
Vol.:(0123456789)1 3

Microchimica Acta         (2022) 189:448  
https://doi.org/10.1007/s00604-022-05554-5

ORIGINAL PAPER

Visible light‑responsive vanadium‑based metal–organic framework 
supported pepsin with high oxidase mimic activity for food spoilage 
monitoring

Amir Hossein Sharifnezhad1 · Kheibar Dashtian1  · Rouholah Zare‑Dorabei1  · Mohammad Mahdavi2

Received: 24 June 2022 / Accepted: 28 October 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2022

Abstract
 A photo-induced metal–organic framework-enzyme hybrid nanosystem was developed via a controllable physical embed-
ding method that displays dual enzymatic and photo-non-enzymatic strategy which cause high stability and cascade catalytic 
performance to oxidation of o-phenylenediamine and generate a UV–Vis signal at 450 nm for the tracing and sensitive 
detection of putrescine (Put). Under optimal conditions, the present bioassay provides a wide detection range from 0.02 to 
10 µM and 20–80 µM with a detection limit of 5.5 nM, which is more desirable than numerous previous reports. In addition, 
the established colorimetric photo-bioassay can selectively and accurately identify Put in the presence of other distribut-
ing species. The present work provides an elegant strategy to merged photo-nanozymes’ and enzyme capabilities and also 
broadened the sensing strategies of photo-nanozymes with promising potential in the realm of cancer diagnosis and food 
quality monitoring as well as its potential in various bioassays and heterogeneous catalysis fields.

Keywords Colorimetric sensor · Metal–organic framework · o-Phenylenediamine · Peroxidase mimic · Photo-nanozyme · 
Putrescine · Pepsin

Introduction

Nowadays, the growth of world’s population, with enlarged 
needs for food supplies on the one hand and the lack of 
strict control over food on the another hand, causes serious 
problems in humankind health all over the world, especially 
in developing countries [1–4]. On the other point of view, 
the use of amino chemical fertilizers for faster processing of 
agricultural materials and amino foods of birds and fishes 
created harmful intermediate in food supplies [5–7]. Also, 
diversification of foods for improving physical, mental, and 
intellectual conditions force governments to use amin-based 

