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Abstract
The development of simple, inexpensive, deployable clinical diagnostics could have a global impact on 
public health by making measurements of patient health status more widely accessible to patients regardless 
of socioeconomic status. Here, we report a novel biosensor for sarcosine using a colorimetric readout 
created by a hybrid catalyst system using copper nanocubes and the enzyme sarcosine oxidase.  The enzyme 
catalyzes the reaction of sarcosine to generate H2O2, which the copper nanocubes then use as a substrate to 
create free radicals that convert colorless 3,3′,5,5′-tetramethylbenzidine (TMB) to its blue, oxidized form. 
The sensor showed good substrate affinity for Cu nanocubes and yielded a wide linear response range (0-
140 µM) for sarcosine detection, with high selectivity against various interfering species. The limit of 
detection and limit of quantification were found to be 1.43 µM and 4.7 μM, respectively. We showed that 
the biosensor maintains function in a complex serum sample matrix, suggesting potential utility in clinical 
applications. Finally, we demonstrated a prototype based on light emitting diodes (LEDs) and light-
dependent resistor (LDR) for unambiguous visual interpretation using an inexpensive microcontroller 
potentially suitable for use outside of traditional clinical or analytical laboratories.

Introduction
Sarcosine (N-methylglycine), a non-proteinogenic amino acid produced in the human body during glycine 
metabolism, has been identified as a valuable clinical biomarker for a variety of conditions.1 The reference 
ranges of sarcosine in serum is 1.4 ± 0.6 µM.2 Elevated sarcosine levels have been associated with diseases 
including prostate cancer, HIV infection, and cardiovascular diseases, which affect patients across the 
socioeconomic spectrum.3–5 Early identification of such diseases generally offers the opportunity for more 
successful patient outcomes when the conditions might be more easily treated.6 

While measuring sarcosine is reasonable in regions with well-established healthcare infrastructure, it is not 
feasible for global use in areas with limited resources. Currently, various complex methods including 
capillary electrophoresis, high-performance liquid chromatography, and electrochemical approaches are 
used for sarcosine quantification.7 However, these methods have limitations that prevent them from having 
a broader impact on public health, such as reliance on expensive solvents, use of expensive equipment, and 
intricate sample processing requirements. Thus, the development of easy-to-use, inexpensive, and 
deployable analytical methods to detect sarcosine in biological fluids would have a significant impact.  In 
contrast, colorimetric detection methods are easy to perform with minimal training, are low-cost, and 
provide easily interpretable output signals without complex equipment. These characteristics make 
colorimetric methods an attractive option for deployable and widely accessible measurement of various 
biomarkers, including sarcosine.8

One widely used approach for measuring metabolites in research settings entails the use of enzymes to 
catalyze a sequence of chemical reactions leading to the production of a colorimetric output. The first 
enzyme in the sequence often provides specificity for the target molecule of interest, and subsequent 
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reactions are performed to transform the chemical signals created by the first enzyme into visual output.  In 
the case of sarcosine, the enzyme sarcosine oxidase (Sox) catalyzes the formation of hydrogen peroxide via 
Scheme 1:

Scheme 1: Reaction scheme for sarcosine catalyzed by sarcosine oxidase enzyme

Hydrogen peroxide can in turn be used by the enzyme horseradish peroxidase (HRP), which can oxidize 
the colorless molecule 3,3’,5,5’ tetramethylbenzidine (TMB) to a blue oxidized form (oxTMB).11 The 
intensity of this color, which can be read via absorbance at 652 nm, is directly proportional to the 
concentration of sarcosine in the solution. However, the use of multiple enzymes in an assay has multiple 
drawbacks, including the cost of purifying enzymes and their different optimal pH, temperature, and 
chemical environments that can lead to degraded function or even denaturation during storage or reaction.9 
It is thus desirable to, when possible, replace enzymes with more robust and cost-effective substitutes.

