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ization of a Cu-MOF@graphene
oxide nanozyme for point-of-care colorimetric
determination of sarcosine and H2O2

Martin N. Saad, *a Amr M. Mahmoud, a Sawsan M. Amer, a Ibrahim M. El-
Sherbiny *b and Hoda M. Marzouk a

Prostate cancer is a leading cause of tumor-related mortality worldwide, and there is a critical need for

reliable biomarkers that enable early, accurate, and specific diagnosis. Sarcosine, a metabolic byproduct

of glycine, has emerged as a potential biomarker for prostate cancer progression, but its low

physiological concentration and interference from complex biological matrices make its detection

analytically challenging. In this study, a copper-based metal–organic framework supported on graphene

oxide (Cu-MOF@GO) was synthesized via a solvothermal method and used as a highly active

peroxidase-like nanozyme for the colorimetric detection of hydrogen peroxide and sarcosine. The Cu-

MOF was successfully anchored onto the graphene oxide surface, providing an exceptionally large

surface area (1476.8 m2 g−1) and abundant catalytic sites, as confirmed by structural and surface

characterization through FTIR, SEM-EDX, BET and XRD analyses. To optimize catalytic efficiency, a half-

fractional Central Composite Design (CCD) was employed, leading to excellent correlation coefficients

(R2 > 0.999) for linear responses to hydrogen peroxide (0.5–1000 mM, with a detection limit of 0.15 mM)

and sarcosine (0.5–250 mM, with a detection limit of 0.16 mM). The method also demonstrated strong

potential for portable analysis using smartphone-based RGB color detection, showing high precision and

recovery in spiked serum samples. This work presents a computationally guided approach for designing

nanozymes with enhanced catalytic activity, offering a low-cost, rapid sensor with wide linearity, high

sensitivity, and unique selectivity for sarcosine detection, making it promising for portable and point-of-

care prostate cancer screening applications.
1. Introduction

Prostate cancer is a key global health crisis, with more than 1.3
million new cases being diagnosed every year. It remains the
most commonly occurring malignancy among men and cate-
gorized as the second leading cause of cancer-related death
globally.1 That is why there is a need for a specic, sensitive and
accurate method that can help with early diagnosis and prevent
millions of casualties. The prostate-specic antigen (PSA)
screening test was developed for this reason. However, many
patients got false positive or negative results upon analysis of
PSA.2,3 Among the metabolic biomarkers being studied in rela-
tion to prostate cancer, sarcosine (Sar) C3H7NO2 has gained
much attention for its involvement in tumor growth and
metastasis. Sarcosine is a naturally occurring, non-
partment, Faculty of Pharmacy, Cairo

Cairo, Egypt. E-mail: martin.nady@

Materials Science CMS, Zewail City of

2578, Giza, Egypt. E-mail: ielsherbiny@

4932
proteinogenic amino acid produced by glycine and is also
a metabolite of choline, predominantly located in the skeletal
muscle and prostate tissue.4,5 In healthy individuals, serum
sarcosine levels are generally approximately 1.4± 0.6 mM and 2–
10 mM in prostate cancer patients.6–8 High levels of sarcosine
have been associated with the initiation and progression of
prostate cancer, and its determination in biological samples
such as tissue, urine, or plasma has been suggested as a prom-
ising biomarker for disease diagnosis and monitoring. Chal-
lenges facing determination of sarcosine are the trace level
concentration in healthy individuals and the interferences
presented by the biological matrices and other amino acids.9

For those reasons, a specic and highly sensitive method would
offer a perfect solution for the analysis of such important
biomarker.

Numerous approaches have been reported in literature for
the determination of sarcosine including chromatographic
methods,10,11 spectro–uorimetric methods,12–14 capillary elec-
trophoresis,15 electrochemical methods,16,17 among others. The
chromatographic methods are excellent in separation but need
expensive equipment, solvents and operator skills. The uori-
metric method is sensitive but, in most cases, needs
© 2026 The Author(s). Published by the Royal Society of Chemistry
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derivatization, extensive sample preparation to remove inter-
ferences and also costly equipment. The electrochemical
methods have the advantages of no sample preparation but
suffer from low sensitivity and selectivity. Colorimetric methods
offer simple, cheap, direct and easy to apply methods that have
been known for decades. Various colorimetric methods have
been reported for determination of sarcosine and H2O2.14,18–29

However, those methods show narrow linearity range, low
sensitivity and selectivity. There is still a gap that needs to be
lled with simple, easy, cost effective, specic and highly
sensitive method for the analysis of sarcosine that could solve
problems of early diagnosis difficulty for prostate cancer.

Natural enzymes have excellent catalytic efficiency and can
be widely used in various colorimetric assays under mild
conditions; however, their practical applications are signi-
cantly restricted by intrinsic instability, high cost, and sensi-
tivity to environmental factors.30,31 In order to overcome these
challenges, recent efforts have been directed toward the devel-
opment of advanced catalysts and functional materials with
enzymatic activities that propose more sensitive, stable, and
economical substitute to traditional enzyme-based sensors.32

Nanomaterials have numerous applications due to their unique
surface area to volume ratio.33–43 Correspondingly, metal nano-
structures and carbon-dependent nanomaterials (in particular,
MOFs) have recently emerged as highly versatile candidates due
to their unique physicochemical properties combined with
tunable structures.37,44–50 In MOFs, enzyme-like catalytic
behavior originates from redox-active metal centers coordinated
with organic ligands, which greatly facilitate efficient electron
transfer during the course of the reactions.51–55 MOFs (Metal–
Organic Frameworks) mimic enzymes due to their structural
and catalytic properties. They possess a porous structure,
offering high surface area for catalysis, with metal centers
acting as active sites, similar to enzyme active sites. MOFs are
selective for certain substrates based on their pore size and
metal centers, akin to the specicity enzymes have for
substrates.56 MOFs can accelerate chemical reactions like
enzymes, including oxidation, hydrolysis, and reduction, with
their metal ions functioning as Lewis acids, similar to meta-
lloenzymes. The metal centers facilitate reactions typically
associated with biological systems. Additionally, multiple cata-
lytic mechanisms, such as hydrogen bonding, electron transfer,
and substrate binding, allow MOFs to mimic enzyme-like
behaviors and catalyze reactions with high efficiency.57 Among
various MOFs, Cu-based systems have shown remarkable
peroxidase-like activity.19,58–60 The uniformly distributed active
sites withinMOF structures allow intimate substrate interaction
during catalysis, resulting in outstanding catalytic performance
and efficient H2O2 reduction through biomimetic redox
processes.31 Graphene oxide is a material that is strong, exible,
and hydrophilic, with high surface area and moderate electrical
conductivity.61 Combining Cu-MOF with graphene oxide would
help increase the surface area and porosity and also increase the
short term as well as long term stability.

