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Abstract

Lysophosphatidylcholine (LPC) can be used as a biomarker for diseases such as cancer, diabetes, atherosclerosis, and sepsis.
In this study, we demonstrated the ability of nanozymes to displace the natural derived enzyme in enzyme-based assays for
the measurement of LPC. Synthesized polyvinylpyrrolidone-stabilized platinum—ruthenium nanozymes (PVP/PtRu NZs)
had a uniform size of 2.48 +0.24 nm and superb peroxidase-mimicking activity. We demonstrated that the nanozymes had
high activity over a wide pH and temperature range and high stability after long-term storage. The LPC concentration could
be accurately analyzed through the absorbance and fluorescence signals generated by the peroxidation reaction using the
synthesized nanozyme with substrates such as 3,3',5,5'-tetramethylbenzidine (TMB) and 10-acetyl-3,7-dihydroxyphenoxazine
(Amplifiu™ Red). LPC at a concentration of 0-400 uM was used for the analysis, and the coefficient of determination (R?)
was 0.977, and the limit of detection (LOD) was 23.1 uM by colorimetric assay. In the fluorometric assay, the R* was 0.999,
and the LOD was 8.97 uM. The spiked recovery values for the determination of LPC concentration in human serum samples
were 102-115%. Based on these results, we declared that PVP/PtRu NZs had an ability comparable to that of the native
enzyme horseradish peroxidase (HRP) in the enzyme-based LPC detection method.
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Introduction

Lysophosphatidylcholine (LPC), also known as lysolecithin
and lysoPC, is a type of lipid biomolecule produced from
phosphatidylcholine via the enzymatic hydrolysis of one
fatty acyl residue [1]. LPC constitutes the dominant part of
oxidized low-density lipoprotein (oxLDL) and functions as
an activator of several secondary messengers, including pro-
tein kinase C, protein tyrosine kinases, and Ca*t [2,3]. LPC
is present in the plasma of healthy adults at a concentration
of about 200-300 pM, and the concentration of LPC can be
used as an indicator of various diseases [4]. This is because
LPC concentrations in plasma correlate with various dis-
eases such as several cancers [5-8], diabetes [9], pneumonia
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[10], atherogenic diseases [11], and sepsis [12]. Sepsis, the
leading cause of death worldwide, has been reported to have
a particularly strong correlation between patient plasma
LPC concentration and mortality [13]. LPC has potential
to serve as a biomarker for early diagnosis of various dis-
eases, especially sepsis, and for this reason, investigation
into accurate and rapid diagnosis of LPC concentration is
being highlighted.

Established analytical technologies used to measure LPC
are relatively complex, such as nuclear magnetic resonance
(NMR) [14], matrix-assisted laser desorption and ionization
time-of-flight mass spectrometry (MALDI-TOF MS) [15],
high-performance liquid chromatography—mass spectrometry
(HPLC-MS) [16], and ultra-high-performance liquid chroma-
tography—electrospray ionization—tandem mass spectrometry
(UHPLC-ESI-MS) [17]. These methods require expensive
equipment, skilled technicians who can handle the equipment
and analyze the data, complex processing procedures, and
long analysis times. For these reasons, hospitals and research
institutes that can use these analytical methods are extremely
limited. Simple analytical methods are emerging to overcome
these technical and resource-driven limitations. An enzyme
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analysis method has been proposed that allows the determi-
nation of LPC concentration by simply obtaining an optical
absorption signal using enzymes [18].

Most of the enzymes used in common enzymatic assays are
derived from nature. Horseradish peroxidase (HRP), a repre-
sentative natural enzyme, is a type of redox enzyme and has
the ability to oxidize a substrate in the presence of hydrogen
peroxide (H,O,) [19]. HRP is used in the fields of life science,
to include medicine, biotechnology and biosensor systems,
bioremediation, and biocatalysis [20]. Most enzyme assays
that target biomolecules such as glucose and cholesterol and
quantify the final product, H,0,, are inseparable from HRP.
Nevertheless, as a protein derived from nature, HRP requires
specialized labor to obtain. Sophisticated extraction steps, high
costs, demanding working conditions, and exacting storage
requirements are all part of acquiring HRP [21]. For this reason,
over the past few decades, work has been conducted to develop
an artificial enzyme that compensates for the shortcomings of
natural enzyme. Compared to natural enzyme, artificial enzyme
has several advantages such as capacity for large-scale synthe-
sis at low cost through an easy method, operation in a wide
temperature and pH range and high stability and activity [22].

