,
pharmaceutical, clinical, and environmental
protection [1]. H,O, is the most stable member
of the reactive oxygen species (ROS) family [1-3].

LM can generate oxidative damage in cell models
[5]. H,0, is also a by-product of oxidase enzymes,
such as glucose oxidase, cholesterol oxidase, and
alcohol oxidase [6, 7].

Many studies have introduced various H,0,
detection methods, including chromatography [8],

Although H,0O, is vital for normal cell function, its
high levels cause oxidative stress in physiological
environments [4]. According to the report by Ransy
et al,, H,0, in the concentration range of 100-500
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electrochemical [9, 10], enzymatic, luminescent
[6], and fluorescence [9, 11] techniques. Although
these methods are highly precise for HO,
detection, they suffer from some drawbacks,
such as need for expensive equipment, expert
users, rigorous storage conditions of the reaction
solution for a long time, and not being portable
[12]. Paper-based analytical devices (PADs) are
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Fig. 1. lllustration of the structure and performance of paper
strip sensor based on y-Fe203@prussian blue NPs for the
detection of H,0,

promising for point-of-care testing (POCT), owing
to their ease of use, low cost, and portability [13].
Paper-based microfluidics (uPADs) and lateral
flow assays (LFAs) are two common PADs that
have been widely studied [14]. The fabrication
of WPADs usually requires expensive lithography,
wax printing, or cutting devices, and the possibility
of large-scale fabrication of these types of tests
remains a challenge [15, 16]. The LFA method is
based on interacting biomolecules with analytes
in the test and control lines [17]. The only study
performed for detection of H,O, using the lateral
flow assay is reported by Fung et al. [18]. They used
horseradish peroxidase (HRP) as a recognition
element for H,0, detection. They immobilized HRP
on the detection zone of the LFA substrate using
four patterns: a) biotinylated HRP interacting with
avidin in the detection zone, b) HRP interacting
with anti-HRP antibodies in the detection zone,
c) goat anti-mouse immunoglobulin G (IgG)-
HRP immobilized on the detection zone, and d)
physical adsorption. Although HRP immobilized on
the detection zone by biotin-avidin and antigen-
antibody interactions has appropriate sensitivity
for H,0, detection, immobilization process of HRP
s is expensive and requires complex conjugation
procedures. Hence, there is a demand for a
cost-effective paper-based diagnostic approach
that employs accurate recognition elements as
enzyme substitutes, without relying on expensive
manufacturing equipment.

In the past decades, various nanomaterials,
such as noble metals, metal oxides, metal sulfides/

280

metal selenides, carbon materials, and metal-
organic frameworks (MOFs), have been widely
used as artificial enzymes [19, 20]. Nanozymes
are a class of artificial enzymes with intrinsic
enzyme-like activity [21, 22]. Compared to natural
enzymes, nanozymes have advantages such as low
cost, high stability, easy modification, and easy
storage [19, 23-25]. Hence, they have been widely
used for H,O, detection [6, 8, 9].

In the present study, we used y-Fe,0,@
Prussian blue nanoparticles (y-Fe,0,@PB NPs)
with peroxidase-like activity instead of HRP for the
detection of H,0,. A non-enzymatic paper strip
based on y-Fe,O,@PB NPs was fabricated, and
its performance was assessed for H,O, detection.
Human semen samples were selected as a model
of physiological fluid because Oxidative stress
can affect sperm parameters such as viability,
motility, and fertilization potential by causing
structural and performance deficiencies at the
biomolecular level. [2, 4, 26]. In addition, high
levels of ROS have been reported in 30 — 80 % of
infertile men [27]. To the best of our knowledge,
there are no reports on the construction of
colorimetric paper strip sensors using y-Fe,0,@
PB NPs to detect H,0, in human semen. Earlier,
in 2020 and 2021, Blanco et al. and Promsuwan
et al. developed electrochemical sensors based
on the peroxidase-like activity of nanoparticles to
detect H,0, in human semen [4, 28]. However, the
electrochemical method needs precise electronic
measurement system and analysis instruments in
addition to trained experts. The electrochemical
method is also more expensive than PADs, and its
repeatability is low, which are not applicable to
electrochemical sensors, and the results can be
observed with naked eye.