The proposed work introduces a novel Cu-MOF@ graphene
oxide (GO) nanozyme designed specically for the colorimetric
quantication of both hydrogen peroxide (H2O2) and the
© 2026 The Author(s). Published by the Royal Society of Chemistry
prostate cancer biomarker sarcosine. The analytical detection of
sarcosine follows a highly specic, two-stage enzymatic and
biomimetic cascade. In the initial recognition phase, the
natural enzyme sarcosine oxidase (SOX) catalyzes the oxidative
demethylation of sarcosine into glycine and formaldehyde.62 A
critical byproduct of this enzymatic reaction is the stoichio-
metric generation of hydrogen peroxide H2O2, the concentra-
tion of which is directly proportional to the initial amount of
sarcosine present. In the subsequent signaling phase, the
synthesized Cu-MOF@GO nanozyme functions as a high-
efficiency peroxidase-mimicking nanozyme. Utilizing its abun-
dant Cu2+ active sites anchored on the high-surface-area gra-
phene oxide support, the nanozyme facilitates a reaction that
decomposes the generated H2O2 into highly reactive hydroxyl
radicals (OH.).29 These radicals immediately drive the oxidation
of the chromogenic substrate, o-phenylenediamine (OPD), from
a colorless state to the yellow-colored product 2,3-di-
aminophenazine (DAP).19 The intensity of this yellow color,
quantitatively assessed via its maximum absorbance at 450 nm,
serves as the analytical signal for the ultrasensitive determina-
tion of sarcosine, enabling a seamless transition from a meta-
bolic biomarker to a measurable optical output.18

In this study, a copper-based MOF was uniformly anchored
onto the surface of graphene oxide through a solvothermal
assembly method, forming a highly stable composite with
a large surface area and abundant accessible active sites. The
incorporation of GO enhanced electron transport and catalytic
efficiency, leading to superior peroxidase-like activity compared
with polymer-supported analogues. Unlike inert polymers, GO
provides oxygen-containing functional groups (carboxyl,
hydroxyl) that act as coordination sites for the Cu2+ nodes,
ensuring high dispersion and preventing leaching.63 Further-
more, the conjugated structure of GO facilitates faster electron
transfer during the redox cycle of H2O2, which is the rate-
limiting step in peroxidase-like catalysis.64 Additionally, the
high aspect ratio and sheet-like structure of GO allow for better
dispersion of Cu-MOF crystals and more efficient interaction
with analytes, thereby enhancing the catalytic performance of
the nanozyme.65,66 Thematerial was thoroughly characterized by
FTIR, SEM-EDX, BET and XRD analyses, conrming homoge-
neous distribution and intimate interaction between the Cu-
MOF framework and the GO matrix. The Cu-MOF@GO nano-
zyme was optimized via a half-fractional central composite
design (CCD) to achieve maximum catalytic performance
toward OPD oxidation in the presence of H2O2. The method has
been applied for determination of sarcosine in serum samples.
The sensor has been integrated into Arduino based portable
device that can allow online monitoring. The developed plat-
form provides a sensitive, selective and cost-effective colori-
metric assay for both H2O2 and sarcosine, with capacity to apply
in point-of-care settings for prostate cancer screening. The
method provides exceptionally wide linearity range and lower
detection limits than previously reported methods. This work
represents a signicant advancement in nanozyme-based bi-
osensing systems, driven by Four key factors. First, catalytic
enhancement is achieved through the integration of Cu and GO
in the prepared nanozyme. The second factor is statistical
RSC Adv., 2026, 16, 24916–24932 | 24917
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optimization via the Central Composite Design (CCD) experi-
mental approach, and the third factor is the biomarker speci-
city, as shown by the selectivity study. The fourth factor is the
application of the proposed sensor using the Arduino based
portable device to allow point of care biomarker quantication.

2. Material and methods
2.1. Instruments

Spectrophotometric measurements were performed using the
UV probe version 2.21 program and Shimadzu double beam UV-
visible spectrophotometer (model: 1610, Tokyo, Japan). Fourier
transform infrared spectroscope (FTIR) analysis of samples was
conducted on a Nicolet 380 FTIR using the KBr disk technique.
Resolution is 4 and 16 scans were accumulated for each spec-
trum in a range of 500–4000 cm−1. Brunauer–Emmett–Teller
(BET) measurements (Quanta chrome TouchWin™ version 1.2)
were applied to determine the surface area and porosity of the
nanozymes. SEM measurements were done using Quanta
FEG250 electron microscope, Thermo Fischer Scientic (FEI),
S15A sputter coater with EDX (energy dispersive X-ray analysis).
Teon lined hydrothermal autoclave was used for the Cu MOF
preparation.

2.2. Materials and reagents

The investigation used high analytical grade solvents and
double-distilled deionized water from the Milli-Q equipment
(Millipore Corporation, France). Sigma Aldrich (Steinheim,
Germany) provided N,N-dimethylformamide anhydrous (DMF),
copper sulfate, graphene oxide (GO), benzene-1,3,5-
tricarboxylate (BTC or trimesic acid), methanol, hydrogen
peroxide, o-phenylenediamine (OPD), sarcosine oxidase (SOX),
and sarcosine (Sar or N-methyl glycine). PioChem (Cairo, Egypt)
provided sodium hydroxide pellets, hydrochloric acid, glacial
acetic acid, sodium acetate, potassium dihydrogen phosphate,
and dipotassium hydrogen phosphate. All the cited chemicals
are of analytical grade with purity (95% to 99%). Samples of
human serum and urine were collected with permission from
the Holding Company of Biological Products and Vaccines,
VACSERA (Giza, Egypt).

