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Abstract: This study presents an advanced colorimetric biosensor based on 

Fe3O4@MIL@Pt nanocomposites for the sensitive and selective quantification of alkaline 

phosphatase (ALP). The nanocomposite system combines the catalytic capabilities of 

Fe3O4 nanoparticles, the structural advantages of metal-organic frameworks (MIL), and the 

catalytic prowess of platinum (Pt) nanoparticles. Through the implementation of a triple 

signal amplification strategy, the catalytic efficiency of TMB oxidation is significantly 

boosted, resulting in a distinct blue color development of the oxidized TMB (OX-TMB). 

The assay is designed such that AA reduces OX-TMB, leading to a measurable decrease in 

absorbance, while ALP activity is reflected in the hydrolysis of ascorbic acid-2-phosphate 

(AA2P) to AA, thereby modulating the colorimetric signal. This system allows for highly 

sensitive detection of ALP by monitoring absorbance changes. The analytical performance 

is characterized by a detection limit of 0.091 mU/mL with a linear range from 0.5 to 10 

mU/mL. Importantly, the method demonstrates excellent analytical performance with real 

serum samples, emphasizing its potential for clinical diagnostic applications. 

1. Introduction and Background 

Alkaline phosphatase (ALP) is a key enzyme in phosphate metabolism, widely found in various 

tissues and biological fluids. It catalyzes the hydrolysis and dephosphorylation of proteins, nucleic 

acids, and small molecule phosphates [1]. ALP levels in adult serum typically range from 40 to 190 

U/L but can rise to 500 U/L during pregnancy or in pediatric populations [2]. Abnormal ALP levels 

are associated with several pathological conditions [3-5]. In clinical practice, ALP activity is a 

significant biomarker for diseases like osteoporosis, biliary obstruction, and cancers such as ovarian 

and prostate cancer [6]. Therefore, sensitive and accurate ALP detection methods are crucial for 

clinical diagnostics. 

Various methods for ALP detection have been developed, including electrochemical sensors [7,8], 

electrochemiluminescence [9,10], surface-enhanced Raman scattering [11,12], and colorimetric and 

fluorescence assays [13]. However, many face challenges like low sensitivity or complex 

instrumentation. Colorimetric assays, known for their simplicity and affordability, often require 

hazardous organic substrates [14,15]. This highlights the need for a simple, sensitive, and safe ALP 
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detection method. The study of nanozymes, nanomaterials with enzymatic activity, has gained 

attention [16-19]. These catalysts outperform natural enzymes by offering controlled synthesis, 

cost-efficiency, structural flexibility, and high stability [20-22]. Their performance arises from 

combining catalytic functions with nanomaterial properties like magnetism and photothermal 

effects, enabling multifunctionality [23]. Nanozymes mimic the kinetic behavior of natural enzymes 

under mild conditions [24-25]. In 2007, Fe3O4 nanoparticles' peroxidase-like activity was 

discovered [26], but their low catalytic efficiency and color intensity limit detection sensitivity [27]. 

To improve this, advanced nanozymes, including metal nanoparticles [28], oxides [29], sulfides [30], 

carbon-based materials [31], and MOFs [32], have been developed. Multifunctional nanozyme 

composites show potential for enhancing biosensor performance [33]. Nanozymes offer high 

stability, economic efficiency, biocompatibility, large surface areas, and tunable properties, making 

them ideal for diverse applications [34]. Core-shell nanozymes, with controlled size and surface 

characteristics, enhance catalytic efficiency and selectivity, broadening their analytical applications 

[35-36]. 

The Fe3O4@MIL@Pt-based colorimetric platform enhances sensitivity and reliability through its 

advanced composite design. By combining Fe3O4's magnetic properties, MIL's large surface area 

with active sites, and Pt's catalytic efficiency, the platform maximizes synergistic effects for 

optimized analysis. Fe3O4 aids in efficient separation, MIL boosts catalytic activity, and Pt amplifies 

detection signals, creating a robust system. This simple, cost-effective platform operates without 

complex instruments, making it ideal for clinical diagnostics and applications in environmental, 

toxicological, and food safety fields. Its effectiveness in real-world samples demonstrates its 

practicality and accuracy in complex matrices. 

The platform detection strategy is shown in Figure 1. The synthesized core-shell nanoenzyme 

with peroxidase like activity can oxidize TMB to produce blue OX-TMB, and the stronger the 

enzyme activity, the darker the oxidation color. At the same time, ALP can catalyze AA2P to 

produce ascorbic acid AA with reducing properties, which can reduce OX-TMB to colorless TMB. 

The degree of reduction is related to the activity of ALP. 