MATERIALS AND METHODS
Materials

Ferric chloride (FeCl,.6H,0), sodium sulfite
(Na_sO,), ammonium hydroxide solution (NH3.

H,0), dimethyl sulfoxide (DMSO), 3,3’5,5'-
tetramethylbenzidine (TmB), potassium
ferrocyanide  (K4(Fe-(CN)6).3H,0), anhydrous

sodium acetate, acetic acid, ascorbic acid,
citric acid, and acetone purchased from Merck
(Germany). The conjugate pad (PT1-05),
nitrocellulose membrane (NCM) (LFNC-c-ss03- 15
i), and absorbent pad (SP 08) were purchased
from Nupore Filtration Systems Pvt. Ltd. (India).
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Preparation of y-Fe,0 @PB NPs

y-Fe,0, NPs were synthesized using a
coprecipitation method developed by Sun et al.
[29] with some modifications. Briefly, 3 mL of
FeCl,.6H,O0 (2 M) was prepared in 2 M HCI and
then added to 10.33 mL of deionized (DI) water.
Subsequently, 2 mL of Na,SO, (1 M) was added
dropwise to the solution. The solution color
changed from bright yellow to red. The yellow
solution was rapidly added to NH3.H,O solution
(0.85 M) with vigorous stirring. A black precipitate
was immediately obtained, and the solution was
stirred for 30 min. The black precipitate was
washed with deoxygenated water by magnetic
decantation until the pH dropped below 7.5. Half of
the precipitate was diluted with 84 mL of DI water,
and the pH was adjusted to 3. The temperature
of the solution was raised to 90 °C within 5 min.
The solution was then stirred at 100 °C for 60 min
under aeration. The resulting red-brown y-Fe, O,
NPs were washed four times with DI water via
magnetic decantation. Subsequently, y-Fe,O, NPs
were coated with PB using a single precursor
method. First, the concentration of y-Fe,O, NPs
was set at 0.1 mg mL?, and the pH was adjusted
to 2 with HCI (0.1 M). An appropriate amount of
K4(Fe-(CN).).3H,0 (10 mg mL?) was then added
dropwise to y-Fe,0, NPs under gentle stirring.
The final concentration of K (Fe-(CN).).3H,0O in
the solution was adjusted to 2.5 mg mL™. The
solution was mixed for 1 hr and centrifuged until
the supernatant became colorless [30].

Characterization

The size and morphology of PB-Fe,0, NPs
were examined by means of transmission
electron microscopy (TEM) (ZEISS, EM10C-100
KV, Germany). The ultraviolet-visible (UV-vis)
absorption spectrum was recorded using a Cytation
3 plate reader (BioTek, USA). The hydrodynamic
size and zeta potential of the nanoparticles were
measured using a ScatterOScope (I) (SOSI, K-ONE,
South Korea) particle size analyzer and Malvern
Zetasizer Nano-ZS ZEN 3600, respectively. The
Fe ion concentration in y-Fe,O, NPs solution was
determined using inductively coupled plasma
optical emission spectroscopy (ICP-OES) (Vista-
PRO, Varian). X-ray diffraction (XRD) pattern was
recorded using a PHILIPS PW1730 (A=0.154056
nm) at a current of 30 mA and a voltage of 40 KV.

