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Abstract
 A one-step electrodeposition-assisted self-assembly technique has been developed for preparation of ZnTCPP@MOF films 
with three-dimensional mesoporous structure in a three-electrode system. The internal structure of the ZnTCPP@MOF 
films was tuned by adjusting the electrochemical deposition voltage, deposition time, and the concentration of ZnTCPP at 
room temperature. The ZnTCPP@MOF films under different deposition conditions were characterized by scanning electron 
microscopy, Fourier transformation infrared spectroscopy, and X-ray photoelectron spectroscopy. The prepared ZnTCPP@
MOF films exhibited excellent fluorescence properties, in which ZnTCPP molecules were encapsulated inside the MOF as 
fluorescent signal probes and structure-directing agents, which affected the electrochemical response of the ZnTCPP@MOF 
films. The sensing platform based on ZnTCPP@MOF film  was used to detect microcystin with a wide determination range 
(1.0 ×  10−12 mol/L ~ 1.0 ×  10−5 mol/L), low determination limit (3.8 ×  10−13 mol/L), and high sensitivity. More importantly, 
the strategy is simple, low-cost, green, and environmentally friendly, and it provides a new strategy for the direct use of 
MOFs films as signaling components.

Keywords Electrochemical deposition · ZnTCPP@MOF film · Fluorescent aptamer sensor · Self-assembly

Introduction

Our ecosystems and drinking water resources are not only 
vulnerable toward anthropogenic pollutants but also natu-
ral toxins. Among the natural toxins from diverse natural 
environments, cyanobacterial toxins produced by aquatic 
organisms pose a growing and serious threat for aquatic 
ecosystems and human health [1–4]. The most commonly 

reported cyanotoxins are microcystins (MCs), which are 
present in water bodies and have caused the deterioration of 
water quality [5, 6]. MC with leucine arginine (MC-LR) is 
the most frequently addressed member of the MC homolog, 
due to its abundance and potential toxicity [7]. The results of 
experiments have revealed that humans exposed to low con-
centration of MCs for long-term are apt to cause a rapid dis-
organization of the hepatic architecture. However, MC-LR 
has a cyclic structure and double bonds which enhance its 
stability and persistence in the environment, and almost 
impossible to be removed even by high-temperature boil-
ing, so it has become an important pollutant in water qual-
ity control and environmental monitoring [8]. In 1998, the 
World Health Organization (WHO) has proposed 1 µg/L as a 
limiting value for MC-LR in drinking water [9], which pro-
moted researchers to seek novel mechanisms for detecting 
MC-LR, and that provides positive and practical significance 
for early prevention and analysis.

In addition, several analytical methods have been devel-
oped for the determination of MC-LR in water, such as 
liquid chromatography–mass spectroscopy (LC–MS), 
high-performance liquid chromatography (HPLC), protein 
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phosphatase inhibition assay (PPIA), and enzyme-linked 
immunosorbent assay (ELISA) [10, 11]. However, these 
analytical techniques have more or less disadvantages, 
such as requiring complex sample preparation, qualified 
personnel, and expensive equipment, which are laborious 
and time-consuming and not efficient. Therefore, it is neces-
sary to develop a convenient, specific, and sensitive method 
for MC-LR detection. As compared to these methods, the 
method of fluorescence (FL) detection possesses the prop-
erty of simple signal transduction, low instrumentation cost, 
absolute sensitivity, and relatively simple operation, which 
has been applied to diverse areas including water and food 
safety, medical diagnostics, and environmental pollutants 
[12–14]. Unfortunately, using FL alone is not sufficient to 
accurately select because of insufficient detection specific-
ity. Various strategies have been studied to overcome this 
limitation. Aptamer is a single-stranded nucleic acid that 
was obtained by the systematic evolution of ligands employ-
ing exponential enrichment (SELEX) technology and could 
recognize many different targets with high affinity and strong 
specificity [15–17]. Thus, the aptamer is employed as the 
recognition moiety in sensors. At present, FL aptasensors, 
which combine the selective recognition of aptamers for test-
ing substances with a series of advantages of FL, have been 
explored as a promising method for the specific and sensitive 
detection of MC-LR.