One promising class of substitutes for enzymes is nanozymes, which are nanomaterials that mimic 
enzymatic catalytic activities.9–14 Nanozymes have been shown to have distinct advantages over natural 
enzymes, including their potential for operation or storage under harsh temperature and pH, and have been 
used for various applications including biocatalysis and biosensors.10,11,15–17  One reason that nanozymes 
can efficiently mimic enzymes is that they are typically made from the metals that natural enzymes often  
rely on as active centers for their catalytic functions, particularly iron (Fe), manganese (Mn), copper (Cu), 
or zinc (Zn). For instance, copper serves as the active center for various proteins and enzymes including 
laccase, copper-zinc superoxide dismutase, cytochrome oxidase, tyrosinase, and others.18–21 These copper-
containing enzymes play roles in electron transfer, redox reactions, oxygen molecule transport, and 
organismal activation. 

Peroxidase activity has been previously shown to be a functionality that can be mimicked by nanozymes.22–

28 A wide range of nanozymes like metal–organic frameworks, metals, metal oxides, quantum dots, and 
carbon–based nanomaterials11,29 have been explored for this purpose since the first magnetic Fe3O4 
nanoparticles were discovered to have peroxidase-like properties in 2007.30 However, noble metals that are 
often used in these nanozymes have high cost and limited availability, while transition nanomaterials in 2D 
or 3D forms like graphene,31 hexagonal boron nitride,32 and g-C3N4

33 typically either require tedious 
fabrication techniques or cannot be reused. Copper is an inexpensive substrate with significant potential to 
mimic enzymatic functionality. To date, only a few copper-based nanomaterials with peroxidase-like 
activities have been studied, including copper oxide nanoparticles, copper sulfide nanomaterials, protein-
copper sulfate nanoflowers, and copper hydroxide nanocages.34,35 However, these materials also involve 
complex fabrication techniques, and they are typically solution-phase, meaning that it would be challenging 
to implement them in a reusable sensing device. 

In this work, we have created nanozymes to mimic peroxidase-like properties using Cu nanocubes formed 
via simple electrochemical etching of a plain, inexpensive copper substrate. These nanozymes were used 
to replace the horseradish peroxidase activity in a sarcosine assay by catalyzing the reaction of hydrogen 
peroxide with TMB to produce a visible blue color. We demonstrate that since these Cu nanocubes are 
anchored on a surface, they can easily be recovered and reused. We established optimized reaction 
conditions for nanocubes synthesis and for the TMB oxidation reaction in the presence of Cu nanocubes. 
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We compared the catalytic activity of Cu nanocubes with a plain Cu substrate. Combining the Cu nanocubes 
with Sox enzyme, we investigated the system's ability to detect sarcosine under physiologically relevant 
conditions, including assessment of selectivity, limit of detection, and reusability. Finally, we demonstrated 
a proof-of-concept device on a breadboard for unambiguous color-based semi-quantitative detection via an 
LED readout.

Results and Discussion
Fabrication and characterization of Cu nanocubes
Copper nanocubes were synthesized using electrochemical etching in 1 M CuCl2 at 8 volts and 4 amperes 
of current (Fig 1) across various time intervals from 30 s to 5 min. The electrolyte dissociates through 
ionization, leading to the reduction of copper ions at the cathode, where copper metal is deposited. 
Copper is removed from the anode and oxidized to Cu²⁺ ions, as shown in the following reactions: 

           

Figure 1: Electrochemical synthesis of Cu nanocubes at 8V in 1M CuCl2 electrolyte

We observed that as the etching time increased from 30 s to 60 s, the copper foil at the anode began to 
deform (Fig S1, Fig 2), leading to the formation of defects and structures. Notably, at 2 minutes of etching 
time, the surface showed a consistent distribution of uniform Cu nanocubes across the entire surface; the 
pristine copper foil (Fig 2a) did not exhibit any structure on its surface. Beyond 2 minutes of etching time, 
the surface morphology began to deteriorate and lose its uniformity, likely due to excess etching, leading 
to non-uniform dissolution and the nanostructure disappearing.36 

