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Nanocomposites combining the mesoporous iron(III) trimesate MIL-100 (Fe) (MIL: Matériaux Institut Lavoisier) and 

platinum nanoparticles (Pt-NPs) have been used as immobilization matrices of glucose oxidase (GOx). Due to the physico-

chemical properties of Pt-NPs (electroactivity) and MIL-100(Fe) (high specific surface area and pore volume, 

biocompatibility), the resulting GOx- MIL-100 (Fe)-PtNPs bioelectrode exhibits excellent electrocatalytic performances for 

glucose detection. This novel  glucose biosensor presents a high sensitivity of 71 mA M-1 cm-2 at optimum condition and a 

low limit of detection of 5 μM with low response time (< 5 s). In contrast, substitution of iron by chromium or aluminum in 

MIL-100 leads to a much lower sensitivity and higher response time values, suggesting that the iron centres of MIL-100(Fe) 

may be involved in a synergic effect which indeed enhances the catalytic oxidation of glucose and biosensor activity. Thus, 

this work enlarges the potentiality of MOF nanoparticles with engineered cores and surfaces for designing highly sensitive, 

durable glucose biosensors. 

Introduction 

Among analytical methods, biosensing of target analytes has 

received a great attention since the sustainable development 

of our society requires a strong enhancement of 

environmental monitoring, food safety, quality control, clinical 

diagnostics and so on.
1
 Electrochemical biosensors which imply 

the integration of biorecognition elements (i. e. enzymes or 

aptamers) are particularly attractive due to the possibility of 

performing rapid and one-spot analyses together with a high 

sensitivity, simplicity and ease of miniaturization.
2,3

 However, 

the use of enzymes in industrial applications is often 

hampered by their low operational stability, difficult recovery 

and lack of reusability. One of the key issues for the building-

up of biosensors concerns the development of immobilization 

strategies of biorecognition molecules on solid supports in 

order to stabilize them in unnatural environment while 

retaining their functions and activities.
2-4

 Therefore, the 

biocatalytic activity at the surface of the bioelectrodes as well 

as the mass-transfer efficiency of the relevant analytes are 

strongly impacted by the interfacial properties between 

enzymes and the host matrix. Up to now, bioencapsulation in 

inorganic hosts has concerned mainly metal oxides,
2,4,5,6,7,8

 

layered double hydroxides or clay minerals
9,10,11

 due to their 

natural origin and/or well-established biocompatibility. Surface 

adsorption of biomolecules on the host matrix is a simple 

procedure but leaching of the immobilized enzyme during the 

reaction process is often observed due to the absence of any 

specific interactions between the host matrix and enzymes. In 

contrast, the entrapment of biomolecules in a 3D-matrix 

strongly reduces this leaching phenomenon but the 

accessibility to biomolecules and thus the mass-transfer 

efficiency of analytes may be strongly limited, thereby 

affecting the sensitivity of biosensors. Therefore, researches 

on new immobilization matrices is still receiving a great 

attention and the interest is generally focused on host 

matrices that combine the following properties: i) a 

hierarchical and well-defined porosity with large pores prone 

to immobilize enzymes and smaller cavities allowing the 

diffusion of analytes and products, ii) a biocompatibility iii) a 

high surface area favouring a high enzyme loading, iv) a 

chemical and thermal stability under large operating 

conditions (pH,…), v) and if possible, a tuneable composition 

and surface chemistry that may enhance the anchoring of a 

large diversity of enzymes at the surface of electrodes.  

Metal organic frameworks (MOFs) are crystalline hybrid 

porous materials formed by the assembly of metal cations with 

polydentate ligands. In comparison to other inorganic 

materials, this class of porous materials exhibits a high specific 
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surface and degree of chemical tunability as well as a 

structural diversity due to the large variety of possible metal 

cations, organic linkers and building blocks and to the almost 

infinite number of possible combinations. As a result of their 

fascinating physico-chemical properties, these materials 

present potential applications in gas storage/separation,
12,13 

catalysis,
14,15,16,17

 drug delivery,
18,19

 sensors
20,21,22,23

 among 

others. Recently, this class of hybrid materials has emerged as 

a new type of immobilization matrices for biomacromolecules 

such as proteins
24,25

 and DNA.
26,27,28

 Indeed, MOFs appear as 

promising host matrix candidates due to the possibility of 

finely tailoring the pore size and functionalizing the pore walls, 

thereby favouring specific interactions between 

biomacromolecules and pore walls of MOFs.
29

 The 

incorporation of some micro-enzymes such as MP-11
30

 inside 

the cavities of mesoporous MOFs was first reported and this 

strategy was enlarged to enzymes  (i. e. cytochrome C, 

myoglobin)
31,32

 whose molecular dimension exceeds the 

accessible pore size, revealing the conformational change of 

protein during transport into the MOFs porosity as a result of 

the dynamic and flexible structure of protein. The enzyme 

encapsulation is particularly attractive since it prevents any 

leaching of enzyme and greatly improves its stability in a wide 

range of media including non-physiological environments 

(organic solvents, aqueous solutions of a wide range of pH). 

However, this method may be limited to a few enzymes and 

other immobilization strategies have been reported such as 

adsorption,
33

 covalent grafting of proteins at the surface of 

MOFs particles
34

 or host-guest interactions between tag-

groups on the enzyme and MOF pores.
35,36

 To date a few 

MOFs-enzymes bioreactors show very promising results in 

terms of biocatalysis activity, stability and 

recyclability.
25,32,34,35,37

 However, previous works on MOF-

based biosensing are comparatively still very scarce.
38,39

 While 

the electrical and electrochemical transduction schemes are 

commonly used in sensors, they have been minimally explored 

with MOFs since most of these porous solids are insulating. 