supplements in their processes. The presence of these 
materials helps the growth of microorganisms which may 
lead to the spoilage of food and incitement organoleptic in 
the manifestation and appearance of the food [8, 9]. Among 
the intermediate amines, biogenic amines (BAs) are the 
principal components of all living organisms and tissues 
such as fruits, juice, and vegetables as well as different kinds 
of meats, which can be supplied as a vital marker in assessing 
the freshness and quality of protein comestible [10–12]. 
The European food safety authority (EFSA) confirmed 
putrescine as one of the most common BAs in food [13]. 
On the other side, it has been proven that putrescine can 
interact with nitrites and generate nitrosopyrrolidine and 
nitrosopiperidine materials, which are known as carcinogens 
[14, 15]. In the same direction lately, a correlation between 
large nutritional intakes of putrescine and colorectal 
adenocarcinoma has been made public [16]. Since the 
putrescine is extremely stable in cooking processes, its 
accumulation can be investigated as a convenient marker of 
food putrefy [5, 17]. Therefore, monitoring the putrescine 
concentration through food processing is vital for assessing 
and controlling the food quality and freshness. Generally, 
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sophisticated instrumental analysis methods such as 
chromatography [18] and electrochemical systems based on 
enzyme oxidase [19] have been used to measure this marker. 
These strategies require complicated procedures containing 
time-consuming sample pretreatments, detection operations, 
and professional operators [20]. Thus, developing a sensor 
system for detection of BAs in real samples remains a 
challenge regarding various criteria such as effectiveness, 
efficiency, sensitiveness, selectiveness, user-friendliness, 
affordability, and field applicability [21]. Among of sensing 
strategies, colorimetric sensing methods have retained 
comprehensive consideration due to their simplicity, 
pungency, and incarnation in BAs detection. Considering 
cost and stability issues of  plasmonic nanostructures 
and their limited performance in complex matrixes [22], 
enzyme mimic (nanozyme) colorimetric sensors based 
on mimic natural enzymes on the basis of producing 
reactive oxygen species (ROS) are promising strategies 
specifically for BA detection [21, 22]. Notwithstanding, 
the growing attractions of nanozymes, the reported oxidase 
nanozymes generally exhibit poor specificities owing to 
catalyzing the oxidation of some reducing platforms such 
as 3,3′,5,5′- tetramethylbenzidine (TMB) and 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS), 
o-phenylenediamine (o-PDA), and p-araphenylendiamine 
(p-PDA) [23]. on the contrary side, by applying oxidase-like 
nanozymes, instability of  H2O2 is overcome which in this 
regard optical driven oxidase mimics as “photo-nanozymes” 
can be used to generate ROS for oxidizing substrates under 
light irradiation [24, 25]. So far, several photo-nanozymes 
such as PtFe@Fe3O4 ([26], gold nanobipyramids/
Pd-nanoparticles/glycol chitosan [27], Mn(II)/carbon dots 
[28],  TiO2 nanotubes@MoS2 nanoflowers [29], Au@CeO2 
[30], and Zn-based metal–organic framework (MOFs) [31] 
with oxidase-like activity have been synthesized for a variety 
of application [24, 25]. Among mentioned items, MOFs 
acted as more promising candidates due to their unique 
electronic properties, large specific surface area, porous 
and crystalline nature, and their robust mass transport for 
catalysis and the small pores for minimizing the interference 
of big biomolecules [32]. The capability option for central 
metal with different oxidation numbers to have the desired 
catalytic properties is a major advantage of MOFs [32–35]. 
Thus, up-to-date knowledge in MOF-based nanozymes and 
developing new materials, new reagents, and substrate kits 
could open new way in the colorimetric sensing strategies 
(e.g., stability, resolution, and user-friendliness). Therefore, 
in this research, we chose MIL-47(V) as a MOF, based on 
vanadium with multiple valence states and capable catalytic 
activity of the vanadium center to explore the feasibility of 
colorimetric sensing of putrescin. Additionally, for the first 
time, we evaluate the reaction parameters between a MOF 

and pepsin enzyme which pepsin exert its enzymatic action 
due to the pepsin enzyme conjugated with not-catalytic MIL-
47(V) sites [36]. To sum up, we designed and constructed a 
photo-responsive vanadium-based metal–organic framework 
(MIL-47(V)) with an oxidase-like activity that combined 
with the advantages of the natural enzyme to amplify the 
readout signal of o-PDA substrates for bioassay sensing of 
putrescine in fish samples.

Methods and materials

Details for chemical reagents and instruments was is given 
in Electronic Supporting Material (ESM).

Synthesis of MIL‑47(V)

MIL-47(V) was synthesis according to the reported method 
by Deng et al. as follows [37]: typically, first, 4 mmol of 
 VOSO4 and 4 mmol of benzene dicarboxylic acid (BDC) 
were dissolved in 40 mL of dimethylformamide and soni-
cated for 30 min. The resulting mixture was poured into 
a 50-mL Teflon-lined stainless-steel autoclave and placed 
into an oven and heated to 160 °C for 12 h. After cooling to 
room temperature, the obtained powder as MIL-47(V) was 
rinsed several times with methanol and dried at 90 °C for 
one day [38].

For the preparation of MIL-47(V)/pepsin, the facile 
adsorption experiment was used as follows: a 50  mL 
50 mM PBS (pH 5.0) containing 0.01 g   mL−1 MIL-47 
was prepared, and subsequently 10 mL pepsin solution 
(2 mg  mL−1) was added to the above solution, and after 
20 min of ultrasonic dispersion, the mixture was incubated 
for 24 h at ambient temperature. Finally, the obtained MIL-
47(V)/pepsin was filtered by centrifuge (10 min, 8000 rpm) 
and washed with running buffer for an hour, dried at room 
temperature, and stored at 4 °C before catalytic uses. All 
steps for the synthesis of MIL-47(V)/pepsin are illustrated 
in Fig. 1.

