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Abstract

Nanozyme possesses multiple advantages including low cost, high stability, easy
manufacture, and versatility, which have earned interest in the application of biomedical purposes.
Herein, the nitrogen-graphene quantum dot (N-GQDs) decorated mixed molybdenum oxides
(MMO, MoOy, 2<x<3) were hydrothermally fabricated to serve as the peroxidase-like
nanozymes for the ultrasensitive detection of neurofilament light chain (NfL). The Kinetics
parameters of nanozyme including maximum velocity (Vma) and Michaelis-Menten half-
saturation constant (Km) were examined and compared with natural horseradish peroxidase (HRP).
In addition, the detection principle of MMO/N-GQD-based immunosensor was established.
Results show that addition of N-GQDs can trigger the electron flow from N-GQDs to MMO,
making the redox center of Mo elements more effective on electron transfer. The MMO/N-
GQDs/PPL/anti-NfL immunosensor exhibits excellent analytical performance on NfL detection
with both UV-visible spectrophotometer or smartphone-oriented RGB reader. A linear range of 16
to 1000 pg mL* with a limit of detection of 2.24 pg mL™ and recovery of 83 — 104 % in human
serum is achieved. The immunosensor can attain a selectivity coefficient of higher than 0.7 against
interferences containing common ions, amino acids, cholesterol, and biomarkers in serum. Results
corroborate that the green-synthesized peroxidase-like MMO/N-GQD possesses the advantages of
cost-effective and high scalability, which can serve as a potential nanozyme to replace natural
enzyme for the ultrasensitive and selective detection of serum NfL with superior recovery in

human serum.
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1. Introduction

The development of civilization as well as the good medical environment has made the
human life longer than at any previous time. According to the World Health Organization, it is
estimated that 2.1 billion people aged > 60 and 426 million people aged > 80 years old will be
achieved by the year 2050 [1]. Aging will then be a significant risk factor for neurodegenerative
disorders, and, therefore, the rapid and accurate detection of neurodegenerative diseases plays a
pivotal role in addressing the early alarming issue [2]. Currently, the clinical diagnosis of the
neurodegenerative disorder is based on the behavioral assessment, bioimaging, or molecular
diagnostics. More recently, the search of serum biomarkers, such as neurofilament light chain
(NfL), to serve as biomolecules for neurodegenerative disorder diagnostics or prognosis has
received much interest [3-6]. However, the sacred amount of NfL has made the detection difficult.
Therefore, an ultrasensitive, patient-centered diagnostic tool targeting the serum biomarker is
urgently needed.

Nanozyme, which uses nanomaterial as a biomimetic enzyme, has proven as an effective
sensing probe with several advantages including low cost, high stability, easy manufacture, and
versatility, which have earned interest in the application of biomedical purposes [7, 8].
Nanomaterials can undergo different kinds of reactions, which can be mimicked to enzymes like
peroxidase, oxidase, and superoxide dismutase. The peroxidase-like nanozyme can oxidize
organics like 3, 3°, 5, 5’-tetramethylbenzeme (TMB) in the presence of H>O: in a very short time,
enabling speedy screening of targeted biomarkers. Several nanomaterials have been reported as
peroxidase-like nanozyme, such as metal oxide [9], noble metal [10, 11], metal composites [12,
13], carbon derivatives [14, 15], and metal-organic-framework [16] for the detection of metal ions

[14, 17], organic contaminants or bioactive ingredients [12, 16], and biomolecules [9, 13].



However, the use of peroxidase-based nanozymes for sensing of biomolecules mainly focuses on
metabolites, and the application to disease biomarker sensing has still been underestimated.

Graphene quantum dots (GQDs) are carbon derivatives with low-cost, abundant, and
highly conductive. The tiny size of GQDs has enhanced the quantum confinement and edge effects,
leading to a well-defined spin multiplicity of the electronic states. As a result, GQDs have more
splitting in electron-hole gaps, further enabling a speedy electron transfer rate [18, 19]. GQDs are
usually oxidatively reactive, which are highly relevant to be peroxidase mimics under ambient
conditions as they have oxygen-containing functional groups in attachment to the electrophilic
species [20]. However, the quantum size of GQD limits its direct utilization and catalytic
efficiency because of the low colloidal stability [21]. Therefore, a solid support is needed to
improve the catalytic performance of GQDs.