However, the exploitation of ZIFs (zeolitic imidazolate 

frameworks) combined to methylene green as a redox 

mediator for the development of glucose amperometric 

biosensors has been recently reported in literature and these 

biosensors present interesting analytical properties in terms of 

sensitivity (217 mA M
-1

 cm
-2

) and selectivity.
40

 In addition, 

biosensors based on Cu-MOF and tyrosinase exhibit robust, 

ultrasensitive and rapid electrochemical responses for the 

detection of bisphenol A.
41

  
 

Herein, we present the first exploitation of mesoporous 

metal(III) trimesates (i. e. MIL-100 (M) with M=Fe, Al, Cr) and 

microporous iron(III) azobenzentetracarboxylate MIL-127(Fe) (see 

Fig. 1) as new and efficient immobilization matrices of enzymes for 

the building-up of glucose biosensors. The results show that these 

MOFs can anchor enzymes with high loading/activity and efficient 

mass-transfer, allowing a highly sensitive detection of glucose. The 

comparison of the analytical parameters between the different 

MOFs-based biosensors demonstrate that MIL-100(Fe) is certainly 

the most efficient host matrix since a synergism of their 

 
Fig 1. (a) Trimers of Fe(III) octahedra assembled with (b) trimesic acid leading to the 
formation of the MIL-100 structure with a zeolitic architecture of the MTN-type (c)  or  
with TAzBz (3,3’,5,5’-azobenzenetetracarboxylate) leading to a microporous cubic 
crystalline MIL-127(Fe) structure with a soc topology. The large green spheres 
represent the largest van der Waals spheres that would fit in the cavities without 
touching the frameworks. 

physico-chemical properties (porosity, electroactivity, 

morphology, biocompatibility) may enhance both the charge 

transfer kinetics and the interfacial interactions with enzymes. 
 

 

Experimental Section 

Chemicals and materials 

Glucose Oxidase (GOx, EC1.1.3.4, 108 U mg
-1

, from Aspergillus 

niger), Glutaraldehyde solution (Grade II, 25%), bovine serum 

albumin (BSA, minimum 98% electrophoresis), D-(β)-glucose, 

H2PtCl6, were purchased from Sigma-Aldrich. Acetate buffer 

was made from 0.1 M acetic acid and pH was adjusted by 

adding 4 M NaOH. A stock solution of D-glucose was prepared 

and allowed to mutarotate at room temperature for 24 h prior 

to use. All other chemicals and reagents were prepared using 

millipore water. All reagents were used without further 

purification. 

 

Pt nanoparticles electrodeposition 

For deposition of Pt nanoparticles (PtNPs) on carbon 

electrode, several experiments were carried out by varying the 

concentration of H2PtCl6, the potential and time of deposition. 

As a result of these experiments, a solution of 0.002 M H2PtCl6 

in 0.1 M phosphate buffer (pH=7) and a potential of -0.35 V 

were chosen for deposition of well-dispersed Pt nanoparticles 

on carbon electrode, as described in details elsewhere.
42

 The 

electrodeposited mass of Pt was varied from about 2 to 

13 µg.cm
-2

 for several experiments. 

 

Synthesis of MIL-100(M) (M=Fe
3+

, Cr
3+

, Al
3+

) and MIL-127(Fe) 

nanoparticles  

The syntheses of mesoporous metal(III) trimesates (metal = 

Fe
3+

, Cr
3+

, Al
3+

) and MIL-127(Fe) nanoparticles were performed 

according to previously published procedures.
43,44

 Mesoporous 

metal(III) trimesates were synthesized by microwave-assisted 

hydrothermal reactions at temperatures between 130 and 

Supertetrahedron

of MIL-100(M) 

(M=Fe, Cr,  Al)

Trimer of M(III)

TAzBz

Trimesic acid 

MIL-127(Fe)

Large cage of MIL-100(M)

(M=Fe, Cr,  Al)

Hexagonal 

window

Pentagonal 

window

(a)

(c)

(b)
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210 °C with significant yields within a few minutes only (close 

to 90 %). Water was used as the solvent which is an advantage 

in terms of low cost and nontoxicity. For MIL-100(Fe), iron(III) 

chloride hexahydrate (2.43 g, 8.99 mmol) and trimesic acid 

(0.84 g, 4.00 mmol) were dissolved in distilled water (30 mL). 

The solution was heated at 130 °C over 1 min 30 s, then 

maintained at this temperature for 5 min 30 s (400 W) under 

high stirring. As soon as the temperature is decreased to 90 °C, 

20 mL of water were added to the mixture and the reaction 

vessel placed in an ice bath to stop the reaction. The mixture 

was then centrifuged at 10500 rpm for 25 min. An orange solid 

was thus recovered. The as-synthesized MIL-100(Fe) 

nanoparticles were washed by four 

centrifugation/redispersion cycles in absolute ethanol. For 

MIL-100(Cr), chromium nitrate nonahydrate (2.40 g, 

5.99 mmol) and trimesic acid (0.84 g, 4.00 mmol) were 

dissolved in distilled water (30 mL) with high stirring. The 

mixture was heated to 200 °C over 4 min and kept at this 

temperature for 1 min. After cooling, the obtained solid was 

dispersed in water (20 mL) and then recovered by 

centrifugation (10500 rpm, 15 min). The solid was activated by 

dispersing the as-synthesized solid in ethanol for 5 min 

followed by centrifugation (10500 rpm, 15 min). The 

redispersion and centrifugation procedures were performed 

two more times. For MIL-100(Al), aluminum nitrate 

nonahydrate (1.43 g, 5.68 mmol) and trimesic acid (1.01 g, 

4.82 mmol) were dissolved in distilled water (20 mL) with 

vigorous stirring. After addition of nitric acid (4 mL, 4 M), the 

reaction mixture was stirred for 5 min at room temperature. 