Nanozymes that can replace natural enzymes reported so
far include carbon-based nanoparticles [23], Co;0, nanopar-
ticles [24], CuO nanoparticles [25], Au nanoparticles [26], Fe
nanoparticles [27, 28], Ir nanoparticles [29], Ru nanoparticles
[30], Mn nanoparticles [31], and Pt nanoparticles [32-34].
Among these nanoparticles, Pt nanoparticles and their alloys
exhibit outstanding catalytic properties because of their large
surface areas. Additionally, Pt nanoparticles can be alloyed
with transition metals such as Ru, which has low cost, good
stability, and high activity, to maximize their catalytic activity
[35]. Besides, the catalytic activities of Pt can be improved
by the formation of nanoparticles with protective agents like
polyvinylpyrrolidone (PVP) [36]. Our group recently fabri-
cated PVP-stabilized Pt-Ru bimetallic nanozymes (PVP/PtRu
NZs) and demonstrated that they have remarkable peroxidase-
like activity and stability [37].

In this study, we applied PVP/PtRu NZs to LPC detection
assay as a replacement for HRP. Using the ability of PVP/PtRu
NZs to catalyze various substrates such as 3,3',5,5'-tetrameth-
ylbenzidine (TMB) and 10-acetyl-3,7-dihydroxyphenoxazine
(Ampliflu™ Red, AR), we determined LPC concentration in
both absorbance and fluorescence systems, and they showed
good linearity and high sensitivity.

Experimental
Materials

Chloroplatinic acid hydrate (H,PtClg - xH,0),
ruthenium(III) chloride hydrate (RuCl; - xH,0), calcium
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chloride dihydrate (CaCl, - 2H,0), 10 kDa polyvi-
nylpyrrolidone (PVP), Triton™ X-100, sodium acetate
trihydrate, sodium hydroxide (NaOH), H,0,, TMB,
terephthalic acid (TA), Ampliflu™ Red (AR), dime-
thyl sulfoxide (DMSO), L-a-lysophosphatidylcholine
(LPC), L-a-phosphatidic acid sodium salt (PA), L-a-
phosphatidylcholine (PC), sphingomyelin (SM), and
human serum were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Sodium borohydride (NaBH,) and
Spectra/Por® 3 dialysis tubing were acquired from Alfa
Aesar (Ward Hill, MA, USA) and Repligen (Rancho
Dominguez, CA, USA), respectively. Buffer solution (pH
1.0-12.0) was supplied by Samchun Chemical Co., Ltd
(Pyeongtaek, South Korea). 1 M Tris—HCI buffer (pH 7.4)
and acetic acid were obtained from Biosesang, Inc. (Sung
Nam, South Korea) and Junsei Chemical Co., Ltd (Tokyo,
Japan), respectively. Glycerophosphorylcholine phospho-
diesterase (GPCP) and lysophospholipase (LYPL) were
purchased from Asahi Kasei Corp. (Tokyo, Japan). Cho-
line oxidase (COD) was acquired from Toyobo Co., Ltd
(Osaka, Japan).

Preparation of PVP/PtRu NZs

PVP/PtRu NZs were produced according to a previous
report [37]. Briefly, 49 mL of an aqueous solution contain-
ing 5 pmol of PVP and 20 pmol each of H,PtCl, and RuCl,
was prepared and stirred for 30 min. Then, the temperature
of the solution was raised to 50 °C, and 1 mL of 80 mM
NaBH, in DI water was added. After stirring for 3 h, the
reaction of the mixture was complete. Finally, the PVP/PtRu
NZs obtained by dialyzing the solution for 48 h were stored
at 4 °C until use.