 

Figure 1: Experimental schematic diagram 
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2. Experimental Section 

2.1. Chemicals  

The Fe3O4@MIL@Pt nanocomposites were synthesized using high-purity chemicals. Ferric 

chloride hexahydrate (FeCl₃·6H₂O), ethylene glycol (C₂H₆O₂), and N,N-dimethylformamide 

(C₃H₇NO) were obtained from Tianjin Damo Chemical Reagent Factory. Sodium citrate 

(C₆H₅Na₃O₇), urea (CH₄N₂O), trimesic acid (H₃BTC), 2-amino-2-methyl-1-propanol (C₄H₁₁NO), 

and other reagents, including ascorbic acid 2-phosphate (AA2P) and alkaline phosphatase, were 

purchased from Shanghai Macklin Biochemical Technology Co., Ltd. 

3,3',5,5'-Tetramethylbenzidine (TMB) and sodium hexachloroplatinate hexahydrate were sourced 

from Shanghai Aladdin Biochemical Technology Co., Ltd. Ethanol was supplied by Tianjin Zhiyuan 

Chemical Reagent Co., Ltd., and standard solutions of Na, Cl, Ca, and NO₃ were from the Beijing 

Nonferrous Metals Research Institute. Hydrogen peroxide (30%) and deionized water were 

procured through the university's procurement system and Yibao Co., Ltd., respectively. All 

chemicals were of analytical grade and used without further purification. 

2.2. Equipment and Instruments 

In this study, we used advanced instruments for synthesizing, characterizing, and analyzing 

Fe3O4@MIL@Pt nanocomposites: 

• TLE204E Electronic Balance (Mettler-Toledo) for precise mass measurements. 

• RET control-visc Multifunctional Thermostatic Magnetic Stirrer (IKA) for controlled mixing. 

• HC-2518R High-Speed Refrigerated Centrifuge (Anhui Zhongke) for rapid sample separation. 

• KQ-300DE Digital Ultrasonic Cleaner (Kunshan Ultrasonic) for thorough cleaning. 

• Zetasizer Nano ZS90 (Malvern Instruments) for nanoparticle size and Zeta potential analysis. 

• Spectrum Two FT-IR Spectrometer (PerkinElmer) for chemical composition analysis. 

• Ultima IV X-Ray Diffractometer (Rigaku) for crystalline structure determination. 

• K-Alpha XPS (Thermo Fisher) for surface chemistry analysis. 

• Centrifuge 5418R (Eppendorf) for sample preparation and purification. 

• BPZ-6033 Vacuum Drying Oven (Shanghai Yiheng) for sample drying. 

• WGL-65B Electric Blast Drying Oven (Tianjin Tailor) for rapid dehydration. 

• Vortex-Genie 2 Vortex Mixer (Scientific Industries) for reagent mixing. 

• SuperMax 3100 Microplate Reader (Shanghai Flash Biotech) for absorbance and fluorescence 

measurements. 

• ZEISS Ultra 55 FE-SEM (Carl Zeiss) for high-resolution imaging. 

2.3. Synthesis of Fe3O4@MIL@Pt Nanomaterials 

The Fe3O4@MIL@Pt nanocomposites were prepared following established methods. Fe3O4 

nanoparticles were first synthesized via a solvothermal process. A solution of 2.06 g sodium citrate 

(8 mmol), 0.72 g urea (12 mmol), and 1.08 g ferric chloride hexahydrate (4 mmol) in 50 mL 

ethylene glycol was mixed with 600 mg of 50% polyacrylamide. After stirring to form a uniform 

greenish solution, the mixture was heated in a Teflon-lined autoclave at 200°C for 8 hours. The 

resulting black nanoparticles were washed with ethanol and water, then vacuum-dried at 60°C for 

24 hours. 

The Fe3O4 nanoparticles served as cores for the in situ synthesis of MIL-101(Fe) MOF layers, 

optimized with x/y molar ratios of 11:2 and 5:2. Finally, ~6.5 nm Pt nanoparticles were anchored 

onto the Fe3O4@MIL surface via strong coordination interactions, yielding Fe3O4@MIL@Pt 
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nanocomposites with superior catalytic properties. 