Peroxidase-like activity measurement
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To evaluate the peroxidase-like activity
of y-Fe,0, and y-Fe,O,@PB NPs, the catalytic
oxidation of TMB by y-Fe,0, and y-Fe,O,@PB NPs
was investigated in the presence of H,0,. Reaction
solutions, including acetate buffer (0.1 M, pH=4)
and TMB (0.8 Mm) was treated with: (A) 1.0 Fe
ug/mL y-Fe,0, NPs or y-Fe,O,@PB NPs, (B) 250.0
mM H,0,, and (C) 1.0 Fe pg/mL y-Fe,0, NPs or
y-Fe,0,@PB NPs with 250.0 mM of H,O,. The
absorbance of the reaction solution at 652 nm
was measured using a UV-vis spectrophotometer.
Steady-state kinetic analysis of y-Fe,O,@PB NPs
was performed in the presence of TMB and H_O,.
Kinetic analysis of y-Fe,O,@PB NPs with TMB as
the substrate was performed by adding a constant
amount of H,0, (final concentration of 250.0
mM) to the various concentrations (0, 0.075,
0.150, 0.300, 0.500, 0.650, and 0.800 mM) of
TMB solution. The kinetic analysis of y-Fe,O,@PB
NPs with H,0, as the substrate was carried out by
adding a constant amount of TMB (0.800 mM) to
the various concentrations of H,O, (0, 31.0, 62.0,
125.0, 250.0, and 500.0 mM). The absorption
data were then fitted to the Michaelis—Menten
equation (1) to calculate the kinetic parameters.

V=V__([SI/IS])+K ) (1)

The Michaelis-Menten equation explains
the relationship between the rates of substrate
conversion by an enzyme and substrate
concentration. In this equation, V  is the rate
of conversion, Vmax is the maximum rate of
conversion, [S] is the substrate concentration, and
KM is the Michaelis-Menten constant, which is
equivalent to the substrate concentration at which
the rate of conversion is half of Vmax and describes
the affinity of the enzyme for the substrate.

Real sample collection

In this study human semen specimens were
selected as a real sample. For the collection of
human semen specimens, ethics approval was
obtained from the ethics committee of Tehran
University of Medical Sciences, Tehran, Iran (IR.
TUMS.MEDICINE.REC.1401.526) and individual
volunteers signed the consent to participate in the
study. A human semen specimen was obtained
from a healthy volunteer and was immediately
frozen.
UV-visible spectrophotometric detection of H,0,
in buffer and real sample

Forthe detection of H,O, with UV-vis absorption
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spectroscopy, various concentrations of H,0, (0.5-
1000 uM), diluted y-Fe,0,@PB NPs with the ratio
of 1:25, and 0.800 mM of TMB were prepared
in 250 plL acetate buffer (0.1 M, pH=4). After 20
min incubation, the absorbance of each reaction
solution was measured at 650 nm wavelength.
To measure H,O, in real samples, human semen
samples were liquified by incubation for 37 °C
over 20 min. The semen sample was centrifuged
at 2500 rpm for 6 min to obtain seminal plasma
from the whole semen. Subsequently, aliquots of
seminal plasma, H,0, with a concentration range
of 0.5-1000 uM, y-Fe,0,@PB NPs with dilution
ratio of 1:25, and TMB with the concentration of
0.800 mM were prepared in 250 L acetate buffer.
After 20 min, the absorbance of the reaction
solutions was recorded at a wavelength of 650 nm.

Assembling paper strip

The designed paper strip consists of three parts:
the TMB pad, treated with TMB, NCM, treated
with y-Fe,0,@PB NPs, and untreated absorbent
pad. All these parts were placed on a backing card.
To construct the paper strip, a 12x40 mm? NCM
was located in the middle of the backing card, a
26x40 mm? TMB pad was placed at the bottom of
the NCM, and a 22x40 mm? absorbent pad was
placed at the other end of the NCM. Then, they
were cut into 4 mm wide and 56 mm long strips.