Fasc ina t ing  and  func t iona l ly  under p inning 
metal–organic frameworks (MOFs) have opened up a ver-
satile horizon, such as biomedical applications, chemical 
separation, and sensing, which attribute to their unique 
properties such as high agent loading, high volume of 
adjustable micropores, large surface area, and permanent 
open porosity [18, 19]. In order to implement these func-
tional materials into practical applications, the better way 
is to synthesize them into thin films for practical applica-
tions rather than synthetic powders [20]. Previously, sev-
eral methods for the synthesis of MOF films have been 
developed, including chemical vapor deposition, seeded 
growth, Langmuir − Blodgett layer-by-layer deposition, 
and electrochemical deposition [21, 22]. Among these, 
electrochemical deposition is a pioneering technology 
owing to their ease of synthesis even at room tempera-
ture. Furthermore, it is a kind of mild, fast, manageable 
normal position agreement, and MOF film can be directly 
grown on its conductive substrate [23, 24]. Unfortunately, 
most researches have been mainly focused on microporous 
MOF films, which have considerable disadvantages such 
as limited mass transfer and diffusion rates, low electri-
cal conductivity, and low loading of guest molecules that 
challenge the practical applications of the MOF electro-
chemical systems [25, 26]. Fortunately, Nematollahi et al. 
developed a novel, selective, and environmentally friendly 
strategy for the fabrication of mesoporous MOF thin films 

via the electrochemical synthesis and deposition technique 
[27].

This strategy can provide a larger specific surface area 
and more active sites, thereby increasing the electron 
transport rate, enhancing the electrical conductivity, and 
also facilitating the entry of more guest molecules into the 
structure.

As is well known, porphyrins and their derivatives are 
a class of aromatic compounds, which possess numerous 
excellent properties, such as stable structure, abundant 
active sites, non-toxic, tunable band gap, intense visible-
light absorption, and redox behavior [28, 29]. In recent 
years, there have been large numerous reports about por-
phyrins or metalloporphyrins used as organic ligands in the 
synthesis of MOFs [30, 31]. Yu et al. used zirconium chlo-
ride octahydrate and tetrakis (4-carboxyphenyl) to produce 
microporous Zr-based porphyrinic MOF-545 thin film on 
conducting glass substrates [32]. Ndjawa et al. produced 
microporous Zn-metallated MOF thin films based on the 5, 
15-diphenyl-10, 3, 20-di(4-carboxyphenyl) porphyrin ligand 
by a facile liquid-phase epitaxy approach [33]. However, 
low loading of guest molecules and slow mass transfer are 
deficiencies of microporous MOFs along with low surface 
area. In this context, soft-templating or surfactant-templated 
approach has been directed toward resolving these problems 
[34].

In this work, we developed a novel strategy for in situ 
preparing zinc tetraphenyl porphyrin-functionalized 
metal–organic framework (ZnTCPP@MOF) films by using 
one-step electrochemical-assisted deposition technique. 
In this method, taking zinc(II) meso-5,10,15,20-tetrakis 
(4-carboxyphenyl) porphyrin (ZnTCPP) as the fluorescent 
signal probe and structure-directing agent, 1,3,5-benzen-
etricarboxylic acid  (H3BTC) as the organic ligand, and 
Zn(NO3)2 as the cation source, ZnTCPP@MOF thin film 
were synthesized on the surface of FTO by one-step elec-
trodeposition and electrochemically driven synergistic reac-
tion. Among them, by applying a voltage,  OH− was gener-
ated on the surface of the cathode electrode, and the pH of 
the electrode surface was changed. Therefore, the deproto-
nation of an organic ligand  (H3BTC−) and the self-assembly 
of ZnTCPP on the surface electrode are due to electrostatic 
interaction. So a large number of ZnTCPP molecules were 
encapsulated in the cavities of the ZnTCPP@MOF thin film 
framework. The formed mesoporous ZnTCPP@MOF thin 
film framework could enhance the molecular load and con-
ductivity. The encapsulation quantity of ZnTCPP controls 
the growth and crystallization process of MOF thin films, 
which affects the fluorescence properties of ZnTCPP@
MOF thin films. Therefore, it exhibits excellent fluores-
cence-responsive performance as a sensing platform, the 
fluorescence of ZnTCPP@MOF thin films was quenched 
by the specific binding of aptamers to microcystin, and the 
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fluorescence intensity was linearly related to the concentra-
tion of MC-LR.

