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Abstract

The present work demonstrates the construction and electrochemical characterization of novel disposable screen-printed
carbon sensors integrated with functionalized MIL-53-NH, metal-organic framework cross-linked with crown ethers and
calixarene macrocyclic compounds for sensitive differential pulse voltammetric determination of lead ions in tap, surface water
and biological fluid samples. The electroanalytical parameters were optimized regarding the nature of the electrode modifier,
supporting electrolyte, the working pH value, scan rate, deposition potential, deposition time, reproducibility of measurement
and the operational lifetime. Working electrodes dropcasted with MIL-53-NH;-dibenzo-24-crown-8-ether nanocomposite
(MOFCE24) showed the proper performance within the lead concentration ranging from 13.75 to 217.83 ppb with LOD
and LOQ values of 3.18 and 9.62 ppb, respectively. The synergistic effect of the metal-organic frameworks as transducer
and dibenzo 24-crown-8-ether as sensing elements accelerates the electron transfer process at the electrode surface and
improves the sensor selectivity through complexation of the lead ions with the crown ether moiety. The fabricated sensors
showed high measuring reproducibility with long operational life time (60 days), which can be attributed to the formation of
cross-linked ionophore/metal—organic framework with limited leaching of the sensing element in the measuring solution. The
introduced sensors were utilized for the onsite voltammetric determination of lead in environmental and biological samples
with acceptable average recoveries comparable with the graphite furnace atomic absorption spectrometric method.

Keywords Metal-organic frameworks - Cross-linked macromolecules -
Environmental and biological samples

Screen-printed voltammetric sensors - Lead -

1 Introduction

Contamination with toxic heavy metals represents one of the
most significant environmental pollutants and comes second
to pesticides [1-3]. Heavy metals are a threat to the envi-
ronment as they are not biodegradable; therefore, they are
retained indefinitely in the ecological systems and food chain
[4]. Among them, lead ions with their high toxicity are seri-
ous contaminants with extreme toxicity to the environment
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and human health, even at low concentration levels [5]. Con-
tamination of the drinking water with lead ions causes many
severe health problems such as convulsions, coma, cancer,
nausea, renal failure and severe effects on the metabolism
and intelligence [6, 7]. Therefore, contentious onsite moni-
toring of lead even at trace levels in the environmental and
food samples is of utmost concern for public health. Atomic
absorption spectrometry and atomic emission spectrometry
with inductively coupled plasma excitation are the most com-
mon analytical approaches for monitoring heavy metal ions
[8].

Electroanalytical approaches, particularly stripping
voltammetric technique, can participate and complement
atomic spectroscopy for monitoring of trace heavy metal
residues [9-11]. More than 40 trace elements can be
detected voltammetrically with high sensitivity and preci-
sion in biological and environmental samples [12, 13]. The
unique coupling of the effective pre-concentration steps and
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advanced measurement procedures remarkably enhanced the
sensitivity of the stripping voltammetric analysis [14—19].

Anodic stripping voltammetric determination of lead at
mercury-based working electrodes was the most popular
[20-22]. Meanwhile, due to restrictions for applications and
handling of the most toxic mercury metal and its compounds,
mercury was replaced by other metallic films for voltam-
metric monitoring of heavy metal residues [23-25]. Among
them, the eco-friendly bismuth film behaves similar to mer-
cury and forms fused alloys with many heavy metals.

Tailor-made electrochemical sensors integrated with
selected ligands and macromolecules were reported to pos-
sess improved sensitivity and selectivity toward the target
analyte [26]. Homemade disposable screen-printed sensors
with printing ink fortified with chitosan showed successful
simultaneous voltammetric determination of Pb, Cu, Cd and
Hg ions in spiked tape water sample with high sensitivity and
selectivity [27].

