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for selective biodegradation of harmful dye molecules. 
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Qi Zhang,[a] Christian Serre, [c] Jean-Pierre Mahy,[b] Nathalie Steunou[a] 

In memory of Gérard Férey

Abstract: Microperoxidase-8, a small, peroxidase-type enzyme was 

successfully immobilized into nanoparticles of the mesoporous and 

ultra-stable MIL-101(Cr). The immobilized enzyme retained fully its 

catalytic activity and exhibited enhanced resistance to acidic 

conditions. The biocatalyst was reusable and showed a long-term 

stability. By exploiting the properties of the MOF’s framework, we 
demonstrated, for the first time, that the MOF matrix could act in 

synergy with the enzyme (Microperoxidase-8) and enhance 

selectivity the oxidation reaction of dyes. The oxidation rate of the 

harmful negatively charged dye (methyl orange) was significantly 

increased after enzyme immobilization, most likely due to the pre-

concentration of the methyl orange reactant due to a charge 

matching between this dye and the MOF. 

Enzymes are biomolecules with remarkable catalytic properties 

essential for specific applications, such as production of 

biochemicals and biofuels, and for biosensing and 

bioremediation purposes.[1] Despite many advances in enzyme 

engineering, they remain expensive and/or fragile entities. As a 

result, their use in industrial context often requires their 

immobilization on a solid support to increase their stability and 

recovery. Many supports have been developed in the last 

decades, including, but not limited to, biopolymers/synthetic 

polymers, sol-gel materials, mesoporous silica, carbon 

materials,[2] and recently Metal-Organic Frameworks (MOFs).[3] 

These latter are a class of crystalline hybrid porous materials 

characterized by a vast chemical functionality, exhibiting a large 

variety of structural features (surface area, pore size, shape, 

flexibility…). These have sparked a great interest in many 

applications such as gas storage and separation, heat transfer, 

biomedicine, sensing and catalysis, among others.[4] As 

immobilization matrices, they seem promising since the 

biological activity of immobilized enzymes was preserved, even 

under unnatural environments (high temperature, solvent), and 

long-term stability was observed.[5] Among the MOF properties, 

their hybrid nature and multimodal porosity have appeared as 

key parameters for successful biocatalysis, as they allow 

efficient mass transfer, and eventually the co-entrapment of co-

factors.[6] In few studies, the MOF matrix acted as a selective 

diffusion barrier of reactants by size exclusion.[3f, 7] Despite these 

encouraging results, the role of MOF materials on the bioreactor 

performances has so far been mostly limited to a stabilizing host 

scaffold. 

Microperoxidase-8 (MP8, Figure 1a), is a mini enzyme that 

contains a heme prosthetic group together with amino-acid 

residues 14-21 of horse cytochrome c. This heme-octapeptide 

simultaneously combines two types of catalytic activities: a high 

peroxidase-like activity as well as a cytochrome P450-like 

activity.[8] However, it suffers from several limitations. 

Deterioration of the catalytic activity occurs both under harsh 

conditions (acidic pH or oxidative media) and at MP8 

concentrations higher than 2 µM due to the heme dimerization.[9] 

Moreover, the distal coordination position of the iron atom of 

MP8 is completely exposed to the solvent and, thus lacks of a 

specific catalytic pocket, which results in low substrate selectivity. 

Herein, we show that the encapsulation of MP8 in the 

mesoporous cages of a polycarboxylate MOF (MIL-101(Cr)) can 

be a valuable strategy to enhance the catalytic activity of MP8 

under acidic or oxidative conditions. We also demonstrate that 

the MOF matrix not only performs as a protective host support 

able to maintain long-term, recyclable catalytic activity but can 

also enhance the catalytic performance of the bioreactor due to 

its excellent adsorption properties. Furthermore, since very large 

amounts of commercial dyes are produced in textile and paper 

industries,[10] which makes their removal crucial for 

environmental matters, we targeted the oxidative degradation of 

model organic dyes (harmful Methyl Orange). Remarkably, we 

demonstrated that the MOF–based matrix can supplement a 

higher reaction rate to the enzymatic catalytic reaction due to the 

selective substrate pre-concentration through a charge-based 

mechanism. 