After a hydrothermal treatment at 210 °C in the microwave 

oven for 30 min, the resulting mixture was cooled down with 

an ice bath and centrifuged at 10500 rpm for 15 min (2.1 g, 

98%). MIL-100(Al) was activated by dispersing the recovered 

solid into methanol overnight with vigorous stirring. The solid 

was recovered by centrifugation (10500 rpm, 15 min). For MIL-

127(Fe), 0.66 mmol of FeCl3.6H2O (178.4 mg) and 0.63 mmol of 

3,3′,5,5′-azobenzenetetracarboxylic acid (H4-TazBz, 226 mg) 

were dissolved with moderate stirring in 20 mL of propan-2-ol. 

This solution was heated in a microwave oven at 130°C (400 

W) for 15 min, with a heating ramp of 2 min. The obtained 

solid was cooled down, then recovered by centrifugation 

(10500 rpm, 15 min) and washed twice with 40 mL of 

propanol-2-ol, twice with 40 mL of ethanol and finally, with 

20 mL of distilled water. All the synthesized MOFs were 

characterized by powder X-ray diffraction (PXRD) and FT-IR 

spectroscopy. The size and surface charge of MOFs 

nanoparticles were determined by dynamic light scattering 

(DLS) and ζ-potential measurements. The composition and 

purity of MOFs nanoparticles were confirmed by 

thermogravimetric analyses (TGA) and FT-IR. Their specific 

surface was estimated by nitrogen porosimetry at 77 K. 

 

Instrumentation and physical-electrochemical characterizations 

The potentiostat used was an EG & G PAR VersaSTAT 3 

controlled with a computer using the software VersaStudio 

package. Carbon ink electrodes (CIE) were prepared by 

painting carbon ink (made by Acheson) with a brush on 20 mm 

diameter stainless steel disk. The surface area in contact with 

electrolyte is 3 cm
2
. The AgCl/Ag reference electrode was 

home-made by electrolysis of Ag wire in 5 M NaCl for 5 min at 

5 mA cm
-2

. The counter electrode was a Nickel mesh. The pH 

of the solution was measured at room temperature with a pH-

meter (model: WTW – pH340i). For chronoamperometric 

experiments, a Metrohm 802 Stirrer rotator was rotating to 

increase mass transport while measuring the currents with 

respect to duration of the experiments. Various volumes of 

0.05 M glucose from 1 µL to 100 µL were added drop wise in 

the solution of electrolyte (i. e. acetate buffer of pH≈5.3). The 

temperature of the electrochemical cell was controlled at 37°C 

by a POLYSTAT 5hp thermostat (Bioblock Scientific). FT-IR 

spectra were recorded using a Bruker IFS28 FTIR spectrometer 

equipped with a reflection absorption tool (Grazeby Specac) 

that allowed us to analyze the film directly on the disc surface 

without scraping procedure. The background measurement 

was taken with a gold disc that had been mirror-like polished. 

Twenty scans were performed for background and samples. 

Dynamic light scattering (DLS) measurements were performed 

on a Malvern Zetasizer Nano-ZS ZEN 3600. Scanning electron 

microscopy (SEM) images have been recorded on a JEOL JSM-

7001F microscope using gold-coated samples. Powder X-ray 

diffraction patterns (PXRD) were collected using a Siemens 

D5000 diffractometer (θ−2θ) with Cu Kα radiation (λ = 

1.54059 Å). Surface area of the materials was determined by 

N2 adsorption using BJH method in a BELSORP-mini II 

porosimeter at 77 K using nitrogen as a probing gas.  

 

Preparation of bioelectrodes  

The preparations of bioelectrodes were performed by a step-

by-step deposition of various components at the surface of 

CIE. First, CIE was decorated by PtNPs particles by 

electrodeposition as described above. Then, solutions of MOFs 

and GOx were successively deposited at the surface of PtNPs-

CIE to permit the formation of layers of MOF and GOx. Prior to 

the MIL-100(Fe) deposition at PtNPs-CIE, solutions of MIL-

100(Fe) nanoparticles (2 mg mL
-1

) at pH 3.5 were sonicated for 

5 min. The resulting suspension was allowed to settle for 30 

min in order to separate the aggregates at the bottom of the 

container. Then, 100 µL of the supernatant (0.7 mg. mL
-1

 of 

MOF) was drop casted on the PtNPs-CIE followed by drying at 

50°C oven for one hour. In a second step, 100 µL of 12 mg mL
-1

 

GOx dissolved in acetate buffer (pH=5.3) was then deposited 

on MIL-100(Fe)-PtNPs-CIE and dried at 50°C for 1 hour. No 

difference of sensitivity was evidenced between bioelectrodes 

dried at room temperature and those dried at 50°C (see Fig. 