Metal-organic frameworks (MOFs) were introduced as
new promising functional materials due to their high surface
area, large pore volumes and porosity [28-32]. Moreover,
MOFs can be easily functionalized with various macro-
molecules and metallic nanostructures with tunable prop-
erties and the synergic effect of both components. Electro-
chemical systems based on MOF-functionalized composites
were reported as efficient sensing platforms [33-37]. Car-
bon paste electrodes (CPEs) integrated with MOF-5 (ZnsO
(1,4-benzenedicarboxylate)3) were constructed for sensitive
differential pulse stripping voltammetric determination of
lead with a linear range from 1.0 x 1073 to 1.0 x 1076
mol L~! [38]. Glassy carbon sensors modified with flake-
like NH,-MIL-53(Cr) MOF or Ni-based MOF were applied
for detection of microgram levels of Pb%* in aqueous solution
[39, 40]. UiO-66-NH,-graphene nanocomposites were also
reported for simultaneous voltammetric detection of multiple
heavy metal ions in aqueous solution [41].

For improved selectivity and sensitivity of novel elec-
trochemical sensors, trials were executed to integrate the
working electrode matrix with different carbonaceous and
metallic nanostructures, which offer various advanced analy-
sis opportunities with enhanced sensor performance [42—46].
Based on the electrocatalytic activity of the incorporated
nanostructures, the electron transfer kinetics takes place at
the electrode surface were enhanced with noticeable shift of
the redox potential of the target analyte toward the negative
direction.

The present work described the detailed synthesis,
characterization and application of novel cross-linked
macromolecules-metal-organic framework nanocomposites
for sensitive adsorptive differential pulse voltammetric deter-
mination of lead in environmental and biological samples.
The electroanalytical parameters were optimized regarding
the nature of the electrode modifier, supporting electrolyte,
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the working pH value, scan rate, deposition potential, deposi-
tion time, reproducibility of measurement and the operational
lifetime. The synergistic effect of the metal-organic frame-
works as transducer within the nanocomposite and dibenzo
24-crown-8-ether (MOFCE24) as sensing elements acceler-
ate the electron transfer process at the electrode surface and
improve the sensor selectivity through complexation of the
lead ions with the crown ether moiety.

2 Experimental
2.1 Chemicals and Reagents

Analytical grade reagents and ultrapure water with elec-
tric resistivity ~ 18.3 MQ cm (Milli-Q system, Millipore)
were used for the preparation of supporting electrolyte and
stock solutions. Selected cyclic macromolecules were cross-
linked with the synthesized functionalized metal-organic
framework including 18-crown-6 ether (Fluka), dibenzo
24-crown-8 ether (Fluka) and calix[8]arene (Aldrich). Brit-
ton—Robinson (BR) and acetate buffer solutions were tested
as a supporting electrolyte. BR stock buffer solution with
concentration of 4 x 1072 mol L™! was prepared by dissolv-
ing 2.47 g boric acid in a mixture of 2.7 mL phosphoric acid,
and 2.3 mL glacial acetic acid, and diluted to 1 L with deion-
ized water. The desired pH value was adjusted with sodium
hydroxide solution. Acetate buffer solution (2 x 10! mol
L~!) was prepared via mixing sodium acetate solution with
acetic acid, where the pH was followed with a pH-meter.
Other supporting electrolytes such as KCI, HC] and HNO3
(each 2.0 x 10~! mol L™!) were prepared by dissolving the
appropriate amount of analytical grade source in distilled
water. Standard lead solution (10~ mol L™!) was prepared
by dissolving the appropriate quantity of analytical grade
lead nitrate salt (BDH) in 100 mL of 1% (v/v) HNOj3 solu-
tion, and the exact concentration was examined with atomic
absorption spectrophotometry.

2.2 Synthesis of MIL-53-NH;

The MIL-53-NH; metal-organic framework was synthesized
as follows: the reaction was carried out in 40 mL Teflon-
lined stainless steel bomb filled with 28 mL water containing
0.120 g (0.66 mmol) of 2-amino-benzenedicarboxylic acid.
The organic linker was dissolved in water by adding 0.56 mL
(0.22 mmol) of 0.4 mol NaOH solution followed by addition
of 1.10 mL (0.44 mmol) of AICIl3.6H,O solution at room
temperature. For complete growth of the framework crys-
tal, the above reaction mixture was heated at 110 °C for
24 h. After cooling, the resultant precipitate was washed with
water, DMF and soaked in CH, Cl; for 24 h before being dried
at 80 °C.
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2.3 Synthesis of MIL-53-NH,-Crown Ether
Composites

The MIL-53-NH,—18—-crown nanocomposites were prepared
as follow: MIL-53-NH; (0.5 g) was dispersed in 100 mL
ethanol containing 0.5 g of either 18-crown-6 ether or
dibenzo 24-crown-8 ether, and the reaction mixture was kept
in water bath sonicatior for 2 h. After centrifugation, the solid
precipitates were dried under vacuum until uses.

