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Metal-organic layers (MOLs), which have an ultrathin structure, are a novel class of two dimensional
coordination polymers. In comparison with three dimensional metal-organic frameworks, MOLs have
more accessible active sites on the surfaces and better electron transfer efficiency. These advantages
endow MOLs with great potential for the construction of multifunctional nano-platforms, especially
electrochemical sensing platforms. In this study, a ratiometric electrochemical sensing platform based
on functionalized Zr-MOL was designed and constructed. Ferrocenecarboxylic acid (Fc) was modified on
the surface of Zr-MOL on the basis of the solvent-assisted ligand incorporation method, thus obtaining
Fc-MOL. Then, carboxylated-pillar[6]arene (WP6) was assembled on the surface of Fc-MOL on the basis
of the coordination interaction between bare metal joints and carboxyl groups. The as-prepared hybrid
materials WP6@Fc-MOL were characterized by powder X-ray diffraction, transmission electron
microscopy, energy dispersive spectroscopy mapping, and inductively coupled plasma-optical emission
spectroscopy. With the use of the host—guest interaction between WP6 and tryptophan (Trp), WP6@Fc-

Received 4th February 2022, MOL exhibited high selectivity for Trp sensing. In addition, Fc, as the interior label, can not only reduce

Accepted 13th April 2022 the interference of other factors but also increase the electron transfer efficiency during sensing. Results
DOI: 10.1039/d2ma00125j demonstrate that the R? of linear fitting of the single-signal method and the ratiometric method was
0.9777 and 0.9958, respectively. Benefiting from the advantages of the ratiometric detection method,

rsc.li/materials-advances WP6@Fc-MOL showed improved stability and accuracy for Trp sensing.
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Introduction

Bioactive small molecules, such as amino acids," dopamine,”
nucleotides,® and glucose,* particularly those that are related
to disease diagnosis, play important roles in the human body.
The detection and quantitative analysis of bioactive small
molecules are essential for life sciences and biomedicine.
Tryptophan (Trp), which plays roles as nutrition and anti-
oxidant in the body, is an essential amino acid.” The disorder
of Trp metabolism may be closely related to Alzheimer’s
disease and cancer.® Thus, the detection of Trp is significant.
Electrochemical sensing based on the redox changes of
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electrode surfaces is becoming a highly favored method for
small molecule detection because of its convenience. However,
the accuracy and repeatability of general electrochemical
sensing depending on single-signal output may be influenced
by environment conditions and operation process. For exam-
ple, Zhang’s group reported that the relative standard
deviations (RSDs) of single-signal sensor constructed from
B-cyclodextrin (B-CD) or prussian blue (PB) is not as low as that
of the ratiometric electrochemical sensor constructed based on
B-CD and PB for imidacloprid sensing.” In addition, they found
that the ratiometric electrochemical analysis could also
improve the longterm stability of the sensor. Consequently,
the ratiometric strategy could effectively reduce the interfer-
ences from internal or external factors and improve the robust-
ness and precision of detections. To solve this problem,
ratiometric electrochemical sensing has been developed for
stable and accurate measurement.®® A multifunctional elec-
trode material is highly preferred to construct ratiometric
electrochemical sensors.

Metal-organic frameworks (MOFs) are composed of organic
ligands and metal nodes, which have been widely used in
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diverse fields, including catalysis, energy, gas
separation,'* sensing,'” and biomedicine.'® Metal-organic layers
(MOLs), as a part of MOFs, are monolayer or a few layers."”
Benefiting from their two-dimensional and ultrathin structure,
MOLSs can provide more accessible active sites during the catalysis
or sensing process and exhibit excellent electron transfer
efficiency, and they have been used in photocatalysis,"®" electro-
catalysis, sensing,”® and nanomedicine.”” In addition, MOLs, as a
type of ultrathin two-dimensional material, can provide more
active sites to combine with functional molecules*** or other
nanomaterials,”***> which show great potential for the construc-
tion of multifunctional electrode materials.