2.4. Assessment of Peroxidase-Like Activity of Fe3O4@MIL@Pt 

In this study, we evaluated the peroxidase-like activity of Fe3O4@MIL@Pt nanocomposites 

using three distinct colorimetric substrates—TMB, ABTS, and OPD, each at a concentration of 2.9 

mM. The experiments involved mixing 50 µL of each substrate with 50 µL of hydrogen peroxide (5 

mM), 5 µL of Fe₃O₄@MIL@Pt suspension (5 µg·mL⁻¹, with a molar ratio of Fe₃O₄ to MIL of 

11:2), and 95 µL of acetate buffer (pH 4.5, 0.2 M). After a 3-minute reaction period, absorbance 

measurements were conducted using a multifunctional microplate reader. The results indicated that 

Fe₃O₄@MIL@Pt exhibited significant peroxidase-like activity, with TMB showing the most 

favorable characteristics due to its lower toxicity, leading to its selection as the substrate for 

subsequent experiments. 

2.5. Steady-State Kinetic Studies 

                               (1) 

The initial reaction rate (V) was determined as a function of substrate concentration [S], with 

Vmax as the endpoint. To study the inhibitory effect of ascorbic acid (AA) on 

3,3',5,5'-tetramethylbenzidine (TMB) oxidation, a reaction mixture containing 10 µL of 40 µM AA, 

50 µL of 5 mM hydrogen peroxide, 50 µL of 5 mM TMB, 5 µL of 5 µg·mL⁻¹ Fe3O4@MIL@Pt, 

and 85 µL of acetate buffer was incubated at 25°C for 10 minutes. UV-visible spectrophotometry 

using a multifunctional microplate reader assessed TMB oxidation. To optimize ascorbic acid 

2-phosphate (AA2P) conditions, varying AA2P concentrations (0-200 µM·L⁻¹) were incubated with 

20 mU·mL⁻¹ alkaline phosphatase (ALP) in AMP buffer (pH 3-11, 0.1 M) at 37°C for 20 minutes, 

allowing determination of the optimal pH and substrate concentration. For ALP assays, 20 µL of pH 

11 AMP buffer was combined with 5 µL of 90 µM AA2P and 5 µL of ALP (0-30 µM). After a 

20-minute incubation at 37°C for AA2P hydrolysis, 5 µL each of 5 mM hydrogen peroxide, 5 mM 

TMB, 5 µg·mL⁻¹ Fe3O4@MIL@Pt, and 130 µL of pH 9 acetate buffer were added to initiate the 

colorimetric reaction. Absorbance changes at 652 nm were measured, demonstrating the 

Fe3O4@MIL@Pt nanocomposites' catalytic efficiency for ALP detection. This optimized platform 

ensures Fe3O4@MIL@Pt's effective use for sensitive and selective ALP detection, with accurate 

AA2P conditions and reliable absorbance measurements facilitated by a multifunctional microplate 

reader. 

3. Results and Discussion 

3.1. Representation Fe3O4@MIL@Pt 

The preparation of Fe₃O₄@MIL@Pt nanocomposites was achieved through a hydrothermal 

process, as depicted in Figure 2A. We conducted a comprehensive characterization of the 

synthesized nanocomposites using a suite of analytical techniques. Scanning electron microscopy 

(SEM) and X-ray powder diffraction (XRD) provided insights into the morphology and crystalline 

structure, respectively. Fourier-transform infrared spectroscopy (FT-IR), X-ray photoelectron 

spectroscopy (XPS), and Zeta potential measurements further elucidated the chemical composition 

and surface charge properties of the material. 

65



 

Figure 2: (A) Experimental schematic diagram (B)XRD (C)FT-IR (D)Zeta (E)XPS (F)Fe 2p 

(G)Pt4f 

The XRD pattern in Figure 2B confirms the synthesis of Fe3O4, with distinct peaks for the (220) 

and (311) planes. The intensified peaks, along with the peak at 2θ = 38°, signify successful 

deposition of the MIL layer and Pt nanoparticles. FT-IR spectra (Figure 2C) highlight Fe-O bonds 

with absorption bands at 3417.7 cm⁻¹ and 582.6 cm⁻¹, while peaks at 1400 cm⁻¹ and 1647.7 cm⁻¹ 

confirm Pt binding to the Fe3O4@MIL surface. Zeta potential analysis (Figure 2D) reveals 

significant surface charge changes: the MIL layer increases Zeta potential, while Pt incorporation 

decreases it, confirming successful layer assembly. XPS analysis (Figure 2E) identifies Fe, O, Pt, 

and C as key elements, with binding energies at 710.1 eV (Fe 2p), 530.9 eV (O 1s), 335.1 eV (Pt 4f), 

and 284.4 eV (C 1s). High-resolution XPS for Fe 2p (Figure 2F) shows peaks at 724.6 eV and 711.4 

eV (Fe²⁺), alongside peaks at 716.4 eV and 732 eV for Fe³⁺, indicating a mixed-valence state that 

influences catalytic properties. The Pt 4f spectrum (Figure 2G) displays characteristic peaks for Pt 

4f 5/₂ and Pt 4f 7/₂, confirming Pt incorporation critical for enhanced catalysis. The shifts in Zeta 

potential align with the successful assembly of MIL and Pt layers on the Fe3O4 core, reflecting 

changes in surface composition. XPS confirms the incorporation of Fe, O, Pt, and C in expected 

chemical states, validating the synthesis process and highlighting the material's advanced catalytic 

and sensing capabilities. 

