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1. Introduction

Metal-organic frameworks (MOFs), also referred to as porous coordination poly-
mers [1-8], have experienced significant advancements in recent decades [9-17]. These
structures, which are composed of organic linkers and metal ions or clusters, present unique
opportunities for the innovation of novel biosensors due to their notable characteristics,
including a substantial surface area, high porosity, customizable structures, and adapt-
ability in terms of tailored properties [18-26]. Sensitive elements can be integrated into
MOFs in situ by incorporating bioactive molecules during the synthesis phase [27-36].
Furthermore, the adjustable dimensions and extensive surface area, along with channels
of varying sizes, render MOFs ideal candidates for the development of hybrid compos-
ite materials that can serve as sensitive components in chemical sensing and biosensing
applications [37-46]. The growing interest in the utilization of MOFs in chemical sensing
and biosensing technologies has spurred the creation of innovative structures and func-
tionalities in MOF-based sensors [47-52], characterized by enhanced stability, sensitivity,
flexibility, and specificity [53-59]. Consequently, we are pleased to present this Special
Issue, which focuses on the latest advancements and applications of MOF-based chemical
sensors and biosensors, with particular attention to the synthesis and modification of MOFs
and their subsequent applications.

2. The Special Issue

This Special Issue comprises a compilation of eight high-quality original research
articles and two communications, all focused on the advancement and application of
metal-organic framework (MOF)-based chemical sensors and biosensors.

In their study, Ognjanovi¢ et al. employed spherical gold nanoparticles (AuNPs) to
functionalize MOF-derived nanoceria (MOFdNC), which was subsequently utilized to
modify a carbon paste electrode [60]. This modification enhanced the performance of
the non-enzymatic electrode material for the highly sensitive detection of the significant
biomolecule uric acid (UA) [60]. The results of the measurements demonstrated linear
operating ranges of 0.05 to 1 uM and 1 to 50 uM, with a detection limit of 0.011 M.
Furthermore, this method has been successfully applied for the quantification of UA
in milk.

In another study, Piguillem et al. developed three innovative platforms utilizing
metal-organic frameworks (MOFs) to create paper-based analytical devices (PADs) that
enable sensitive and portable monitoring of alkaline phosphatase (ALP) enzyme activity
through laser-induced fluorescence (LIF) [61]. The findings suggest that amino-derivated

Chemosensors 2025, 13, 72
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MOF platforms possess considerable potential for integration into biosensor PADs, offer-
ing essential characteristics that enhance their efficacy and applicability in the realms of
analytical chemistry and diagnostics.

Li et al. created an aptamer-based biosensor for the label-free detection of carcinoem-
bryonic antigen (CEA) in saliva, which holds significant promise for the diagnosis and
early screening of oral squamous cell carcinoma (OSCC) [62]. The measurement outcomes
demonstrated that this biosensor exhibits high performance in detecting CEA, characterized
by a broad linear response range and a low detection limit. This aptamer-based biosensor
represents a novel approach for the label-free detection of CEA in saliva, with potential
applications in clinical diagnostics and early screening for OSCC.

Peng et al. successfully synthesized a MOF-199/Ag@Au surface-enhanced Raman
scattering (SERS) sensing structure, which integrates MOFs with SERS technology for the
detection of dopamine (DA) in serum [63]. The results reveal a strong linear correlation
between the SERS signal at 1140 cm~! and DA concentration (ranging from 0.001 M to
1 pM). This work establishes a solid technical foundation for the application of SERS
technology in the screening of clinical neurological diseases.

Si et al. developed a host—guest complex designed for the detection and imaging of
nitroreductase (NTR), wherein a fluorescent substrate, GP-NTR, was encapsulated within a
metal-organic capsule, Zn-MPB [64]. The findings indicate a linear correlation between
NTR concentration and a low detection limit of 6.4 ng/mL. This complex has also been
utilized for the rapid imaging of NTR in tumor cells that overexpress NTR, as well as in
tumor-bearing animal models. It facilitates not only swift and quantitative detection of NTR
activity but also serves as an imaging tool for the early diagnosis of hypoxia-related tumors.