MP8 was obtained by the hydrolytic digestion of cytochrome c 

(synthesis conditions in SI and characterization of purified MP8 

by MALDI-TOF mass spectrometry and UV-Vis spectroscopy in 

Figure S1).[11] MIL-101(Cr) was selected as an immobilization 

matrix due to its high chemical stability and its very large 

hierarchical porosity (cages of 2.9 nm and 3.4 nm),[12] 

compatible with MP8 size (<3.3×1.1×1.7 nm), while retaining 

accessible diffusion pathways for substrates, once the enzyme 

is immobilized. Notably, the windows to access the cages are 

smaller in sizes (1.2 x 1. 6 nm and 1.2 nm), but it has previsouly 

been shown that heme-based enzymes could undergo 

conformational changes similar to translocation mechanisms to 
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Figure 1. (a) Cages of nanoMIL-101 and molecular structure of microperoxidase 8 containing an Fe(III) porphyrin and the amino acid residues 14 to 21 of 

Cytochrome c. The imidazole group of the histidine residue (His18) acts as the fifth axial ligand of the Fe(III) (Structure data were obtained from the solution 

structure of PDB 1OCD)
[13]; (b) ζ-potential measurements of nanoMIL-101 (blue square) and MP8 (red circles) as a function of pH; (c) Images of the powder of 

nanoMIL-101 (top) and MP8@nanoMIL-101 (down); (d) FT-IR spectra of MP8 (red), MP8@nanoMIL-101 (grey) and nanoMIL-101 (blue). 

diffuse through smaller windows into larger voids.[14] A simple 

microwave assited hydrothermal synthesis was employed 

(synthesis conditions in SI) to obtain nanoparticles of MIL-

101(Cr)[15] and thus favour diffusion kinetics.[16] To take full 

advantage of the impact of the framework and provide an 

enhanced protection, a 3-dimensional confinement of the 

enzyme was preferred over a surface immobilisation. The 

encapsulation was accomplished by simply mixing a solution of 

nanoMIL-101 with a solution of MP8 for 48 h at 37 °C. To ensure 

strong electrostatic interactions between the MP8 molecules and 

the MOF particles, the pH of the mixture was adjusted to 5, 

where the MIL-101 nanoparticles are positively charged and 

MP8 negatively charged as shown in Figure 1b. The 

immobilized catalyst (MP8@nanoMIL-101) was washed with 

water to remove MP8 molecules that may have remained weakly 

adsorbed on the outer surface of nanoMIL-101. The presence of 

MP8 within the powder could be directly observed by the 

resulting colour change from green to brown-reddish as 

illustrated in Figure 1c. The MP8@nanoMIL-101 was 

characterized by Powder X-Ray Diffraction (PXRD, Figure S2), 

showing that the crystalline structure of MIL-101(Cr) was 

preserved after encapsulation. The immobilization of MP8 was 

confirmed by the presence of characteristic vibrations bands of 

amide I and II in FTIR spectrum of MP8@nanoMIL-101 

displayed in Figure 1d. The amount of enzyme within 

MP8@MIL-101 was determined to be of circa 5 % w/w by 

Inductively Coupled Plasma Atomic Emission Spectroscopy 

(ICP-AES) based on the Fe/Cr ratio (sample preparation in SI 

and detailed amounts in Table S1 and S2). The same MP8 

content was confirmed by Energy Dispersive X-Ray (Table S3) 