Detection of Put by MIL‑47(V)‑pepsin

The visible light responsive oxidase mimic of MIL-47(V)-
pepsin and colorimetric detection of Put was carried out 
as follows: typically, 600 μL of MIL-47(V)-pepsin (1 mg/
mL) and 200 μL of o-PDA (3.7 mM) in the absence and 
presence of a different concentration of Put were added into 
200 μL of Britton–Robinson buffer solution (1 M, pH 7.0). 
The solution was irradiated using a blue LED lamp (20 W, 
450 nm) without any filter for 12 min and then used for 
UV–Vis measurements.
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Fish sample preparation

The freshly smoked fish, trout fish, and tuna fish samples 
for evaluation of putrescine concentration were purchased 
from local markets in Narmak, Tehran, Iran. Fresh fish sam-
ple preparation was done according to kinds of literature 
as follows [39–41]: skin and flesh were analyzed instantly 
when bought from the market as well as other samples were 
treated instantly. One gram of each types of fish products 
was homogenized for 15 min in 5.0 mL of 0.4 M  HClO4 
solution and afterward sonicated for 30 min. Finally, the 
mixtures were centrifuged at 8000 rpm for 10 min, and the 

supernatant was gathered for analysis (the rest of the super-
natant was stocked at − 20 °C for standby).

Results and discussion

Material characterization

Figure 2a displays the FT-IR spectrum of the pure pepsin 
as well as as-prepared MIL-47(V) and MIL-47(V)/pepsin 
samples. As revealed, the wide peak at 2500–3500  cm−1 
is attributed to the stretching vibration of phenolic and 

Fig. 1  Schematically illustra-
tion of the MIL-47(V)-pepsin 
preparation

Fig. 2  a FT-IR spectra of the 
MIL-47(V) and MIL-47(V)/
pepsin samples and b XRD pat-
tern of the simulated (according 
to the information card for entry 
20,000,419.cif) and prepared 
MIL-47(V) as well as MIL-
47(V)/pepsin samples
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carboxylic OH groups of BDC [42]. The band at about 
1680  cm−1 is related to the bending vibration of adsorbed 
 H2O molecules which is obvious for both samples [43]. 
The sharp band at 1395  cm−1 can be allocated to the vibra-
tional stretching frequencies of the O-C-O groups of the 
BDC linker which after being coordinated with V(III) has 
appeared in a wide form. The observed bands at 1030 and 
785  cm−1 can be correlated to the vibration of benzene 
rings of the BDC linker as well as the appearing sharp 
bands around 610  cm−1 are attributed to in-plane and out-
of-plane bending of –COO groups [43]. The bands at 741 
and 583  cm−1 are correlated to O–V–O vibrations [43]. 
The main bands of pepsin after loading onto MIL-47(V) 
appeared at 3330  cm−1 (free N–H symmetric stretching 
vibration mode of amide A), 2920  cm−1 (the asymmetrical 
stretch of C-H of amide B), 1650  cm−1 (C = O stretching 
vibration or hydrogen bond coupled with COO of amide 
I), and 1539  cm−1 (N–H bending vibration of amide II) 
[44]. The finding confirms the successful preparation of 
MIL-47(V) and loaded pepsin on it.

The XRD pattern of the MIL-47(V) revealed that the 
as-prepared sample was well-matched with the simulated 
sample so the diffraction patterns of the as-prepared sam-
ples display that the main diffraction peaks emerge at 7.95°, 
10.30°, 15.85°, 17.55°, 19.95°, 25.25°, and 27.05°, which 
are compatible with the standard peaks of V-based MOFs, 
MIL-47(V) (CCDC No. 166784) (see Fig. 2b black line) 
[45]. The results proved that high crystallinity MIL-47(V) 
was prepared. Also, pepsin loading has no significant effect 
on the MIL-47(V) structure, due to the small content of pep-
sin, while the peaks are slightly wide due to clogged MOF 
cavities (see Fig. 2 blue line).