Zhang et al. developed a glucose sensor based on Bipyridyl Ruthenium-decorated
nickel metal-organic frameworks (MWCNT-RuBpy@Ni-MOF), which can also be employed
for electrocatalytic oxidation [65]. The results obtained demonstrate the high performance
of this glucose sensor, characterized by a broad range of linear responses, as well as high
sensitivity and selectivity. This sensor is applicable for enzymeless glucose detection and
can also be utilized for electrocatalytic oxidation.

AlNeyadi et al. synthesized three distinct types of pyrene-based covalent organic
frameworks (COFs) for the detection of volatile acid vapors [66]. Notably, one specific type
of COF exhibited exceptional sensitivity and rapid response as a fluorescent chemosensor
for the detection of hydrochloric acid (HCI) in solution. This COF shows significant
potential for use as a reliable and reusable sensor for the detection of harmful acid vapors,
thereby addressing environmental concerns associated with industrial activities.

Fan et al. synthesized Co30,@ZnO microspheres derived from ZIF-8 and utilized
them for the enhanced detection of acetone [67]. Their findings revealed that the response
of Co30,@Zn0O microspheres to 50 ppm acetone was 4.5 times greater than that of pure
Co0304, with a detection limit as low as 0.5 ppm. The mechanisms underlying the enhanced
sensing capabilities for acetone were also examined.

Ma et al. introduced a novel class of covalent organic frameworks (COFs) designed
for acid detection in various solutions [68]. This framework is synthesized through the
Schiff-base condensation of N, N, N/, N’-tetrakis(4-aminophenyl)-1,4-phenylenediamine
(TPBD) and terephthalaldehyde (TA). The COFs exhibit a dual response to acid, charac-
terized by a color transition from red to dark red and fluorescence quenching as the acid
concentration increases.

Mohd Hizam et al. developed an electrochemical sensor for the detection of ammo-
nium ions, utilizing a metal-organic framework-derived tungsten ethoxide/polypyrrole-
reduced graphene oxide (MOFs-W(OCH,CH3)/Ppy-rGO) [69]. The results indicate that
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this sensor demonstrates high performance in detecting NH?** ions, suggesting its signifi-
cant potential as a platform for applications in the agricultural sector.

In summary, the original research articles and communications featured in this Special
Issue contribute valuable insights into the development and application of MOF-based
chemical sensors and biosensors. The presented examples and advancements highlight the
potential for integrating various types of transducers with functional MOFs for both biosens-
ing and chemical sensing applications. This integration is likely to stimulate increased
interest in the field, fostering new research initiatives within the scientific community.
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Abstract: Ammonium (NHy*) ions are a primary contaminant in the river and along the waterside
near an agricultural area, therefore, necessitating sensitive detection of pollutants before irreversibly
damaging environment. Herein, a new approach of metal-organic framework-derived tungsten
ethoxide/polypyrrole-reduced graphene oxide (MOFs-W(OCH,CHj3)s /Ppy-rGO) electrochemical
sensors are introduced. Through a simple hydrothermal process, Ppy-rGO is linked to tungsten ethox-
ide as an organic linker. This creates the MOFs-W(OCH,CH3)g /Ppy-rGO nanocrystal through hydro-
gen bonding. The synergistic combination of tungsten ethoxide and Ppy-rGO provides three-fold
advantages: stabilization of Ppy-rGO for extended usage, enabling detection of analytes at ambi-
ent temperature, and availability of multiple pathways for effective detection of analytes. This is
demonstrated through excellent detection of NH4* ions over a dynamic concentration range of 0.85
to 3.35 uM with a ppb level detection limit of 0.278 uM (9.74 ppb) and a quantitation limit of 0.843 uM
(29.54 ppb). The increment in the concentration of NH4* ions contributes to the increment in proton
(H*) concentration. The increment in proton concentration in the solution will increase the bonding
activity and thus increase the conductivity. The cyclic voltammetry curves of all concentrations of
NH,4* analytes at the operating potential window between —1.5 and 1.5 V exhibit a quasi-rectangular
shape, indicating consistent electronic and ionic transport. The distinctive resistance changes of the
MOFs-W(OCH,CHj3)6/Ppy-rGO to various NH,* ion concentrations and ultrasensitive detection
provide an extraordinary platform for its application in the agriculture industry.