The crystal phase structure of both pristine Cu and Cu nanocubes was examined through the X-ray 
diffraction technique (XRD) as shown in Fig 2c and 2d. Peaks at 2ϴ values of 43.64° and 50.7° are present, 
corresponding to (111) and (200) planes of Cu, in comparison with JCPDS # 04-0836.37 These peaks are 
also observed in the diffractogram for the etched Cu foil, with one additional peak attributed to the (220) 
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plane observed at 74.2° (JCPDS # 70-3038).38–40 The emergence of this new crystal phase of cubic Cu metal 
is likely a result of the oxides deposited during electrochemical etching process, but the overall XRD pattern 
indicates that the entire structure has not fully transitioned to this new phase. In summary, the XRD data 
suggests that pristine Cu foil displays distinct Cu peaks, while the electrochemically etched Cu foil shows 
structures that include both Cu and its oxide peaks. 

X-ray photoelectron spectroscopy (XPS) analysis revealed the surface chemical composition and elemental 
valence states of both pristine and electrochemically etched Cu films, as illustrated in Fig 2e and 2f. Peaks 
at 931.9 eV and 932.4 eV signify the presence of metallic Cu for the pristine foil,41 while the disappearance 
of the peak at 932.4 eV for the Cu nanocubes suggests the conversion of metallic Cu to Cu2+. Cu2+ peaks at 
934.4 eV, 934.05 eV, and 944.5 eV (along with satellite (sat.) peaks at 941.84 eV, 943.8 eV, and 941.1 eV) 
confirm the existence of Cu2+ on both pristine Cu and Cu nanocubes, likely in the form of oxides.42,43 Peaks 
at 954.26 eV and 953.1 eV indicate Cu+, with its satellite peak at 962.1 eV.44,45 This indicates the additional 
charges on the etched Cu compared to the pristine Cu sample, facilitating fast electron shuttling and 
catalyzing the TMB-H2O2 reaction.
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Figure 2: Characterization of copper nanocubes synthesis, including SEM images of pristine Cu foil (a) 
and Cu nanocubes (b), XRD spectra of Cu pristine Cu foil (c) and Cu nanocubes (d), and XPS spectra of 
pristine Cu foil (e) and Cu nanocubes (f). XPS experimental spectra are represented in black. The spectra 
were deconvoluted into their individual component peaks. Cu nanocubes were fabricated using 
electrochemical etching for 2 min using a DC power supply at 8 volts and 4 amperes. 

Peroxidase-like activity and steady state kinetic study
We observed that Cu nanocubes were able to mimic peroxidase-like activity by catalyzing the oxidation of 
TMB, as shown in Fig S2. This reaction likely happens through nanozyme interaction with the initial 
substrate, H₂O₂, to produce hydroxyl radicals (·OH), which then oxidize hydrogen donor molecules such 
as TMB. This activity and mechanism have been previously reported and characterized for other 
nanomaterials, including copper-based nanomaterials, by Sielska et al.,46 Illakkia et al.,47 and Chen et al.48 
Given limited previous work specifically on etched Cu nanozymes as TMB oxidation catalysts, we first 
sought to characterize TMB oxidation in the absence of sarcosine and Sox enzyme using absorbance at 652 
nm. Reaction temperature, pH, and contact time were varied at a fixed TMB concentration of 1 mM and 
H2O2 concentrations of 2 µM, 60 µM, and 60 µM, respectively, for 0.5 cm2 of etched copper foil (Fig S3). 
We found that all three variables had a significant impact on TMB oxidation, with local optimum values. 
The lower measured absorbance at extreme pH and higher temperatures is likely due to the reduced stability 
of oxTMB (and not necessarily the nanocubes) under these conditions,49,50 yielding an apparent decrease in 
activity. Similarly, the lower measured absorbance after 30 minutes may occur due to the decomposition of 
oxTMB when left in solution for an extended duration.51 The optimal temperature of 40°C for reaction with 
the Cu nanocubes was consistent with what one would expect for natural enzymes; for example, the optimal 
temperature for a reaction with horseradish peroxidase has been previously reported52 to be 45°C. The 
optimal pH value of 3, however, was quite low; for example, horseradish peroxidase has an optimal pH of 
7, with less than 50% activity at a pH of 4 and less than 20% activity at a pH of 9. We chose to operate our 
nanocube-based sensor at a pH of 5 and a temperature of 37°C because it would still provide sufficient 
activity while being more physiologically relevant and enable better compatibility with natural enzymes 
that might be used in an assay.