Optimising y-Fe, 0. @PB NPs concentration on
NCM

To optimize y-Fe,0,@PB NPs concentration on
the NCM, four NCMs were immersed in y-Fe,0,@
PB NPs with the dilution ratios of 1:100, 1:50,
1:33, and 1:25 for 30 min and were dried. Each of
them were incorporated in assembling the paper
strips. Then, H,0, (5.0 mM) was injected onto the
TMB pad. The concentration ratio of y-Fe,0,@
PB NPs that produced the highest RGB ratio was
determined to be the optimum concentration
ratio of y-Fe,O,@PB NPs. RGB ratio was used for
guantitative analysis of the colorimetric response.
Intensities of red (R), green (G), and blue (B)
colours were determined using Color Detector 2.0,
based on Equation (2) [31].

RGB ratio=G/(R+G+B) (2)

Optimising TMB Concentration on conjugate pad
(TMB pad)

To optimize the TMB concentration, its different
concentrations (1.0, 2.0, 3.0, 4.0, and 5.0 mM)
were dissolved in acetone and were individually
added to the TMB pad with a pipette tip and
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allowed to dry. Then, they were incorporated into
individual paper strips. NextH,O, (1.0 mM) was
injected onto the TMB pad to assess the oxidation
of TMB and the appearance of a green-blue colour
on NCM. The TMB concentration that produced
the highest RGB ratio was selected as the optimal
concentration.

Analysis of paper strips

Serial dilutions of H,0, in acetate buffer (0.1
M, pH 4) in the concentration range of 0, 1.0, 5.0,
10.0, 50.0, 100.0, 250.0, 500.0, 750.0, 1000.0, and
5000.0 uM were prepared. Then, 70.0 pL of each
concentration was dropped onto the TMB pad.
The solution moved TMB from the TMB pad to
the NCM. On NCM pad, H,0, interacted with the
Fe?*ions of the y-Fe,O,@PB NPs. One electron was
transferred from Fe? to H,0,, and H,0, was broken
down into hydroxyl radicals (eOH). Hydroxyl
radicals oxidized TMB, producing a green-blue
colour. After 20 min incubation, the reaction was
complete, and the appearance of a green-blue
colour on the strips was assessed. To perform
guantitative analysis of the colorimetric response,
the RGB ratio was calculated.

Interference assay

The interference of common substances in
semen, such as ascorbic acid, citric acid, and
fructose, was investigated separately on detecting
H,O, [32]. Hence, citric acid, ascorbic acid, and
fructose solutions with the concentrations
equivalent to that in semen (25.0 mM, 678.2 uM,
and 16.4 mM, respectively) were prepared, [33].
H,O, (1000.0 uM) was added to the prepared citric
acid, ascorbic acid, and fructose solutions. Next,
the treated samples and control group (1000 uM
H,O,) were applied to the paper strips. After 20
min, the intensity of the green-blue colour of NCM
was recorded and the RGB ratio was evaluated.

Performance of paper strips in real sample

To validate the application of paper strips,
the detection of H,O, was evaluated in human
semen specimens. The various concentrations of
H,O, (0.0-1000.0 uM) were spiked directly into
the seminal plasma aliquots. The spiked seminal
fluid was then applied to paper strips. Finally, the
intensity of the green-blue colour of the paper
strips was evaluated after 20 min.
RESULTS AND DISCUSSIONS
Characterization of synthesized NPs