2.3. Preparation of Cu MOF@GO nanozyme

Solvothermal technique was utilized67 wherein 50 g of GO was
put into a falcon tube, ultrasonically disseminated for 20 min in
20 ml DMF, and then 478 mg of CuSO4 was added and then
magnetically agitated for een min. at room temperature. In
the meantime, 10 ml of DMF was used to dissolve 420 milli-
grams of trimesic acid in another beaker. Aer transferring the
second beaker to the rst, they were moved to a hydrothermal
oven and baked for 12 h. at 140 °C. The resulting MOF powder
was then recovered by centrifugation, cleaned with DMF, water,
and methanol, three times for each solvent and dried for two h
at 60 °C in a vacuum drying oven. The produced nanozymes
were collected in Eppendorf tube and stored at 4 °C in the
refrigerator till use. In this approach, the metal precursor and
organic linker are dissolved in a suitable solvent, sealed, and
24918 | RSC Adv., 2026, 16, 24916–24932
heated for a dened duration to promote controlled crystal
nucleation and growth. The precisely maintained reaction
environment allows ne control over crystal morphology and
particle uniformity. In this work, copper was chosen as the
central metal due to its excellent catalytic properties, structural
exibility, high thermal and chemical stability, intrinsic
porosity, and low cost. Trimesic acid (BTC) was the organic
linker; its three symmetrically positioned carboxylate groups on
the benzene ring coordinate effectively with Cu2+ ions at
multiple angles, constructing a robust and highly porous
framework with a large surface area and stability. Anhydrous
N,N-dimethylformamide (DMF) was used as the reaction
medium because of its good solubility for both metal salts and
organic ligands, which facilitates the formation of well-dened
MOF crystals. Graphene oxide (GO) was introduced as a sup-
porting matrix to further enhance dispersion and electron
transfer, while increasing the surface area for anchoring Cu-
MOF. Such a hybrid structure favored the accessibility of cata-
lytic sites and greatly enhanced the peroxidase-like activity of
the nanozyme, enabling highly sensitive colorimetric detection
for H2O2 and sarcosine.

2.4. Cu MOF@GO peroxidase like activity and detection of
H2O2 using colorimetry

In order to check the peroxidase mimetic activity of the
prepared nanozymes, OPD was utilized. Peroxidase enzyme can
oxidize OPD (colourless solution) in presence of H2O2 to
produce diamino-phenazine DAP (yellow solution). The reac-
tion starts with the H2O2 being decomposed at themetal centers
of the nanozymes, forming reactive oxygen species (ROS), which
further oxidize the OPD substrate to a product known as 2,3-
diaminophenazine or (DAP). The DAP produced is visually
detectable due to its yellow colour which correlates to the
concentration of H2O2, Fig. S1. Test was done by adding 360 mL
of 10 mM OPD to 360 mL of 10 mM H2O2 and 10 mL of Cu-
MOF@GO nanozyme (1 mg ml−1) all prepared using double
distilled water. The previous mixture was added to 2770 mL
0.1 M acetate buffer pH 4.0. The acetate buffer was prepared as
per European pharmacopeia.68 The pH is one of the main
factors affecting the performance of the nanozyme peroxidase
activity, so acetate buffer was prepared in order to control the
pH. The resulting solution was put for 10 min into a 40 °C water
bath. The reaction was then assessed by measuring the absor-
bance of the oxidized OPD at 450 nm and recording the solu-
tion's UV-vis spectra throughout the range 300–600 nm.
Aerwards optimization of the different components amounts
as well as buffer pH and incubation time was needed.

2.5. Optimization of peroxidase mimetic activity of Cu-
MOF@GO nanozyme

Preliminary experiments were done at constant H2O2 concen-
tration to optimize ve factors. The rst one if buffer pH where
it was found that acidic pHs produce better absorbance. The
second factor is OPD concentration where concentrations less
than 30 mM gave optimum absorbance. The third one is
nanozyme concentration where concentrations less than 2 mg
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Diagram of the experimental design showing the five factors tested and the measured response.
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ml−1 showed enhanced absorbance signals. The fourth factor is
temperature where temperature lower than 50 are found
optimum to allow almost complete OPD oxidation. The h
factor is incubation time where we found that beyond 15 min
results are plateaued.

Aer preliminary experiments, quality by design (QbD) was
utilized to further optimize each of the ve factors. Surface
response methodology was adopted; half factorial central
composite design was utilized to optimize the ve mentioned
factors where 32 runs were implemented practically to nd the
optimum level for each factor. Only one response was
measured, which is absorbance, the higher resulting absor-
bance the better. Fig. 1 shows the ve factors with highest and
lowest levels and the measured response.
2.6. Construction of calibration curve for determination of
H2O2

Different concentrations of H2O2 were tested using the
optimum experimental conditions obtained from the central
composite model for the reaction between hydrogen peroxide
and OPD catalyzed by the prepared Cu MOF@GO. The same
procedure mentioned earlier under Section 2.4 was utilized,
where absorbance was measured at 450 nm and calibration
curve was constructed.
2.7. Characterization of the Cu-MOF@GO nanozymes

The EDX spectrum was utilized to determine the present
elements and purity. The surface morphology and particle form
were examined using a SEM microscopy. The interplay between
chemical components and the alterations in the chemical
© 2026 The Author(s). Published by the Royal Society of Chemistry
constitution of the produced nanozymes were investigated
using FTIR, while surface area and porosity were characterized
using BET analysis.

2.8. Sarcosine detection using sarcosine oxidase (SOX) and
the prepared nanozymes

Sarcosine oxidase 0.5 unit per ml prepared at pH 7 was added
separately to sarcosine concentration 250 mM in an enzyme to
substrate ratio (1 : 1 by volume), incubated at room temperature
for 10 min 360 mL was withdrawn from this mixture (this reac-
tion represents the source of H2O2) and added to 360 mL of
10 mM O-phenylenediamine and 10 mL of Cu-MOF@GO nano-
zyme (1 mg ml−1), nally 2770 mL 0.2 M acetate buffer pH 4.0
was added. The resulting solution was put for 10 min into a 40 °
C water bath. The reaction was then assessed by measuring the
absorbance of the oxidized OPD at 450 nm.

2.9. Optimization of the sarcosine measurement and
calibration curve construction

In order to optimize the reaction between sarcosine and SOX,
several factors were studied. These factors are, buffer pH,
temperature and incubation time, ratio between SOX and Sar.
Aer optimization different concentrations of Sar were analyzed
using the exact previous procedure and absorbance was
measured at 450 nm to construct Sar calibration curve.