The morphology of MIL-47(V) and MIL-47(V)/pepsin 
was characterized by FE-SEM, which revealed that before 
pepsin loading, MIL-47(V) consists of long rod-like mor-
phologies with a uniform distribution which the pattern 
is taken from orientated flat and smooth oak bark struc-
ture (Fig. 3a and b). While after pepsin loading traces of 
nanorods remain, and pepsin alters the overall structure. 
Therefore, it can be concluded that the presence of pepsin 

Fig. 3  FE-SEM images of MIL-47(V) (a and b) and MIL-47(V)-pepsin (c and d) at different magnifications
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in the structure changed the surface and created a sponge-
like structure (Fig. 3c and d).

The EDS spectra of pristine MIL-47(V) (Fig.  S1a) 
clearly showed a higher percentage of C and V along with 
O elements without any other impurities. Amazingly, from 
Fig. S1b, the EDS spectrum verified the existence of C, V, 
N, and Cl in the MIL-47(V)/pepsin, which established the 
successful construction of the hybrid.

To examine the optical absorption study of pure pepsin, 
MIL-47(V) and MIL-47(V)/pepsin UV–vis-DRS spectra 
were applied (see Fig. S2a). As revealed, the absorption 
edge of the pristine pepsin is 375 nm which is out of the 
understudy optical range and does not have any blue light 
(450 nm) photoresponsive behavior [46]. Additionally, the 
pristine MIL-47(V) host demonstrated a cutoff absorption 
edge at approximately 520 nm as strong absorption in the 
visible region, whereas MIL-47(V)/pepsin hybrid exhib-
ited a small redshift absorption edge in comparison with 
the pristine MIL-47(V), which is related to the change in 
MIL/47(V) morphology after the addition of pepsin which 
controlled the degree of agglomeration and consequently 
governed the tunable MIL-47(V) [47].

From Fig. S2b, the corresponding bandgap energy (Eg) 
values from Tauc’s plots are obtained to be 2.38 and 2.25 
for pristine MIL-47(V) and MIL-47(V)/pepsin, respectively. 
From the acquired values, it is strongly evident that the as-
prepared MOF/enzyme hybrid has the desirable band gap 

energy which requires low energy for electron excitation and 
photocatalytic capability (Fig. S2b).

Figure S2c demonstrates the PL spectra of pristine MIL-
47(V) and MIL-47(V)/pepsin which revealed the charge 
transfer behavior and the possibility of recombination 
of photoexcited electron–holes. The MIL-47(V)/pepsin 
exhibits a less intense PL compared to the pristine MIL-
47(V) nanorod, which enhances electron transfer from the 
MIL-47(V)-to the pepsin enzyme. The efficiency of the 
corresponded energy transfer (ET) was estimated from the 
E = 1-Ic/Ip equation in which the Ip is the PL intensity of 
pristine and Ic is the PL intensity of hybrid [48, 49]. Hence, 
the ET was found to be 19.55% and 28.86%, for MIL-47(V) 
and MIL-47(V)/pepsin, respectively. This confirms that 
MIL-47(V)-pepsin has a maximum energy transfer and 
hence more catalytic activity.

The charge separation efficiency, semiconducting proper-
ties of MIL/47(V), photogenerated electron lifetime, appar-
ent quantum efficiency (AQE), and photogenerated charge 
resistance values can be further investigated by the photo-
electrochemical technique.

Figure 4a shows the cyclic voltammogram (CV) of the 
MIL-47(V) and MIL-47(V)-pepsin in the anodic potential 
range from − 0.1 to 1 V. As revealed, MIL-47(V) showed 
two oxidations’ peaks due to the presence of vanadium as 
multi-oxidation element, while given the appearance of 
only one reduction peak, it can be said that the reaction was 
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irreversible. Additionally, MIL-47(V)-pepsin exhibited a 
substantially larger current density than pristine MIL-47(V); 
these current increases can be explained by the difference in 
the superior charge separation and generated wettability and 
colloidal stable surface, which is a highly desirable feature 
for photocatalytic applications [50].