The synthesizedy -Fe,O, NPs and y-Fe,0,@

Nanomed J. 12(2): 279-288, Spring 2025
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PB NPs werecharacterized. As indicated in Fig. 1
a, the XRD pattern of y-Fe,0, NPs shows (220),
(311), (400), (422), (440), and (511) peaks, which
are characteristic peaks of cubic spinel structure
of y-Fe,0, [30]. y-Fe,0, NPs had no obvious
absorption peaks, but y-Fe,0,@PB NPs had an
absorption peak at 700 nm, as previously reported
(Fig. 1 b) [30, 34]. The TEM micrograph shows
the cubic morphology of the PB NPs, coating the
spherical y-Fe,O, NPs with an average size of 71.0
+ 9.7 nm (Fig. 1 c and d). The hydrodynamic sizes
of y-Fe,O,NPs and y-Fe,O,@PB NPs were 121.0
nm and 384.0 nm, respectively (Fig. 1 e and f),
indicating that the hydrodynamic size of NPs
increased after coating with PB (Fig. 1 g). However,
the increase in the zeta potential of the NPs before
and after coating was insignificant (Fig. 1 g). y-Fe,0,
and y-Fe,0,@PB NPs were easily separated by a
magnet because of the strong magnetic properties
of y -Fe,0, NPs (Fig. 1 h).

Measurement of peroxidase-like activity

The peroxidase-like activity of y-Fe,0, and
y-Fe,0,@ PB NPs was investigated It was evident
that the catalytic activity of y-Fe,0,@ PB NPs
was more robust than that of y-Fe,0, NPs (Fig.
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Fig. 3. Steady-state kinetic analysis of y-Fe,0,@ PB NPs. (a)

0.800 mM of TMB as the substrate was added to the various

concentrations of H,0,, and (b) 250 mM of H,0, as the
substrate was added to the various concentrations of TMB

negligible oxidation of TMB, indicating that in
the interaction between NPs and H,O,, TMB is
necessary for the catalytic reaction [36].
Steady-state kinetic parameters were measured
for y-Fe,0,@ PB NPs using H,0, and TMB as the
substrates. First, the absorption curve was plotted
based on the time for each concentration of H,0,
and TMB,and the slope was calculated. Then, the
velocity of catalytic activity was calculated for each
concentration of H,0, and TMB (Fig. 3), and the
data were fitted to the Michaelis-Menten equation.
The Km values of y-Fe,0.@ PB NPs with TMB and
H,O, were obtained 0.694 and 229.6, respectively.

UV-visible spectrophotometric detection of H,0
in buffer and real sample

The UV-vis spectroscopic data demonstrated
that the response range for H,0, detection in
acetate buffer was 0.5- 250.0 uM and the detection
limit was 13.6 uM. H,O, detection in human
semen sample was also assessed. The response
range for H,0, detection in the semen sample
was 1.0-750.0 uM. The detection limit was 91.6
UM. Therefore, the detection limit in the human
semen sample was 6.7 times higher than that in
the buffer sample. In addition, the upper limit of
the response range in the samples that contained
seminal plasma was higher than that of the buffer
samples. The optical density (OD) of the reaction
solution that contained seminal plasma was
lower than that of the reaction solution without
seminal plasma (Fig. 4). These observations can

2
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Fig. 4. UV-visible absorption spectrum of H,0, in acetate buffer
and human semen samples

be contributed to the presence of antioxidant
compounds such as citric acid, ascorbic acid, uric
acid, and zinc in the human semen [37].

Optimizing the y-Fe,0.@ PB NPs concentration
on NCM

After preparing the paper strip, the
concentration of immobilized y-Fe,0,@PB NPs on
the NCM was optimized. The colour intensity of the
NCM sheet increased by decreasing the dilution
ratio of y-Fe,O,@PB NPs from 1:100 to 1:25 (Fig.
5 a). Also, the RGB ratio increased from 0.34 to
0.40 (Fig. 5 b). Thus, a 1:25 concentration ratio
of y-Fe,0,@PB NPs was selected as the optimum
concentration. The optimal concentration of
y-Fe,0,@PB NPs was homogeneously immobilized
on the surface of NCM fibers (Fig. 5 c and d).
Optimization of TMB concentration on TMB pad