Several carbon-based nanomaterials such as carbon nanotube, graphene, and porous
materials have been employed as the solid support in sensing application because of the high
specific surface area and good conductivity. However, one of the main issues of these
carbonaceous materials is the limited hydrophilicity, which can greatly affect on the sensitivity of
the biomimic sensor. Instead, metal oxides exhibit certain credits such as redox reactivity and high
surface area or volume, which can act as the support to enhance the catalytic performance of GQDs
[22]. Mixed molybdenum oxides (MMO, MoOy, 2 <x <3) have beneficial properties including
good hydrophilicity, high affinity towards oxygen, high electron mobility, low resistivity, high
melting point, and high chemical stability [23-25], which has been widely used in the catalysis [26,
27], sensing [28, 29], energy storage applications [30, 31]. However, the decoration of N-doped
GQDs onto MMO as the sensing probe of immunosensor for the ultrasensitive detection of

degenerative biomarker, NfL, has received less attention.
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Scheme 1. Schematic diagram of peroxidase-like colorimetric detection of serum NfL.

Herein, the N-GQDs were homogeneously decorated onto the MMO surface to serve as the
biomimic sensing probe of immunosensor for the optical detection of NfL in human serum. As
illustrated in Scheme 1, the MMO, prepared by the solvothermal method at pH 2, was mixed with
glycine and L-ascorbic acid at 180 °C for 10 h to form MMO/N-GQDs nanocomposites. The
MMO/N-GQDs were then anchored with anti-NfL to form the immunosensor. The MMO/N-
GQDs exhibit the excellent peroxidase activity, and induce the color change in the presence of
TMB and H.O,. The catalytic activity of MMO/N-GQDs including maximum reaction rate (Vm)
and Michaelis-Menten affinity constant (Km) was determined and compared with natural
peroxidase. Moreover, the MMO/N-GQDs/anti-NfL show superior sensitivity and selectivity

toward human NfL detection. In addition, the signal caused from the color change was detected



using spectrophotometer and smartphone-based RGB reader. The purpose of recording results in
gray value is to reserve its applicability as smart diagnostics after incorporating with machine
learning in the future. Results show that an ultrasensitive nanozyme-mediated immunosensor for
detecting serum NfL has been successfully developed which can open an avenue for optical-based

biosensor to detect NfL and other neurodegenerative diseases.

2. Experimental

The detailed experimental section including materials and reagents, preparation of
MMO/N-GQDs nanocomposites, catalytic activity of MMO/N-GQDs, setup of the smartphone-
based colorimetric sensor, and application for NfL detection in serum can be found in

Supplementary Materials. In addition, the detection and selectivity of NfL are described below

2.1. Detection and selectivity of NfL

A 96-well plate was used to detect NfL by natural antibody and as-prepared MMO/N-
GQDs/PLL/anti-NfL. A 100 pL of NfL sample was added to each well and incubated at 37 °C.
The liquid was decanted, and 50 pL of biotinylated anti-NfL and MMO/N-GQD/PLL/anti-NfL
were added to react for the natural peroxidase and nanozyme sets, respectively.

For the natural peroxidase set, the biotinylated anti-NfL was added with 100 pL of HRP
conjugate, and incubated for 30 min at room temperature. The resulting plates for natural
peroxidase set were decanted and washed with buffer for five times. Then, they were incubated in
the 96-well plate for 1 h at room temperature. The liquid was removed and the plate was washed
with buffer 3 times. The substrate solution was added to the plate and incubated for 15 min at room

temperature, and then the stop solution was added to terminate the reaction.