Characterizations

The morphology of PVP/PtRu NZs was observed by
transmission electron microscopy (TEM, JEOL JEM-
2010, Japan). The crystal structure of nanoparticles
was characterized by an X-ray diffractometer (XRD, D/
MAX-2500, Rigaku, USA). The valence state and sur-
face composition of PVP/PtRu NZs were investigated by
X-ray photoelectron spectroscopy (XPS, VG SCIENTA
R3000, UK). Inductively coupled plasma atomic emission
spectroscopy (ICP-AES, SPECTRO ARCOS) was used
to confirm the concentration of synthesized nanoparti-
cles. All optical experiments for obtaining absorbance
and fluorescence spectra were carried out by a UV-vis-
ible spectrometer (OPTIZEN Alpha, K LAB Co. Ltd.,
South Korea) and a multimode microplate reader (BioTek
Instruments, Inc., USA).
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Kinetics of PVP/PtRu NZs

A kinetic assay was performed to investigate the perox-
idase-like activity of PVP/PtRu NZs. The pH and tem-
perature conditions were optimized for the assay, and the
efficiency on how quickly the nanoparticles catalyze TMB
and H,0, was evaluated by varying the concentration of
each substrate. Twenty pL of PVP/PtRu NZs (20 pg/mL)
was added to 780 pL of 0.1 M sodium acetate—acetic acid
(NaAc-HAc) buffer (pH 5.0), and 100 pL of each substrate
was added to initiate the oxidation reaction. The change in
absorbance of the solution with time was measured, and
the initial reaction rate (V) (1) was calculated using the
Beer-Lambert law (2).

Ac

Vy=—
0= (1)
A =ecl 2)

where A means absorbance, € means the molar absorption
coefficient, ¢ means the molar concentration, and / means the
optical path length. Based on the calculated V, value, kinetic
parameters were obtained using the Michaelis—Menten
Eq. (3) and the Lineweaver—Burk reciprocal Eq. (4):

V. = Vmax[s]
0= K +51 3
1 K o1 )
VO Vmax[S] Vmax ( )
where V,,,, means the maximum velocity, [S] means

the substrate concentration, and K,, means the Michae-
lis—-Menten constant. V, .. and K,, represent the reaction
rate of the nanozyme and its affinity for the substrates,

respectively.
Determination of LPC

The method of enzyme analysis for LPC quantification
was described in a previous report [18]. The mechanism

Fig.1 Scheme of enzymatic
LPC assay mechanism

of the reaction involved in the measurement is described
in Fig. 1. First, by the action of the lysophospholipase
(LYPL), fatty acid was released from LPC in human
plasma or serum to become glycerophosphorylcholine
(GPC). After that, GPC was decomposed into glycer-
ophosphate and choline by glycerophosphorylcholine
phosphodiesterase (GPCP) and then oxidized by choline
oxidase (COD) to generate H,0,. The generated H,O,
was used during the peroxidation process of substrate by
peroxidase-mimic PVP/PtRu and was quantified by the
change in absorbance or fluorescence.

LPC assay with NZs (in absorbance system)

The method for determining LPC concentration using NZs
in absorbance system was made through three steps. The
concentrations of the elements constituting reagent 1 were
GPCP 0.6 U/mL, COD 60 U/mL, and CaCl, 6 mM in a
0.1 M Tris—HCI solution at pH 8.0. Reagent 2 consisted
of LYPL 60 U/mL in 0.1 M Tris—HCI solution at pH 8.0.
Reagent 3 included 0.33 mM TMB and 26.67 pg/mL of
PVP/PtRu NZs in a 0.1 M NaAc-HAc buffer solution at
pH 5.0. In the first step, for LPC quantification, 20 pL of
the LPC sample to be analyzed and 25 pL of reagent 1
were put into a 96-well plate and incubated at 37 °C for
2 min. As a second step, 25 pL of reagent 2 was added
and incubated at 37 °C for 5 min. Finally for the third
step, 150 pL of freshly prepared reagent 3 was added and
incubated at 37 °C for 5 min, and then the absorbance at
652 nm was measured.