2.10. Portable Arduino dependent RGB analysis

An extremely sensitive RGB sensing platform connected to an
Arduino microcontroller was developed and constructed for
portable, on-site quantication of H2O2 and sarcosine. The
RSC Adv., 2026, 16, 24916–24932 | 24919

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01609j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
6/

20
26

 4
:0

4:
29

 A
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
device offers the same optical capabilities as a conventional
spectrophotometer, but with small, inexpensive, and portable
components. It consists of ve main elements: a mono-
chromatic light source (450 nm), which provides consistent
excitation; a 3D printed cuvette holder, utilizing an ELEGOO
Neptune 3 printer (Egypt); the cuvette holder had two orthog-
onal openings, one on the top to allow light to enter, and one on
the side so that the transmitted signal could be detected at a 90°
angle; an RGB color sensor (TCS34725-3.8 M:1, HiLetgo, China)
used as the detector to capture the transmitted light intensity;
and an Arduino Nano 3.0 microcontroller (USA), which handles
the sensor output and calculates its absorbance. The processed
data was presented on either a laptop or smartphone using
a mini-USB or USB OTG connection, and this connection also
provided power to the system. In this specic conguration,
only the blue channel was monitored as this signal showed the
most change as the concentration of the analyte increased.
Overall, this setup was adapted from the portable design
developed by Jun-Jie Poh et al.36
3. Results

The early and effective diagnosis of disease biomarkers relies on
the accurate and timely detection of their concentrations for
effective treatment to improve patient outcomes. The proposed
work focuses on the determination of the prostate cancer
biomarker, sarcosine. In this context, nanozymes possessing
intrinsic enzyme-mimicking catalytic activity-have emerged as
a powerful alternative to natural enzymes by offering high
stability, tunable activity, and cost-effective synthesis. In light of
these advantages, this study has focused on designing and
optimizing a nanozyme comprising a Cu-MOF@GO nanozyme,
exhibiting an improved peroxidase-like activity, for sensitive
colorimetric detection of hydrogen peroxide and sarcosine. As
mentioned earlier, under introduction the cascade reaction
involves two steps, step one is the sarcosine reaction with SOX
to produce H2O2 and step two where the produced H2O2

oxidizes the OPD substrate into the DAP yellow solution. So, this
produced yellow colour corresponds to H2O2 concentration
which is related to the sarcosine concentration. Results are
structured starting with Step two optimization, application and
validation to determine H2O2. Then aer establishing the
peroxidase mimic activity, well designed structural character-
ization is discussed to understand the shape, pore size, surface
area and composition of the prepared nanozyme is described to
relate the chemistry to prepared nanozyme performance.
Discussion is then established for the optimization, application
and validation of the nanozyme to determine sarcosine
biomarker. Finally, selectivity study, reproducibility study and
comparison with previously reported colorimetric sensors are
presented.
3.1. Colorimetric detection of H2O2

Hydrogen peroxide is an important molecule in many areas of
biology, such as screening for disease and pollution tracking. It
is a sign of oxidative stress that is connected to a number of
24920 | RSC Adv., 2026, 16, 24916–24932
disorders, including malignancy, nervous system disturbances,
and problems with the heart and blood vessels. This makes
H2O2 useful for nding tissue collapse and keeping track of how
a disease is getting worse. The reaction is composed of the
prepared nanozyme which acts as peroxidase like catalyst, this
catalyst facilitates the reaction between H2O2 (target analyte)
and OPD substrate to yield the DAP yellow colour whose
intensity corresponds to H2O2 concentration. The reaction
needs control over the OPD concentration, nanozyme concen-
tration, temperature, pH and time which are optimized in the
following section. The proposed mechanism for the peroxidase-
like activity of the nanozymes reaction with H2O2 and OPD
proceeds in the following steps.69 First, H2O2 molecules adsorb
on the nanozyme surface, oen binding to surface metal sites.
Second, surface metal sites transfer electrons to H2O2, which
breaks the O–O bond. Third, homolytic cleavage of H2O2

produces OHc radicals, which then oxidize substrates like OPD
to produce a colorimetric signal.70,71 The assay is based on the
direct and proportional correlation of H2O2 concentration and
the catalytic oxidation of OPD, mediated by Cu-MOF@GO
nanozymes. Here H2O2 represents the target analyte whose
concentration will correlate with sarcosine determination in the
following subsections. The method demonstrated outstanding
analytical performance, where the absorbance spectrum
exhibited a gradual increase across a wide concentration range
of 0.5 mM to 1 mM H2O2, Fig. S1B. The proposed nanozyme
sensor was utilized to construct a very linear calibration curve
within this range, yielding a correlation coefficient (R) of 0.9998,
with a low detection limit (LOD) of 0.17 mM. The data collected
reinforces the feasibility of the synthesized nanozymes for
development of an accurate and low-cost point-of-care system
for H2O2 detection.
3.2. Optimization of peroxidase mimic action of Cu-
MOF@GO nanozymes

A half-fractional Central Composite Design (CCD) was
employed to optimize the catalytic performance of the Cu/GO
nanozyme for the reaction with H2O2 by evaluating the
combined effects of ve key factors: buffer pH, OPD concen-
tration, nanozyme concentration, reaction temperature, and
incubation time as presented in Table S1. This design allowed
the exploration of both linear and quadratic interactions among
variables using only 32 experimental runs instead of the full
factorial 25 = 243 possible combinations, thus signicantly
reducing experimental effort and material consumption.72–74

Measured absorbance values range from 0.43 to 1.12, which
reect the nanozyme's peroxidase-like activity under different
conditions. It can be observed that the reaction efficiency is
sensitive to the interactions between pH and substrate
concentration and also to catalyst dosage and temperature. The
maximum absorbance of 1.12 was obtained near the center
point conditions: pH 4.0, OPD 10.5 mM, nanozyme 1.5 mg
ml−1, 40 °C, 10min, whichmeans an optimum balance between
the substrate available and catalytic surface activity. This result
was conrmed by the desirability diagram in Fig. S2 and
optimum absorbance Fig. S3. Lower or higher pH values
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Robustness of the proposed colorimetric method at fixed
concentration 600.0 mM of H2O2

Parameter Value Absorbance RSD %

Buffer pH 4.2 0.961 0.936 0.942 1.379
3.8 0.992 1.01 1.03 1.881

Temperature (°C) 38 0.984 0.979 0.995 0.830
42 1.03 1.01 0.994 1.783

Incubation time (minutes) 11 0.974 0.969 0.977 0.415
9 0.996 1.01 1.02 1.195

Catalyst concentration
(mg mL−1)

1.1 0.997 0.993 1.02 1.452
0.9 0.975 0.968 0.966 0.487
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resulted in decreased absorbance due to reduced enzyme-like
stability or substrate ionization effects.