Figure 4b reveals the transient photocurrent time in four-
cycle measurement in which both electrodes exhibited a 
prompt response to the on/off cycles of light, while the effec-
tive charge transfer and prosperous electron collection for 
MIL-47(V)-pepsin is higher than that of MIL-47(V) due to 
the remarkable electron transfer dissociation. Additionally, 
similar anodic photocurrent values were obtained in each 
switch on/off cycle due to the nature n-type properties of 
MIL-47(V). Good reproducibility and stability of the MIL-
47(V) and MIL-47(V)-pepsin photocatalytic nanozymes 
revealed that high photoresponsivity proved that most of the 
photogenerated electrons could be transferred to the elec-
trode contact across the as-prepared materials to produce 
photocurrent signal through light irradiation. The AQE is 
evaluated by the incident photon-to-current conversion effi-
cacies (IPCEs, IPCE =

1240xl

Plight xλ
x100 , where I is the photocur-

rent density, λ is the wavelength of the incident light (nm), 
and Plight is the irradiation power density, respectively (mW/
cm2) as the charge transport capability illustrates [51, 52]. 
The AQE of MIL-47(V) and MIL-47(V)-pepsin was found 
to be 24.11% and 31.68%, respectively. The accelerated 
IPCE values verified desirable separation and transference 
of photoexcited charges.

Mott-Schottky (M-S) plots (Fig. 4c) were applied for find-
ing charge carrier density and semiconduction properties of 
as-prepared samples [53]. As revealed, the manifest posi-
tive slopes confirmed that both samples were established as 
n-type semiconductors, which was in good agreement with 
the transient photocurrent results. Especially, a remarkably 
smaller slope was considered for MIL-47(V)-pepsin than 
that of pristine MIL-47(V), implying an improved charge 
carrier density that could be discovered from the Mott-
Schottky equation and linear fitting [53]. As a result, it 
can be dedicated that MIL-47(V)-pepsin has worth noting 
improved carrier density and charge transport.

It has been disclosed that the pepsin loading improved 
the charge separation on MIL-47(V) structure and the final 
structure facilitated the anisotropic electron flow and separa-
tion, the superior photocurrent, which was dependable with 
its smallest arc radius in Nyquist plot analysis (Fig. 4d). The 
impedance values gradually decreased from 55, 49.5 kΩ for 
MIL-47(V) and MIL-47(V)-pepsin, respectively. The small-
est arc size of MIL-47(V)-pepsin is due to the control of 
the degree of agglomeration and consequently tunability of 
MIL-47(V) as well as increased wettability enhance by pep-
sin and confirming the improved  e−/h+ separation efficiency 

[50]. Additionally, the highly enhanced charge transfer on 
MIL-47(V) was further confirmed by measuring the o-PDA/
PDA-ox-mediated photoresponse in the catalyst suspension 
under blue light.

Subsequently, intensity-modulated photocurrent spec-
troscopy (IMPS) analysis was applied to study the charge 
transfer kinetics through the understudy photoelectrodes/
electrolyte interface [53, 54]. The semicircles of both sam-
ples were situated in the positive imaginary quadrant, as 
anticipating for n-type semiconductor which proved the mott 
Schottky and transient photocurrent [55, 56]. As discussed 
in the literatures, the high-frequency accountability and low-
frequency area have correlated to the charge bulk transport 
and the competition between interfacial charge transfer and 
recombination, respectively [57–59]. As a result (Fig. 4e), 
IMPS results can calculate the charge lifetime (τe = 1/2πfmin), 
where fmin that described the frequency at the low value in 
the IMPS [53, 57–59] which τe was found to be about 1.65 
and 0.05 µs for pristine MIL-47(V) and MIL-47(V)-pepsin, 
respectively. The distinctly prolonged lifetime confirms low 
bulk recombination due to the electron consumption for 
reactive oxygen species production.

In addition, the characteristic peaks in Bode phase plots 
(Fig. 4f) are associated with the electron lifetime (τe) via 
(τe = 1/2πfmax) [53]. After pepsin loading, it is obvious that 
the electron lifetime is higher than pure MIL-47(V) due to 
the lower peak frequency value which has good agreement 
with IMPS results.