LPC assay with NZs (in fluorescence system)

Determination of LPC concentration using NZs in fluo-
rescence system was also performed similarly to deter-
mining LPC concentration using NZs in absorbance sys-
tem. Reagent 1 contained GPCP 0.2 U/mL, COD 20 U/
mL, and CaCl, 2 mM in a 0.1 M Tris—HCI solution at
pH 8.0. Reagent 2 consisted of LYPL 60 U/mL in 0.1 M
Tris—HCI solution at pH 8.0. Reagent 3 included 10 pM
AR and 20 pg/mL of PVP/PtRu NZs in a 0.1 M Tris—HCl
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Fig.2 A XRD profile of PVP/

PtRu NZs. B TEM images of A 800
PVP/PtRu NZs. The inset shows
a histogram of the average par-
ticle size. C HR-TEM images
and D SAED pattern of PVP/
PtRu NZs
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Results and Discussion

Characterization of PVP/PtRu NZs

To investigate the physicochemical properties of the
synthesized PVP/PtRu NZs, various in-depth analyses
were carried out. First, as a result of analyzing the fab-
ricated PVP/PtRu NZs by ICP-AES, the concentration
of nanozyme was determined at 85.6 mg/L, and it was
confirmed that the prepared alloy had the same ratio of
Pt and Ru elements. The calculated atomic proportions
of Pt and Ru were 48.21% and 51.79%, respectively.
Next, XRD analysis was performed to verify the crystal
structure of the particles (Fig. 2A). The 26 range of the
scan for analysis was set from 30 to 90°. The resulting
spectrum of PVP/PtRu NZs had the same pattern as the
XRD analysis performed in previous studies [30, 38].
According to them, the spectrum of PVP/PtRu NZs was
slightly shifted because the particles were dispersed by
PVP to form a smaller crystal structure. The TEM images
were obtained to investigate the shape and structure of
the PVP/PtRu NZs. Figure 2B shows that well-dispersed
PtRu alloys were uniformly synthesized by PVP acting
as a stabilizer. The size of the synthesized nanoparticles
was 2.48 +0.27 nm, and the inset indicates the size dis-
persion histogram of the PVP/PtRu NZs. Figure 2C is a
high-resolution (HR) TEM image of the lattice pattern of
each particle, and the spacing between the lattices was
measured to be 0.23 nm. This value corresponds to the
d-spacing of the (111) plane of the PtRu alloy. Figure 2D
shows the selected-area electron diffraction (SAED) pat-
tern of PVP/PtRu NZs. Each indexed ring in SAED pat-
tern image reveals (111), (200), (220), and (311) planes,
proving the polycrystalline structure of PVP/PtRu NZs.
Figure 3 shows the chemical composition of PVP/
PtRu NZs through XPS analysis. Figure 3A is the survey
spectrum of nanoparticles ranging from 0 to 700 eV.
The peaks of Pt 4f and Ru 3p appeared at 66-82 eV
and 450-495 eV, respectively. In addition, peaks of C
1s,N1s,and O 1 s were observed, respectively, at
282-292 eV, 394-408 eV, and 527-540 eV, suggest-
ing the presence of PVP. HR-XPS spectra were decon-
volved to investigate the oxidation state of each ele-
ment constituting PVP/PtRu NZs. The C 1 s spectrum
in Fig. 3B included C-C (284.7 eV), C-N (285.7 eV),
and O =C-N/O=C-0 (287.1 eV) peaks [38]. These
functional groups constitute PVP, and through these
peaks, it was clearly confirmed that PVP was modified
on PVP/PtRu NZs. Also, one peak (280.4 eV) was found
in addition to the three peaks in the C 1 s spectrum. The
additional peak corresponded to Ru3d whose binding
energy range overlaps with that of C 1 s [39]. This peak
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Fig.4 A UV-Vis spectra of (a) H,0,+TMB, (b) H,0,+PVP/PtRu
NZs (¢) TMB+PVP/PtRu NZs, and (d) H,0,+TMB +PVP/PtRu
NZs. The inset shows a photographic image of four reaction solu-
tions. B pH-dependent relative absorbance at 652 nm. C Tempera-
ture-dependent relative absorbance at 652 nm