The use of a fractional CCD provided several advantages: it
enabled the identication of signicant factors and their
interactions with high statistical condence, minimized the
number of experiments while maintaining model accuracy, and
produced reliable response surface and contour plots to visu-
alize optimal conditions. This approach is especially advanta-
geous when dealing with nanozyme systems, where a variety of
synthesis and/or operational parameters can nonlinearly affect
catalytic efficiency.

3.3. Validation of the proposed method for determination of
H2O2

The presented analytical technique was validated according
ICH regulations.75 Specicity is discussed in detail under
Section 3.9. The accuracy of the proposed method was evaluated
by analyzing three concentration levels of standard hydrogen
peroxide solutions (1, 50, and 600 mM). Each concentration was
measured in triplicate (nine determinations in total), and the
mean recovery percentage (R%) was calculated to assess method
accuracy, yielding an average of 99.86% ± 0.59 Table 1. The
assay was evaluated for precision at two levels: intraday preci-
sion (repeatability) and interday precision (intermediate preci-
sion). For intraday precision, the same three concentration
levels were measured three times in one day. For inter-day
precision, the measurements were replicated three times on
separate days. In both intraday and inter-day measurements,
acceptable relative standard deviation (RSD%) values supported
the reproducibility of the method Table 1. The linearity of the
method was assessed over the concentration readings of 0.5–
1000 mM H2O2, with good calibration curve and regression
equation produced Fig. S1A. The detection limit (DL) and the
quantication limit (QL) were calculated using the standard
deviation (SD) of the response and the slope of the calibration
curve (m) with the equations LOD = 3.3 (SD/m) and LOQ = 10
(SD/m). Based on the equations, the values obtained were 0.17
mM and 0.499 mM, respectively Table 1. Robustness was also
evaluated by making small intentional changes to specic
experimental conditions: buffer pH, temperature, incubation
Table 1 Assay and validation parameters obtained for determination of

Parameter

Linearity range (mM)
Slope
Intercept
Correlation coefficient (r)
Accuracy (mean � SD)
LOD (mM)
LOQ (mM)
Precision (%RSD)
Intraday precision (repeatability)c

Interday precision (intermediate precision)d

a Average of three replicates for each of three concentrations (1, 50, 600 mM
50, 200 mM sarcosine). c Intraday precision (repeatability): measuring three
d Interday precision: measuring three concentrations (n = 3) each one me

© 2026 The Author(s). Published by the Royal Society of Chemistry
time, and catalyst concentration. The RSD% values observed
were low Table 2, supporting the reliability and stability of the
developed colorimetric sensor.

3.4. Characterization of the fabricated Cu-MOF@GO
nanozymes

The fabricated nanozymes were analysed using SEM-EDX, BET,
FTIR and XRD analysis in order to understand how the struc-
ture, morphology and composition help to enhance the perox-
idase like activity.

3.4.1. Scanning electron microscope and energy dispersive
X-ray analysis SEM-EDX. Scanning Electron Microscopy (SEM)
was used to examine the surface morphology and structural
features of the Cu-MOF@GO nanozyme at a high resolution.
This technique allows for the observation of the particle size,
shape, and distribution of Cu-MOF crystals on the graphene
oxide surface.76 Energy Dispersive X-ray Spectroscopy (EDX) was
performed to determine the elemental composition of the Cu-
MOF@GO nanozyme. The low-magnication overview, Fig. 2A
reveals a robust and homogeneous distribution of bright Cu-
MOF crystallites anchored across the darker, wrinkled, and
layered framework of the graphene oxide (GO) support. The
gure highlights the high compositional contrast between the
metallic MOF nodes and the carbonaceous scaffold, conrming
that the catalytic centers are effectively dispersed without
signicant bulk aggregation. At high resolution, Fig. 2B, the
distinct polyhedral morphology of the Cu-MOF crystallites is
H2O2 and sarcosine by the proposed colorimetric method

H2O2 Sarcosine

0.5–1000 0.05–250
0.1813 0.006
0.0015 0.197
0.9998 0.999
99.86 � 0.59a 98.74 � 0.88b

0.17 0.016
0.499 0.051

0.758 0.861
1.662 1.921

H2O2).
b Average of three replicates for each of three concentrations (0.1,

concentrations (n = 3) each one measured three times in the same day.
asured three times in different days.
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Fig. 2 SEM images of Cu-MOF@GO (A) low-magnification images showing MOF particles anchored on wrinkled GO surfaces (B) high
magnification image show the polyhedral shape of the prepared MOF (C) EDX elemental map overlay showing homogeneous distribution of Cu
over carbon-rich GO.
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clearly visible, featuring well-dened octahedral facets charac-
teristic of a highly crystalline HKUST-1 type framework.77,78

These crystallites exhibit a narrow, nanoscale size distribution
ranging from 200 to 500 nm, which provides a high surface-to-
volume ratio for catalytic turnover. The intimate interfacial
contact between these faceted particles and the GO ripples
suggests a strong structural anchoring, which is essential for
facilitating rapid electron transfer during the peroxidase-
mimetic redox cycle.79

The elemental purity and quantitative distribution of the
composite were further validated by EDX analysis Fig. 2C. The
spectrum identies copper (Cu) as the dominant metallic phase
(57.36% by weight), representing the active catalytic sites
responsible for the decomposition of $H_2O_2$. Carbon (C)
and oxygen (O) account for 35.28% and 7.36% of the weight,
respectively, corresponding to the organic trimesic acid linkers
and the functionalized GO support. The absence of exogenous
elemental peaks conrms the success of the solvothermal
synthesis and ensures that the observed peroxidase-like activity
is intrinsically derived from the Cu-MOF@GO architecture.
24922 | RSC Adv., 2026, 16, 24916–24932
3.4.2. Brunauer–Emmett–Teller (BET) analysis. Brunauer–
Emmett–Teller (BET) surface area analysis was conducted to
measure the specic surface area of the Cu-MOF@GO nano-
zyme. This technique provides valuable information about the
material's porosity and surface characteristics, which are
important for understanding its catalytic performance and
adsorption capacity.80 The permanent porosity and structural
architecture of the Cu-MOF@GO nanozyme were quantied via
N2 adsorption–desorption isotherms at 77.35 K. As illustrated in
Fig. S4, the material exhibits a type IV isotherm prole featuring
a distinct H3-type hysteresis loop. The presence of the H3 loop,
which remains open until moderate relative pressures (P/P0
0.45), is a denitive physical signature of a hierarchical porous
system containing slit-shaped pores.81 These slit-like voids are
not intrinsic to the bulk MOF but arise specically from the
interfacial assembly of polyhedral MOF crystallites within the
non-rigid, plate-like layers of the graphene oxide (GO) matrix.82