Keywords: graphene; metal-organic framework; nanostructured materials; sensor design; water contamination

1. Introduction

Ammonia or ammonium ions (NH4") can be found largely in agricultural vegetation
sites. Additionally, the major usage of ammonia in industry, especially fertilizer production
for plantations, is a leading source of NH,* ion discharge in running water sources such
as rivers. NHy* ions are the main part of the nitrogen cycle and the metabolic product of
many substances [1]. At a low concentration of approximately <3 mM, NH4* ions are an
important nitrogen source for plants. However, it will be detrimental to plants and affect the
balance of the ecosystem when it is above the threshold. NH," ions introduced to terrestrial
and aquatic systems are a source of acidity in the water through the biological uptake of
NH,* ions contributed by pollution and the nitrification process, which produces hydrogen
ions [2,3]. The abundance of NH4" ions in ecosystems can be determined by many factors,
including the chemical nature of the soil, the accumulation of organic compounds, tempera-
ture, pH, light, CO,, and oxygenation [4]. Soils with low pH and anoxic conditions indicate
higher ammonification than nitrification rates, which are rich in NHy" ions. Therefore,
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comprehensive monitoring of NH,* ion content in the environment especially close to
industrial areas is crucial for early screening and subsequent preventive measures [5].

Numerous methods have been introduced for monitoring NH4* ions in water sur-
roundings. Ions are naturally unstable, so immediate quantification is crucial after col-
lection. In the earliest methods of analysis, the most common classical methods used for
NH,* ion detection are spectrophotometric, such as ultraviolet-visible (UV-Vis), infrared
(IR), and fluorimetric, and electroanalytical analyses, including potentiometric based on
the use of ion-selective electrodes, amperometric, coulometric, and voltamperometric [6].
The method for the determination of NH4* ions or NH; was proposed by Nessler in 1856.
In this method, Nessler reagent or an alkaline solution of potassium tetraiodomercurate
(IT) (K,Hgly) would react with the ions to give a color complex [7,8]. Unfortunately, this
method suffers from poor selectivity, and the elimination of other ions’ interference is
difficult. NH4™" ions were often determined by a colorimetric indophenol titration method
and a potentiometric method with an ion-selective electrode [9]. Meanwhile, the ion chro-
matography method offered simultaneous determination of a few nitrogen-contained ions
in small-volume samples and the possibility of using different detectors such as UV-vis
and mass spectrometry [10]. However, this method has low selectivity and sensitivity with
poor repeatability in the analyte detections.

Although the aforementioned techniques have been in practice for over a decade,
they are complicated and require a long time for data processing. Amperometric and
potentiometric methods are simpler methods that require selective electrodes for NH;* ion
detection due to ions’ interference, particularly Fe*, Ni?*, P*, K", and Na* [11]. Though
the sensor signal is not predicted to be highly affected by the presence of certain ions,
the selectivity test is essential to conduct for the possibility of ion interference. This is
to ensure the optimum sensing performance of the sensor for real time monitoring as
these ions present in the natural water resources. Meanwhile, other techniques such as
spectrophotometric, colorimetric, and fluorometric methods are straightforward and cost-
effective. However, it requires elaborate sample pre-treatment to eliminate background
interferences and the use of several reagents for color formation. Among the approaches
to the detection of ammonium ions quantitatively, electrochemical detection gives the
possibility of real-time monitoring with the advantages of high sensitivity and selectivity,
low cost, and independence of the sample color and turbidity. Various types of ammonium
ion sensors have been developed, with the main obstacle primarily focused on choosing
suitable ion-selective components and enzymes.

The high potential of conducting polymers, 2-dimensional layered materials, and
metal-organic frameworks (MOFs) has been widely recognized for sensing applications.
MOFs consist of inorganic metal centers and organic linkers with a rich hydrogen bond-
ing network that exhibits various unique features such as high porosity, tunable pore
size, and large surface area. MOFs are an attractive proposition for sensing applica-
tions due to their ability to be tuned to detect specific analytes, thus offering good ad-
sorption or active sites and thereby promoting lower detection limits. The choice of
ligand or organic linker is highly crucial when designing MOFs with excellent electronic
conductivity. MOFs with a large pore size are not enough for the efficient detection of
toxic liquids. The active functionalizations on the pore surface can contribute to unique
and specific molecular recognition between host porous frameworks and guest analytes,
which then enhances the sensing performance of MOFs. Common ligands used as or-
ganic linkers are 1,3,5-benzenetricarboxylate (BTC) [12], tetrakis-4-carboxyphenyl ethylene
(TCPE) [13], 2,5-dihydrobenzene-1,4-dicarboxylate (H,HBDC) [13], hydroquinone [14],
5-(dihydroxyphosphoryl)isophthalic acid (DPPA) [15], and 2,5-dihydroxy terephthalic acid
or benzene dicarboxylate (BDH-(OH),) [16]. The porosity, surface area, conductivity, and
functionalization of the complex material can be tuned by the type of ligand.