and with UV-Vis spectra of the remaining MP8 quantities in the 

supernatant (Table S4). NanoMIL-101 and MP8@nanoMIL-101 

were further characterized by nitrogen porosimetry at 77 K 

(Figure S3), leading to BET surface areas of 2550 m2/g and 

1510 m2/g, respectively. This loss of surface area of about 1000 

m2/g, i. e. 39 %, was consistent with the presence of MP8 within 

the pores of the MOF. A similar content of MP8 (5 % w/w, see 

Table S1 and S2) was also obtained when larger particles 

micrometer size) of MIL-101 were considered (Figure S4), 

thereby suggesting that MP8 molecules were inserted within the 

porosity and not adsorbed at the outer surface. To further 

confirm the confinement of MP8 molecules inside the pores of 

nanoMIL-101, the accessibility of the Fe(III) atom of MP8 was 

assessed by following the coordination of an imidazole molecule 

(ImH) to the sixth axial position of the Fe(III) on the distal face of 

the heme (Figure 1a).[17] As seen in Figure S5a and S6a, with 

increasing imidazole concentrations, the maximum absorbance 

wavelength of MP8 Soret band shifts gradually from 396 nm to 

404 nm, as a result of the complexation reaction of the ImH with 

the heme moiety of MP8, forming MP8(ImH).[18] To reach 

saturation of MP8(ImH) complex formation, MP8@MIL-101 

reacted with almost 7 times more imidazole than the free MP8 

(3.7 mM and 0.57 mM, respectively). This higher amount 

suggests diffusional limitations, in agreement with the inclusion 

of MP8 inside the porosity of nanoMIL-101. Importantly, the 

calculated dissociation constants of the MP8(ImH) complex were 

0.37 and 0.10 mM (Figure S5b and S6b) for MP8@nanoMIL-

101 and free MP8, respectively. These relatively close values 

indicate that the MP8 binding site are not altered and remain 

fully accessible after encapsulation. 

No peroxidase activity was detected in the presence of 

nanoMIL-101 alone as catalyst. Both free and immobilized MP8 

catalyzed the oxidation of ABTS showing similar trends with 

increasing both reaction rates and converted ABTS amounts 

with increasing pH. At pH 8, the concentration of ABTS˙+ was 

higher for immobilized MP8@nanoMIL-101. For the free MP8, 

as illustrated in Figure S9, the absorbance at 420 nm of ABTS˙+ 

reached a maximum and then decreased due to over 

oxidation.[19] This phenomenon was not observed in the case of 

MP8@nanoMIL-101, which may result from stabilization of 

ABTS˙+ through strong interactions (coordination on the Cr metal 

sites) with the MOF framework, as reported before for ABTS 

encapsulation into an iron mesoporous polycarboxylate based 

MOF.[6b] At pH 6-7, free MP8 oxidized higher amounts of ABTS 

than immobilized MP8@nanoMIL-101. On the opposite, at pH 5 

the amount of ABTS˙+ was higher for immobilized 

MP8@nanoMIL-101. Since high concentrations of H2O2 and 

acidic conditions are known to be detrimental to MP8 catalytic 

peroxidase activity,[20] the protective role of the MOF matrix 

against such harmful conditions was further investigated by 

varying H2O2 concentration (0.1 - 1.8 mM), at pH 7 (Figure 2b, 

S10 and S11) and pH 5 (Figures 2c, S12 and S13).  
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Figure 2. (a) Catalytic oxidation of ABTS after 180 s as a function of pH by 

free MP8 (red), immobilized MP8@nanoMIL101 (grey) and nanoMIL-101 

(blue); (b) catalytic oxidation of ABTS after 300 sec as a function of H2O2  at 

pH 7 by free MP8 (red), immobilized MP8@nanoMIL101 (grey); (c) catalytic 

oxidation of ABTS after 300 s as a function of H2O2  at pH 5 by free MP8 (red), 

immobilized MP8@nanoMIL101 (grey). Error bars are the standard deviation 

of three measurements. 

At pH 7, for the entire H2O2 range, in 300 seconds, higher 

amounts of ABTS were obtained with free MP8, as shown in 

Figure 2b. The reaction kinetics (Figure S10 and S11) were 

faster for free MP8 with a maximum ABTS˙+ amount reached in 

less than 100 seconds, whereas immobilized MP8@nanoMIL-

101 did not reach the maximum ABTS˙+ amount even after 300 

seconds. This was attributed to slower diffusion of the substrate 

to the immobilized enzyme, in accordance with numerous 

reports on bio-immobilization matrices.[2] However, for a longer 

period of time (1 hour) at high H2O2 concentration (0.9 mM) 

displayed in Figure S14, a higher amount of ABTS˙+ was 

obtained for immobilized MP8@nanoMIL-101, exceeding the 

amount attained with the free MP8. Such results are consistent 

with a possible oxidative degradation of the heme moiety of the 

free MP8 while the active site of the encapsulated MP8 is 

preserved. At pH 5, the protonation of the histidine coordinated 

to the heme-Fe in axial position (Figure 1) leads to the cleavage 

of the Fe-histidine bond, thereby reducing the MP8 catalytic 

activity. The improved catalytic activity of the MP8@nanoMIL-

101 at pH 5 clearly suggests that the MIL-101 matrix provides an 

efficient protection for MP8 outside its optimum pH range. As 

already reported,[21] the enzyme encapsulation may provide a 

confined micro-environment with lower proton concentrations, 

which likely limits the protonation of the axial histidine of MP8. 

The possibility of recycling the material was also evaluated. 