Pillar[n]arenes, which possess a rigid structure and
electron-rich cavity, are a novel generation of macrocycles.?®*’
Electrochemical applications based on pillar[n]arenes have
been well developed in the last decade for improving electrode
interface amphiphilicity and electron transfer efficiency.>® For
example, a hybrid nanocomposite based on amphiphilic
pillar[5]arene, gold nanoparticles, and reduced graphene has
been developed as an electrode material.>® With its rigid pillar
structures and electron-donating cavities of pillar[5]arene, the
hybrid nanocomposite showed high electrochemical response
toward guest molecules such as dopamine. Even though many
relevant works have been conducted, a ratiometric electrochemi-
cal sensing platform based on pillar[n]arenes has been rarely
reported.

In this study, a ratiometric electrochemical sensing platform
based on carboxylated-pillar[6Jarene (WP6) and ferrocenecarboxylic
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acid (Fc) functionalized Zr-MOL was designed and constructed for
Trp detection. The Fc, which was used as internal electrical signal,
was modified on the surface of Zr-MOL based on the solvent-
assisted ligand incorporation method, which obtains Fc-MOL.*°
Then, WP6 was assembled on the surface of Fc-MOL based on the
coordination interaction between bare metal joints of MOL and
carboxyl groups of WP6.*" The obtained WP6@Fc-MOL can be used
as a multifunctional electrode material for the ratiometric electro-
chemical detection of Trp (Scheme 1).

Results and discussion
Preparation and characterization of WP6@Fc-MOL

Zr-MOL and WP6 were synthesized according to previous
literature.*>** WP6 was confirmed by NMR (Fig. S1 in the ESIf).
Then, the structures of MOL, Fc-MOL, and WP6@Fc-MOL were
characterized in detail by different methods. The transmission
electron microscopy (TEM) results in Fig. 1(a) and Fig. S2 (ESI¥)
showed that MOL, Fc-MOL, and WP6@Fc-MOL are lamellar
structures. The energy dispersive spectroscopy-mapping results
indicate the uniform distribution of C, O, Fe, and Zr in
WP6@Fc-MOL, which demonstrates the successful assembly
of WP6@Fc-MOL (Fig. 1(b)). Atomic force microscopy (AFM)
was used to calculate the thickness of Zr-MOL. The result in
Fig. 1(c) shows that the thickness of Zr-MOL was about 1.8 nm,
which was similar to the previous literature.** Thus, the as-
prepared MOL was almost monolayer. The powder X-ray
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Scheme 1 Schematic illustration of a ratiometric electrochemical sensing platform based on WP6 and Fc functionalised Zr-MOL for Trp detection.
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(@) TEM image of WP6@Fc-MOL. (b) Elemental mapping images of WP6@Fc-MOL. (c) Tapping-mode AFM topography of MOL, the height profile along the

white line of MOL. (d) PXRD patterns of MOL, Fc-MOL and WP6@Fc-MOL. (€) Thermogravimetric analysis of MOL, Fc-MOL and WP6@Fc-MOL. (f) Zeta potential values
of MOL, Fc-MOL and WP6@Fc-MOL. (g) UV-vis spectra of WP6, MOL, Fc-MOL and WP6@Fc-MOL. (h) FT-IR spectra of MOL, Fc-MOL, WP6@Fc-MOL, Fc and WP6.