There are two strategies to design and prepare good, functionalized MOFs with
excellent proton-conductive properties. Firstly, by choosing and introducing acidic organic
linkers, such as phosphate groups, sulfonic groups, carboxyl groups, and other groups as
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well, into the MOFs. Secondly, by adding additional protonic molecules or carriers into the
pores of the MOFs. In this study, rGO is used as the organic linker, while the additional
protonic molecules would be from the polypyrrole chain attached to the graphene oxide.
Concerning ammonium ions, the ideal sorbent might have a high density of reactive or
adsorption sites for ammonia and thus be prone to having an affinity for NH4* ions. The
incorporation of metal oxide and structural defects (rGO) can impart a high density, and
thus metal-ammonia bonding can occur.

Graphene is a sp?>-hybridized carbon atom arranged in a two-dimensional hexag-
onal conjugated structure. The extraordinary physical properties, such as high carrier
mobility with remarkable electrical and antimicrobial properties, are undeniably incredible.
Graphene is also known for its great refractive index and optical transparency of up to
97.7% for single-layer graphene [17], its high mechanical strength with Young’s modulus of
1 TPa, and its fracture strength of 130 GPa [18]. It has a remarkable thermal conductivity of
approximately ~50,000 W/mK [19], a large surface area of 2630 m? /g [20], and is thermally
stable. Further, reduced graphene oxide (rGO) has spectacular flexibility that sustains
sensing performance stability in devices even under extreme bending stress [21,22]. The
GO is well-known for its strong oxidizing properties and can act as an oxidizing agent for
the oxidative polymerization of pyrrole during the reduction process. This characteristic of
graphene makes it a perfect candidate to be an organic ligand.

Likewise, tungsten oxide is a very promising material because it has a high theoretical
capacity, excellent chemical stability, and good conductivity. It is an n-type semiconductor
that works best as a negative electrode as it has many oxidation states and is known for
its high energy and packing density with massive pseudocapacitance [23]. It has been
widely used in many applications, such as secondary batteries [24], photocatalysis [25],
electrochemical [26], dye-solar cells [27], sensing devices [28], and flexible and portable
supercapacitors [29]. It also shows an exceptionally high surface area, which is good for
sensing performance. Thus, the combination between tungsten ethoxide and pyrrole-
reduced graphene oxide could enhance the surface area, mobility, and active sites for ion
detection, therefore developing a MOF.

In this work, the synergistic combination of tungsten ethoxide and reduced graphene
oxide would be beneficial for room temperature sensor operation as compared to the high-
temperature operation of tungsten-based sensors as reported in various literature [30,31].
Metal-organic frameworks-derived tungsten ethoxide/polypyrrole-reduced graphene oxide
(MOFs-W(OCH,CHj3)s / Ppy-rGO) nanocrystals as the sensing elements were developed, and
their performance in detecting NHy4* ions at different concentrations (0, 0.84, 1.26, 1.68, 2.52,
and 3.35 uM) were thoroughly studied. The as-synthesized MOFs-W(OCH,CH3)s /Ppy-rGO
nanocrystal is in black powder form, and it was mixed with Nafion and dimethylformamide
(DMF) to become a viscous liquid. The MOFs-W(OCH,CH3)s/Ppy-rGO solution is then
dropped onto the working electrode of the screen-printed electrode (SPE). The Ppy-rGO is
astonishingly well-known for its high mobility, which is due to its excellent electroactive
surface sites. The addition of metal oxide, which is tungsten ethoxide, can enhance the
performance of graphene. It is expected to be extremely sensitive to the presence of NH,*
ions. Consequently, the fabricated electrochemical sensor demonstrates the extremely
sensitive determination of NH," ions over a concentration range of 0.84 uM to 3.35 uM
with a limit of detection (LOD) of 0.385 uM, limit of quantification (LOQ) of 1.166 M. The
developed electrochemical sensor demonstrates good reproducibility and stability for the
detection of NH," ions in water.