For MMO/N-GQDs/PPL/anti-NfL detection, 100 pL of 1 mM H20, 150 pL of 0.1 M acetate
buffer at pH 3.5, and 50 pL of 0.01 M TMB were added to the nanozyme set, and then incubated
for 2.5 min. The absorbance of resulting solution for both the natural enzyme and nanozyme set at

650 nm was determined and recorded.

3. Results and discussion
3.1. Characterization of MMO/N-GQDs
The XRD patterns of molybdenum oxide shows a binary mixture oxide of MoO2 and MoO:s.

As illustrated in Fig. S1, the (011), (100), (111), (114), (017) and (217) planes of MoOs, which

correspond to 20 of 23.3°, 23.6°, 33.4°, 41.4°, 49.9°, and 72.2°, respectively, are found in the
synthesized MMO. Besides, peaks at 28 of 26.2°, 37.5°, 38.9°, 53.9°, 61.3°, 65.0°, and 77.9° are
resulting from the crystal planes of (011), (101), (111), (022), (031), (211) and (132) planes of
MoO,, respectively. The crystalline properties of MMO/N-GQDs are further characterized by
using XRD and Raman spectroscopy. The amorphous peak of N-GQD at 20° — 25° 26 is not
observed due to the higher signal of well-crystalline MMO (Fig. S2). However, the Raman
spectrum of N-GQD signal shows the D-band and G-band of graphene derivatives at 1358 and
1596 cm* (Fig. 1a), indicating that the N-GQDs has been successfully decorated onto the MMO.

The FTIR spectra were recorded to confirm the functional groups on the nanocomposite. As
observed in Fig. 1b, the FTIR spectrum can be divided into four regions: A, B, C, and D. For region
A, the peak of N-HR: group in the range of 2700 — 3000 cm™ becomes visible after decorating
MMO with N-GQDs. Moreover, the stretching of the R-NH2 group in the range of 1600 — 1800
cm* (region B) becomes visible after addition of N-GQDs onto metal oxide. In contrast, the Mo-

OH group in region C becomes less visible in the presence of N-GQDs, which can conclude that



the adsorbed water has been reduced as the composite is occupied with N-GQDs. Lastly, peaks of
the O-Mo-O, Mo-0O, and Mo=0 bonds in the range of 650-1000 cm™ appear in the composite
(region D). The chemical composition of MMO/N-GQDs was further identified by XPS analysis.
As depicted in Fig. 1c, the XPS of MMO shows O 1s (532 eV), Mo 3s (509 eV), Mo 3p (395-412
eV), and Mo 3d (228-233 eV). A trace amount of C 1s (284 eV) is mainly attributed to the air
contaminant during preparation. The appearance of In 3d peak is mainly attributed to the role as
standard to obtain a more accurate chemical shift due to the catalytic activity. The pure N-GQDs
show peaks at 532, 400, and 284 eV, which are the characteristic peaks of N-GQDs. The decoration
of N-GQDs onto MMO exhibits all the peaks of N-GQDs and MMO, elaborating the successful
fabrication of MMO/N-GQDs nanocomposites.

To further understand the chemical species of elements in MMO, N-GQD, and MMO/N-
GQDs, the XPS peaks of carbon (C), nitrogen (N), molybdenum (Mo) and oxygen (O) were
deconvoluted. It can be seen that the four peaks including C=C, C-C, C-N/C-O, and C=0 are
clearly observed in the deconvoluted C 1s peaks of N-GQDs and MMO/N-GQDs (Fig. S3a). The
O 1s peaks of all the materials contain C=0 and C-O-C peaks (Fig. S3b), indicating the hydrophilic
properties of N-GQDs and MMO/N-GQDs [32]. The deconvoluted Mo spectra show Mo (V) and
Mo (V1) peaks (Fig. S3c), which in good agreement with the HRTEM result. Moreover, graphitic-
N, pyridinic-N and pyrrolic-N appear in the N-GQDs and MMO/N-GQDs (Fig. S3d),
corroborating the successful doping of N atoms into GQDs. It is interesting that the pyridinic-N
peak shifts to the high binding energy after the decoration of N-GQDs onto MMO, clearly
indicating that the MMO receives electrons from N-GQDs, and leads to the increase in the charge
density of MMO. The reduced states of M-O bonds may create more reactive sites for MMO/N-

GQDs nanocomposites to enhance biosensing sensitivity.
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Fig. 1. (a) The Raman spectra of pure MMO and MMO/N-GQDs, (b) the ATR-FTIR spectra and

(c) the XPS spectra of MMO, N-GQDs, and MMO/N-GQDs.