diffraction (PXRD) results in Fig. 1(d) demonstrate that the
characteristic peaks of Zr-MOL including (100), (010), and (110),
also existed in Fe-MOL and WP6@Fc-MOL, indicating that Fc-
MOL and WP6@Fc-MOL still remained the crystal form of Zr-
MOL.** The TGA results showed that the residual mass of metal
oxides was increased when adding Fc in the hybrid materials.
This was because the residual components of Fc were metal
oxides. This result proved the assembly of Fc. While when WP6
was assembled on the surface of Fc-MOL, the residual mass was
decreased slightly owing that WP6 was organic compound. The
slight decrease of residual mass demonstrated that WP6 was
assembled on Zr-MOL successfully. In the FTIR results, the
characteristic peaks of Fc,** including 1286 cm™', 1474 cm™"
and 1658 cm ™, were founded in the Fe-MOL and WP6@Fc-MOL,
indicating that Fc was assembled on Zr-MOL successfully. The
zeta potential result of WP6@Fc-MOL in aqueous solution was
—29.7 £+ 0.78 mV, which meant that WP6@Fc-MOL was stable in
water (Fig. 1(f)). In addition, the zeta potential of WP6@Fc-MOL
was around —30 mV to —20 mV in phosphate buffered solution
(PBS) with different pH values (Fig. S3, ESIt), thereby indicating

4344 | Mater. Adv, 2022, 3, 4342-4347

the applicability of WP6@Fc-MOL. Inductively coupled plasma-
optical emission spectroscopy (ICP-OES) was used to analyze the
composition of WP6@Fc-MOL quantitatively. The results
showed that the amount of Fe and Zr in WP6@Fc-MOL was
about 3.18% and 19.17% separately (Table S1, ESIt).

Host-guest interaction between WP6 and Trp

The host-guest interaction between WP6 and Trp was explored
using UV-vis spectra and NMR spectra. As shown in Fig. 2 and
Fig. S4 (ESIY), the signals of Trp shifted upfield slightly. This
result demonstrates the inclusion of Trp into the cavity of WP6,
which was consistent with previous literature.>® The best stoi-
chiometry between WP6 and Trp was examined by applying
Job’s plot method based on UV-vis spectra, indicating that the
best complex ratio was 1:1 (Fig. S5a and b, ESIY).

Electrochemical characterization of modified electrodes

The detailed preparation methods of modified electrodes are
shown in the ESLt Cyclic voltammetry (CV) and electrochemi-
cal impedance spectroscopy (EIS) measurements were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 'H NMR spectra (400 MHz, D,0) of (a) 4.5 mM Trp, (b) 4.5 mM Trp
+ 4.5 mM WP6 and (c) 4.5 mM WPé.

implemented to monitor the conductivity and resistivity of
different modified electrodes, including bare GCE, Nafion/
GCE, Nafion/MOL/GCE, Nafion/Fc-MOL/GCE, and Nafion/
WP6@Fc-MOL/GCE. First, CV of different modified electrodes
were conducted in 5 mM Fe(CN)s®>~/*~ containing 0.1 M KCl
solution at a scan rate of 50 mV s~ from —0.2 V to 0.6 V. As
shown in Fig. 3(a), bare GCE displayed standard redox peaks of
Fe(CN)s>*~. The redox current on Nafion/GCE and Nafion/
MOL/GCE decreased relative to that on the bare GCE because
Nafion and Zr-MOL hindered the interfacial electron transfer.
However, when the electrode was modified with Nafion/Fc-
MOL/GCE, the redox current increased obviously because of
the excellent conductivity and electron transfer ability of Fc.
Then, the redox current declined when Nafion/WP6@Fc-MOL/
GCE was modified on the electrode. On the one hand, WP6
molecules with a negative charge would repulse Fe(CN)s>~/*~.
On the other hand, WP6 with hydrophobic cavity cannot
recognize ions. Therefore, WP6 would prevent electron transfer
between electrode and Fe(CN)s*>/*". Fig. 3(b) shows the results
of EIS on different modified electrodes in the presence of
equivalent 5.0 mM Fe(CN)¢>~*~ containing 0.1 M KCl solution.
The GCE showed the lowest charge transfer resistance (R.)
(148.3 Q). For Nafion/GCE and Nafion/MOL/GCE, the R value
was 18700 Q and 3614 Q, respectively, because of the obstruc-
tion of interfacial electron transfer of Nafion and Zr-MOL.
However, when Fc was introduced on the surface of the
modified electrode, the value of R. (823.6 Q) was lower than
that on Nafion/MOL/GCE because of the excellent conductivity
and electron transfer ability of Fc. This result also indicates the
successful preparation of Nafion/Fe-MOL/GCE modified elec-
trodes. Nafion/WP6@Fc-MOL/GCE showed the largest R, (3811 Q)
mainly attributed to nonconducting WP6 molecules modified on
the electrode, resulting in the increased resistance of modified
electrodes. Therefore, EIS further confirmed the interfacial prop-
erties of different modified electrodes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) CV and (b) EIS responses of different electrodes characterized in
5 mM [Fe(CN)gl* /4~ solution containing 0.1 M KCL Signal response of
0.1 M PBS (pH = 6.0) tryptophan containing 50 uM Trp (c) and (d) at
different drip coating levels and (e) and (f) different pH conditions.