To determine the optimum concentration of

i
| |
1:100 1:50 1:33 1:25

0.30-
1:100 1:50 1:33 1:25
Concentration ratio

Fig. 5. The optimization of y-Fe,0,@PB NPs concentration on

paper strips; the different concentration ratios of y-Fe,0,@PB

NPs to the buffer as 1:100, 1:50, 1:33, and 1:25 (a), and their

respective RGB ratio bar chart (b), SEM images of NCM before

immobilization of y-Fe,0,@PB NPs (c), and after immobilization
of y-Fe,0,@PB NPs (d)
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TMB, 1.0,2.0,3.0,4.0,and 5.0 mM of TMBwasdried
on a TMB pad, and a paper strip was constructed
with individual pads. H,0, was then applied to
the TMB pad of the paper strips. According to
the results, the intensity of the green-blue colour
and the RGB ratio decreased with increasing TMB
concentration (Fig. 6 a and b). This is because high
concentration of TMB inhibits its function as a
substrate [38]. Thus, the concentration of 1.0 mM
was selected as the optimum amount of TMB.

Analysis of paper strips

After carrying out all optimizations, paper
strips were assembled, and serial dilutions of H,0,
were applied onto the strips. The results shows
that by increasing the concentration of H,0,, the
intensity of the green-blue colour increased (Fig.
7 a). The respective RGB ratio graph indicates
that the RGB ratio enhanced from 0.35 to 0.4 as
the H,0, concentration increased (Fig. 7 b). The
highest RGB ratio was obtained for 5.0 mM of H,O,
and the lowest for 1.0 uM of H,0,, with a detection
limit of 50.0 puM.

Interference assay

The interference of common semen
components on detecting H,0, was investigated
(Fig. 8 a and b). The RGB ratio of the fructose
group was similar to that of the H,0, control
group. In the citric acid group, a green-blue colour
was produced, and its RGB ratio was less than the
RGB ratio of the control and fructose groups (Fig.
8 b). In the ascorbic acid group, a pale green-blue

Nanomed J. 12(2): 279-288, Spring 2025

a
: 1 -
|
| i
|
l | N
| |
h = B = |
l |
N i B | L
5000 1000 750 500 250 100 S0 10
b
4
0.40 T
2 &
£ 0.38+ -
[i1] L J 2038 1. ‘}
8 . .E 0.3 H’" T
036 €0
-
25 50 75100
Concentration (jaM)
0.34 T T T T
0 250 500 750 1000

Concentration (uM)

Fig. 7. The photograph of paper strip analysis with the various
concentrations of H,0, (a) and the RGB ratio curve quantifying
the results of the paper strip analysis (b)

colour appeared, and its RGB ratio was the least
compared to that of the other groups (Fig. 8 b).
As a result, fructose did not interfere with
the H,O, detection, while citric acid exhibited
low interference, and ascorbic acid strongly
interfered with H,O, detection. The reason for
the interference of citric acid and ascorbic acid
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Fig. 8. The interference assay of the control group, fructose,
citric acid, and ascorbic acid with H,0, detection, the RGB ratio
graphs (b)
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on detecting H,0, is that these two substances
neutralize H,0, as antioxidants, and by reducing
the concentration of H,0,, the oxidation of TMB
and the production of green-blue colour decreases.
In addition, ascorbic acid can reduce blue-oxidized
TMB to colourless TMB, and therefore, interferes
with the performance of the paper strip [39, 40].
Although the concentration of ascorbic acid was
less than that of citric acid, the ratio of their RGBs
revealed that ascorbic acid interfered more with
detecting H,0, because ascorbic acid neutralizes
H,O, and reduces oxidized TMB [39].

Performance of LFA on real sample

The applicability of the paper strips was
evaluated by monitoring H,0, levels in human
seminal plasma. After spiking H,O, into seminal
plasma samples, the samples were applied onto
the TMB pad of the paper strips. The pale green-
blue colour appeared for 750.0 uM and 1000.0 uM
concentrations of H,O,. For lower concentrations,
no significant green-blue colour was observed
(Fig. 9). As seen in the interference section, some
semen components, such as ascorbic acid, citric
acid, uric acid and zinc prevented the oxidation of
TMB by neutralizing H,0,, and ascorbic acid with
its reducing properties, reduced the oxidized TMB
and faded the blue color.