2.4 Synthesis of MIL-53-NH,-Calixarene Composite
(MOFCalix)

Calixarene-MOF composite was synthesized by mixing 0.5 g
of MIL-53-NH; and 0.5 g calixarene in 100 mL ethanol with
continuous stirring for 2 h followed by sonication for 2 h
in water bath sonicatior to assure complete dispersing of
MIL-53-NHj; into the calixarene solution. The mixture was
centrifuged and washed several times with ethanol, then dried
under vacuum until uses.

2.5 Lead Samples

Tap water and surface water samples (River Nile, Giza Gov-
ernorate) were boiled for the removal of the residual chlorine,
and the pH was adjusted to 4.0 using HNOs3.

Standard blood and urine samples (VACSERA, Dokki,
Giza) were fortified with different aliquots of the standard
lead solution and digested with a mixture of 5 mL nitric acid
(60%), 2 mL perchloric acid (60%) followed by few drops of
hydrogen peroxide solution (30%). The mixture was heated
till dryness and transferred into 25 mL measuring flask with
distilled water [47, 48].

The lead contents in different samples were assayed at
the optimized electroanalytical conditions following stan-
dard addition method in comparison to the atomic absorption
spectrophotometry.

2.6 Electrochemical Procedures

The surface of the commercial screen-printed carbon sensors
(Metrohm 110 C, with 4 mm surface area of the work-
ing electrode) were modified with two successive 10 pL
aliquots of the tested nanocomposite solution (2 mg mL ™!
in DMF). After complete dryness at room temperature,
the integrated sensors were preconditioned by running five
successive cyclic voltammograms in the corresponding sup-
porting electrolyte. Differential pulse voltammograms were
recorded using PSTrace (3.6-PalmSens potentiostat) in the
selected supporting electrolyte solution under the follow-
ing optimized electroanalytical parameters: deposition time
300 s, deposition potential — 0.9 V, pulse amplitude 0.050 V,
pulse width 100 ms with pulse duration 20 ms, scan rate 0.050

Vs~! and voltage step 0.01 V. The recorded peak heights
(based on the baseline subtraction) were plotted against the
corresponding lead concentration. All experiments were per-
formed at room temperature under atmospheric conditions.

3 Results and Discussion

3.1 Characterization of Metal-Organic Frameworks
Cross Linked Composites

3.1.1 Structure Description of MIL-53-NH;

Chains of corner-sharing Al (IIT) octahedra coupled by 2-OH
and carboxylate groups make up the MIL-53-NH, frame-
work (Fig. 1a, inset). The amino terephthalate ions link these
chains together to create a channel system with a 1D rhombo-
hedral shape. These chains can be combined to create three
different 3D frameworks. The tunnels (7.3 x 7.7 mm) in the
parent MIL-53 was constructed from Al ions as nodes and
benzene dicarboxylate molecules as linkers.

For XRD spectra, MIL-53-NH; show diffraction peaks at
26° = 8.8°,10.4°, 12.4°, 15.1°, 17.63° and 26.5° (Fig. 1a).
From XRD, the prepared material was well crystalline and in
pure phase. The BET surface area for the prepared framework
was 940 m? g~ 1.

The chemical group of MIL-53-NH, was monitored by
FTIR. The O-H stretching vibrations located at 3375 cm™1,
the carboxylic group in the back bone of MIL-53-NH3 solids
were located at 1600 and 1505 cm™!, which are attributed
to an asymmetric stretching vibration (Fig. 1b). The band
located around 485 cm™~! is associated to the Al-O stretch-
ing vibrational frequency. The SEM image of MIL-53-NH,
shows the homogeneity in morphology and small hexago-
nally in shape with 0.2-0.5 pm diameter in size (Fig. 1c).
The TEM of MIL-53-NH; is located in Fig. 1d, it is showed
spherical shape with about 50 nm in size.