SI1 of ESI). Finally, the electrodes were coated with a 

protective layer made of glutaraldehyde as a crosslinker and 

bovine serum albumin by dropping 50 µL of mixture of 

glutaraldehyde (25 mg mL
-1

) and bovine serum albumin (40 mg 

mL
-1

) solutions with a volume ratio of 1:3 onto the surface of 

MIL-100(Fe)-PtNPs-CIE. Following the same procedure, other 

bioelectrodes were prepared either without MOF (i. e. GOx-

PtNPs-CIE) or with other MOFs nanoparticles (i. e. MIL-100(Al)-
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GOx-PtNPs-CIE, MIL-100(Cr)-GOx-PtNPs-CIE, MIL-127(Fe)-GOx-

PtNPs-CIE). 

 

 Stability of MOF electrodes 

The stability of MIL-100(Fe) nanoparticles at the surface of  

PtNPs-CIE in acetate buffer (pH=5.3) was studied according to 

a protocol previously reported in literature.
45

 A known amount 

(1.3 mg) of MIL-100(Fe) powder was suspended in 10 mL of 

acetate buffer for durations between 2 hours and 6 days. For 

monitoring the initial period of degradation, an aliquot of 1 mL 

of supernatant was recovered and replaced with the same 

volume of fresh acetate buffer every 2 hours up to 8 hours, 

and thereafter every 24 hours. Equivalent experiments were 

performed also on MIL-100(Fe)-CIE electrodes, at the surface 

of which a defined amount of MIL-100(Fe) is deposited. These 

electrodes were kept at 0.5 V for 3 days in acetate buffer and 

similarly aliquots were withdrawn at regular interval of times 

for measuring the released trimesic acid. Released trimesic 

acid was quantified in the supernatant by high performance 

liquid chromatography (HPLC). Experiment was done in 

triplicate. The concentration of the delivered trimesic acid was 

determined using a RP-HPLC system (Reversed phase liquid 

chromatography) Alliance Waters equipped with a PDA 

spectrophotometer detector at λ= 215 nm.  

Results and discussion 

Description of MOFs 

Nanoparticles of MIL-100(Fe) have been prepared by a 

microwave assisted ‘non-HF’ hydrothermal synthesis, as 

previously described
43

 and further characterized. MIL-100(Fe) 

is an iron(III) carboxylate  with a highly porous 3D structure 

formed by the assembly of oxo-centered trimers of iron 

octahedra and trimesate ligands. The association of these two 

moities leads to hybrid supertetrahedral (ST) units that further 

assemble into a zeolitic architecture of MTN-type. This 

topology contains interconnected mesoporous cages of free 

apertures of ca. 25 and 29 Å accessible through microporous 

windows (5.6 Å and 8.6 Å) (Fig. 1). Moreover, due to the 

presence of accessible unsaturated Lewis acid iron sites that 

may be coordinated by different species, MIL-100(Fe) may be 

interesting for different applications such as catalysis, 

separation, and biomedicine.
15,18,19,46

 The N2 adsorption 

measurements at 77 K of MIL-100(Fe) nanoparticles indicate a 

high BET specific surface area of 1350 m
2
 g

-1
. MIL-100(Fe) 

nanoparticles exhibit a well-faceted octahedral morphology 

and a mean diameter of 130 ± 30 nm as determined by 

combining TEM (Fig. 2) and DLS at pH = 5.3 (see Table 1). Since 

the isoelectric point (IEP) of GOx lies between 3.9 and 4.3 and 

the point of zero charge of MIL-100(Fe) is close to 4, no 

attractive electrostatic interactions may be expected at pH=5.3 

between MIL-100(Fe) nanoparticles and GOx. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. TEM image of MIL-100(Fe) nanoparticles. 

 

Characterization of GOx-MIL-100(Fe)-PtNPs-CIE 

Pt or glassy carbon electrodes are commonly used in most of 

the glucose biosensors reported so far in literature. However, 

in the present work, a small amount of platinum nanoparticles 

(PtNPs) have been deposited at the surface of carbon ink 

electrode (CIE), thereby decreasing the cost of the biosensor. 

Moreover, it is known that using PtNPs for glucose oxidation 

leads to tremendous improvement in glucose detection.
47

 To 

assess the preservation of the secondary structure of GOx 

immobilized on MIL-100(Fe), FTIR spectra were recorded since 

the amide I (1700-1600 cm
-1

) and II (1600- 1500 cm
-1

) IR bands 

of GOx are generally used for monitoring conformational 

changes of proteins.
48,49 

The IR vibration band of amide I is due 

to stretching vibration of C=O of peptide linkages in the 

protein backbone while that of amide II is the combination 

effect of bending of N-H and stretching of C-N of peptide 

groups.
48,49

 The FTIR spectra of GOx-MIL-100(Fe)-CIE (Fig. 3, 

curve iv) exhibits both characteristic bands at 1672 (amide I), 

1561 cm
-1

 (amide II which is partially overlapped by the IR 

band (C=O) of trimesate ligand) and 1090 cm
-1

 (C-O bond 

stretching vibration of GOx) in addition to the bands present in 

the spectrum of MIL-100(Fe)-CIE (curve ii). It is worth noting 

that the band positions are slightly shifted compared to those 

of GOx-CIE (Fig. 3, curve iii) but are in agreement with the 

already reported values in literature.
50

  

 
Table 1. Structural properties of MOFs nanoparticles used as host matrices for GOx . 