Experimental section

Reagents and materials

Absolute ethanol  (C2H5OH), zinc nitrate hexahydrate 
(Zn(NO3)2·6H2O), and sodium carbonate  (NaNO3) were 
obtained from Sinopharm Chemical Reagent Co. Ltd 
(Shanghai, China). Omethoate, acetamiprid, microcystin-
YR (MC-YR), microcystin-LA (MC-LA), and MC-LR 
were purchased from Sigma-Aldrich (Shanghai, China). 
Zinc(II) meso-5,10,15,20-tetrakis (4-carboxyphenyl) por-
phyrin (ZnTCPP) and trimesic acid  (H3btc) were purchased 
from Shanghai Chemical Reagent Co. Ltd. Microcystin-LR 
aptamer (5′- GGC GCC AAA CAG GAC CAC CAT GAC 
AAT TAC CCA TAC CAC CTC ATT ATG CCC CAT 
CTC CGC -3′) supplied by Shang Gong Biotech Co., Ltd 
(Shanghai, China) were dissolved in Tris–HCl buffer solu-
tion (pH 7.5, containing 20 mM Tris–HCl, 100 mM NaCl, 
2 mM  MgCl2, and 5 mM KCl, 1 mM  CaCl2) and stored at 
4 °C for use. All reagents were of analytical grade and used 
directly without any treatment. Besides, ultrapure water 
(18.2 MΩ) was utilized throughout the whole experiment. 
The purity of all reagents is more than 99%.

Instruments

Scanning electron micrograph (SEM) images of the mate-
rials was obtained using a JEOL scanning electron micro-
scope (JSM-6360LA, Japan) and a JEOL transmission 
electron microscope (JEOL 2100, Japan), respectively. The 
fluorescence spectrum was detected on a Hitachi F-4500 
fluorescence spectrophotometer (Tokyo, Japan). Fourier 
transform infrared spectroscopy (FT-IR) was performed 
using a Max-2000 (Rigaku Co., Ltd, Japan) and Nicolet 
IFn 10 (Thermo Fisher, USA), respectively. Electrochemi-
cal impedance spectroscopy (EIS) was performed on a 
ZENNIUM electrochemical workstation (Zahner Instru-
ments, Germany) in 5.0  mM Fe(CN)6

3−/4− containing 
0.1 M KCl solution.

Electrochemical deposition experiments were carried 
out on a CHI660E electrochemical workstation (Shanghai 
Chenhua Instrument, Co., Ltd) with a typical three-electrode 
cell. After polishing and sonication, the fluorine-doped 
 SnO2(FTO) (1 ×  1cm2) served as the working electrode. A 
platinum sheet electrode (1 ×  1cm2) and a KCl-saturated 
calomel electrode (SCE) were employed as the counter and 
reference electrodes, respectively.

The speed of stirring in all experimental procedures was 
400 rpm.

Electrochemical deposition of the Zn‑MOF thin films 
modified electrode

According to the literature [35], 1.33 g of Zn(NO3)2·6H2O as 
a cation source and 0.127 g of  NaNO3 as a supporting elec-
trolyte were dissolved in 15 mL of deionized water (solution 
A). Meanwhile, 0.525 g of  H3BTC was dissolved in 15 mL 
of ethanol (solution B). Solutions A and B were sonicated 
for 10 min and stirred for 15 min, respectively. Then, solu-
tion B was added to solution A under vigorous stirring to 
form a mixed solution. The pH of the solution was adjusted 
to 2.1 with HCl and stirred for 2.5 h to form a uniform elec-
trolyte solution at room temperature.

The processed FTO was immersed in the above prepared 
solution, and the simultaneous synthesis and deposition of 
the Zn-MOF thin film were accomplished by applying a suit-
able potential (− 1.3 V vs SCE) for 1 h and a stirring rate 
of 400 rpm. The Zn-MOF/FTO electrode was finally rinsed 
with ultrapure water for further experiments.

Electrochemical deposition of two‑dimensional 
ZnTCPP‑MOF thin films modified electrode

1.33 g of Zn(NO3)2·6H2O as a cation source and 0.127 g 
of  NaNO3 as a supporting electrolyte were dissolved in 
15 mL of deionized water (solution A). Meanwhile, 3 mg of 
ZnTCPP were dissolved in 15 mL of ethanol (solution B). 
Solutions A and B were, respectively, sonicated for 10 min 
and stirred for 15 min. Then, solution B was added to solu-
tion A under vigorous stirring to form a mixed solution. 
The pH of the solution was adjusted to 2.1 with HCl and 
stirred for 2.5 h to form a uniform electrolyte solution at 
room temperature.