indicated the presence of the oxidized Ru species, Ru**.
The Ru 3d peak detected was relatively weak because
the surface of PVP/PtRu NZs was surrounded by a thick
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PVP layer. Figure 3C shows the HR spectrum of Pt 4f,
and this doublet spectrum was formed by convolution
of four peaks. They were two peaks (70.4 and 73.8 eV)
consistent with metallic platinum (Pt°) and two peaks
representing Pt?* (71.5 and 75.2 eV). Figure 3D is the
HR spectrum of Ru 3p, and peaks of Ru 3p;,, (461.9 eV)
and Ru 3p,,, (484.1 eV) were observed. The oxidized
species such as Ru** or Pt>* were detected during the
XPS analysis of PVP/PtRu NZs because of the oxidation
of the sample by exposure to air, which inevitably occurs
during the analysis process.

Enzyme-like activity of PVP/PtRu NZs

To analyze the enzyme-mimicking activity of the synthe-
sized PVP/PtRu NZs, colorimetric analysis using TMB
and H,0, was also performed. The absorbance of 1 mL of
the reaction solution was observed through UV-Vis analy-
sis (Fig. 4A). The final concentration of the solution was
80 mM H,0,, 0.6 mM TMB, and 0.4 pg/mL PVP/PtRu
NZs, in 0.1 M NaAc-HAc buffer (pH 5.0), and the reaction
time was 90 s. In the absence of PVP/PtRu NZs (curve a)
or TMB (curve b), no color change was observed because
the reaction did not proceed. A very slight color change
was observed when TMB and PVP/PtRu NZs were present
simultaneously (curve c), indicating that PVP/PtRu NZs

have the oxidase-mimic activity to oxidize TMB without
H,0,. On the other hand, when H,0,, TMB, and PVP/PtRu
NZs were all present (curve d), the reaction solution color
changed significantly. This indicated that PVP/PtRu NZs
have very potent peroxidase mimetic activity. Consequently,
PVP/PtRu NZs are multi-functioned artificial enzymes with
both weak oxidase-mimicking activity and strong peroxi-
dase-mimicking activity.

Prior to obtaining the kinetic parameters of PVP/PtRu
NZs using TMB and H,O, substrates, the optimization con-
ditions for PVP/PtRu NZs to peroxidize TMB were inves-
tigated. The substrates used for measurement were 0.2 mM
TMB and 20 mM H,0,, and the reaction time was fixed at
90 s. First, to optimize the pH conditions, the activity was
measured using a buffer solution having a pH range from 1.0
to 12.0, and as a result, high activity was shown to occur at
pH 4.0 and 5.0 (Fig. 4B). The kinetic assay was performed
at pH 5.0, which showed the highest activity. Changes in the
activity of PVP/PtRu NZs with respect to temperature were
also observed (Fig. 4C). As a result of measuring absorb-
ance at intervals of 10 °C in the temperature range from
10 to 60 °C, there was no significant difference in activity
over the whole temperature range measured. Experiments to
determine kinetic parameters were carried out at room tem-
perature using a buffer of pH 5.0 according to the condition
optimization results.

Fig.5 Michaelis—Menten A B
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Kinetics assay of PVP/PtRu NZs