2. Materials and Methods
2.1. Materials

Freeze-dried powder of GO was received from Universiti Putra Malaysia (Serdang,
Selangor, Malaysia) [32]. Pyrrole (C4HsN, 97%), ammonia solution (NH;3.H,O), and
N,N-dimethylformamide (C3H;NO) were obtained from Merck (Shah Alam, Malaysia).
Ultrapure deionized water was obtained from THE Direct-Q 8 UV system (Darmstadt,
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German). Tungsten(VI) ethoxide (W(OCH,;CHj3)s, 99.8%) was received from Alfa Aesar
(Ward Hill, MA, United States). Ethanol (CH;CH,OH) was obtained from VWR BDH
Chemicals (Rosny-sous-Bois cedex, France). Phosphate buffer solution (PBS) of ultra-pure
grade is obtained from 1st Base (Selangor, Malaysia) (containing 137 mM NaCl, 2.7 mM
KCl, 10 mM NapyHPO4 and 1.8 mM KH,POy4; pH 7.4 at 25 °C; 0.1 M). Distilled water was
obtained from Apex WS 4L (Kuala Lumpur, Malaysia). The screen-printed carbon electrode
(SPCE) transducer, equipped with a working electrode with a diameter of 4 mm, a counter
electrode made of carbon, a reference electrode or electric contacts made of Ag/AgCl, and
a carbon ring, was purchased from Metrohm Sdn. Bhd. (Selangor, Malaysia).

2.2. Preparation of Polypyrrole-Reduced Graphene Oxide

The as-received GO powder (0.1 g) was mixed with pyrrole (0.1 mL) at a 1:1 mass-
to-volume ratio and then subsequently subjected to a vaporizing process at 50 °C for
a duration of 18 h. This process will reduce the GO, which can be clearly observed by the
reduction of the carboxyl group and the hydroxyl group in Fourier transform infrared
(FTIR) and X-ray photoelectron spectroscopy (XPS). This was followed by annealing at
120 °C for 5 h in a flow of argon gas at atmospheric pressure.

2.3. Preparation of Metal-Organic Frameworks Derived Tungsten Ethoxide/Polypyrrole-Reduced
Graphene Oxide

Ppy-rGO is a polymer chain attached to a graphene structure with an oxygenated-
functional group that would act as an organic ligand. Tungsten ethoxide provides metal
ions with possible attachment or bonding to oxygenated-functional groups in Ppy-rGO.
The well-prepared Ppy-rGO of 30 wt% was added to well-dissolved tungsten ethoxide in
N,N-dimethylformamide (DMF). The 30 wt% of Ppy-rGO is chosen after optimization of
weight percentage usage explained in the supplementary information referring to Figure
S3B and Table S1. The mixture was then sonicated for 5 min before being stirred for 30 min
and later poured into a 100 mL Teflon liner. The liner was then placed in a Parr acid
digestion vessel and continuously heated to 150 °C for 4 days. The vessel was progressively
cooled to room temperature for 24 h. The powder formed after 10 h of drying at 80 °C in
the oven, as illustrated in Figure S1. The synthesized product was kept in the desiccator to
avoid oxidation and contamination. The synthesis was similar to the previous work [33].