Optimization of experimental conditions

The modified amount of WP6@Fc-MOL and pH values were
investigated by current peaks of square wave voltammetry
(SWV) method. The amount of WP6@Fc-MOL suspension
increased from 3 pL to 12 puL. When this amount increased,
the signal of Fc increased (Fig. 3(d)). When the amount
was 7 pL, the Trp obtained the best signal (Fig. 3(c)). As a
result, 7 uL was chosen as the amount of drip. The screening of
pH was applied for the optimization of experimental condi-
tions, and pH values from 5 to 9 of PBS were prepared. When
the pH increased, the signal responses of Trp decreased
(Fig. 3(e)). The signal responses of Fc increased first and then
decreased when the pH values were higher than 7 (Fig. 3(f)).
Considering the different factors, pH value 6 was chosen as the
final detection condition.

Analytical performances of ratiometric electrochemical sensing
platform

CV responses of Nafion/WP6@Fc-MOL/GCE at different scan
rates ranging from 25 mV s~ ' to 200 mV s~ ' were carried out.
The results in Fig. 4(a) show that the peak currents of Nafion/
WP6@Fc-MOL/GCE shifted toward the positive potential range.
The linear relationship between scan rates and current
response was expressed as y = 0.183x + 0.910 with R* =
0.9970. These results indicate that the electrochemical oxida-
tion progress of Trp based on WP6@Fc-MOL was the diffusion
controlled process.

The response to Trp was also conducted at different mod-
ified electrodes, including GCE, Nafion/GCE, Nafion/MOL/GCE,

Mater. Adv., 2022, 3, 4342-4347 | 4345
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Fig. 4 (a) CV responses of Nafion/WP6@Fc-MOL/GCE at different scan rates (25-200 mV s~ in 0.1 M PBS (pH = 6.0) containing 50 uM Trp and (b) fitted
curves of current response versus scan rates. (c) SWV responses of different electrodes in 0.1 M PBS (pH = 6.0) containing 50 uM Trp. (d) SWV responses
of Nafion/FC-MOL/GCE and Nafion/WP6@Fc-MOL/GCE in 0.1 M PBS (pH = 6.0) containing 50 pM Trp for different time. (e) SWV responses of Trp from
10 uM to 45 uM in 0.1 M PBS (pH = 6.0) at Nafion/WP6@Fc-MOL/GCE. (f) The calibration plot of peak current (iperp)) versus concentration. (g) The

calibration plot of peak current (ipp)/ip(re) versus concentration.

Nafion/Fc-MOL/GCE, and Nafion/WP6@Fc-MOL/GCE by SWV.
The results in Fig. 4(c) show that the Nafion/WP6@Fc-MOL/
GCE had the best current response of around 2.25 pA.

Adsorption time is an important parameter for detection. A
comparison was conducted between WP6@Fc-MOL and Fc-MOL.
The results in Fig. 4(d) indicate that WP6 contributed to the
adsorption of Trp on the face of electrons in a short time, which
was attributed to the host-guest interaction between WP6 and Trp.