3.2. Enzymatic Activity of Fe3O4@MIL@Pt 

When H₂O₂ was introduced, the Fe₃O₄@MIL@Pt nanocomposites efficiently facilitated the 

oxidation of the colorimetric substrates TMB, ABTS, and OPD. This catalytic action resulted in the 

distinct colors blue, green, and yellow, corresponding to each substrate. The UV-Vis spectroscopy 

analysis confirmed these observations, with the appearance of specific absorption peaks at 416 nm, 

448 nm, and 652 nm for TMB, ABTS, and OPD, respectively (as shown in Figure 3). These 

findings highlight the robust peroxidase-like activity of the Fe₃O₄@MIL@Pt nanocomposites. 
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Figure 3: Enzyme Activity Exploration 

To refine the catalytic performance of Fe₃O₄@MIL@Pt within the TMB-H₂O₂ colorimetric 

system, a systematic investigation into the influence of pH and temperature was conducted. As 

depicted in Figures 4A and 4B, the catalytic activity initially increased, reaching an optimum at pH 

5, beyond which it declined across the pH range of 2.0 to 8.0. Temperature also played a significant 

role, with activity escalating from 10°C to 40°C and peaking at 25°C, after which it diminished with 

further temperature elevation. These observations establish pH 5 and 25°C as the optimal conditions 

for achieving peak catalytic efficiency, setting the stage for subsequent experimental protocols. 

 

Figure 4: (A)PHand(B) Temperature (C) enzyme kinetics plot and (E)Lineweaver-Burk plot of 

Fe3O4@MIL@Pt on substrate TMB; (D) enzyme kinetics and (F)Lineweaver-Burk plots of 

Fe3O4@MIL@Pt on substrate H2O2; 

In enzyme kinetics research, we explored the catalytic characteristics of Fe3O4@MIL@Pt by 

varying one substrate's concentration while keeping the other constant. The results showed that the 

catalytic behavior followed the Michaelis-Menten kinetic model within a specific range, as seen in 

Figures 4C and 4D. Using the Lineweaver-Burk plot, we determined the Michaelis constant (Km) 

and maximum reaction rate (Vmax), revealing a clear linear relationship. These findings validate 

the nanozyme's adherence to Michaelis-Menten kinetics and provide insights into its enzymatic 

properties. The results confirm the catalytic efficiency of Fe3O4@MIL@Pt nanocomposites and 

their potential to mimic enzymatic reactions. This study enhances understanding of their catalytic 

mechanisms and offers valuable reference data for designing advanced biosensors. 

                              (2) 

Within the kinetic analysis, the variable v signifies the initial reaction velocity at different 
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substrate concentrations, with [S] representing the substrate concentration. The Michaelis constant 

(Km) is the concentration of substrate at which the reaction rate is half of Vmax, the maximum 

reaction velocity. This constant serves as a pivotal indicator of the enzyme's affinity for its substrate; 

a lower Km indicates a greater affinity. 

In the case of the TMB substrate, the Michaelis constant (Km) for Fe₃O₄@MIL@Pt is 

determined to be 0.551 mmol/L, with a maximum reaction rate (Vmax) of 4.48 × 10⁻⁸ mol/s. When 

H₂O₂ serves as the substrate, the Km is found to be 1.02 mmol/L, and the Vmax is 7.7 × 10⁻⁸ mol/s. 

Notably, the affinity of Fe₃O₄@MIL@Pt for TMB, as indicated by its Km, is on par with that of 

natural horseradish peroxidase, which has a Km of 0.434 mmol/L. However, Fe₃O₄@MIL@Pt 

demonstrates a considerably higher affinity for H₂O₂, with its Km being significantly lower than 

that of horseradish peroxidase, which is 3.7 mmol/L. 