2.4. Characterizations

Fourier transform infrared spectroscopy (FTIR) spectra were obtained using Perkin
Elmer (Waltham, MA, United States) with the sample in a KBr pellet. A linear baseline was
removed from all spectra. X-ray photoelectron spectroscopy (XPS) spectra were received
and analyzed using Thermo Scientific (NE Dawson Creek Drive Hillsboro, OR, United
States) (Al Ko radiation, hv = 1486.7 eV). Raman spectra were acquired from Horiba Jobin
Yvon Scientific (Kyoto, Japan) (HR800) with wavelengths ranging from 200-4000 nm and
powers < 300 mW. Brunauer, Emmett, and Teller (BET) data were received by N, adsorption
at 77 K using a surface area and porosimetry analyzer (SAP) from Micromeretics (Tristar
3020) (Norcross, GA, United States) with a degassing temperature of 150 °C for a 240 min
period. The BET methods were used to measure the pore size distribution and calculate
the surface area of the nanocomposites. The total pore volume was measured at a relative
pressure (P/P,) of 0.99. X-ray Diffraction (XRD) spectra were obtained from Xpert3 powder
PANalytical with step scan mode between 26 = 10-90° and a scan rate of 0.01°/min using
Cu Kot of 1.5406 A. Elemental composition, which consists of carbon, hydrogen, nitrogen,
sulfur, and oxygen, was analyzed using the CHNS/O elemental analyzer (Thermo Scientific,
UKM, Malaysia). The surface morphology, phase structure, and elemental composition of
the composites were studied using a field emission scanning electron microscope (FESEM)
with energy dispersive X-ray spectroscopy (EDX) (Zeiss, Oberkochen, Germany, Supra
55VP) at 5 keV. The EDX spot pattern and mapping scanning analysis were performed
by the FESEM attachment. High-resolution transmission electron microscopic (HRTEM)
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images were performed using a Hitachi (Tokyo, Japan) (HT7830) at magnifications of 10 to
300,000 times with a virtual depth of field.

2.5. Ammonium lon Sensing Measurement

The screen-printed electrode (SPE), purchased from DropSens (DRP-110), Metrohm
Malaysia Sdn Bhd, was composed of a carbon counter electrode, an Ag pseudo-reference
electrode, and a printed graphene working electrode (diameter, & = 4 mm). The de-
vice was cleaned with 70% ethanol and dried at room temperature. 0.08 g of MOFs-
W(OCH,CHj3)s/Ppy-rGO and 0.2 mL (2 x 1073 wt%) Nafion were mixed with 1 mL
DMEF under ultrasonication for 30 min to obtain a black suspension. 1.2 uL of the sus-
pension is dropped onto SPE and allowed to dry at room temperature. Metrohm Auto-
lab/PGSTAT302N Potentiostat/Galvanostat NOVA 2.1 was used to measure the sensitivity
using EIS and CV. For stability analysis, both EIS and CV were performed three times at
room temperature for four weeks. EIS assays were conducted using five ammonia solutions
with different concentrations spiked in distilled water (0.84 uM, 1.26 uM, 1.68 uM, 2.52 uM
and 3.35 uM), at a standard potential of +0.10 V, using the sinusoidal amplitude of 10 mV
and a frequency of 50 Hz, logarithmically distributed over a frequency range of 10-100 kHz.
Impedance data were fitted to a [R (RQ)] circuit to determine the simplified Randles circuit
using NOVA 2.1 software. This circuit included solution resistance (Rs), constant phase
element (CPE), and charge transfer resistance (R¢t) components, where CPE and Rt are in
parallel. The 0 UM ammonia concentration means the W-MOF/Ppy-rGO/SPE device was
analyzed by EIS and CV analyses in PBS. The solution was prepared by mixing PBS with
ultrapure water in a 1:9 ratio. Meanwhile, CV measurements were conducted in the same
ammonia solution using a potential scan from —1.0 to +1.0 V at 100 mV /s.

3. Results and Discussion

Thermal and chemical reduction routes are the most commonly utilized techniques
to prepare rGO from GO. In this study, chemical reduction is used to synthesize Ppy-
rGO nanocomposites with pyrrole as the oxidizing agent as it is a more feasible method
that produces a higher percentage yield and gives a better response to the targeted ana-
lytes [34]. In addition, hydrothermal is the most preferable method to obtain the MOFs-
W(OCH;CH3)s/Ppy-rGO due to the excellent sensing performance reported [35]. GO
was synthesized using a simplified version of Hummer’s method [32]. When pyrrole was
added, the GO sheets became crumpled and wrinkled (Figure 1e) due to the presence of
oxygen functional groups. The folded sheets also confirmed the growth of polypyrrole
along the GO sheets. The tungsten nanoparticles were observed to be dispersed evenly on
the surface of Ppy-rGO wrinkled sheets, which can be seen in Figure 1f. The degradation
FESEM images of Ppy-rGO and MOFs-W(OCH,;CH3)s /Ppy-rGO are less comparable as
shown in Figure S7.