Optimization of biosensor elements

To assess the visible-light-induced catalytic capability of 
prepared samples, UV–Vis spectroscopy was applied to 
display the catalytic oxidation of a typical oxidase chromo-
genic substrate o-PDA in 0.06 M Britton–Robinson buffer 
(pH 7.0). As revealed in Fig. S3a, after illumination of blue 
light, MIL-47(V) fully catalyzed the oxidation of o-PDA 
and generated a yellow color and illustrated a UV–Vis 
absorption peak at 425 nm, while in the presence of MIL-
47(V)/pepsin (10% w/w pepsin), the absorption peak has 
a bathochromic shift to 450 nm due to the higher catalytic 
capability and the increase in the polymer chain of oxidized 
o-PDA (o-PDAox), as well as stronger o-PDAox polymer 
aggregation [60]. In contrast, without the light irradiation 
and in absence of MIL-47(V)/pepsin, o-PDA could not be 
oxidized under the blue light irradiation which finding con-
firmed that the MIL-47(V)/pepsin had a blue-light-induced 
oxidase activity. The MIL-47(V)/pepsin dosage was inves-
tigated in the range of 0.6 to 1.4% w/w, and results revealed 
that via adding in MIL-47(V)/pepsin dosage due to the 
increase in carrier density and charge transport efficiency, 
the signal was fully amplified (see Fig. S3b). Therefore, 
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1.2%w/w due to reaching 95% of the signal was selected as 
the optimal percentage. The effect of o-PDA as a signaling 
reagent was investigated; the results showed that 0.35 mM 
o-PDA is the optimum concentration to achieve the highest 
signal strength (Fig. S3c). The effect of buffer concentra-
tion on signal intensity revealed that the maximum value 
was obtained at 0.06 M Britton–Robinson buffer which is 
higher than that of this value due to the disturbance of metal 
ions as electron trappers; the signal intensity has decreased 
significantly (see Fig. S3d).

Optimization of the operational factor on biosensor 
responses

To maximize the oxidase-like activity of the MIL-47(V)/
pepsin, we have optimized the reaction condition by chang-
ing pH and light illumination time. As seen in Fig. S4, the 
optimal pH value was found to be 7.0. In lower pH, the pro-
tonation of MIL-47(V)/pepsin and putrescine (pKa = 10.8, 
[61]) causes to less interaction, and readout response is lim-
ited. Additionally, at higher pH, the oxidization of o-PDA 
is very limited, and the initial signal is low in intensity 
which continually cusses to low difference in absorption. 
By increasing the irradiation time, the oxidase-like activity 
increased until 12 min, and after that, due to the equilibrium, 
reaction of oxidation and reduction of o-PDA peak intensity 
remains constant (see Fig. S5). Hence, this time was consid-
ered the optimal time.

Figure of merits

The detection performances of the MIL-47(V)-pepsin vis-
ible-light-driven catalyst were investigated. As shown in 
Fig. 5a, the UV–Vis absorbance spectra of the PDA as a 
signaling probe were analyzed as a function of the putrescine 
concentration. The UV–Vis absorbance intensity at 450 nm 
was repeatedly decremented with the sequential addition of 
putrescine. As shown in Fig. 5b, the difference in absorb-
ance (ΔA) at 450 nm wavelength was affiliated with the 

putrescine concentration, and the ΔA reached the maximum 
at 80 µM of putrescine. Nevertheless, two linear relations 
between the ΔA and the putrescine concentration ranging 
from 0.02 to 10 μM and 20 to 80 μM with correlation coef-
ficients of 0.999 and 0.996 were assembled, respectively, 
and the limit of detection (LOD) was 5.5 nM (the LOD was 
calculated based on 3σ/m equation where σ is the standard 
deviation of the blank or standard deviation of the inter-
cept and m is the slope of the calibration plot). Furthermore, 
the stability and repeatability of the photocatalytic colori-
metric sensor are investigated and revealed good stability 
and repeatability in the absence (Fig. S6a; relative stand-
ard deviation (RSD) ≤ 1.65% ± 0.1) and presence (Fig. S6b; 
RSD ≤ 2.25 ± 0.11%) of putrescine.