MOFs dpore (Å) dwindow(Å) SBET(m2.g-1) dparticle(nm)a -pot (mV)b 

MIL-100(Fe) 25-29 5.6-8.6 1350 130 -10 

MIL-100(Cr) 25-29 5.6-8.6 1400 10 -27 

MIL-100(Al) 25-29 5.6-8.6 1700 100 -20 

MIL-127(Fe) 6-10 4 1390 400 -19 

adetermined by TEM;43 b -potential measured at pH=5.1 

100 nm
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Fig. 3  FT-IR spectra of (i) CIE, (ii) MIL-100(Fe)-CIE, (iii) GOx-CIE and (iv) GOx-MIL-

100(Fe)-CIE (all spectra are baseline-corrected). 

 

This observation suggests that GOx is not denatured after 

immobilization in the MOF matrix.  

Fig. 4 shows a series of SEM images of modified electrodes 

obtained by the successive deposition of each layer (PtNPs, 

MOFs and GOx). Fig. 4(a) shows a typical image of CIE with a 

rough surface. As shown in Fig. 4(b), the electrochemically 

deposited Pt nanoparticles (PtNPs) with an average size close 

to 130 nm are particularly well-dispersed on CIE. By drop-

casting the colloidal solution of MIL-100(Fe) on the PtNPs-CIE, 

the surface of the modified electrode is uniformly covered by a 

few MIL-100(Fe) aggregates (Fig. 4(c)). This morphology is not 

affected after GOx immobilization (Fig. 4(d)).  

  

Fig. 4. SEM images of modified electrodes, (a) CIE, (b) PtNPs-CIE, (c) MIL-100(Fe)-PtNPs-

CIE and (d) GOx-MIL-100(Fe)-PtNPs-CIE. The scale bar represents 1 m. 
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Fig. 5. Linear sweep voltammograms of the electrodes in air-saturated 0.1 M acetate 

buffer (pH=5.3) (i) GOx-MIL-100(Fe)-PtNp-CIE  (ii) GOx-PtNp-CIE after addition of 

0.5 mM glucose and (iii) GOx-MIL-100(Fe)-PtNp-CIE after addition of 0.5 mM glucose. 

Symbols represented are the experimental points and the solid lines correspond to fits 

of data.  

Preliminary voltammetry study 

First, the electrochemical detection of glucose at GOx-MIL-

100(Fe)-PtNPs-CIE was compared with a modified electrode 

without MIL-100(Fe). Fig. 5 shows linear sweep 

voltammograms of GOx-PtNPs-CIE and GOx-MIL-100(Fe)-

PtNPs-CIE in 0.5 mM glucose/0.1 M acetate buffer solution. In 

presence of glucose, the cyclic voltammogram of GOx-PtNPs- 

CIE shows a peak at 0.55 V due to oxidation of H2O2 (product 

of glucose oxidation,) whose peak current density is close to 

23 A cm
-2

 (curve ii). Noteworthy, one can point out that (i) a 

two-fold increase of peak current density (46 µA cm
-2

) and (ii) 

a slight shift of the half wave potential are observed when the 

electrode contains MIL-100(Fe) as host matrix (Fig. 5 curve iii). 

This is a clear indication that the presence of MIL-100(Fe) 

improves the electro-oxidation of H2O2.  The cyclic 

voltammetry experiments suggest that MIL-100(Fe) impacts 

significantly the performance of glucose biosensor possibly 

due to the high amount of electrochemically accessible GOx as 

a result of the high surface area and porosity of MIL-100(Fe). 

Additionally, the influence of MIL-100(Fe) on the detection of 

glucose may be strongly related to the role of Fe(III) centres in 

the catalytic process (see vide infra).  

 

Glucose biosensing performance of GOx-MIL-100(Fe)-PtNPs-CIE 

The glucose sensing performance of the GOx-MIL-100(Fe)-

PtNPs-CIE was estimated by typical chronoamperometric (CA) 

measurements in air-saturated stirred acetate buffer at pH=5.3 

and a fixed potential of 0.5 V (this potential value has been 

chosen as it corresponds to the maximum current density of 

the cyclic voltammogram, see Fig. 5). An increase of the 

current density is observed for GOx-MIL-100(Fe)-PtNPs-CIE 

after each addition of an aliquot of 0.05 M glucose solution, 

with a time interval of 200 s (Fig. 6(a)). The current response 

increases linearly with increasing the glucose concentration 

from 5 M to 1.4 mM, with a high sensitivity of 71 mA M
-1

 cm
-2

 

(Fig. 6(b)) and a correlation coefficient of 0.996. The GOx-MIL-

100(Fe)-PtNps-CIE can achieve 90% of the steady-state current  
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Fig. 6. (a) Current density-time curve of a GOx-MIL-100(Fe)-PtNPs -CIE for successive 

addition of 0.05 M of glucose aliquots to vigorously stirred 0.1 M air-saturated acetate 

buffer (pH = 5.3) at the potential of 0.5 V. (b) Glucose calibration curve of current vs 

glucose concentration from the curve a) and fit of data in the inset, (c) response time 

determination by adding 0.08 mM glucose and (d) the Lineweaver-Burk plot obtained 

from the amperometric response in (a).  

only within <5 s, indicating a fast response for glucose sensing 

(the response time of the electrode was measured by adding a 

glucose concentration of 0.08 mM to a fresh electrode) as 

depicted in Fig. 6(c). In order to evaluate the biological activity 

of immobilized GOx enzyme on biosensor surfaces, the 

effective or apparent Michaelis–Menten constant (Km
′ ) is often 

determined amperometrically from the Lineweaver–Burk-type 

equation, 

1

ISS
=  

Km
′

 Imax
×

I

C
+

1

Imax
  (1)  

Equation (1) represents a rearrangement of Equation 24b from 

Shu and Wilson,
51

 where Imax and Iss are the currents measured 

for enzymatic product detection under conditions of substrate 

saturation and steady state, respectively, for a given substrate 

concentration, C. A plot of 1/ISS vs 1/c will give a straight line 

with the slope equal to K’m/Imax and intercept equal to 1/Imax. 