Thus, the detection limit of the paper strips in
human seminal plasma was higher than that of the
acetate buffer.

By comparing the results of paper strips with
those of UV-visible spectroscopy, it is clear that
the detection limit of UV-visible spectroscopy
is lower than that of paper strips, similar to the
results of other studies. For example, in a study
conducted by Jia et al., H,O, was detected using
Fe,0,@chitosan nanoparticles, and the detection
limit of UV-visible spectroscopy was 69 nM. In
contrast, the detection limit of pPAD was 6.5 uM

0 1 5 10 50

[41]. In another study by Tesfaye et al., the uPAD
detection limit for nitrite and nitrate ions was
0.16 and 0.87 ppm, respectively. However, the
detection limit of UV-visible spectroscopy was
0.066 and 0.1 ppm [42]. Looking at these reports
and the results of our research, the sensitivity of
paper-based diagnostic devices is less than that
of the UV-visible spectroscopy method, which
can be due to several reasons, such as the volume
of nanoparticles and reagents used in UV-visible
spectroscopy being more than that of paper-
based devices. In addition, the heterogeneous
distribution of nanoparticles and chromogens in
the paper and the background noise created by the
paper can be mentioned as reasons for the lower
sensitivity of paper-based diagnostic methods
[41]. On the other hand, the sensitivity in the paper
strip and UV-visible methods decreased in the real
sample compared to the buffer sample. However,
as reported by Kullisaar et al., the concentration
of H,0, in infertile men with inflammation in
the genital tract and oligospermic men without
inflammation in the genital tract was in the range
of 629-859 uM [27]. Therefore, the colorimetric
method used in this study is able to detect such
concentrations of H,0, in real samples.

To date, two studies have been conducted
on the measurement of HO, in semen using
nanoparticles, and in both studies, the detection
is based on the electrochemical method [4].
In a study by Blanco et al., they reported that
fructose interfered with the detection of H,0, and
increased the signal by 20%. In another study by
Promsuwan et al., the interference of components,
such as ascorbic acid, in the detection of H,0O, were
investigated, and they reported that none of them
had any significant interference. However, in the
present study, fructose did not cause any signal
increase in the detection of H O,, and ascorbic

272
acid had the most significant interfering effect.
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Fig. 9. The photograph evaluating the application of paper strips to detect H,0, spiked into human seminal plasma
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The main reason for the difference between the
results of the current study and the previous
studies is that the basis of the colorimetric assay is
different from that of the electrochemical method,
and in each of the methods, particular substrates,
reagents, and materials are used.

Since the reported method is based on
colorimetric analysis of the paper strips based on
pictures captured on cell phones, with the help of
a suitable mobile application, the quantification of
the results can be realized with only access to a
cell phone.

CONCLUSION

y-Fe,0.@PB NPs were successfully fabricated
and characterized. The results confirmed the
formation of PB NPs coated y-Fe,O, NPs. A non-
enzymatic paper strip based on the peroxidase-like
activity of the y-Fe,O,@PB NPs was designed and
constructed. The paper strips performed well at a
1:25 dilution ratio of y-Fe,O,@PB NPs and 1.0 mM
of TMB. The interference assay revealed that citric
acid and ascorbic acid interfered with the H,0,
detection. This interference is attributed to the
ability of these antioxidants to neutralize H,0, and
reduce oxidized TMB to TMB, thus affecting colour
production. The detection limits of paper strip for
detecting H,0, in acetate buffer and human semen
samples were different because of the presence
of antioxidant components in human semen
specimens. It can be concluded that nanozymes
exhibit a sensitive performance in detecting
H,O,. However, their appropriate performance
in biological environment is challenging because
of a series of antioxidant components in some
physiological fluids, which can interfere with the
performance of nanozyme-based biosensors.
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