The morphology of the MMO/N-GQDs was examined by the HRTEM image. Generally, the
as-synthesized MMO/N-GQD is sheet-like with d-spacing of 0.24 nm, which can be referred as
the (111) crystal lattice of MoO2 (Fig. S4) [33]. In addition, a d-spacing of 0.36 nm, which
represents the (001) crystal plane of MoOs s also observed [34, 35]. The induced EDS mapping
shown in Fig. S5 also indicates the presence of Mo, O, C and N elements with nitrogen content of

2.4 at% in the nanocomposite.

3.2. Feasibility of MMO/N-GQD as peroxidase and its mechanisms
The biomimicking behavior of MMO/N-GQD was first examined with TMB and H20; as the
substrates. As shown in Fig. S6, no peak is observed in the absence of MMO/N-GQDs nanozymes

(control). As the peroxidase-like MMO/N-GQD can react with H2O;, the resulting radicals will



further oxidize TMB, giving rise to the formation of oxidized TMB to produce a blue complex at
absorption wavelength of 650 nm.

The catalytic activity as well as catalytic parameter of MMO/N-GQD was determined via
Michaelis-Menten kinetics study. Fig. 2 shows the the Michaelis-Menten curves as a function of
TMB and H.O> concentrations, and the catalytic activity of MMO/N-GQDs increases rapidly upon
the increase in substrate concentrations (Figs 2a and 2b). In addition, the Lineweaver—Burk
relationship was plotted to determine the Vmax and Km. A good linear relationship between 1/V
and 1/[S] is obtained (inset of Figs. 2a and 2b). Therefore, the Vmax and Km can be deduced as 3.99
x 10® M st and 0.089 mM for TMB, and 6.1 x 108 M s and 0.020 mM, respectively, for H,O..
The lower Km value towards H>O> in comparison with TMB indicates that the MMO/N-GQD

nanozyme has a better affinity towards H.Ox.

The peroxidase activity of MMO/N-GQDs in the presence of TMB and H2O> is summarised
in Fig. 2c. The acid buffer provides the H.O; an ideal supporting factor for the formation of
hydroxide ions, while also enabling the nanozyme to turn into m-cation radicals. The unstable n-
cation radicals react with the hydroxide ions readily, forming the oxidized nanozyme and radicals.
Next, the oxidized nanozyme returns to its reduced form by further reacting with the H.O, giving
out more radicals. These radicals would then react with TMB to yield a blue oxidized complex,

which can produce strong absorption intensity at 650 nm.

Table S2 compares the Michaelis-Menten constants of MMO/N-GQDs with the other
previously reported nanozymes. Several nanomaterials including iron oxide, Co3z0a4, C03S4, M0S3,
mesoporous carbon, and MOF have been used as nanozymes to trigger the oxidation of TMB in
the presence of H2O.. It is clear that the obtained Ky values (0.02 — 0.089 mM) are lower than

most of the other studies, and the Vmax values [(3.99 — 6.1) x 108 M s!] is higher those reported

10



results shown in Table S2 [36-41]. It is noticeable that the Vmax of MMO/N-GQDs is lower than
that of HPR. However, both the Km values of TMB and H2O, for MMO/N-GQDs are lower than
that of HRP, signifying the high affinity of MMO/N-GQDs toward TMB and H.O,. These results
clearly indicate that the as-prepared MMO/N-GQDs can be used as a potential alternative for
natural HRP to trigger the oxidation of TMB, which can serve an excellent sensing probe of the

immunosensor for the detection of NfL in human serum.
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3.3. Advantages of MMO/N-GQD over natural enzymes