3.1.2 Structure Description of MOFCE24 Composite

Figure 2a shows the FTIR spectra of MIL-53-NH>, dibenzo
24-crown-8 ether and MIL-53-NH;-dibenzo-24-crown-8
ether composite. The FTIR spectrum of MOFCE24 ether
composite is in strong agreement with the pure MIL-53-
NH,. Both MIL-53-NH; and MOFCE24 composite show
absorption bands around 3375 cm™! correspond to the O-H
stretching vibrations. Two sharp bands centered at 1620 and
1426 cm™! are assigned to the asymmetric and symmetric
(COO™) stretching vibrations respectively of terephthalate
ion. The band located around 485 cm™! is associated to the
Al-O stretching vibrational frequency. Figure 2b displays
the SEM image of dibenzo-24-crown-8 ether composite.
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Fig.1 XRD, FTIR, SEM and
TEM of the parent MIL-53-NH;
framework

Fig.2 FTIR, SEM and TEM of
MOFCE24 composite
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The image presented in Fig. 2c shows several flakes
aggregated together of 24-dibenzo-8-ether@MIL-53-NH;
particles with an average size between 200 and 300 nm indi-
cating the effect of dibenzo-24-crown ether macromolecule
in the MIL-53-NH, morphology it is converted the spher-
ical morphology of pure MIL-53-NH; to flakes shape of
MOFCE24 particles.

3.1.3 Structure Description of MOFCE6 Composite

The FTIR spectra MIL-53-NH,; and MOFCE6 composite
(Figure S1) confirms the presence of free amine groups in the
functionalized MOF. Absorption bands at 3497 cm ™!, which
charged to the asymmetrical and symmetrical stretching
vibration of amino group were recorded. Another absorp-
tion bands at 1335, 3631 and 3617 cm™! are attributed to
C-N stretching and bridging hydroxyl groups (Al-OH-Al),
respectively.

SEM and TEM micrographs of MIL-53-NH, and MIL-
53-NHj—crown ether composite (Figure S1) showed homo-
geneous morphologies of both samples, except MIL-53-
NH,—crown ether composite particles are easier to identify
because of their round shape compared with MIL-53-
NH;. According to figure Slc, the average particle size of
MOFCES6 is 83 & 13 nm. This clearly demonstrated an easy
method for fabricating MOFs with controllable size and mor-

phology.

3.1.4 Structure Description of MOFCalix Composite

In order to confirm the composite calixarene-MIL-53-NH;
structure, the variations spectrum of IR was recorded (S2).
The absorption peaks of the samples can provide enough
information on the chemical structure transformation. Cal-
ixarene showed peak at 2960 cm~! corresponds to the
antisymmetric vibration of methylene groups. There was a
peak at 778 cm™!, possibly caused by the bending vibra-
tion of C-H in the benzene ring. The peak at 1440 cm™!
was attributed to the C = C double bond vibration in the
benzene ring. MIL-53-NH; showed characteristic bands as
illustrated before, the composite showed bands at 1402 cm—!
and 1607 cm~! related to the symmetric and asymmetric
stretching of the —COO in carboxyl group of organic ligand.
Also, it showed the most bands of calixarene, for example, it
showed the stretching vibration of ~OH at 3249 cm ™.

Figure S2b shows SEM images of MOFCalix. At lower
magnification, the SEM images show that the samples consist
of irregular clumps. The TEM image (Fig. 2Sc) shows that
the blocks consist of flat objects stacked piece by piece.

3.2 Voltammetric Behavior of Lead
at Macromolecules Modified Sensors

It is well known that lead ions are able to form metallic
complexes with different macrocyclic compounds includ-
ing crown ethers and calixarene [49-52]. Therefore, the
electrochemical behavior of lead ions was explored on the
bare screen-printed carbon sensors and those integrated with
different macrocyclic compounds in acetate buffer solution
(Fig. 3a). At the unmodified carbon electrodes, lead ion
showed a broad oxidation peak at — 0.660 V with a lim-
ited peak current. Upon modification of the electrode surface
with crown ethers or calixarene, a noticeable shifting of the
peak potential toward more negative potential with improved
peak performance was recorded, which can be explained
on the basis of complexation with lead ions with the sens-
ing element. Among the tested macromolecules, calixarene
exhibited the proper performance as indicated by the highest
peak current.