3.3. Detection Results for ALP 

 

Figure 5: (A)feasibility testing (B)(C)and(D)PH,Time,AA2P optimization 

In the initial phase of our study, we evaluated the Fe3O4@MIL@Pt system's efficacy for 

detecting alkaline phosphatase (ALP). Preliminary experiments showed significant changes in the 

color and absorbance of the oxidized 3,3',5,5'-tetramethylbenzidine (oxTMB) solution upon 

introducing ALP and ascorbic acid 2-phosphate (AA2P). Increasing ALP concentrations caused 

reduced absorbance and visible lightening, as shown in Figure 5A, curves d and e. This confirms 

ALP catalyzes AA2P into ascorbic acid (AA), which reduces oxTMB, demonstrating the system's 

ALP sensitivity. 

In contrast, isolated use of ALP or AA2P caused minimal absorbance changes (curves b and c), 

highlighting their interdependence for oxTMB reduction. The data indicate that higher ALP activity 

decreases oxTMB absorbance, lightening the solution, with AA production increasing 

proportionally to both AA2P concentration and ALP activity. 

The detection of ALP activity with high sensitivity and over an appropriate linear range is 

contingent upon the substrate concentration and the reaction duration. Our study optimized these 

parameters by assessing the impact of varying AA2P concentrations on the absorbance at 652 nm 

(ΔA652 nm), under conditions that included a fixed pH and a defined period for ALP-catalyzed 
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hydrolysis. The results in Figure 5indicated an increment in ΔA652 nm with increasing AA2P 

concentrations, reaching an optimum at 90 μmol/L. Beyond this concentration, no significant 

changes in absorbance were observed, suggesting a saturation point. Thus, an AA2P concentration 

of 90 μmol/L was identified as optimal for achieving the most sensitive and effective ALP activity 

detection. 

In our investigation into the kinetics of the reaction, we observed that the absorbance change at 

652 nm (ΔA652 nm) escalated with extended reaction times, stabilizing after a 20-minute 

incubation period. This plateau suggests that the catalytic hydrolysis of ascorbic acid 2-phosphate 

(AA2P) by alkaline phosphatase (ALP) is most efficient within the first 20 minutes. Based on these 

findings, a reaction time of 20 minutes was determined to be ideal for maximizing both the 

sensitivity and reliability of the detection assay. 

 

Figure 6: Linear range exploration 

As ALP concentrations increased from 0 mU/mL to 10 mU/mL in Figure 6, there was a 

progressive fading of the blue oxTMB solution to a colorless and transparent state, corresponding to 

a decrease in absorbance at 652 nm (ΔA652 nm). For ALP concentrations ranging from 0.5 mU/mL 

to 10 mU/mL, a robust linear correlation was observed between ΔA652 nm and ALP concentration, 

given by the equation ΔA652 nm = 0.04962[ALP] + 0.009, with an R² value of 0.995. The detection 

limit for ALP was determined to be 0.091 mU/mL, based on a signal-to-noise ratio of 3. These 

results underscore the method's broad linear dynamic range and high sensitivity for the detection of 

both AA and ALP. 

 

Figure 7: Verification of anti-interference 

To appraise the sensor system's resilience against interference, an assessment was conducted on 

the influence of ubiquitous cations including sodium (Na⁺), potassium (K⁺), and calcium (Ca²⁺), as 

well as anionic species such as chloride (Cl⁻) and nitrate (NO₃⁻). Additionally, the impact of amino 

acids—alanine (Ala), cysteine (Cys), and glutamic acid (Glu)—and a spectrum of biomolecules like 

bovine serum albumin (BSA), ovalbumin (OVA), tryptophan (Try), pancreatin (Pan), and pepsin 

(Pep) was scrutinized. Figure 7 delineates these assessments. The experimental outcomes evinced a 

marginal effect on the absorbance measurements at 652 nm (ΔA652 nm) when these interferents 

were present, attesting to the sensor's superior selectivity. Intriguingly, the absorbance alterations in 

the presence of ALP and the aforementioned interferents were congruent with those observed for 
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ALP in isolation. This congruence affirms the sensor's high specificity for detecting ALP-mediated 

hydrolysis of AA2P, devoid of interference from extraneous proteins or enzymatic activities. 

4. Conclusion 

In summary, the Fe3O4@MIL@Pt nanocomposite material exhibits remarkable catalytic surface 

properties, highlighting its exceptional catalytic efficiency. This study introduces a novel triple 

signal amplification technique that significantly enhances the precise detection of ascorbic acid (AA) 

and alkaline phosphatase (ALP) activity. The Fe3O4@MIL@Pt nanocomposite, with its optimized 

design, not only maximizes the individual benefits of each component but also leverages their 

synergistic interactions to optimize colorimetric analysis. This advancement provides new insights 

into ALP activity detection and expands the applications of enzyme-linked immunosorbent assays 

(ELISA) for ALP, demonstrating great potential for practical applications in various fields. 
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