To further characterize the reaction catalyzed by the etched Cu nanozymes, we measured initial reaction 
kinetics for both pristine Cu and Cu nanocubes at the selected reaction temperature (Fig 3). The initial 
reaction velocity curves as a function of TMB concentration resembled those of Michaels-Menten 
saturation kinetics, so we fit the results to a Michaelis–Menten equation. At low concentrations, the reaction 
rate increases approximately linearly with TMB and peroxide concentration. Beyond a certain TMB 
concentration, the initial reaction rate saturates, likely due to the density of catalytically active sites 
becoming the limiting factor for the reaction. We determined the Michaelis–Menten constant (Km), 
representing the affinity of the nanozyme for the substrate and the substrate concentrations where the initial 
reaction rate is half of its maximum, for both pristine and etched Cu foil. The estimated Km values for TMB 
and H₂O₂ were 3.1 mM and 0.93 mM for pristine Cu, and 0.39 mM and 0.65 mM for etched Cu nanocubes. 
A lower Km value is desirable because it indicates that the etched catalyst can act efficiently on lower 
concentrations of substrate. The kinetic parameters for oxidation of TMB in the presence of H2O2 by Cu 
nanocubes compared favorably with values previously obtained for other catalysts (Table 1), with the 
affinity being among the best previously reported and the maximum reaction velocity being over four times 
greater than the best previous report. Since the maximum reaction velocity is particularly critical in making 
a fast, visually interpretable biosensor, these results support the potential utility of the etched copper 
nanozyme for sensing applications.
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Figure 3: Characterization of reaction kinetics. Initial reaction velocity is plotted as a function of 
TMB (a,b) and H2O2 (c,d) substrate concentration for pristine Cu foil (a,c) and etched Cu foil 
(b,d), with inset Lineweaver-Burk plots showing good fitting to the Michaelis-Menten equation. 
Standard deviations are from three replicate measurements.

Table 1: Km Values for Different Peroxidase-Mimicking Materials

Catalyst             Km (mM)           Vmax (M s-1) Ref
TMB H2O2 TMB H2O2

MoSe2 NPs 0.014 0.155 50.56× 10-8 0.99 × 10-8 53

Cu/CN 0.04 5.52 6.35 × 10-8 12.95 × 10-

8

54

[Cu (PDA)(DMF)] 0.169 28.6 2.19 × 10-8 3.16 55

Co3(PO4)2•8 H2O 0.136 0.073 0.8 × 10-8 1.2 × 10-8 56

Ni-Cu2O 0.8 1.8 8.6 × 10-8 15.2 × 10-8 57

Cu-N-C SAzymes 3.76 19.94 75.05 × 10-8 20.07 × 10-

8

58

HRP 0.43 3.7 10 × 10-8 8.7 × × 10-8 30

 CS-nFs 237.990 0.068 51.4 × 10-8 16.6 × 10-8 59

Au/Co3O4-CeOx NCs 0.1222 0.272 0.8 × 10-8 0.4 × 10-8 60

6Fe/CeO2 0.176 47.6 8.6 × 10-8 16.6 × 10-8 61

Co3(PO4)2⋅8H2O 0.136 0.073 0.8 × 10-8 1.2 × 10-8  62
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Etched Cu 0.39 0.65 6.17 × 10-7 14.2 × 10-7 This work

Determination of H2O2 and sarcosine
We then established an H2O2 colorimetric sensor using the optimized reaction conditions. A calibration 
curve for measurement of H2O2 was created by adding different concentrations of H2O2 in 200 µL of 1 mM 
TMB in the presence of Cu nanocubes (Fig 4a). Absorbance at 652 nm was recorded after 30 minutes; the 
resulting linear calibration equation was: 

A652 = 0.0041 [H2O2] + 0.0711

With the concentration of H2O2 in µM and yielding an R2 value of 0.99. The limit of detection (LOD) was 
determined using the formula: LOD = 3σ/m, where σ represents the relative standard deviation and m is the 
slope from the linear plot in Fig. 4(a). The LOD was calculated as 0.49 µM with a linear dynamic range of 
1.6 to 200 µM. This indicates that Cu nanocubes exhibited good sensing performance for H2O2 with notable 
sensitivity (0.0041 µM-1) and a reasonable LOD compared to previously reported values (Table 2). The 
creation of Cu2+ on the etched copper may have played a key role in enhancing H2O2 adsorption or electron 
transfer, yielding a viable nanozyme. 