K’m is determined to be 2.4 mM from the intercept and slope 

of the Lineweaver-Burk plot (Fig. 6(d)), a value that is lower 

than the K’m values reported for free GOx of 33-110 mM.
52

 A 

low K’m value usually suggests that the enzyme may have a 

high affinity with the substrate. A high sensitivity together with 

a low limit of detection and a low apparent Michaelis–Menten 

constant suggests that the GOx/MIL-100(Fe)/PtNPs-modified 

carbon biosensor creates an exceptional biocompatibility 

micro-environment for enzymatic biosensing.
51

 

 

Optimization and stability of GOx-MIL-100(Fe)-PtNPs-CIE 

biosensors 

The various parameters which affect the sensitivity of 

biosensor are gathered together in Fig. 7. The parameters such 

as pH of the solutions (Fig. 7(a)), amount of PtNPs (Fig. 7(b)) 

and GOx (Fig. 7(c)) on the electrode surface were studied. The 

pH of the solution in which the sensitivity of the biosensor was 

measured has tremendous effect on the activity of 

biosensor.
53

 Three pH values (4, 5.5 and 7) were studied (Fig. 

7(a)). The highest activity of 71 mA M
-1

 cm
-2

 was observed in 

acetate buffer at pH 5.3, a value close to the pH of optimum 

activity (i.e. pH 5.5) of native GOx supplied from Sigma-Aldrich. 

Moreover, the pH of the solution in which GOx was solubilized 

to drop cast on the electrode was varied between 3.5 and 7 

(see Fig SI2 of ESI). The highest sensitivity is also observed for 

an initial GOx solution of pH 5.3. Although in the literature 

most of the glucose titration was performed at pH 7, our study 

reveals that the biosensor activity is considerably low at this 

particular pH (0.1 M HEPES buffer). It is noteworthy that a 

phosphate buffer could not be used in the presence of MIL-

100(Fe) due to the rather fast degradation of this MOF in this 

buffer as reported previously throughout biomedical studies.
45

 

Therefore, to assess the stability of MIL-100(Fe), the MIL-

100(Fe)-CIE electrode was left in 0.1 M acetate buffer (pH=5.3) 

for 3 days at 0.5 V. These storage conditions are similar to 

those commonly used for glucose sensing. The amount of 

trimesic acid linker released in acetate buffer was determined  

R2 = 0.995 
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Fig. 7. Variation of sensitivity for glucose sensor with (a) pH of the measuring solution, 

(b) amount of Pt and (c) amount of the enzyme GOx. Data points are connected by a 

dashed line which should be used as a guide for the eyes. 

by HPLC and the quantification of MIL-100(Fe) nanoparticles 

which are dissociated in acetate buffer evaluated. In 

comparison to MIL-100(Fe) nanoparticles directly dispersed in 

acetate buffer and for which 30% of nanoparticles are 

dissociated, the degradation ratio reaches only about 2% for 

MIL-100(Fe) nanoparticles immobilized at the surface of 

PtNPs-CIE (see Fig. SI3 of ESI). It was also observed that the 

amount of PtNPs has a significant impact on the sensitivity of 

our biosensor (Fig. 7(b)). From 0 to 5.5 µg cm
-2

 of Pt, an 

increase of the electrode sensitivity is observed. Beyond, a 

plateau is reached, indicating that a Pt amount of 5.5 µg cm
-2

 

corresponds to the minimal number of oxidation centres 

required to match the flow of H2O2. The impact of the amount 

of GOx is also represented in Fig. 7(c). By increasing the GOx 

amount, the sensitivity of the glucose biosensor increases to a 

maximum corresponding to an optimal GOx amount of 0.4 mg 

cm
-2

 for which electrochemically accessible enzymes have 

reached saturation. To evaluate the stability of the biosensor, 

current density of the GOx-MIL-100(Fe)-PtNPs-CIE was 

monitored over a period of 3 weeks (Fig. 8). The current  
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Fig. 8. Storage stability of the GOx-MIL-100(Fe)-PtNPs-CIE at pH=5.3 which is compared 

with the electrode kept in dry conditions at 4oC.  
 

density was measured at an interval of 7 days in 0.25 mM 

glucose of acetate buffer solution at pH=5.3. The electrodes 

were washed with acetate buffer solution and stored after use 

at 4 ºC under dry and wet conditions. The GOx-MIL-100(Fe)-

PtNPs-CIE was able to retain more than 96% of its original 

current response over a storage period of 1 week, and up to 

90% and 78% when aged for 21 days in wet and dry conditions, 

respectively. Five electrodes, made independently following 

the same procedure, showed a reproducibility of 5 %, 

confirming the robustness of our preparation method.  

The selectivity of the GOx-MIL-100(Fe)-PtNPs-CIE biosensor 

was finally investigated. As documented in previous works on 

glucose biosensor,
9,11,47

 a variety of electroactive species such 

as ascorbic acid (AA), uric acid (UA) and dopamine (DA) may 

potentially interfere with the detection of glucose. As shown in 

Fig. SI.4, the addition of 0.1 mM AA and UA leads to a 

negligible current increase. In contrast, the interference 

exerted by DA on the glucose detection is much stronger. In 

the present study, the glucose detection is based on the 

electrooxidation of enzymatically generated H2O2 which 

requires a quite high polarizing voltage applied (Eapp = 0.5 V). 