Natural enzymes like hydrogen peroxidase (HRP) are used in biotechnological processes
and wastewater treatment, but their catalytic performance is limited at ambient conditions.
Nanozymes like MMO/N-GQDs can serve as a better alternative due to their higher tolerance to
temperature and pH. The wastewater or environmental conditions are commonly existed under the
harsh conditions (i.e. hotter weather at 50 °C while colder weather at 10 °C; the domestic
wastewater is usually acidic while the industrial wastewater can be alkali). The study evaluated
the catalytic activity of MMO/N-GQDs nanozyme under different conditions such as TMB and
H20> concentrations, the added amount of nanozyme, buffer pH, and temperature (Table S1),
comparing it with natural peroxidase. The nanozyme shows similar behavior to natural peroxidase,
but with high catalytic activity at 50 °C and pH 4. The nanozyme is considered as a better substitute
for natural enzyme HRP due to its easier scalability, cheaper cost, and more environmentally

friendly synthetic process. Organic solvents used in natural enzymes are toxic and costly.

3.4. Optimization of parameters for NfL detection

After the surface characterization and the demonstration of the validity of MMO/N-GQDs
as the suitable sensing probe, the MMO/N-GQDs was further undergone surface modification with
PPL, and then anchored with anti-NfL to form the immunosensor. Fig. S7a shows the change in
the surface zeta potential of the sensing probe during the surface modification and
biofunctionalization. Initially, the surface charge of the MMO/N-GQD is negative (-38 mV). Then,
the surface negativity reduces to -5 mV after the modification with PLL. The SEM image (Fig.
S7b) clearly shows the big lumps under the same magnification after the modification with PLL

in comparison with MMO/N-GQDs nanocomposites. This phenomenon indicates that the

12



MMO/N-GQD is composed of a polycationic polymer. Furthermore, the electrostatic interaction
between nanozyme with anti-NfL enhances during the biofunctionalization, resulting in the change

in zeta potential of MMO/N-GQDs/PPL/anti-NfL to the positive charges of 5 mV.
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Fig. 3. (a) The UV-Vis spectra that are resulted from buffer with different pH, (b) The UV-Vis
spectra that are resulted from the different volume of nanozyme, (c) The UV-Vis spectra of various

concentrations for 300 s, and (d) The prototype and interface of the smartphone-based colorimeter.

The sensing parameters including buffer pH, added volume of nanozyme, and the incubation
period for the chromogenic development were studied. Generally, the setting that gives the

maximum absorbance at 650 nm was determined as the optimized parameter. Firstly, the pH of

13



buffer is optimized by varying the solution pH from 3 to 7. Then, the optimized pH is justified to
be 4 as it gives the highest precision and relatively high absorbance (Fig. 3a). Although pH 3 shows
the highest absorbance, the low pH could reduce the colloidal stability of antibody as the active
site of antigen or antibody may be deaminated [42, 43]. Next, the optimized nanozyme volume has
determined to be 50 pL with the highest absorbance and favorable precision (Fig. 3b). Moreover,
the incubation time for the chromogenic development is optimized as 2.5 min as the absorbance
reaches its saturation state (Fig. 3c). After the optimization, these optimized parameters are
applied to detect NfL in serum using both a spectrophotometer and a smartphone-based

colorimeter (Fig. 3d).