Table 2: Comparison of H2O2 detection in different colorimetric systems

Material          Linear range (μM) LOD (μM) Reference

FePt-Au HNPs 20-700 12.33 34

Cu2(OH)3Cl-CeO2 20-50 10 35

Fe3O4@Cu@Cu2O 4000-50000 2000 36

N-G-Fe3O4 0-10000 17.3 37

GQDs/AgNPs 0.1-100 0.033 38

AgNPs 0.05-7.5 0.032 39

Fe-doped g-C3N4 2-100 1.8 40

Fe-CoO NCs 6-20 4.4 41

FeS2 NPs 2-80 0.91 42

Carbon quantum dots 5-60 0.86 43
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Co-doped CuS 10-100 2.2 44

b-TiO2/29mTHPP 5-500 1 45

SiO2@TiO2/PDI-OH 0.-400 0.076 46

Cu nanocubes 1.6-200 0.49 This work

A sarcosine sensor was then implemented by creating a cascading reaction system coupling the Sox-
mediated aerobic oxidation of sarcosine to Cu nanocube-mediated oxidation of TMB. Since the 
concentration of the H2O2 generated by Sox is proportional to the concentration of sarcosine, the resulting 
absorbance intensity serves as an indirect indicator of sarcosine concentration. Fig 4b shows the calibration 
curve for sarcosine concentrations, with the corresponding visual readouts of colorimetric changes in Fig 
4c. Absorbance at 652 nm was recorded after 30 minutes of nanozyme reaction; the resulting linear 
calibration equation was: 

A652 = 0.0021 [sarcosine] + 0.0655

with the concentration of sarcosine in μM. The calibration curve yielded an R2 = 0.989 in the linear range 
of 0 –140 μM, and a LOD and LOQ of 1.43 μM and 4.7 μM, respectively. Notably, the LOD of the proposed 
method matched well with the reference range for serum sarcosine concentrations, making it potentially 
suitable for clinical applications and competitive with previously reported approaches (Table 2). The 
calibration equation for sarcosine aligns well with the one obtained for the H2O2 sensing. 
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Figure 4: Detection of H2O2 and sarcosine. (a) Linear calibration curves for varying concentrations of 
H2O2 with TMB at 1mM, and (b) varying concentrations of sarcosine using sarcosine oxidase and Cu 
nanozymes with TMB at 1mM. Error bars are standard deviations from three replicate measurements. (c) 
Corresponding images of visible color in the presence of varying concentrations of sarcosine. 

Table 3: Comparison of sarcosine detection in different colorimetric systems
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Materials Linear range (uM) LOD (uM) References