The calculated Brunauer–Emmett–Teller surface area is 1476.8
m2 g−1, showing a highly porous structure with a great number
of accessible active sites. C constant of 30.7 indicates medium
nitrogen–surface interaction, while its correlation coefficient (r
© 2026 The Author(s). Published by the Royal Society of Chemistry
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= 0.9974) conrms the accuracy of BET tting. This value is
characteristic of a well-developed HKUST-1 (Cu3(BTC)2) frame-
work and conrms that the MOF's internal structure remained
intact and fully accessible aer hybridization with GO, The
structure consists of copper paddle-wheel clusters coordinated
by benzene-1,3,5-tricarboxylic acid (trimesic acid) linkers,
forming a face-centered cubic lattice with high intrinsic
porosity.77,78 The total pore volume was determined to be 0.1983
cm3 g−1, further supporting the highly porous nature of the
nanocomposite. To further explore the pore architecture, the
Pore Size Distribution (PSD) was derived using the BJH (Barrett–
Joyner–Halenda) model applied to the adsorption branch
Fig. S5. The distribution identies an average pore radius of
1.4161 nm, primarily falling within the transition region
between large micropores and small mesopores.83 This hierar-
chical porosity is functionally signicant for the sensing
mechanism: the smaller pores provide the high-energy envi-
ronments for the peroxidase-mimetic H2O2 decomposition,
while the larger mesoporous channels (extending up to 60.0
nm) act as mass-transport “highways” for the rapid diffusion of
the sarcosine substrate and the bulky colorimetric intermedi-
ates. This dual-scale porosity is the fundamental reason for the
rapid response and low detection limits observed in the
analytical trials. The high surface area combined with narrow
pore channels suggests that Cu-MOF crystals are well-developed
and homogeneously distributed on the graphene oxide support,
thus providing abundant catalytic centers and fast mass trans-
port pathways for peroxidase-like activity and sensitive colori-
metric detection.82

3.4.3. Fourier transform infrared analysis (FTIR). Fourier
Transform Infrared Spectroscopy (FTIR) was employed to
investigate the functional groups present in the Cu-MOF@GO
nanozyme. This technique helps to identify the specic
bonding interactions between the Cu-MOF and graphene oxide,
Scheme 1 Schematic illustration of sarcosine determination using the s

© 2026 The Author(s). Published by the Royal Society of Chemistry
particularly the presence of hydroxyl, carboxyl, and epoxide
groups on the graphene oxide surface.84 The FTIR spectrum of
the Cu/GO composite Fig. S6 shows characteristic vibrational
features conrming the successful integration of copper species
with graphene oxide. The broad absorption band between 3400
and 3500 cm−1 corresponds to O–H stretching vibrations from
the carboxylic group of trimesic acid, conrmed by the signal
near 1720 cm−1 is appointed to C]O stretching of carboxylic
group. The band observed at approximately 1620 cm−1 origi-
nates from C]C stretching within the sp2 carbon of the gra-
phene, indicating partial restoration of conjugated structure
aer the deposition process.85 Peaks appearing around 1100–
1200 cm−1 correspond to C–O and C–O–C vibrations of epoxy
and alkoxy groups remaining on the GO surface.

3.4.4. X-ray diffraction analysis (XRD). X-ray Diffraction
(XRD) analysis was performed to determine the crystallinity and
phase composition of the Cu-MOF@GO nanozyme. This tech-
nique identies the diffraction patterns of the crystalline pha-
ses present in the material.86 The analysis revealed prominent
diffraction peaks at 2q = 36.63°, 43.55°, and 50.66°, which
correspond to the copper (Cu) phase, with the peak at 43.55°
showing the highest intensity as shown in Fig. S7 These peaks
conrm the presence of crystalline copper, which is the primary
component of nanozyme.87 Additionally, a peak at 2q = 26.66°
was observed, corresponding to graphite (C6), indicating that
graphene is also incorporated in the material.88 A further
diffraction peak at 2q= 74.31° was attributed to Cuprite (Cu2O),
a copper oxide phase this may be formed by some sort of
interaction between the Cu, GO and the trimesic acid. The
relative intensities of these peaks, particularly the dominance of
copper, highlight the material's signicant copper content,
which plays a crucial role in the catalytic activity of the nano-
zyme. The observed XRD pattern was compared to standard
reference patterns from the ICDD database (reference codes: 96-
ynthesized Cu-MOF@GO nanozymes.
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901-1605 for Cu, 96-901-2706 for graphite, and 96-101-0964 for
Cu2O), further conrming the crystalline phases present in the
prepared nanozyme.89 These ndings suggest that the Cu-
MOF@GO nanozyme consists of a well-dened crystalline
copper phase, with graphene and Cu2O contributing to the
material's overall structure and potential catalytic properties.
3.5. Determination of sarcosine using sarcosine oxidase and
the prepared Cu MOF@GO nanozymes

Sarcosine (Sar) recently emerged as a promising metabolic
biomarker strongly associated with prostate cancer progression
and metastasis.90,91 In this work, sarcosine was determined
through a colorimetric assay that integrates the oxidative
function of sarcosine oxidase (SOX) with the peroxidase-like
catalytic activity of the synthesized nanozyme Cu-MOF@GO
for the mediation of OPD oxidation in the presence of H2O2.
The detection was performed in two successive steps as
explained in the experimental section. First, the enzymatic
oxidation of sarcosine in the presence of SOX (0.5 U per ml) was
performed at room temperature in 0.2 M phosphate buffer, pH
7.0, for 15 min, using a 1 : 1 ratio between SOX and sarcosine.
This resulted in the production of hydrogen peroxide propor-
tional to the concentration of sarcosine stoichiometrically
Scheme 1. Further on, the produced H2O2 was spectrophoto-
metrically determined at 450 nm through its catalytic oxidation
of OPD by Cu-MOF@GO nanozyme. A sensitive colorimetric
Table 3 Studying the sensing performance of the proposed colorimetri
and Cu-MOF@GO nanozymes compared to other reported nanomateri

Material/sensing system Analyte

Metformin–Zn–Thiourea H2O2

Sarcosine
Ni/Co-MOF@CMC H2O2

Sarcosine
2D Co-MOF nanosheets H2O2

Sarcosine
Photothermal biosensing integrated with microuidic
paper-based analytical device (PT-mPAD)