3.5 Detection of NfL in PBS buffer

Fig. 4a display the detection of NfL using MMO/N-GQDs/PPL/anti-NfL immunosensor at
650 nm. The wavelength intensity of 650 nm decreases as the NfL concentration increases, clearly
signifying the successful detection of NfL using nanozyme-based immunosensors. Moreover, the
detection of NfL using immunosensor with HRP as the sensing probe was also examined. As
shown in Fig. 4b, the maximum absorbance wavelength of 442 nm decreases upon the increase in
NfL concentration (Fig. 4b), validating the feasibility of using MMO/N-GQDs/PPL/anti-NfL
immunosensor for NfL detection. Both the absorbance at the maximum wavelength of 650 nm for
nanozyme and 442 nm for HRP can be translated into the linear plot as a function of NfL
concentration. As displayed in Fig. 4c, two linear relationship between absorbance and log(CngL)
with a correlation coefficient of > 0.99 are clearly observed. The linear relationship of ABS = 0.35
log(Cnf) — 0.38 for HRP and ABS = 0.31 log(Cns) — 0.37 for MMO/N-GQDs nanozyme is

obtained. The similar linear relationship between HRP and nanozyme clearly indicates that the as-

14



prepared MMO/N-GQD is an excellent sensing probe which can potentially replace the natural

HRP to effectively detect NfL in human serum.
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Fig. 4. The UV-Vis spectra of (a) MMO/N-GQDs nanozyme and (b) HRP.

The detection of NfL by using a smartphone-based colorimeter was also validated,
indicating the potential for remote sensor applications. The color change is recorded as grey values,
with intensity varying with intensity. The darker the intensity of the color, the lower grey value is
obtained. Green color is chosen due to human eye photoreceptor sensitivity, resulting in maximum
color intensity.

Fig. 5a shows the linear relationship between the grey value and NfL concentration
detected with a smartphone-based colorimeter. An inversely proportional relationship of ABS = -
0.183 log(Cnr) + 237.9 (R? = 0.99) is established. Therefore, it is noticeable that the slope of the
linear relationship using laboratory-orientated spectrophotometer is higher than that of the
smartphone-based colorimeter, depicting that the UV-visible spectrophotometer is still more
sensitive than the proposed colorimeter. However, the good linear relationship with excellent
correlation coefficient validates the feasibility of using smartphone-oriented device to rapid and
accurate detection of NfL and other neurodegenerative biomarker in human serum.

15



The limit of detection (LOD), determined from the 3x relative standard deviation after 7
replicates of lowest NfL concentration applied, is calculated as 2.24 pg mL™? with a relative
standard deviation as low as 4.5% for the laboratory-orientated spectrophotometer set using
nanozyme, whereas 4.22 pg mL? with a relative standard deviation as low as 4.5% for the
smartphone-based colorimeter set using nanozyme. It indicates that the developed immunosensor
IS sensitive enough to detect a significant minimum NfL amount in human serum. The usual range
of serum NfL concentration of an adult below 50 years old is approximately 20 pg mL™. The
elevation of serum NfL concentration with the course of aging can be as high as 50 pg mL™ [44].
Thus, it is clearly that the LOD for this immunosensor is 10 times lower than the normal amount
of serum NfL, which is suitable to serve as a screening tool for the diagnostic or prognosis of NfL
and neurodegenerative disorders in human serum.

In order to justify the selectivity of immunosensors toward NfL detection, 10 different
interferants were added in the presence and absence of the analyte of interest (NfL). The
interferants include common ions, amino acids, lipids, proteins, and biomarkers in human serum.
The selectivity obtained from a UV-visible spectrophotometer is shown in Fig. 5b. The selectivity
coefficient has been calculated by taking the blank human serum and the control without interferant
as the references. Thus, it is deducible that the designated immunosensor is highly selective
towards NfL with a selectivity coefficient higher than 0.7. Moreover, all the selectivity coefficients
of the system in the absence of analyte but only the interferant including blank human serum are
lower than 0.3. The selectivity study has been also determined by the smartphone-based
colorimeter (Fig. 5¢). The window for RGB signal is only fall within the small range of 1 — 255.
It is getting saturated at a high intensity with less fluctuation in the RGB scale obtained. Thus, the

error bars may be too minor to be observed. This simple design is due to the limitation of RGB
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system, as the signal window is limited from 1 — 255, which is unlike the UV-visible
spectrophotometer intensity system that has unlimited y-axis signal window. The result indicates
that the selectivity coefficient of system with a mixture of interferant and analyte is higher than
0.8. In contrast, the selectivity of the system without analyte and the blank human serum is higher
than 2. This is because the gray value intensity is inversely proportional to the absorbance value.
Thus, the overall result corroborates that the innovated immunosensor is highly selective towards
the analyte of interest, NfL with significantly low interferences from other biomolecules.