NQs/GO 6.2-263 0.73 8

PteFe3O4@C/GCE 0.5-60 0.43 63

Pt@ZIF8/GCE 5-30 1.06 64

CNT/Pt 6-750 6 65

Silver solid amalgam electrode 7.5-500 2 66

BCD + MnO2 NSs + OPD 1-80 0.36 67

PVA-Au-pph TEOS-SOD-GE 500-7500 500 68

SiO2@TiO2/PDI-OH 0.2-400 0.076 69

FePt-Au HNPs 20-700 12.33 70

Cu2(OH)3Cl-CeO2 20-50 10 71,72

Fe3O4@Cu@Cu2O 4000-50000 2000 72

N-G-Fe3O4 0-10000 17.3 73

GQDs/AgNPs 0.1-100 0.033 74

AgNPs 0.05-7.5 0.032 75

Fe-doped g-C3N4 2-100 1.8 76

Fe-CoO NCs 6-20 4.4 77

FeS2 NPs 2-80 0.91 78

Carbon quantum dots 5-60 0.86 79

Co-doped CuS 10-100 2.2 80

h-Fe3O4@ppy 0.2-100 0.18 81

b-TiO2/29mTHPP 5-500 1 82

Cu nanocubes 3.3 – 140 1.43 This work
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To evaluate the selectivity of the colorimetric sensor for sarcosine, we studied the influence of potential 
interfering substances on sarcosine quantification. Potential high-concentration interferents including 
urea, glucose, sodium, and potassium were tested, as well as structurally similar molecules including 
glycine (different from sarcosine by only one methyl group) and other amino acids including leucine, 
cysteine, and histidine. These potential interferents were added at 100 μM into reactions containing Sox 
TMB, and Cu nanocubes. As shown in Fig. 5, an absorbance signal was only detected for sarcosine, due 
to the high specificity of sarcosine oxidase. 

Figure 5: Selectivity of the Cu nanozyme sensing platform. The concentration of all compounds 
was 100 μM except for the one experiment with sarcosine at 10 μM as indicated in the graph. All 
error bars were estimated from three replicate measurements.

Stability and reusability of Cu nanostructured thin films
We then assessed the stability and reusability of Cu nanocubes in serial reactions using the same nanocubes. 
After each reaction cycle and sarcosine measurement, the catalytic film was removed from the solution, 
rinsed, and immersed in water for storage until performing the next measurement one week later. As shown 
in Fig 6, nanocube function remained relatively consistent from reaction to reaction, with only 20.8% loss 
of activity after 16 cycles over four months. This decrease in activity may be attributed to adsorbed 
biomolecules from the complex reaction mixtures potentially blocking some active sites. Nonetheless, the 
maintained function after months of weekly assays demonstrates excellent reusability for this nanomaterial. 
In addition, since the nanocubes are surface-anchored and can be easily removed from the reaction, the use 
of a reaction-terminating agent—often used in colorimetric TMB assays to halt reactions to make 
measurements more reproducible—is no longer necessary, making the use of Cu nanocubes simpler than 
many other nanomaterials. Overall, these results underscore the potential of Cu nanocubes to be 
environmentally friendly, cost-effective, and robust enough for use in practical applications. The stability 
of surface-anchored Cu nanocubes even across months of reactions suggests the potential for use in a device 
with reusable nanozyme, reducing the per-assay cost of reagents or enabling the implementation of sample-
specific calibration to account for matrix effects.83
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Figure 6: Absorbance of oxidized TMB solutions at 652 nm for 16 weeks. For every data point, a fresh 
solution of TMB was prepared and reacted in the presence of Cu nanozymes and 10µM H2O2 for 30 
minutes. The nanocubes were stored in water after each use to avoid oxidation. Error bars represent the 
standard deviation of three replicate measurements.

Quantification of sarcosine in serum
To assess the biosensor’s performance in a context closer to practical applications, we tested it using spiked 
serum samples. Known amounts of sarcosine starting from the healthy range in human serum2 (1.4 ± 0.6 
µM) and into the pathological range were added to mouse serum to determine the recovery rate in the 
presence of other interfering compounds. The absorbance of blue oxTMB was recorded using a plate reader, 
and the concentration of sarcosine was calculated using the previously obtained linear calibration equation. 
Table 4 shows that even in this complex sample, sarcosine levels were measured effectively in both the 
normal and pathological ranges, with good recovery and high repeatability. 

Table 4: Recovery of sarcosine in serum samples.

Sample spiked (µM) Detected (µM) Recovery (%)
RSD of 

recovery (%)
2 1.88 94
2 1.78 89 2.8
2 1.82 91
5 4.63 92.6
5 4.71 94.2 1.3
5 4.59 91.8
10 9.52 95.2
10 9.68 96.8 2.9
10 9.15 91.5
15 14.65 94.9
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15 14.49 96.6 0.9
15 14.74 95.6
20 19.36 96.8
20 19.74 96.2 0.5
20 19.68 95.9