Figs. 5A and B are Michaelis—Menten plots showing the
reaction rate measured by changing the concentration of one
substrate for another substrate with a fixed concentration.
Figure 5A shows the results of measurements changing the
concentration of TMB over 0.1-0.8 mM for 60 mM H,0,,
and Fig. 5B shows the results of changing the concentration
of H,0, over 5-100 mM for 0.2 mM TMB. Figure 5C and
D are Lineweaver—Burk plots obtained by taking the recip-
rocal of the corresponding values. Through this plotting,
the V,,.. and K,, values of PVP/PtRu NZs were calculated.
The synthesized NZs had K,, and V,,,, values of 0.25 mM
and 5.95 x 107° M s™! for TMB and 33 mM and 5.80 X
10~ M s~! for H,0,, respectively. The values were com-
pared with the values of different catalysts with peroxidase-
mimicking activity (Table 1). The K|, value of PVP/PtRu
NZs for TMB was 0.25 mM, which was about 1.7 times
smaller than that of HRP, indicating that nanozymes had
better affinity for TMB than HRP. However, it was confirmed
that the K, value for H,0O, of PVP/PtRu NZs was higher
than that of HRP and some catalysts. On the other hand,
in the case of V,,, value, PVP/PtRu NZs had a huge value
regardless of the type of substrate. This value was about 60
times greater than the V,, . value of HRP, which means that
the nanozymes had the ability to react more substrates per
unit time. Based on the above parameter values, the PVP/
PtRu NZs could be considered to have sufficient potential
to replace HRP.

Additionally, an investigation was carried out to discover
whether the catalytic action of PVP/PtRu NZs through the
ping-pong mechanism was the same as that of HRP [40].
The ping-pong mechanism means that enzyme reacts with
substrates in sequence. That is, the enzyme reacts with the
first substrate to release one product, and when it becomes an
intermediate form, it reacts with the second substrate to pro-
duce another product. When comparing Lineweaver—Burk

Table 1 Comparison of kinetic parameters of various catalysts

Catalyst V nax K, (mM) Reference
10 Ms™h
TMB H,0, TMB H,0,
HRP 10.00 871 0434 370 [27]
CuS 2427 1513 0216 0015  [43]
Pt/Fe-MOF 7.463 546  0.0635 0.0236 [44]
Au@HMPB NPs 34 25 0.25 88.72  [45]
BSA/Pt-NPs 154 287 0217 684 [46]
Pd-Ru NSs 9.84 175 0.057 3.630 [47]
Rh NSs 1256  68.09 0.264 451 (48]

PVP/PtRu NZs 595 580 0.25 33 Present work

plots of substrates with several fixed concentrations, if
each of them has a parallel shape, the response can be
seen as following the ping-pong mechanism [41]. Since
the Lineweaver—Burk plots for 40, 60, and 80 mM H,0,
(Fig. 5C) and the Lineweaver—Burk plots for TMB 0.15,
0.2, and 0.3 mM (Fig. 5D) were parallel, it was conceivable
that the enzymatic reaction of PVP/PtRu NZs follows the
ping-pong mechanism [42].

Catalytic mechanism of PVP/PtRu NZs
A TA assay was also performed to confirm that the synthe-

sized PVP/PtRu NZs caused a peroxidation reaction in the
same way as a natural peroxidase. Peroxidase first reacts
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Fig.6 A Structures of TA and 2-hydroxy-TA. B Fluorescence spec-
tra of (a) TA+H,0, (b) TA+NZs, (c) TA+H,0,+NZs, and (d)
TA +H,0,+NZs+DMSO
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Fig.7 A Time-dependent
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with H,0, to generate hydroxyl radicals (¢OH), and the gen-
erated eOH reacts with TMB to produce oxidized TMB with
a blue color as a result. The TA assay is an experiment to
confirm whether #OH is generated during the enzyme mimic
action of PVP/PtRu NZs. As shown in Fig. 6A, TA does not
show fluorescence by itself, but when reacted with eOH,
it becomes 2-hydroxy-TA with fluorescence. The composi-
tion of the solution used in the assay was TA 0.4 mM, H,0,
20 mM, and PVP/PtRu NZs 2 pg/mL in 0.1 M NaAc-HAc
buffer (pH 5.0). The excitation and emission wavelengths
were 315 nm and 420 nm, respectively. In Fig. 6B, when
H,0, and nanozyme were present at the same time (curve c),
oOH was generated from H,O, by the nanozyme, and thus
2-hydroxy-TA was generated. The reason that curve a shows
higher fluorescence than curve b was because eOH gener-
ated when H,0O, was exposed to light during the experiment
reacted with TA. Curve d shows the spectrum when DMSO,
which is a scavenger of «OH, was added. It was confirmed
that generated #OH was removed by DMSO, so that no fluo-
rescence was detected.