The processed FTO was immersed in the above pre-
pared solution, and the simultaneous synthesis and depo-
sition of the ZnTCPP@MOF thin film were accomplished 
by applying a suitable potential (− 1.3 V vs SCE) for 1 h 
and a stirring rate of 400 rpm. The ZnTCPP@MOF/FTO 
electrode was finally rinsed with ultrapure water for further 
experiments.

Electrochemical deposition 
of the three‑dimensional ZnTCPP‑functionalized 
MOF (ZnTCPP@MOF) thin films modified electrode

1.33 g of Zn(NO3)2·6H2O as a cation source and 0.127 g 
of  NaNO3 as a supporting electrolyte were dissolved 
in 15 mL of deionized water (solution A). Meanwhile, 
0.525 g of  H3BTC and 3 mg of ZnTCPP were dissolved in 
15 mL of ethanol (solution B). Solutions A and B were, 
respectively, sonicated for 10 min and stirred for 15 min. 
Then, solution B was added to solution A under vigorous 
stirring to form a mixed solution. The pH of the solution 
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was adjusted to 2.1 with HCl and stirred for 2.5 h to form 
a uniform electrolyte solution at room temperature.

The processed FTO was immersed in the above pre-
pared solution, and the simultaneous synthesis and deposi-
tion of the ZnTCPP@MOF thin film were accomplished 
by applying a suitable potential (− 1.3 V vs SCE) for 1 h 
and a stirring rate of 400 rpm. The ZnTCPP@MOF/FTO 
electrode was finally rinsed with ultrapure water for fur-
ther experiments.

Preparation of FL aptamer sensors based 
on ZnTCPP@MOF films and MC‑LR determination

As shown in Scheme 1, 20 µL of 2 µM aptamer solution 
was dropped on the ZnTCPP@MOF/FTO and dried the 
solution in air to obtain the apt/ZnTCPP@MOF/FTO, 
which was also called FL aptasensor. In the process of 
MC-LR detection, the apt/ZnTCPP@MOF/FTO was 
immersed in MC-LR solution for 40 min and the MC-LR/
apt/ZnTCPP@MOF/FTO electrode. Then use the exci-
tation wavelength of 310 nm to measure the FL of the 
FTO electrode and record the FL intensity of the emission 
wavelength at 368 nm, where F was the FL intensity of the 
apt/ZnTCPP@MOF-modified FTO without MC-LR and 
F0 indicated the FL intensity in the presence of different 
concentrations of MC-LR and ΔF = F − F0.

Results and discussion

Characterization of ZnTCPP@MOF thin films

As shown in Scheme  1, the electrochemical strategy 
that was combined with self-assembly technology was 
employed for the fabrication of ZnTCPP@MOF thin 
films on the electrode surface. The electrodeposition 
bath was composed of Zn(NO3)2 as a Zn source,  H3BTC 
as an organic ligand, ZnTCPP as a fluorescent signal 
probe and a structure-directing agent, and  NaNO3 acted 
as a support electrolyte. Firstly, the three electrodes were 
immersed in the above-mentioned plating solution. Then, 
apply a voltage of − 1.3 V to generate OH − in situ on the 
surface of FTO electrode, resulting in an increase in the 
local pH of the electrode surface, causing the deprotona-
tion of the neutral ligand. Finally, the negatively charged 
ligands and the positively charged fluorescent signal 
probe self-assemble into thin films on the FTO electrode 
by electrostatic interaction which could encapsulate the 
ZnTCPP in the cavities of MOF thin films. The stepwise 
electrogeneration of OH − is the key factor to control the 
ligand deprotonation and regulate the nucleation rate of 
MOF thin films on the electrode surface [36, 37]. Fig-
ure 1 shows that the thin films gradually grew from nee-
dles to flaky and finally to three-dimensional columns 

Scheme 1  Schematic diagram of the fabrication of ZnTCPP functional metal–organic frameworks modified electrode (ZnTCPP@MOF/FTO) 
and FL aptasensor construction
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as the electrodeposition time was prolonged from 600 to 
3600 s, because a longer deposition time could electro-
generate more  OH− and the thin film had enough time to 
grow to the peak of three-dimensional hexagon. Fig. S1 
also reveals a high nucleation rate when the voltage was 
increased from − 1.0 to − 1.3 V and the crystal size gradu-
ally decreased. It may be that with the increased of depo-
sition voltage, the formation rate of  OH− increased, so the 
nucleation rate was also accelerated, and more crystals 
could be generated faster, which caused the crystal size 
to become smaller.