As for the BET linear isotherm, it is observed to be a Type II isotherm based on
the linear plot. At lower relative pressure, there is positive isothermal curvature, giving
the first isothermal knee. This is due to the fact that the initial absorption occurred on
an energetically more favorable surface area before being located on a less favorable one at
low pressure. This indicates that most small pores will be filled up with a monolayer in the
initial phase. Consequently, the monolayer absorption volume can be calculated, followed
by specific surface areas that are to be 11.678, 19.263, and 6.312 m?/ g for GO, Ppy-rGO, and
MOFs-W(OCH,CH3)s /Ppy-rGO, respectively. The second region of absorption occurs at
higher relative pressure which took place as saturation was approached. Essentially, the
increment of absorption volume was asymptotic to the volume axis. At higher relative
pressure, the profile showed an increase in adsorption volume. There were many possi-
bilities for this occurrence, such as either multilayer adsorbate on adsorbate absorption
of a non-porous sample or incomplete filling of a porous sample for nitrogen absorption
at 77 K. This could also occur in a sample with a macroporous structure that possesses
large pores to be filled by nitrogen molecules as saturation is approached. However, for
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this case, the pore sizes of GO, Ppy-rGO, and MOFs-W(OCH,CHj3)¢ /Ppy-rGO are 10.607,
11.152, and 18.886 nm, respectively. Thus, the porosity size range of 2 nm to 50 nm has
been defined as mesoporous composites. There was a high probability of inconsistency in
porosity size, which caused some pores to remain incompletely filled. This was supported
by the appearance of a hysteresis loop at high relative pressure in the gas desorption
isotherm linear plot as depicted in Figure 1g—i. Hysteresis was observed when there was
more than one pore size. Moreover, hysteresis occurred due to the incomplete evaporation
of nitrogen molecules from the poor neck or body of pores. Consequently, this will give
less information on pore sizes from the desorption isotherm.
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Figure 1. FESEM images of (a) GO; (b) Ppy-rGO; (¢) MOFs-W(OCH,;CH3)s /Ppy-rGO; HRTEM
images of (d) GO, (e) Ppy-rGO; (f) MOFs-W(OCH,CH3)4 /Ppy-rGO; and an isotherm linear plot for
(g) GO and (h) Ppy-rGO; (i) MOFs-W(OCH,CH3)s / Ppy-rGO.

Based on the calculated percentage of elements obtained from the carbon, hydrogen,
nitrogen, sulfur, and oxygen databases (Table 52), it can be clearly seen that the reduction of
GO occurs as the calculated number of oxygen atoms is reduced from 41 to 27. Meanwhile,
nitrogen atoms were observed after reduction, attributed to the presence of a reducing agent.
This result was supported by the hyperchromic shift observed in the Raman spectrum of
Ppy-rGO as compared to GO (Figure S3A). Raman spectroscopy is used to distinguish
ordered and disordered compound structures of carbon and solid-state materials. The
upright shifting was caused by the addition of pyrrole as a reducing agent. Referring to
the data in Table 1, the intensity increment in the D peak over the G peak is attributed
to the increment in defect concentration present in Ppy-rGO relative to that of GO. The
defect could be at the edges, a dislocation, cracks, or vacancies. Furthermore, the intensity
ratios (Ip/Ig) of the GO and Ppy-rGO are 0.949 and 1.146, respectively. The Ip /I is used
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to determine the degree of disorder within the graphitic lattice. The increment in I /Ig
of Ppy-rGO as compared to that of GO is attributed to the formation of the sp?> domain,
or unsaturated carbon [36]. The D and G peaks are left-shifted after the reduction of GO
nanocomposites, as shown in Figure 2. The left-shifting occurred due to mechanical strain,
polarity change, or charge transfer [37,38].

Table 1. Raman shifts and intensity ratios of GO, Ppy-rGO, and MOFs-W(OCH,CH3s)s / Ppy-rGO.

. (cm~1)
Nanocomposites Ip/Ig Ratio
D Band G Band
GO 1352.7 1603.0 0.949
Ppy-rGO 1340.5 1572.8 1.146
MOFs-W(OCH,CH3)g /Ppy-rGO 1357.7 1587.9 0.887
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Figure 2. (a) FTIR spectra and (b) Raman spectra of (A) GO, (B) Ppy-rGO prepared in deionized
water, and (C) MOFs-W(OCH;CHj3)g /Ppy-rGO prepared in DME.