Next, the functionalized cross-linked metal-organic
framework-macromolecules nanocomposites were tested as
electrode modifier (Fig. 3b). Improvement of the peak height
by about threefolds compared with the bare electrode and
shifting of the peak potential by about 100 mV was the most
promising futures of the tested cross-linked macromolecules.
Among the different tested composites, both the MOFCE24
and MOFCalix were selected.

Compared with cyclic voltammetry, differential pulse
voltammetric technique (DPV) offers the advantage of
improved peak current with better resolution between the
oxidation peaks for advanced selectivity of the analysis proto-
col. Herein, differential pulse voltammograms were used for
simultaneous determination of Pb, Cd and Cu ions applying
the selected electrode modifiers MOFCE24 and MOFCalix
composites in acetate buffer solution pH 5.5 (Fig. 3c,d).
While MOFCE24 showed improved oxidation current and
more reproducible peaks for Pb and Cu ions, the oxidation
peak for Cd was lower than that for MOFCalix. From the
above results, we can conclude that MIL-53-NH,-dibenzo
24-crown-8-ether appeared to be the most appropriate sens-
ing element and will be selected for the next measurements.

Reduced graphene nanosheets were added to the MIL-53-
NH;-dibenzo 24-crown-8-ether solution forming a ternary
composite (MIL-53-NH;-dibenzo 24-crown-8-ether-rGO)
as a trial to enhance the electroactive surface area and
the electrode sensitivity. Unexpectedly, formation of such
ternary nanocomposite did not improve the electrode perfor-
mance, which may be explained on the basis of blocking of
the complexation active sites in the MOFCE24 composite
with reduced graphene nanosheets.

The electrochemical future of sensors modified with
MOFCE24 was monitored in ferricyanide (FCN) solution
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Fig.3 Cyclic voltammograms a
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as the standard redox probe. The recorded cyclic voltam-
mograms showed significant improvement of the faradaic
current readouts accompanied with shifting of the peak
potential as evidence to the existence catalytic functions
of the nanocomposite (Figure S3). The electroactive sur-
face area (EASA) of the modified electrodes was estimated
through recording successive cyclic voltammograms in FCN
solution at different scan rate values following the Randles—
Sevik equation [53]. Sensors integrated with MIL-53-NH,-
dibenzo 24-crown-8-ether showed improved electroactive
areas of 0.102 cm? compared with 0.071cm? recorded for
the blank electrodes.

3.3 Effect of the Supporting Electrolytes

To attain the highest sensitivity of the method, DPVs were
recorded using sensors integrated with MOFCE24 in differ-
ent supporting electrolytes covering a wide pH range.

In acetate buffer medium, a noticeable gradual enhance-
ment of the peak performance upon increasing the pH value
was recorded with a maximum peak current at pH 5 (Fig. 4a).
The peak potential was shifted toward the negative direc-
tion at elevated pH values postulating the participation of
the proton in the electrode reaction takes place at the elec-
trode surface [54]. This may be explained on the bases of
the presence of some functional groups in the sensing ele-
ments (MOF or crown ethers), which are pH dependent. In

S @ Springer
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the BR universal buffer, only a sharp and reproducible peak
was recorded at pH 2 with an oxidation potential of — 0.64 V
(Fig. 4b).

Moreover, the electrochemical behavior of the constructed
sensor was explored in different supporting electrolytes
including KCIl, HC1 or HNO3 (Fig. 4c). Among the tested
supporting electrolytes, both HCl and acetate buffer were
the most proper. Even though HCI medium exhibited higher
peak current compared to acetate buffer (about two folds), the
simultaneous determination of Cd, Pb and Cu was allowed
only in acetate buffer medium (Fig. 4d).

3.4 Effect of the Scan Rate

Performing cyclic voltammograms at different scan rates pro-
vides a detailed explanation about the oxidation mechanism
of the target analyte and the number of electrons that par-
ticipate in the oxidation process [54]. Herein, the effect of
the scan rate was carried out utilizing both the bare elec-
trodes and those integrated with MOFCE24 in HCl media
(Fig. 5 and Figure S4). Improving of the peak height with
noticeable shifting of the peak potential toward more pos-
itive was observed demonstrating the irreversibility of the
electrode reaction (Fig. 5a, Figure S 4a). The peak heights
were improved linearly (» = 0.9973) against the scan rate as
illustrated in Fig. S5b sustaining the irreversibility process.