At the same time, the concentration of ZnTCPP also 
could control the growth of thin films. As shown in Fig. S2, 
when the concentration of ZnTCPP was 0.05 mM, the crys-
tals appeared as two-dimensional sheets, which are due to 
lack of enough ZnTCPP to combine with ligands. As the 
concentration of ZnTCPP increased to 0.15 mM, the crystals 
gradually grew into a three-dimensional columnar morphol-
ogy. Therefore, ZnTCPP could act as a structure-directing 
agent, which could control the growth and structure mor-
phology of MOF.

Fig. S3A also shows the structure of Zn-MOF without 
ZnTCPP as the structure-directing agent. It can be seen that 
Zn MOF presented a two-dimensional rod structure, which 
growth was horizontal and not perpendicular to the elec-
trode surface. When the ZnTCPP directly replaced  H3BTC 
as the organic ligand, as shown in Fig. S4B, the morphology 
of ZnTCPP-MOF was filamentous. Those all indicated that 

the role of the ZnTCPP in ZnTCPP@MOF was a structure-
directing agent.

To demonstrate that the Zn, N, and O elements were uni-
formly distributed in the MOFs polygon, we recorded the 
elemental mapping distributions of the MOF, as shown in 
Fig. 2. The Zn and O elements should come from ZnTCPP 
and Zn(NO3)2, and the N elements should come from 
ZnTCPP, which also proved that the ZnTCPP@MOF mol-
ecules were successfully composited.

We further performed Fourier transform infrared (FT-IR) 
characterization for the electrodeposited ZnTCPP@MOF. 
As shown in Fig. 3A, unlike free  H3BTC, the unique peaks 
of free  COO− and the carboxylic acid (3086–2552  cm−1) 
disappeared in the ZnTCPP@MOF films, indicating that the 
combination of metal ions and organic ligands promoted 
the nucleation of MOFs. After ZnTCPP was encapsulated 
in MOF, the FT-IR spectra of ZnTCPP@MOF showed the 
absorption peaks of ZnTCPP itself in comparison with that 
of  H3BTC. XPS was also applied to illustrate the chemi-
cal composition of the ZnTCPP@MOF. As anticipated, the 
ZnTCPP@MOF is composed of Zn 2p, N 1 s, O 1 s, and 
C1s elements; these proofs demonstrated that the ZnTCPP 
complex was successfully doped in the MOFs synthesized.

Optimization of deposition conditions and sensor

In order to obtain a high fluorescence intensity, the deposition 
time, the deposition voltage, the concentration of ZnTCPP, the 

Fig. 1  SEM images of ZnTCPP@MOF films on the FTO at different electrodeposition times: A t = 600 s, B t = 1200 s, C t = 1800s, D t = 2400 s, 
E t = 3000 s, F t = 3600 s; electrodeposition potential: E =  − 1.3 V vs SCE

Page 5 of 10 180



Microchim Acta (2023) 190:180

1 3

Fig. 2  A SEM images of ZnTCPP@MOF on the FTO and B its corresponding EDX spectra. C − E Elemental maps for Zn-K, N-K, and O-K, 
respectively. Electrolysis potential at the E =  − 1.3 V vs SCE and electrolysis time t = 3600 s

Fig. 3  FT-IR spectra of  H3BTC, 
ZnTCPP, ZnTCPP@MOF (A), 
XPS analysis for B the full 
region of XPS for ZnTCPP@
MOF, C the Zn 2p region, D the 
N 1 s region
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concentration of aptamer, and the reaction time between the 
aptamer and MC-LR were optimized. In this method, the fluo-
rescence signal probe molecule (ZnTCPP) was encapsulated 
in polyhedral MOF thin films, and the effects can be observed 
by changing the deposition time. As shown in Fig. 4A, as 
the increased of deposition time, more ZnTCPP molecules 
could be encapsulated within the MOFs, so the FL intensity 
enhanced continuously and reached its maximum at 3600 s. 
Yet, as the deposition time continued to extend (≥ 4200 s), the 
MOF thin films became thicker which were undesirable, and 
the fluorescence intensity was reduced. Thus, the optimum 
deposition time to synthesize MOF thin films was 3600 s.