After the selectivity of the visible driven colorimet-
ric sensor, several types of common biological interfer-
ing agents were exanimated for their effects on putrescine 
monitoring (30 µM), methionine (Met, 1.5 mM), aspartic 
acid (AsA, 1.5 mM), L-tyrosine (L-Ty, 1.5 mM), L-argi-
nine (L-Arg, 1.5 mM), glutathione (Glu, 1.5 mM), ethylen-
ediamine (EDA, 1.5 mM), 1.5 diamino hexane (1,6 DAH, 
1.5 mM), histamine (HA, 1.5 mM), Indole (1.5 mM), cre-
atinine (1.5 mM), and maleic acid (MA, 1.5 mM). As illus-
trated in Fig. 6a and b, except Met and less Glu, all the 
others had insignificant interference on the Put monitoring, 
which are maybe due to their limited antioxidant activity 
and the promising anti-interference property of MIL-47(V)/
pepsin. The hypsochromic shift after Put addition is due to 
the lower catalytic capability and the decrease in the oxi-
dized o-PDA (o-PDAox) polymer chain as well as weaker 
o-PDAox polymer aggregation. The observed interference 
of Met and Glu should be from its free amine group (-NH) 
and thiol group (-SH), respectively, which could prohibit the 
oxidase-like activity of MIL-47(V)/pepsin by trapping the 
ROS intermediate [31]. To confirm the possible operation of 
the desired strategy and the no interference of Glu and Met, 
their concentration was checked by HPLC, and it was found 
that Glu and Met are not present in the understudy fish sam-
ples. Therefore, it can be stated that these compounds were 

Fig. 5  Effect of different Put 
concentrations on the absorb-
ance signal of o-PDAox at 
optimum point (the MIL-47(V)/
Pep dosage, o-PDA concentra-
tion, and buffer concentration 
parameters are 1.2%w/w, 0.35, 
and 0.06 M, respectively) (a) 
and linear calibration curve 
(ΔPI) versus various Put con-
centration at a wavelength of 
450 nm (b) (inset: color changes 
of solutions with different con-
centrations of Put)
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not used as a matrix in the real samples and did not interfere 
with our strategy. The finding supplied that the MIL-47(V)/
pepsin had desirable selectivity for putrescine detection.

The photocatalytic colorimetric sensing mechanism

To further characterize the ROS involved, the  AgNO3, 
DMSO, ascorbic acid, and EDTA were applied as  e−, 
•OH,  O2

•–, and hole  (h+) scavengers, respectively [62, 63], 
while o-PDA was used as an oxidase substrate for signaling 
(see Fig. S7). As revealed, the  O2

•– > •OH >  e− >  h+ is the 
majority of the ROS product. Findings illustrated that the 
 O2

•– and •OH were the main ROS for the oxidase catalysis 
of MIL-47(V)/pepsin.

The working principle of this photocatalytic nonenzy-
matic and enzymatic sensor is schematically illustrated 
according to the special electrical and optical properties 
of MIL-47(V)/pepsin (see Fig. 7). When the MIL-47(V)/
pepsin was contacted with the signaling probe solution, 
the transfer of charge carriers can assist the charge sepa-
ration under the light irradiation conditions. When inci-
dent light strikes MIL-47(V)/pepsin, the electrons will be 

excited from the valence band (VB) of MIL-47(V) into its 
conduction band (CB) and subsequently react with  O2 to 
generate  O2

•– [64–66]. The positive holes are driven to the 
MIL-47(V) react with OH to generate •OH radicals which 
generate •OH and  O2

•– react with  H2O to generate  H2O2, 
while pepsin protein simultaneously contributes to this con-
version [66–68]. The MIL-47(V)/pepsin sites create a micro-
environment for the accumulating putrescine antioxidant for 
some time, and the photoactivity significantly decreased due 
to enhancing the steric hindrance and scavenging effect of 
Put for ROS [69, 70].