Since the separation of free MP8 from the reaction mixture is not 

possible, the activity of free MP8 was not maintained after 1 

cycle. As displayed in Figure 3a, 66% of the initial activity of 

MP8@nanoMIL-101 was preserved after 5 catalytic cycles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a) Relative catalytic activity of MP8@nanoMIL-101 over 5 catalytic 

cycles; (b) PXRD of MP8@nanoMIL-101 before and after 5 catalytic cycles; (c) 

Stability of free MP8 and immobilized MP8@MIL101 over time (d) Amount of 

MP8 leached from the MP8@MIL101 material over one month. 
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The PRXD pattern of MP8@nanoMIL-101 after the 5 catalytic 

cycles, in Figure 3b, shows the preservation of the MOF 

framework. The long-term stability of the material, stored at 4 °C, 

was assessed over 1 month both in terms of catalytic activity 

and stability (experimental details are given in SI). The results, 

shown in Figures 3c and 3d, demonstrate a minimal loss of 

catalytic activity over time (less than 15 %) as well as minimal 

leaching of MP8 that stabilizes after a week to reach a 

cumulated amount of 32 % after 4 weeks (determined from UV-

Vis spectra of the supernatant). 

Further catalytic experiments were performed toward the 

oxidative degradation of model organic dyes. Dyes with different 

electrostatic charges were selected: cationic Methylene Blue 

(MB), neutral Sudan II and anionic Methyl Orange (MO)), as 

shown in Figure 4 and S15. The separation of MB/MO mixtures 

have previously been reported with various MOFs, including 

MIL-101(Cr).[22] These dyes have similar molecular sizes but 

opposite electrostatic charges, their separation has been mainly 

attributed to the difference of electrostatic affinity with the 

charged MOF framework. MIL-101 framework is positively 

charged within the 5-7 pH range, and therefore selectively 

absorbs the negatively charged MO over the positively charged 

MB. Thus our idea was to determine if coupling the adsorption 

selectivity of the MOF matrix with the MP8 oxidative catalytic 

activity could lead to an enhanced dye degradation process with 

high substrate selectivity. The catalytic activity of MP8@MIL-101 

towards the oxidation of MB, Sudan II and MO was thus, 

investigated (Figures 4 and S15). For the oxidation of the 

positively charged dye (MB, Figure 4a), the reaction rate 

observed with immobilized MP8@MIL101(Cr) was almost 

negligible when compared to that observed with free MP8. On 

the contrary, similar experiments carried out with negatively 

charged dye (MO, Figure 4b) led to much higher reaction rates 

compared with the free MP8. This can be explained by the 

electrostatic attractive interactions between MO and the MOF 

matrix, while repulsive interactions are expected between MB 

and MIL-101(Cr) This may strongly favour d of MB within the 

pores of the MOF, leading to a pre-concentration of MO at the 

vicinity of the enzyme. The reaction rate for the neutral dye 

(Sudan II) was similar for free and immobilized MP8 (Figure 

S15) in agreement with the much lower affinity with MIL-101(Cr). 

Hence, the MOF matrix contributes to the material’s overall 

catalytic activity by providing a charge-based selective 

adsorption of reactants, leading to enhanced reaction rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (a) Reaction rate of degradation of Methylene Blue (MB, positive) by free MP8 (red cycles), immobilized MP8@nanoMIL101 (grey squares) and 

nanoMIL-101 (blue diamonds); (b) Reaction rate of degradation of Methyl Orange (MO, negative) by free MP8 (red cycles), immobilized MP8@nanoMIL101 (grey 

squares) and nanoMIL-101 (blue diamonds); (c) Solutions of MB and MO before and after the catalytic degradation with MP8@nanoMIL101 

In conclusion, we have shown that MP8 could be entrapped and 

retained in a mesoporous robust MOF with minimal leaching, 

high catalytic activity and long-term stability. Besides, the 

entrapped enzyme was protected under acidic or oxidative 

conditions due to its confinement within the MOF matrix. This 

work also demonstrated for the first time, that the MOF matrix 

could act in synergy with the enzyme by selectively enhancing 

the oxidation reaction of dyes. This was attributed to the pre-

concentration of reactants due to a charge matching between 

the dye and the MOF. This work expands the use of MOFs as 

bio-immobilization matrices beyond simple solids to an active 

component in catalytic processes. 

Experimental Section 

Experimental Details are given in Supplementary Information 
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