Prototype for low-cost, automatic, unambiguous interpretation
As noted above, existing methods for sarcosine measurement are not compatible with point-of-care use in 
resource-limited settings, where inexpensive diagnostics (even if semi-quantitative) can have a substantial 
impact. To address this challenge, we designed and implemented the prototype for an economical and user-
friendly point-of-care device using a microcontroller, LEDs, and a light-dependent resistor (LDR) to report 
semi-quantitative sarcosine levels (Fig S4). The LDR was programmed (code given in supporting 
information) to light up specific LEDs in response to the detection of different absorbance intensities 
corresponding to different sarcosine concentrations. Supporting Movie 1 shows the LED responses to 
different samples, demonstrating the prototype's effectiveness in minimal-equipment and deployable 
readout of sarcosine concentrations: 0 μM turned on no LEDs, 5 μM turned on one red LED, 50 μM turned 
on two red LEDs, and 100 μM turned on all LEDs. This device showcases the adaptability of the nanozyme-
based sarcosine biosensor, integrating simple electrical components to produce a user-friendly assay 
requiring minimal training. 

Conclusion
In summary, we have developed an inexpensive electrochemical etching approach to generate immobilized 
films of Cu nanocubes, finding that these films exhibited peroxidase-like activity to catalyze the oxidation 
of TMB in place of horseradish peroxidase. We used this nanozyme to develop a colorimetric sensor for 
sarcosine detection using cascading reactions; this strategy shows good performance across a wide linear 
range (0-140 uM) with a low LOD (1.43 µM) and LOQ (4.7 µM). The low synthesis cost, good reusability 
and stability, high selectivity, excellent analytical performance, and visually interpretable detection suggest 
that Cu nanocube-based sensors may be a promising tool for sarcosine detection. This work not only 
broadens the choice of nanozymes available, but also provides a one-pot, peroxidase-free strategy for the 
colorimetric detection of sarcosine. While this strategy still uses one enzyme coupled with the nanozyme, 
it is still a desirable alternative to using two enzymes. Maintaining function during storage and identifying 
ideal reaction conditions for just one enzyme is much more straightforward than managing those 
requirements for two enzymes simultaneously, making the replacement of just one enzyme (horseradish 
peroxidase) with nanozymes a valuable advance. Moreover, the simplicity of the copper etching strategy 
leads to a low-cost, straightforward synthesis that is preferable to an additional enzyme purification. In the 
future, characterization of the etched Cu nanocubes’ ability to mimic different enzymes’ catalytic activities 
(such as catalase to convert H2O2 into water and oxygen, or oxidase) would help to more completely flesh 
out the potential application space for this nanomaterial; exploring other different nanonzymes that can 
achieve those activities could even further help the nanozyme-based approach to address the limitations of 
enzymes.
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Experimental
Materials
CuCl2, TMB, sodium acetate, acetic acid, sarcosine, and sarcosine oxidase enzyme were purchased from 
Sigma-Aldrich. H2O2 and Cu foil were purchased from ThermoFisher. Insulating tape was purchased from 
3M. Organic solvents acetone (99.5%), methanol (99.8%), and isopropanol (99.5%) were purchased from 
VWR International. 

Synthesis of Cu nanostructured thin film
Two Cu foil samples of different dimensions (4 × 4 cm² and 5 × 5 cm²) were prepared by cutting Cu foil 
from stock. These samples were designated as the working and counter electrodes, respectively. Before 
electrochemical surface modification with a DC power supply, the samples underwent a cleaning process 
with acetone, methanol, and isopropanol to eliminate organic contaminants. They were then air-dried at 
room temperature. Electrical connections between steel wire and the Cu foil samples were established by 
masking the Cu surface with insulating tape. Electrochemical surface modification took place with a power 
supply set at 8 volts and 4 amperes for various time intervals in 1M CuCl2 solution. The distance between 
the working and counter electrodes was 3 cm. Following electrochemical etching, the sample was taken out 
from the electrochemical cell, washed with deionized water, and dried at room temperature. The Cu foil 
was then cut into 1 × 0.5 cm2 pieces for characterization and subsequent use for sensing purposes.