The kinetic study

To consider the enzyme activity for finding the interdepend-
ence between MIL-47(V)/pepsin and enzyme kinetic param-
eters, the Michaelis–Menten (V0 = (Vmax[S])/(Km + [S])) 
behaviors were studied with o-PDA as substrates. Where 
V0 is the initial velocity, Vmax is the maximal reaction 
velocity, [S] is the concentration of o-PDA substrate, and 
Km is the Michaelis constant [71, 72]. A series of photo-
catalytic experiments (all experiments were repeated three 

Fig. 6  Absorbance spectra of 
o-PDAox in the presence of 
different interference agents (a) 
and related differential from the 
blank spectrum (b)
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times) on MIL-47(V)/pepsin was carried out by changing 
the concentration of the o-PDA substrate and keeping the 
other parameter constant at a different time (Fig. 8a). The 
reaction rates of o-PDA oxidation were calculated and the 
typical Michaelis–Menten curves were plotted (Fig. 8b). By 
nonlinear fitting of the Michaelis–Menten plot, the kinetic 
parameters Vmax and Km were obtained which was validated 
by Lineweaver–Burk plots of 1/v vs 1/[S] (see Fig. 8b). Gen-
erally, Km is an indicator of affinity between the enzyme 
and substrate where a lower Km value revealed a superior 
affinity and catalytic activity as well as has been applied for 
comparison of the enzyme-like performance of the differ-
ent nanozymes. Our results revealed that MIL-47(V)/pepsin 
had a low binding affinity toward o-PDA and high binding 
affinity toward ROS as well as confirmed the oxidase-like 
activity of MIL-47(V)/pepsin.

Analytical performances

The practicability of our developed colorimetric assay was 
investigated in smoked, trout, and tuna fish samples for Put 
detection (all experiments were repeated three times). Results 
(Table S1) show that the Put amount in samples are in good 
agreement with HPLC measurements. In addition, a recovery 
test was carried out to further verify the accuracy of the 
method with spiked Put (5.0, 10.0, 30.0, and 50 μM) which 
were carried out to validate the developed methodology (see 
Table  S2). Satisfactory recoveries 

(

R% =
Cfounded−Csample

Cadded

)

 
between 95.0 and 104.46% were obtained (Table S2), and the 
RSD was within 3.96%, implying high accuracy and reliability 
of the present method. These results show that MIL-47(V)/
pepsin sensing probe exhibits excellent recovery proficiencies 
toward the Put in understudy fish samples. The findings 
confirm the reliability and potential application of our 
developed strategy in real monitoring processes. Compared 
with the other colorimetric sensors (Table S3), our strategy has 
high simplicity and visual resolution and revealed satisfactory 
and comparable results in terms of LOD, linear range, and 

analysis time as well as in material preparation and mechanism. 
While searching for selective nanomaterials such as 
molecularly imprinted polymers is more convenient detection 
of Put in fish samples is still a big challenge.

Conclusions

In conclusion, we designed and constructed a visible-light-
driven vanadium-based metal–organic framework (MIL-
47(V)) with an oxidase-like activity which was combined 
with the advantages of the natural enzyme to amplify the 
readout signals for sensing bioassay. Under blue light 
(450 nm) irradiation, the MIL-47(V)/pepsin catalytically 
oxidized typical o-PDA oxidases probe by the dissolved 
reactive oxygen species. We find that the catalytical activity 
of the MIL-47(V)/pepsin could be modulated by transient 
photocurrent investigation under switching the “on/off” irra-
diated light source. By taking advantage of the MIL-47(V)/
pepsin photo-nanozyme/enzyme, we designed a robust col-
orimetric biosensor for the Put as typical biogenic amine 
detection in food samples. The present work provides an 
elegant strategy to merged photo-nanozymes’ and enzyme 
capabilities and also broadened the sensing strategies. As 
well, due to the structural tuning, bandgap engineering, sur-
face engineering, and functional diversities of MOFs, we 
anticipate that more photoactive MOF nanozyme will be 
developed for forefront promising applications.
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tary material available at https:// doi. org/ 10. 1007/ s00604- 022- 05554-5.
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Fig. 8  Time-dependent absorb-
ance changes of o-PDAox at 
450 nm of different o-PDA 
concentrations (a). Steady-
state kinetic analyses using the 
Michaelis–Menten model (b) 
and Lineweaver–Burk model 
(insets)
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