The electrochemical sensing performance of Nafion/WP6@Fc-
MOL/GCE toward Trp determination was investigated by SWV
under optimum conditions. The results in Fig. 4(e) show that the
current response values of Fc remained almost unchanged when
the concentrations of Trp changed. The linear relationship equa-
tion based on a single signal of Trp was y = 0.042x — 0.234 with
0.9777 R* value (Fig. 4(f)). When the results were output by the
ratiometric electrochemical method, the linear relationship equa-
tion was y = 0.0244x — 0.1350 with 0.9958 R” value (Fig. 4(g)). The
detection limit showed no obvious difference, whereas the R*
values increased obviously, thereby indicating the stability and
accuracy of the ratiometric electrochemical method.

Some typical biomolecules, including lactose, r-cysteine,
arabinose, fructose, and ascorbic acid were prepared for the
interference study. The results in Fig. 5(a) illustrate the good
anti-interference capability of Nafion/WP6@Fc-MOL/GCE. The
repeatability assay was evaluated by five independent Nafion/
WP6@Fc-MOL/GCE. The results in Fig. 5(b) also demonstrate
the good reproducibility of Nafion/WP6@Fc-MOL/GCE with
RSDs around 2.88%.

Real sample analysis

To evaluate the practicability of the ratiometric electrochemical
sensing platform, milk samples were prepared for the analysis.

4346 | Mater. Adv., 2022, 3, 4342-4347

(2)

_~
=
~

) N
=3 n
o N}
=3 n

Current / pA
5 &
Current / pA
s

o
1
=3
1

0.0 0.0
TP Lac L-Cys L-Ara Fru AA 1 2 3 4 5
+Trp +Trp  +Trp  +Trp +Trp Different electrode
Fig. 5 (a) SWV responses of Trp and Trp containing excess other potential

interfering biomolecules at Nafion/WP6@Fc-MOL/GCE. (b) Current
responses of 5 independent Nafion/WP6@Fc-MOL/GCE in 0.1 M PBS
(pH 6.0) containing 50 pM Trp. RSD = 2.88% (n = 5).

The concentrations of Trp in milk solutions were 20 and 30 pM.
The response currents for Trp containing milk solutions were
recorded by SWV. The results in Table 1 show that the corres-
ponding concentrations obtained through the linear fitting
equation were 21.6 £ 0.54 and 31.2 £ 1.21 pM. The recovery
values were 108.25 + 2.70% and 103.82 £ 4.04% with 2.49%
and 3.90% RSD values, respectively. These results indicate the
good application prospect of the ratiometric electrochemical
sensing platform based on WP6@Fc-MOL.

Table 1 Determination results of Trp in milk samples by using Nafion/
WP6@Fc-MOL/GCE electrode

Samples  Added (uM)  Found (uM) RSD (%)  Recover (%)
Milk 20 21.60 £ 0.54 2.49 108.25 + 2.70
30 31.20 + 1.21 3.90 103.82 + 4.04

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In conclusion, a ratiometric electrochemical sensing platform
based on Fc and WP6 hybrid MOLs was developed, in which the
ultrathin structure of MOLs provides more accessible active
sites for the hybrid systems. Fc, as an interior label, can not
only reduce the interference of other factors but also increase
the electron transfer efficiency during the sensing process. WP6
could increase the selectivity of Trp based on host-guest
interaction. The resulting electrode based on WP6@Fc-MOL
possessed satisfactory ratiometric electrochemical sensing abil-
ity for Trp. These results indicate that this ratiometric electro-
chemical sensing platform can enhance the stability and
accuracy for Trp sensing. Therefore, this work provides a good
example of the rational design of supramolecular hybrid sys-
tems based on MOLs for ratiometric electrochemical detection.
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