Evaluation of peroxidase-like activity
Peroxidase-like activity of Cu nanocubes was evaluated by measuring the absorbance of oxTMB solution 
after contact between the Cu nanocube foil and a solution containing TMB and H2O2. Briefly, a Cu 
nanocube film of 0.5±0.02 cm² size was submerged in a 500 μL solution containing 2 mM TMB and varying 
concentrations of H2O2. Cu nanocubes catalyze the TMB-H2O2 reaction to form blue oxTMB solution. 
After 15 minutes of contact, the film was removed, and the solution’s absorbance was measured using a 
SYNERGY BioTek plate reader at 652 nm to allow estimation of initial reaction velocity. Reaction kinetic 
parameters were calculated by fitting Lineweaver-Burk double-reciprocal plots. The Michaelis-Menten 
constant (Km) and the maximum reaction velocity (Vmax) were calculated using the following equation: 

 (1)

where V is the initial reaction velocity and [TMB] refers to the substrate concentration. The concentrations 
and reaction rates were extracted from the absorbance data according to Beer–Lambert’s law, A = εl[TMB], 
where A is the absorbance at 652 nm, ε = 3.9 × 104 M–1 cm–1 is the extinction coefficient for oxTMB, and 
l is the path length (i.e., 1 cm).

Colorimetric assay for hydrogen peroxide and sarcosine 
150 μL of varying concentrations of sarcosine containing 50 μL of sarcosine oxidase (1.8 g/mL at pH 7.5) 
was added to a 2 mL centrifuge tube and incubated at 37℃ for 1 h after mixing thoroughly. Next, TMB 
(250 μL, 1 mM) solution, an acetic acid/sodium acetate buffer solution (1050 μL, 0.1 M), and 0.5 cm2 Cu 
etched foil were added to the centrifuge tube which was incubated for 30 min in a constant temperature 
water bath at room temperature. For H2O2 sensing, 150 μL of varying concentrations of H2O2 was added to 
250 μL of 1mM TMB solution and 0.5 cm2 Cu etched foil. 1100 μL of buffer solution was added to make 
a total solution volume of 1500 μL. The absorbance at 652 nm was recorded. The limit of detection (LOD) 
and limit of quantification (LOQ) were calculated based on the formulas LOD = 3σ/m and LOQ = 3.3 × 

1
𝑉 =

𝐾𝑚
𝑉𝑚𝑎𝑥 [𝑇𝑀𝐵] +

1
𝑉𝑚𝑎𝑥
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LOD, where σ is the standard deviation of the absorbance measurement of the blank (calculated based on 
four measurements of independent samples), and m is the slope of the absorbance vs concentration curve.84 

Reusability and complex matrix recovery assessments
The reusability of the Cu nanocubes was assessed by recording absorbance spectra following 1 mM 
TMB/10 µM H2O2 reactions executed once a week for 16 weeks. Each reaction cycle lasted for 30 minutes 
with the same Cu nanocubes. After each measurement, the catalytic film was removed from the solution, 
rinsed, and stored in water before being immersed in a fresh TMB/H2O2 solution to collect the next 
absorbance at 652 nm.

To test sensors response in a complex matrix, serum was collected from mouse (BALB/c strain, 
IACUCA100576-08/16/2025). All samples were diluted at 1:1 with 0.1 M acetate buffer. To assess 
sarcosine recovery, 150 μL of the known concentration of sarcosine was added to 500 μL diluted serum 
and incubated with 50 μL of sarcosine oxidase for 1 hour before mixing them with 250 μL of 1mM TMB 
solution with Cu nanocubes. The oxTMB solution absorbance was recorded and compared with the linear 
calibration curve. % recovery was calculated using the formula: (spiked sample-unspiked sample)/(spiked 
sample).  

Device prototype
Our custom prototype setup features an Arduino system with a microcontroller, five 10K ohm resistors, 
four 5V LEDs, and a light-dependent resistor (LDR). We placed 500 µl solutions with varying sarcosine 
concentrations (0 μM, 5 μM, 50 μM, and 100 μM) in a holder on the breadboard. The LDR responds to the 
light intensity reaching it, which is programmed to detect varying light intensities and activate specific 
LEDs corresponding to different sarcosine concentrations.
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