Arabian Journal for Science and Engineering (2024) 49:637-647

643

Fig. 4 Differential pulse
voltammograms recorded for

3.0 ppm lead at MOFCE24-based
sensors, a in acetate buffer
solution, b universal buffer,

c different supporting electrolyte
and d simultaneous DPV
determination of Cd, Pb and Cu
in acetate and HCl supporting
electrolytes

Fig.5 Cyclic voltammograms for
4.0 ppm lead at MOFCE24 in
HCI media recorded at different
sweep rates, b peak current
against the scan rate,

¢ logarithmic value of the peak
current against logarithmic value
of the scan rate and d peak
potential against logarithmic
value of the scan rate
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Fig. 6 Influence of the deposition potential and time on the peak current
of 3.0 ppm lead at MOFCE24-based sensor in HCl medium

Moreover, the logarithmic values of the peak current were
correlated linearly with the logarithm value of the corre-
sponding scan rate (Fig. 5c) with slope values of 0.9998,
respectively, sustaining the pure adsorption controlled reac-
tion mechanism [55, 56]. Lower slope value (0.8550, Figure
S4c) was estimated in the case of bare screen printed sensors,
which may be attributed to the electrocatalytic effect of the
synthesized nanocomposite.

Finally, the peak potential recorded at different sweep
rates showed linear relationship against logarithmic value
of the sweep rate (Fig. 5d and figure S4d) with slope val-
ues 0.0325, suggesting the participation of two electrons
in the electrode reaction according to Laviron equation
[57].

Based on the scan rate results, it is clear that the electrode
reaction mechanism was assumed to be an adsorption-
controlled reaction; therefore, the influence of both accumu-
lation time and deposition potential on the lead peak height
was examined (Fig. 6). The recorded peak current increased
with the deposition potential to reach its maximum value at
— 0.9 V for 300 s accumulation time.

3.5 Linearity of the Method

Applying the optimized electroanalytical conditions, the per-
formance characteristics of the introduced lead disposable
sensors integrated with MIL-53-NH;-dibenzo 24-crown-8-
ether nanocomposite were evaluated. Different increments
of the lead stock solution were added to the measuring cell
and the corresponding peak currents were illustrated against
the concentration of lead ion (Fig. 7 and Table 1). Calibra-
tion curves were linear within the lead concentration ranged
from 13.75 to 217.83 ppb with high correlation coefficient (r
= 0.9978). The limit of detection (LOD) and quantification
(LOQ) were estimated according to the official methods [58],

S @ Springer

Fig.7 Adsorptive differential pulse voltammetric determination of lead
in 0.2 M HCl solution at MOFCE?24 integrated sensors. Scan rate value
was 0.050 Vs~!, accumulation potential was — 0.9 V and accumulation
time 300 s

Table 1 Adsorptive differential pulse voltammetric determination of
lead at MOFCE24-based sensors

Parameters

Linearity rang (ppb) 13.75-217.83
Intercept (WA cm™2) —5.34
SD of intercept(jLA cm™2) 0.27
Slope (@A mL~! ng~1) 0.28
SD of slope (WA mL~! ng~1) 0.01
Multiple R 0.9978
R Square 0.9956
RSD % 1.16
LOD (ppb) 3.18
LOQ (ppb) 9.64
Reproducibility of the peak current (RSD %) 1.12
Repeatability of the peak current (RSD %) 0.72
Reproducibility of the peak potential (RSD %) 0.823
Repeatability of the peak potential (RSD %) 0.941

40Obtained from an average of three experiments

where LOQ equal to 10 x (SD/S) and LOD 3.3 x (SD/S). SD
is the standard deviation of the intercept and S is the slope of
the calibration curves. The estimated LOD and LOQ values
were 3.18 and 9.62 ppb, respectively.