H2O2

Sarcosine
Paper-based polyallylamine hydrochloride (PAH) sensor H2O2

Sarcosine
Paper-based HRP/UiO-66 H2O2

Sarcosine
HRP mimic peptide H2O2

Sarcosine
Carbon QDs/AuNRs H2O2

Sarcosine
(Cu3(PO4)2:Ce@SOX) H2O2

Sarcosine
Fe3O4@SiO2@NiCo2S4 H2O2

Sarcosine
Folate functionalized polyoxometalate H2O2

Sarcosine
Fe-doped g-C3N4 nanoakes H2O2

Sarcosine
O3-CDs H2O2

Sarcosine
Cu-MOF@GO H2O2

Sarcosine

24924 | RSC Adv., 2026, 16, 24916–24932
response resulted from this and was directly related to the
concentration of sarcosine.
3.6. Optimization of sarcosine reaction with sarcosine
oxidase and construction of calibration curve

In order to optimize reaction between sarcosine and sarcosine
oxidase ve factors were studied. The rst factor is SOX
concentration, different concentrations were trialed (0.1–1 Unit
per ml), where 0.5 Unit per ml showed optimum response
Fig. S8A. The second factor is pH, different pHs were trialed (5,
6, 7, 8, 9), where pH 8 produced higher signal for the reaction
between SOX and Sar Fig. S8B. The third factor is ratio between
SOX and Sar, different ratios were experimented (1 : 1, 1 : 2, 1 : 3,
3 : 1 SOX to Sar) where 1 : 3 ratio showed better sensor perfor-
mance Fig. S8C. The fourth and h factors are reaction
temperature and times, where various values were experi-
mented (25, 30, 35, 40 °C for temperature and 5, 10, 15, 20 min
for time) where 10 min at room temperature showed highest
absorbance readings Fig. S8D and S8E. Aerwards different
controls for this experiment were prepared to ensure that the
measured signal corresponds to H2O2 produced from the
reaction between SOX and Sar. Also to ensure that the PAD
colour production is only due to action of H2O2 on OPD in
presence of the prepared Cu MOF@GO nanozyme. Results
presented in Table S2 Shows that OPD with SOX and Sar without
the nanozymes, cannot oxidize OPD. This means that the
c method for H2O2 and sarcosine determination using OPD substrate
als

Linear range (mM) LOD (mM) References

10–800 2.97 18
Not tested Not tested
10–800 3.28 19
Not tested Not tested
5.0–200 4.60 20
Not tested Not tested
Not found Not found 21
0.01–0.04 0.000032
Not found Not found 22
0.6–10 0.6
Not found Not found 23
8–400 5.0
Not found Not found 24
0.25–200 Not specied
Not found Not found 25
0.02–1.0 0.011
10–300 3.4 26
1.0–50 0.38
2.5–800 0.87 27
1.25–350 0.42
5–100 0.21 28
5–100 0.34
2–100 1.8 29
10–500 8.6
1.0–100 0.46 14
2.0–100 1.1
0.5–1000 0.15 Current work
0.5–250 0.16

© 2026 The Author(s). Published by the Royal Society of Chemistry
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presence of Cu MOF/nanozymes is crucial for the peroxidase
activity. Another observation is that nanozymes without SOX
did not give signal which means that the synthesized nano-
zymes have only peroxidase like activity not oxidase activity.

The proposed method was validated for the determination of
sarcosine as per ICH guidelines.75 In order to construct the
calibration curve, a set of sarcosine solutions with different
concentrations were prepared and assessed. It was determined
that there was a straight-line relationship present from 0.05 to
250 mM, with a detection limit of 0.016 mM, and R2 of 0.999
Fig. S9A. The Arduino setup mentioned earlier is presented in is
presented in a schematic view in Fig. S9B. The corresponding
spectra to the colors measured indicated a gradual increase in
absorbance intensity with increasing sarcosine concentration.
As the amount of the oxidized (OPD) product is directly related
to the H2O2 produced, which correlates with sarcosine
concentration, the colorimetric response can reliably be used
for quantication. These obtained results showed good accu-
racy and precision as presented in Table 1. The data verify the
high sensitivity of the colorimetric nanozyme integrated
method developed for measuring sarcosine.
3.7. Comparison with previously reported methods

The sensing capability utilizing the method was compared
against other nanomaterials reported in the literature14,18–29 as
shown in Table 2. The reported methods are newly synthesized
catalysts with peroxidase like activity for determination of H2O2

and/or sarcosine, all of them show good performance and
advanced characterization, however most of them show narrow
linearity range and most of them handle validation parameters
for one analyte either H2O2 or sarcosine. On the other hand, the
reported methods characterizing both H2O2 and sarcosine show
relatively lower sensitivity. The presented colorimetric tech-
nique exhibits both exceptional sensitivity (lower detection
limit) and wider linearity range regarding determination of both
H2O2 and sarcosine, which is highly advantageous over
Fig. 3 Selectivity study for the proposed nanozyme based colorimetric

© 2026 The Author(s). Published by the Royal Society of Chemistry
previously reported techniques. These exceptional analytical
results may be attributed to the unique design of the proposed
sensor, extending the catalytic activity of Cu through the linkage
with GO. In addition, careful and computational optimization
through the CCD model allowed perfection of the critical
parameters affecting measurement of both H2O2 and sarcosine.
Finally, the application of the Arduino based device for onsite
colorimetric determination boosts and widens the applicability
of the proposed sensor (Table 3).

3.8. Selectivity study

Selectivity offers a great challenge Cu MOF@GO based colori-
metric sensor, because almost all biological samples contain
amino acids that can interfere with sarcosine. The proposed
method has unique selectivity to sarcosine determination in
real samples for two reasons. The rst one is the exceptional
specicity between sarcosine oxidase enzyme (from bacillus)
and sarcosine. The second reason is the optimized experimental
conditions for sarcosine analysis which make the prepared
nanozyme, smart nanomaterials that are activated only in
certain conditions. Selectivity was studied using the very
structurally related amino acids (glycine, methyl alanine).
Formaldehyde, which is the product of sarcosine oxidation, is
also a possible interferent. Glucose and uric acid are common
substrates in the human body that have their own oxidase
enzyme. Finally, creatinine that is present in heavily in urine
samples and to limited extent in serum. Results plotted in Fig. 3
show the unique selectivity of the proposed method to
sarcosine.