The influence of deposition voltage on the fluorescence 
intensity of ZnTCPP@MOF thin film was presented in 
Fig. 4B, and the FL intensity grew gradually as the deposi-
tion voltage increased. The highest FL intensity was obtained 
when the deposition voltage was − 1.3 V. The FL intensity 
downed when the voltage exceeded − 1.3 V. This may be 
ascribed to the formation of metal zinc at higher voltage. 
Therefore, − 1.3 V was selected as the best deposition voltage.

Figure 4C depicted the effect of ZnTCPP concentration 
(0–0.25 mM) on the FL intensity of the ZnTCPP@MOF thin 
film. The FL intensities increased gradually with an increase 
in the concentration of ZnTCPP from 0 to 0.15 mM. How-
ever, as the concentration of ZnTCPP increased by more than 
0.15 mM, the fluorescence intensity decreased, because too 
much ZnTCPP molecules in the precursor solution would 
compete with the organic ligand, which prevents the gen-
eration of ZnTCPP@MOF thin films. Therefore, 0.15 mM 
of ZnTCPP was adopted in the subsequent experiment. The 
optimization of aptamer concentration and the incubation 
time between the aptamer and target detection MC-LR are 
discussed in the supplementary materials.

FL characterization of the ZnTCPP@MOF 
and the construction of aptasensor

The details of the construction of a FL aptasensor are 
shown in Scheme 1 and characterized by FL spectrum 

after each step. As shown in Fig. 5, almost no FL inten-
sity was observed at the bare FTO (curve a). When 
the bare FTO deposited Zn-MOF thin films (curve b), 
ZnTCPP-MOF thin films (curve c), and ZnTCPP@
MOF thin films (curve d), it could be seen that the FL 
intensity increased gradually and the FL intensity of 
ZnTCPP@MOF/FTO reached the highest. These results 
confirm that the ZnTCPP@MOF films can promote the 
electron transfer and enable the MOFs to encapsulate 
more ZnTCPP because of the larger surface area. Then a 
smaller weak FL intensity was noted after the modifica-
tion of aptamer, which was due to the aptamer as inert 
biomacromolecules could hinder the electrode transfer. 
Finally, the obvious quenching of the FL intensity was 
observed in the presence of.the MC-LR. The reason 
was that the specific binding between the aptamer and 
the MC-LR makes the MC-LR adhere to the surface of 
the aptamer, while the poor conductivity of the MC-LR 

Fig. 4  A The influence of the electrodeposition times, B the electrodeposition voltages, C the concentration of ZnTCPP for the intensity of 
ZnTCPP@MOF thin film

Fig. 5  Fluorescence spectrum of bare FTO (a), Zn-MOF/FTO (b), 
ZnTCPP-MOF/FTO (c), ZnTCPP@MOF/FTO (d), apt/ZnTCPP@
MOF/FTagenO (e), and MC-LR/apt/ZnTCPP@MOF/FTO; the ulti-
mate concentration of MC-LR was 1.0 ×  10−5  M (f). The excitation 
wavelength was 310 nm, and the slit width was 5 nm
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would hinder the electron transmission, thus quenching 
the fluorescence intensity of ZnTCPP@MOF.

The results indicate that the proposed FL aptasensor was 
successfully fabricated.

In addition, cyclic voltammetry (CV) and electrochemical 
impedance spectroscopy (EIS) were tested and characterized 
for each modification process. As shown in Fig.S5A, the 
bare FTO (curve a) showed a small redox peaks. After the 
deposition of Zn-MOF thin film (curve b), the redox peak 
showed a bigger current peak than bare FTO, which is due 
to the high conductivity and positive metal ions of MOF. 
With the deposition of ZnTCPP@MOF on the FTO (curve 
c), the redox peak was much bigger than Zn-MOF/FTO, 
demonstrating that the composite nanomaterial may further 
improve the electroactivity. Similarly, the redox peak gradu-
ally decreased with gradual modifications of nonconductive 
substances aptamer and MC-LR. After the final modification 
with MC-LR, the peak current was reduced to the minimum 
during construction. At the same time, the assembly proce-
dure of as-prepared biosensors was monitored using EIS, 
and the results are displayed in Fig. S5B. The same results 
between EIS characterization and CV characterization were 
obtained, indicating that the proposed aptasensor was suc-
cessfully constructed as expectedly.