Colorimetric and fluorometric detection of LPC
A colorimetric analysis method was performed to determine
the concentration of LPC based on the absorption signal

generated by oxidizing the TMB in the presence of H,0,
through PVP/PtRu NZs. Since the amount of H,O,, the final
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product of the enzymatic reaction, varies depending on the
concentration of LPC present in the sample, the intensity of
the signal that is finally generated varies. LPC samples were
compared at six concentrations of 0, 10, 25, 50, 200, and
400 pM. TMB was used for detection with PVP/PtRu NZs,
and the maximum absorption wavelengths were 652 nm.
Figure 7A shows the change in absorption with time in LPC
detection using PVP/PtRu NZs. From the time of addition
of reagent 3, the absorption increased and saturated accord-
ing to the concentration. The calibration curve was plotted
based on 10 min at which the absorbance was sufficiently
saturated, as shown in Fig. 7B. A result having a high coef-
ficient of determination (R?) value of 0.977 and a limit of
detection (LOD) value of 23.1 pM was obtained. The LOD
value was calculated by dividing 3 times the standard devia-
tion value (o) of the blank by the slope (s) of the calibration
plot (LOD =30/s).

An assay was also conducted to determine the LPC con-
centration in a fluorescence system utilizing PVP/PtRu NZs.
In order to obtain a fluorescence signal through peroxidase-
mimicking activity, a substrate such as AR that emits a fluo-
rescence signal had to be used. AR itself does not fluoresce,
but when it is oxidized to the form of resorufin, it is excited
at 563 nm and emits fluorescence at 587 nm. Before LPC
fluorescence analysis, the enzyme-mimicking activity of
PVP/PtRu NZs using AR was investigated (Fig. 7C). The
fluorescence of 200 pL of the reaction solution in a 96-well
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plate was measured. The final composition of the reaction
solution was 80 mM H,0,, 10 uM AR, and 0.4 ug/mL PVP/
PtRu NZs, in 0.1 M Tris—HCI bufter (pH 8.0) containing 1%
DMSO. The pH 8.0 buffer was used to match the working
range of AR, a substrate that emits fluorescence. It was con-
firmed that strong fluorescence was emitted only when the
nanozymes, H,0,, and AR were all present (curve d) due to
the excellent peroxidase-mimic activity of PVP/PtRu NZs.
Weak fluorescence was detected in curve a because H,0,,
which was inevitably exposed to light during the experiment,
reacted with AR. As a result, it could be demonstrated that
PVP/PtRu NZs are peroxidase-mimicking artificial enzymes
that can be used not only for absorption reactions but also for
fluorescence reactions and can act widely in both low and
high pH ranges. Based on the revealed ability, an experiment
to detect LPC concentration in a fluorescence system was
also conducted. As in the absorption system, six concentra-
tions of 0, 10, 25, 50, 200, and 400 pM were measured. As
a result, the intensity of the emitted fluorescence is shown
in Fig. 7D. The R? and LOD values calculated through the
derived calibration curve were 0.999 and 8.97 pM, respec-
tively. LPC detection in the fluorescence system using
PVP/PtRu NZs showed higher linearity and lower LOD
values than LPC detection in the absorption system using
PVP/PtRu NZs. This was because the fluorescence system
was less affected by the oxidase-mimicking ability of the
nanozymes.