3.9. Application of the colorimetric analysis for quantifying
sarcosine in real samples

Serum of healthy individuals was purchased from VACCERA.
Sample was diluted (1 : 1) with phosphate buffer pH 8, then
a specied volume from dilution was mixed at the optimum
ratio with 0.5 Unit per ml SOX and le for 10 min at room
sensor for the determination of sarcosine.

RSC Adv., 2026, 16, 24916–24932 | 24925
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Table 4 Determination of sarcosine in spiked human serum samples (n = 3)

Sample Added mM Found conc. (mM) � SD Recovery%

Healthy human serum
samples

0 2.10 � 0.96 —
20 19.63 � 1.55 98.15

100 98.50 � 0.62 98.50
Mean � SD 98.33 � 0.25

Table 5 Determination of sarcosine in spiked human serum samples using the proposed method in comparison with commercial kit

Sample

Sarcosine concentration (mM)

Proposed assaya Commercial laboratory kitb

R% � SD R% � SD

Healthy human serum samples spiked with 80 mM
sarcosine

100.81 � 0.93 100.64 � 0.67

n 3 3
Variance 0.865 0.449
Student's t-test (2.776) 0.26 —
F Value (19) 1.93 —

a n = 3. b Abcam® (cat no. ab65338), UK.
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temperature. Aerwards 360 mL of the mixture were added to
360 mL of 10 mM OPD and 10 mL of 1 mg per ml Cu MOF@GO
and 2770 mL acetate buffer pH 4. The nal solution was kept at
40 °C for ten min. and the absorption of the produced solution
was analysed at 450 nm. Sarcosine concentration will be
calculated from the regression equation of calibration curve.
Spiked serum samples with standard sarcosine were analyzed
for comparative purposes (Table 4). In order to assess the
accuracy and practicality of the method, the outcomes of the
suggested colorimetric assay were contrasted with those of
a sarcosine detection kit that was sold commercially (Table 5).
Results showed that the proposed colorimetric assay can
quantitatively determine sarcosine in serum with accepted
accuracy and precision in the normal range as well as cases of
prostate cancer.92
3.10. Determination of sarcosine using Arduino device for
onsite analysis

While high-precision spectrophotometry validates the funda-
mental catalytic performance of the Cu-MOF@GO nanozyme,
the practical utility of a diagnostic tool—especially for prostate
cancer screening—depends on its accessibility in resource-
limited settings. To demonstrate the “Point-of-Care” (PoC)
potential of our platform, we integrated the colorimetric assay
into a custom-engineered portable analytical setup. Unlike
traditional laboratory instrumentation, this system utilizes
a low-cost TCS34725 RGB color sensor interfaced with an
Arduino Nano microcontroller to perform real-time, on-site
analysis.93 Previous studies have conrmed the quantitative
assessment of various analytes, including sarcosine, nickel, and
iron, through the use of RGB color sensors.62,93,94 The detection
principle relies on the digital quantication of the color
24926 | RSC Adv., 2026, 16, 24916–24932
transition from colorless to yellow (DAP). As the sarcosine
concentration increases, the intensity of the yellow product
rises, causing a systematic and measurable decrease in the blue
channel response of the RGB sensor. This inverse correlation
was calibrated to match the optical absorbance trends observed
in spectrophotometric trials. As shown in Fig. 4, the resulting
calibration curve demonstrates a high degree of linearity,
proving that our nanocomposite maintains its ultra-sensitive
detection capabilities even when transitioned to a simplied,
portable electronic interface. By bypassing the need for
advanced laboratory infrastructure, this Arduino-based setup
transforms the Cu-MOF@GO nanozyme from a benchtop
material into a viable clinical tool for rapid, decentralized
biomarker monitoring.
3.11. Evaluation of the reproducibility and operational
stability of the Cu-MOF@GO nanozyme for reliable sarcosine
quantication

The Cu-MOF@GO nanozyme was evaluated for its reproduc-
ibility and stability over time. Reproducibility was evaluated by
measuring sarcosine at 5.0 mM, 80.0 and 200.0 mM, utilizing
three individual sensors made on same day. Then, evaluation of
the same two concentrations levels using three sensors that
have been prepared on three different days. The relative stan-
dard deviations for intrabatch and interbatch preparation were
calculated for each sensor and all were less than 2% RSD,
indicating reproducibility of fabrication and performance,
results are presented in Fig. S10A and S10B. Long-term stability
of the Cu-MOF@GO nanozyme was assessed for one sensor at
the same three levels of sarcosine over a period of six months.
During this period, two sensors were also evaluated for the
consistent catalytic activity of the nanozyme when OPD
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Diagram of the Arduino based portable device.
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substrate was oxidized with H2O2 over six-month period, where
also satisfactory RSD % were obtained. What these quantitative
and qualitative results showed, was that the Cu-MOF@GO
nanozyme has good structural stability and catalytic stability
for biosensing applications which demonstrates reliability and
durability for sarcosine detection in real-world diagnostic
testing application.
4. Conclusion

Novel Cu-MOF@GO was successfully synthesized and opti-
mized as a high-performance peroxidase-like nanozyme for
quantication of both H2O2 and Sar, a key biomarker associated
with prostate cancer progression. The integration of statistical
optimization by using a half-fractional CCD allowed for
a systematic investigation of experimental factors, which greatly
enhanced the catalytic efficiency and analytical response of this
nanozyme. The optimized nanozyme showed wide linear ranges
and low detection limits for both H2O2 and sarcosine, with
superior performances compared to many previously reported
colorimetric systems. Its excellent stability, reproducibility, and
high recovery rates in spiked urine samples conrm the reli-
ability and practical potential of the developed platform.
Moreover, the effective combination of colorimetric assay with
smartphone-based RGB analysis opens an interesting avenue
toward portable, low-cost, and point-of-care diagnostics. This
work not only presents a simple strategy for the design and
optimization of nanozyme sensors but also contributes to
advancing early, accessible prostate cancer screening through
intelligent analytical design and nanomaterial engineering.
Looking ahead, future research could focus on exploring this
nanozyme potential in detecting a broader range of biomarkers.
The integration of this nanozyme along with other sensors for
other biomarkers into portable and low-cost diagnostic device
could revolutionize point-of-care testing, particularly for early
© 2026 The Author(s). Published by the Royal Society of Chemistry
disease detection. Its high surface area, selectivity, and ease of
functionalization suggest signicant applications in medical
diagnostics, environmental monitoring, and other areas
requiring efficient, rapid detection of analytes.
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