The fabricated sensors showed high measurement repro-
ducibility of the peak current and peak potential. Even though
the fabricated sensors are disposable; the same electrode can
be used for more than 15 successive measurements with-
out diminishing its performance of the peak height (average
recovery 100 £ 1.09%, Figure S5). Moreover, the fabrica-
tion reproducibility was performed through drop-casting of
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Table 2 Determination of lead in

Added (ng mL~1)

Found (ng mL~1) Recovery* (%) Reference method

water samples and biological Sample

fluids
Tap water 28.00
River Nile water 16.00
Human Blood 55.00
Human Urine 11.00

28.26 = 0.46 100.93 £ 1.75 27.66 + 0.82
16.66 + 0.12 104.13 & 075 15.24 £ 0.42
55.17 £ 0.62 100.31 £ 1.12 56.72 + 1.06
11.06 £ 0.65 100.54 £ 5.91 10.55 £1.22

* Average of three replicates

five disposable sensors with 2 successive of 10 pL aliquots
of the MOFCE24 nanocomposite suspension in DMF. DPVs
recorded for 100 ppb of lead estimated an average peak height
of 37.5 £ 0.85 A showing the high reproducibility of the
fabrication protocol. The stability of the fabricated sensors
was evaluated over long storage period through recording of
the voltammograms for a fixed lead concentration. Within
the first month, the peak height remains constant (95.0% of
the primary peak heights) and diminished to about 89.2%
after 60 days of contentious operation (Figure S5). The
prolonged operational lifetime represents one of the most
promising futures of the cross-linked ionophore with limited
leaching of the sensing element into the measuring solution
[59].

Moreover, calibration curves for lead ions were per-
formed by applying different electroanalytical detection
techniques including cyclic voltammetry (CV), differential
pulse voltammetry (DPV) and square wave voltammetry
(SWV). Cyclic voltammetric measurements revealed lower
peak current values compared with DPV and SWV. Both
SWYV and DPV showed approximately similar sensitivities
with more reproducible and stable oxidation peaks recorded
for DPV (Figure S5).

Finally, the performance of the newly fabricated screen-
printed sensors integrated with MOFCE24 nanocomposite
as sensing elements was compared with some previously
reported lead sensors (Table S1). Improved sensitivity with
prolonged operational and shelf lifetime were the most
promising future of the introduced sensors with the diver-
sity of analyzed samples. Moreover, the synergistic effect
of the metal-organic frameworks as transducer and dibenzo
24-crown-8-ether as sensing elements accelerate the electron
transfer process at the electrode surface and improve the sen-
sor selectivity through complexation of the lead ions with the
crown ether moiety.

3.6 Sample Analysis

The fabricated lead disposable screen-printed sensors inte-
grated with MOFCE24 nanostructure showed improved
selectivity and sensitivity toward Pb>*; therefore, their appli-
cability for quantification of lead in the environmental and
biological samples was evaluated. The lead content was

assayed voltammetrically following the optimized analysis
protocol compared to the official spectroscopic method. The
achieved high recoveries with lower relative standard devi-
ation values encourage the applicability of the proposed
analysis protocol (Table 2). Moreover, the introduced instru-
mentation protocol is suitable for the onsite measurement
of lead in environmental samples without the requirements
of transferring the analyzed sample to central laborato-
ries.

4 Conclusion

The present work deals with synthesis and characterization of
novel functionalized metal-organic framework cross-linked
with dibenzo 24-crown-8-ether for sensitive and selective
differential pulse voltammetric determination of lead in envi-
ronmental samples and biological fluids. The synthesized
nanocomposite showed the proper electrocatalytic activity
toward lead ions through synergistic effect of the crown ether
moiety through complexation with lead ions and the nanos-
tructured metal-organic framework as transducer, which
accelerate the electron transfer process at the electrode sur-
face. The cited sensors showed improved sensitivity within
the lead concentration ranging from 13.75 to 217.83 ppb with
LOD and LOQ values of 3.18 and 9.62 ppb, respectively.
The constructed disposable sensors showed high measur-
ing reproducibility and long operational life time (60 days)
based on formation of cross-linked ionophore/metal—organic
framework. The fabricated sensors can be introduced as an
efficient tool for sensitive and reliable onsite voltammetric
determination of lead in environmental and biological sam-
ple with acceptable average recoveries comparable with the
official method.
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