As reported previously, this interference phenomenon on 

glucose detection may be notably reduced through the 

immobilization of a redox mediator (i. e. ferrocene anion, 

methyl viologen…).
9,11

 

 

Comparison of glucose biosensing properties 

The performance of GOx-MIL-100(Fe)-PtNPs-CIE seems 

superior to bioelectrodes based on ZIF-8 and glucose 

dehydrogenase in terms of the sensitivity and linear range 

parameters according to the analytical parameters previously 

reported (i. e. linear range of 0.1-2 mM, sensitivity of 54 mA M
-

1
 cm

-2
).

40
 The LOD value is similar to those of numerous 

glucose biosensors but higher than that of reported for glucose 

sensors based on pure Fe(III)-MOFs.
65

 The biosensor 

performance can also be compared to those reported for 

other glucose biosensors based on metal oxide/Pt electrodes 

(Table 2). The sensitivity of the present biosensor is higher 

than other GOx biosensors based on metal oxides (ZrO2, TiO2, 

SiO2) (see Table 2).
 
Due to the possible presence of fractures in 

sol-gel metal oxide based films upon drying, composite 
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biofilms were previously reported by casting mixtures of 

organic polymers (chitosan or Nafion) and metal oxides.
54,55

 As 

indicated in Table 2, the addition of nafion to the 

bioelectrodes strongly enhances the sensitivity of the 

biosensor response. However, except for TiO2-Nafion 

electrode, the sensitivity of SiO2/ZrO2-Nafion based biosensors 

is comparable or even lower than MIL-100(Fe)-PtNPs-CIE. In 

order to possibly unravel the origin of the biosensing 

performance of GOx-MIL-100(Fe)-PtNPs-CIE (high sensitivity, 

low response time and large linear range of concentration), 

similar bioelectrodes have been prepared with other MOFs 

following the same procedure and the analytical parameters of 

biosensors were compared (see Table 3). Other mesoporous 

metal(III) trimesates and a microporous Fe(III) MOFs (i. e. MIL-

127(Fe)), exhibiting the same building unit as MIL-100, were 

used as immobilization matrices of GOx. Table 1 presents the 

structural properties of these MOFs. MIL-100 (Al) and MIL-100 

(Cr) exhibit also the crystalline mesoporous MIL-100 type 

structure but in contrast to MIL-100(Fe), these phases are 

built-up by the connectivity of trimers of electrochemically 

inert trivalent cations (Al
3+

 and Cr
3+

). As reported previously, 

the BET specific surface area of pure water-synthesized MIL-

100(Al) and MIL-100(Cr) is quite high (typically 1700 and 

1400 m
2
 g

-1
 respectively). Similarly to its isostructural iron 

analog, MIL-100(Al) nanoparticles exhibit a well-faceted 

octahedral shape with an average diameter of 100 nm close to 

that of MIL-100(Fe) nanoparticles (130 nm).
43 

In contrast, the 

MIL-100(Cr) nanoparticles are definitely smaller (diameter of 

10 nm), as revealed by the TEM observations and the gel-like 

properties of the sample as previously reported.
43

 It is 

noteworthy that for the three MIL-100 analogs, diameters of  
 

Table 2. Analytical parameters of GOx-MIL-100(Fe)-PtNPs-CIE along with other 

glucose based biosensors. 

a references; b Cs : Chitosan; c Nf : Nafion; d FTO: fluorine doped tin oxide; Mg-Fe-CO3: 
Layered double hydroxide (LDH); f our work 

 

nanoparticles determined by DLS are larger than that observed 

by TEM as a result of a possible aggregation phenomenon in 

aqueous solution which is particularly remarkable for the MIL-

100(Cr) nanoparticles. According to the negative surface 

charge of MIL-100(Cr) and MIL-100(Al) nanoparticles (see the 

-potential values in Table 1) in aqueous solution at pH=5.3, no 

attractive electrostatic interactions may be expected with GOx 

(IEP3.9). As shown in Fig. 1, the inorganic building units of 

MIL-127(Fe) are oxo-centered trimers of Fe(III) octahedra 

similar to those of MIL-100(Fe). However, the assembly of 

these trimers with the 3,3’,5,5’-azobenzenetetracarboxylate 

ligand (TazBz) leads to a microporous cubic crystalline 

structure with a soc topology. This structure contains two 

types of cavities, namely an accessible 1D channel system ( 5-

7 Å) and cages of ca. 10 Å, accessible through open apertures 

of 3 Å. The MIL-127(Fe) nanoparticles exhibit a cubic 

morphology with a mean diameter of 400 nm which is about 

three fold higher than that of MIL-100(Fe) nanoparticles. In 

contrast to MIL-100 analogs, the nanoparticles of MIL-127(Fe) 

are more polydisperse in size since a few smaller nanoparticles 

can be also observed by SEM (150 nm) (see Fig SI5 of ESI).  In 

contrast to GOx-MIL-100(Fe)-PtNPs-CIE, the glucose calibration 

curves of GOx-MOFs-PtNPs-CIE (MOFs= MIL-100 (Cr), MIL-

100(Al) and MIL-127(Fe)) (see Fig. SI6 of ESI) present a non-

linear part for a small glucose concentration (< 100 M), a 

linear response in the range 100-1000 M followed by a 

saturation regime. This electrochemical response and the high 

response time (> 50 s) (see Fig. S17 of ESI) are consistent with 

a slower diffusion of H2O2 at the surface of these bioelectrodes 

in comparison to GOx-MIL-100(Fe)-PtNPs-CIE. Therefore, by 

comparing the analytical parameters of GOx-MOFs-PtNPs-CIE 

(see Table 3), the biosensor prepared with MIL-100(Fe) 

appears superior in terms of sensitivity, detection time, linear 

concentration range and limit of detection.  