The color change during NfL detection is primarily due to redox reactions between the
nanozyme and substrates. Thus, the chemical shift of the elements in the peroxidase-like MMO/N-
GQDs nanozyme before and after the reaction was examined via XPS analysis. The peroxidase-
like colorimetric reaction involves two steps: hydroxyl radical production as H20- is reduced into
H>0 and O, and oxidization of TMB. As can be seen in Fig. S8a, the Mo 3d species such as (V1),
(1V) and (0) in the nanozyme shifts back to the low binding energy in the system containing TMB.
The binding energy of Mo3dz. shifts from 234.5 to 235.6 eV without TMB, indicating the
occurrence of oxidation reaction. In contrast, the Mo 3ds2 shifts from 235.8 to 235.2 eV again after
the addition of TMB, which indicates that the reduction happens. Therefore, the phenomenon
further justifies the role of MMO/N-GQD nanozyme acts as a catalyst in the peroxidase-like
reaction, as its oxidation state is conserved after a chemical reaction. The hydroxyl radicals are
much more reduced in the system with TMB in comparison to that without TMB in the EPR
analysis (Fig. S8b), further indicates hydroxyl radicals are used in TMB oxidation. The increase
in analyte attached has also elevated the intensity of radicals as there is more nanozyme

accompanied along with the capture antibody (Fig. S8c). Therefore, it is deducible that the
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MMO/N-GQD nanozyme can act as a catalyst for the radical production out of H,O> followed by

the oxidation of TMB.
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Fig. 5. (a) The linear plot of the HRP, MMO/N-GQDs using a spectrophotometer and, the
MMO/N-GQDs nanozyme using smartphone-based colorimeter. The selectivity of MMO/N-GQD

immunosensor using (b) spectrophotometer and (¢) smartphone-based colorimeter.
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3.6 Application for NfL detection in serum and recovery

Table S3 shows the recovery of the colorimetric immunosensor for NfL detection in human
serum. The recoveries of 83 — 104% with a significantly low relative standard deviation of 0.8 —
4.7 % can be achieved. Therefore, this colorimetric immunosensor is feasible in real cases. The
innovated immunosensor has potential be applied in real human sample with the significant high

recovery and low standard deviation.

4. Conclusions

In this study, a peroxidase-like MMO/N-GQDs nanozyme has been successfully fabricated
with the hydrothermal method at 180 °C for 10 h, and then serve as the optical sensing probe of
immunosensor for the ultrasensitive and selective detection of NfL in human serum. Through the
Michaelis-Menten kinetic study, the MMO/N-GQD exhibits low K and the high Vimax, and the
catalytic activity of MMO/N-GQD is similar to the HRP. Moreover, the nanozyme shows excellent
catalytic activity under extreme conditions at low pH of 4 and high temperature of 50 °C.
Moreover, the MMO/N-GQDs/PPL/anti-NfL immunosensors can effectively detect NfL with UV-
visible spectrophotometer or smartphone-oriented colorimeter. Under the optimized condition, the
MMO/N-GQD based immunosensor exhibit excellent analytical performance toward NfL
detection in human serum with a dynamic range of 3 orders of magnitude. Furthermore, the
developed immunosensor achieves relatively low LOD of 2.24 pg mL* and high recovery of 83 —
104% in real serum samples within a short duration. Moreover, the possible detection mechanism
for NfL detection has been developed and proven. Results of this study signify the successful
preparation of MMO/N-GQDs nanozyme as the optical sensing probe of immunosensor for

effective detection of NfL, which can pave a path to develop the metal oxide-based nanozyme with
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high sensitivity and selectivity for the effective detection and diagnosis of NfL and other

neurodegenerative disorders.
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