Under the optimized conditions, water samples contain-
ing different concentrations of MC-LR were incubated with 
the FL aptasensor to test the developed assay for detection 
MC-LR. As shown in Fig. 6A, when the concentration of 
MC-LR in the tested solution decreased, we observed that 
fluorescence intensity at 368 nm increased positively, indi-
cating that more specific recognition sites of the binging 
of MC-LR to aptamer could weaken fluorescence intensity. 
A plot of the decreased fluorescence intensity against the 
logarithm of MC-LR concentrations exhibited a good lin-
ear relationship in the dynamic range of 1.0 ×  10−12 M to 
1.0 ×  10−5 M of MC-LR as shown in Fig. 6B. The linear 
regression equation is △IFL = 61,186.6 + 4609.5 LogC (M) 
with a correlation coefficient (R2) of 0.994 (C represented 
the concentration of MC-LR, M), and the detection limit 
was 3.8 ×  10−13 M (S/N = 3), which is more sensitive than 
reported in other literatures (Table S1).

To investigate the anti-interference ability of the FL 
aptasensor, the fluorescence intensities in a mixture system 
of MC-LR, MC-YR, MC-LA, and other potentially inter-
fering materials (acetamiprid, omethoate) in environmental 
samples were tested. As shown in Fig. 7, the results exhib-
ited that these interfering agents show much smaller or neg-
ligible signals compared to that of target MC-LR, indicating 
that the prepared FL aptasensor presented excellent selectiv-
ity for MC-LR.

The response RSD of 5 sensors in the same batch to 
1.0 ×  10−10 M MC-LR was 4.2%, and the response RSD of 
5 sensors in different batches to 1.0 ×  10−10 M MC-LR was 
3.2%, which showed the reproducibility of the aptasensor. 
Fig. S6. also presented the storage lifetime of the developed 
aptasensor.

To estimate the feasibility and practicability of the aptasen-
sor in actual analysis, we also analyzed the MC-LR levels 
in water from ponds by the standard addition. As shown in 
Table S2, the average recovery values ranged from 96 to 104%, 
along with the RSD of 4.1%. We also used the LC–MS method 

Fig. 6  A Fluorescence emission 
spectrum of curve diagram 
and B the corresponding linear 
relationship diagram of different 
concentrations of MC-LR. PBS, 
0.1 M pH 7.5; MC-LR concen-
tration from a to g: 1.0 ×  10−5 M 
(a), 1.0 ×  10−6 M (b), 
1.0 ×  10−7 M (c), 1.0 ×  10−8 M 
(d), 1.0 ×  10−9 M (e), 
1.0 ×  10−10 M (f), 1.0 ×  10−11 M 
(g), 1.0 × 10.−12 M (h)

Fig. 7  The FL intensity responses of the aptasensor to 1.0 ×  10−7 M 
MC-YR, 1.0 ×  10−7  M MC-LA, 1.0 ×  10−7  M acetamiprid, 
1.0 ×  10−7  M omethoate, and 1.0 ×  10−9  M MC-LR and mixture 
(1.0 ×  10−7  M MC-YR + 1.0 ×  10−7  M MC-LA + 1.0 ×  10−7  M aceta-
miprid + 1.0 ×  10−7 M omethoate + 1.0 × 10.−9 M MC-LR, n = 3)
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to demonstrate the accuracy of the ECL method; the recov-
ery rate of acetamiprid in the pond water was between 98 and 
104%, and the RSD of the measured value was 3.0%. These 
satisfactory results indicated that the prepared aptasensor pos-
sessed good reliability and potential applicability for the deter-
mination of MC-LR detection in water samples.

Conclusion

In this work, a novel, simple, and one-step electrochemi-
cal method for in situ constructing ZnTCPP-functionalized 
MOF thin films was developed for selective detection of 
MC-LR in pond water. ZnTCPP@MOF thin films could be 
deposited on the electrode surface in situ during the syn-
thesis process. The ZnTCPP@MOF films, as a sensor plat-
form, present an excellent FL behavior due to that massive 
ZnTCPP molecules are encapsulated in the frameworks. On 
the basis of the interaction between aptamers with MC-LR, 
the ZnTCPP@MOF films can achieve a unique FL aptasen-
sor with excellent sensitivity, specificity, and a very low 
LOD in MC-LR detection. In summary, this work is an 
alternative for typical FL analytical strategies and opens 
new ways for synthesis of FL intensity-functionalized MOF 
materials for applications in FL aptasensor. This developed 
FL aptasensor can be applied in practical environment. Of 
course, the electrochemical deposition method is not appli-
cable to all MOFs, and it is worth further research.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00604- 023- 05711-4.
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