Selectivity, stability tests, and spike recovery

LPC colorimetric and fluorometric detection using PVP/
PtRu NZs were all tested for the specificity of LPC measure-
ments (Fig. 8A and B). The materials selected to investigate
the selectivity of each method were phosphatidic acid (PA),
phosphatidylcholine (PC), and sphingomyelin (SM), which
have a structure similar to that of LPC. Each experiment
was carried out in the same manner as the protocol used for
LPC measurement, and the concentration of each sample
used was 0.1 mg/mL. Both methods showed strong signals
only in LPC. However, in the LPC colorimetric detection
method using PVP/PtRu NZs, negative signal was generated
for PA. This result was because reduced PA had an effect
on the reduction of oxidized TMB. A stability test for long-
term storage of PVP/PtRu NZs was conducted (Fig. 8C).
For the stability test, the nanozymes were stored at 4 °C
for 30 days, and activity was checked every 5 days. It was
demonstrated that the activity of nanozyme did not change
even after 30 days by PVP acting as a stabilizer. In addition,
a spike recovery test was performed to evaluate the accuracy
of the methods for detecting LPC present in human serum
samples (Table 2). For evaluation, LPC samples (100 and
200 pM) were prepared by adding LPC to human serum.
In absorbance system, the observed recovery values of
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Table 2 Spiked recovery of

LPC in human serum sample Catalyst Method Spiked human Found (uM) Recovery (%) RSD (%)
serum samples
(M)
PVP/PtRu NZs Absorbance (652 nm) 100 104 104 10.3
200 206 103 2.89
PVP/PtRu NZs Fluorescence (563/587 nm) 100 115 115 8.07
200 203 102 6.29

100 and 200 pM LPC were 104% and 103%, and relative
standard deviations were 10.3% and 2.89%, respectively. In
fluorescence system, the observed recovery values of 100
and 200 pM LPC were 115% and 102%, and relative stand-
ard deviations were 8.07% and 6.29%, respectively. These
results in absorbance and fluorescence systems using PVP/
PtRu NZs demonstrate that the proposed colorimetric and
fluorometric methods are suitable for LPC determination in
real samples.

Conclusions

We demonstrated that accurate LPC analysis in absorbance
and fluorescence systems was also possible using PVP/
PtRu NZs instead of HRP. LPC analysis using PVP/PtRu
NZs could be performed at low cost and in a short time
without using expensive equipment compared to LPC anal-
ysis methods that have been generally used in these days.
The PVP/PtRu NZs used in this method, replacing HRP, a
naturally occurring enzyme, had advantages such as low
cost, easy synthesis, good stability, and ability to operate
under various conditions. In addition, the corresponding
nanozymes had a vigorous peroxidase-mimicking activ-
ity due to the synergistic effect of Pt and Ru, and it was
well-dispersed and synthesized in an even form with the
introduction of PVP so that it showed a very stable activ-
ity even during long-term storage. Considering the kinetic
parameters obtained from the kinetic assay using TMB
and H,0,, PVP/PtRu NZs had superb peroxidase-mimick-
ing activity. Additionally, the reaction of the nanozymes
followed a ping-pong mechanism and generated eOH as
in the reaction of HRP. The results indicated that PVP/
PtRu NZs are peroxidase-mimicking artificial enzymes
that are not deficient compared to HRP, and based on this,
absorbance and fluorescence detection of LPC using the
nanozymes was conducted. The principle of the analysis
was that the signal intensity of the oxidized substrates gen-
erated by the nanozymes and H,0, was different because
the amount of H,O,, the final product produced by the
enzymatic reaction, varies according to the concentration
of LPC. As a result, LPC in the range of 0—400 pM was
measured, and in the case of absorbance detection, an R?

@ Springer

of 0.977 and an LOD of 23.1 uM were obtained, and in the
case of a fluorescence detection method, an R? of 0.999
and an LOD of 8.97 pM were obtained. Corresponding
results suggested that PVP/PtRu NZs could be used as per-
oxidase for LPC enzyme analysis, as well as being multi-
function nanozymes that catalyze TMB at pH 5.0 and AR
at pH 8.0. In summary, PVP/PtRu NZs could be simply
synthesized and had high stability and remarkable activ-
ity, which showed sufficient potential to replace naturally
occurring enzymes. We expect that in the near future, this
nanozyme will not only be used in the field of biomolecule
detection, but will be suitably applied in the food industry,
environmental field, and the pharmaceutical field where
natural derived enzymes are currently used.
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