As a consequence, it seems that MIL-100(Fe) nanoparticles 

combine the physico-chemical properties that allow a fast and 

sensitive detection of glucose. First, by comparing the results 

of MIL-100(Fe) and MIL-127(Fe) which are both MOFs based 

on oxo-centered iron centers, it may be suggested that the 

presence of MIL-100(Fe) may enhance the kinetics of charge 

transfer due to the smaller size of nanoparticles  (100 vs 400 

nm) and the larger pore diameter (24-29 Å vs 6-10 Å). 

However, the high electrochemical performance of MIL-

100(Fe) cannot be only explained by its mesoporous trimesate 

 
Table 3. Comparison of electroanalytical properties of GOx-MOF-PtNPs-CIE 

Modified electrode MOF Sa 
(mA. M-1.cm-2) 

RTb  
(s) 

LCRc  

(M) 

LODd  

(M) 

 
 
 

GOx-MOF-PtNPs-CIE 

MIL-100(Fe) 71 <5 5 -1400 
 

5  

MIL-100(Cr) 37 >50 100- 1000 
 

10 

MIL-100(Al) 22 >50 100-1000 
 

20  

MIL-127(Fe) 29 >50 100 -1000 
 

20  

a
 sensitivity; 

b 
response time;  

c 
linear concentration range; 

d 
limit of detection 

was calculated by taking Signal (S) to Noise (N) ratio as 3. 

 

Electrode material Sensitivity 

 (mA M-1 cm-2) 

Response  

time (s) 

Ref a 

Pt-Fe3O4-Csb-Nfc 11.5 Not reported 56 

GOx/Cs
b
-Fe3O4/FTO

d
 

Fe 

3 

O 

4 

/FTO 

 

1.2 Not reported 57 

ZrO2 1.42 <5 54 

SiO2 17.6 Not reported 55 

K2[V6O16] 48 15 58 

V2O5 17 15 58 

ZrO2/Cs
a
 0.89 <10 59 

TiO2/ Csa 9.25 10 60 

ZrO2/ Nfc 48 Not reported 54 

TiO2- Nf
c
 105.7 Not reported 55 

SiO2- Nfc 71.7 Not reported 55 

ZnO/Pt/Csb/GOx 62.14 Not reported 61 

GOx-Mg-Fe-CO3
e-Pt 39 15 62 

MIL-100(Fe)-PtNPs 71 <5 Owf 
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MIL-100 type framework according to the poor results 

obtained with the Al and Cr analogs. These results suggest that 

electroactive or catalytic species in the host matrix are also 

required for a fast and sensitive electrochemical response. 

Actually, it has been recently reported that iron(III) based 

MOFs such as MIL-100(Fe), MIL-68(Fe), MIL-53(Fe) and MIL-

88B-NH2(Fe) exhibit intrinsic peroxidase-like activity and are 

thus able to catalyse oxidation of compounds in the presence 

of H2O2.
63,64,65 Since H2O2 is the main product of glucose 

oxidation by GOx, the superior performance of MIL-100(Fe) 

based bioelectrodes may be explained by a synergy of catalytic 

activity between GOx and MIL-100(Fe), as previously reported 

for the colorimetric detection of glucose by combining GOx 

and MIL-88B-NH2(Fe).
65 

It was previously reported that iron(III) 

based MOFs may induce 
˙
OH radical formation by catalyzing 

the decomposition of H2O2 by a Fenton-type reaction. 

 

Conclusions 
In the present work, we have shown that bioelectrodes based 

on biocompatible MOFs such as MIL-100(Fe) and GOx 

supported on platinium nanoparticules (PtNP) can be used as 

glucose amperometric biosensors with very interesting 

properties in terms of sensitivity (71 mA M
-1

 cm
-2

), response 

time (<5 s), reproducibility, stability in time and 

operating/storage conditions. Various physico-chemical 

parameters such as pH of the measuring solution, amount of 

PtNP and GOx were varied to obtain optimized bioanalytical 

responses. By comparing the glucose biosensing properties of 

mesoporous metal (III) trimesates (with metal=Fe, Cr, Al) and 

MIL-127(Fe), it appears that MIL-100(Fe) based biosensor 

exhibits superior performance as result of a synergism of 

physico-chemical and microstructural properties of MIL-

100(Fe) (mesoporosity, biocompatibility, size of 

nanoparticles…) and catalytic properties of Fe
3+

 centres and 

GOx. In particular, Fe
3+

 cations of MIL-100(Fe) may exhibit 

intrinsic peroxidase-like activity. These results show that Fe 

based MOFs may presumably compete with other inorganic 

host matrices for enzyme immobilization through the 

optimization of the biosensor preparation. Given the variety of 

proteins and the range of possible biocompatible MOFs 

candidates, this method for the preparation of protein-MOF 

bioelectrodes opens numerous perspectives for combining 

together their properties and functionalities and designing 

novel nanodevices such as biosensors or biofuel cells operating 

in a large range of conditions, even at low pH values.    
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The mesoporous iron(III) trimesate MIL-100 (Fe) based biosensor presents very interesting 

electrocatalytic performances for glucose detection. 
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