Meanwhile, the right-shifted D and G peaks of the MOFs-W(OCH,CH3)¢/Ppy-rGO
Raman spectrum relative to Ppy-rGO were generated upon the addition of tungsten or
a new disorder that was attributed to the modification of the fine structure of graphene. The
right-shifting peak was related to the increment in stacked layers of graphene, which can be
seen in color intensity in EDX images (Figure S2), multiple peaks in 2D peaks of the Raman
spectrum (Figure S3A) [39], and the increment number of carbon in the CHNS/O database
of MOFs-W(OCH,CH3)g /Ppy-rGO (Table S2). The structure of MOFs-W(OCH,CH3)s / Ppy-
rGO nanocrystal was more disordered than the structure of Ppy-rGO. Table 1 shows the
Raman spectra of GO, Ppy-rGO, and MOFs-W(OCH,CH3)s /Ppy-rGO.

The degree of the defect increases simultaneously with an increment in the Ip /I ratio
and intensity in the D peak over the G peak. The intensity ratio between Ppy-rGO and
MOFs-W(OCH,CHj3)g /Ppy-rGO was decreased due to the electronic interaction between
the metal oxide and Ppy-rGO nanomaterials, which forms multiple layers [40]. The de-
crease in intensity of the D band of the MOFs-W(OCH,CH3)s / Ppy-rGO nanocrystal was at-
tributed to the rearrangement of the sp2 structure upon the bond interaction between them.
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This result was supported by the low-intensity 2D peaks of MOFs-W(OCH,CHj3)/Ppy-
rGO nanocrystal, which indicates the low crystallinity of graphene. The low crystallinity
of MOFs-W(OCH,CHj3)¢/Ppy-rGO nanocrystals was related to the low intensity of the D
peak over the G peak, or low Ip /I ratio. XRD spectra confirm the characteristic peaks of
the as-prepared MOFs-W(OCH,CH3)s/Ppy-rGO samples [41—44], as shown in Figure S5
and Table S2. Briefly, the Ip /I ratio will start to decrease as an increasing defect density
results in a more amorphous carbon structure [45]. Peaks located at 2738.8 cm~ ! in the GO
spectrum, 2714.1 cm~tin the Ppy-rGO spectrum, and 2736.0 cm~in the GO spectrum were
2D lines representing the overtone of the D line, which results from an inelastic scattering
from a second phonon, as shown in Figure S3A.

The FTIR spectra of GO, Ppy-rGO, and MOFs-W(OCH,CH3)s / Ppy-rGO nanocrystals
were recorded in the region of 500-4000 cm~!. More oxygen-functional groups, such as
carboxyl, hydroxyl, and carbonyl groups, were observed with respect to the presence of
the reducing agent, pyrrole. The presence of oxygenated functional groups decreased as
reduction and hydrothermal processes were conducted. In Figure 2a, the intense peaks
observed at 3435, 3434, and 3433 cm ! are ascribed to the stretching vibration of O-H for
GO, Ppy-rGO, and MOFs-W(OCH,CH3)s /Ppy-rGO nanocomposites, respectively [46,47].
The peaks located at 1714, 1708, and 1675 cm ! illustrated the stretching vibration of
the C=0 carboxyl group of GO, Ppy-rGO, and MOFs-W(OCH,CHj3)s/Ppy-rGO from
a conjugated dimer acid [48,49], respectively. Since all the nanocomposites have a sp2
hybridized conjugated hexagonal structure, it was possible to observe the dimer stretch
peaks. Meanwhile, peaks located at 1630, 1659, and 1634 cm~! were attributed to the
C=C aromatic stretch peaks of GO, Ppy-rGO, and MOFs-W(OCH,CH3)s / Ppy-rGO, respec-
tively, for cyclic conjugated cyclic alkenes. Additionally, the peaks located at 1565 and
1563 cm ! were ascribed to N-H bending of Ppy-rGO and MOFs-W(OCH,CHj3)s/Ppy-
rGO, which described the interaction between pyrrole and GO after the reduction process.
The peaks found at 1158, 1164, and 1131 cm ! were due to the C-N stretch peaks of GO,
Ppy-rGO, and MOFs-W(OCH,CH3)q /Ppy-rGO, respectively. However, the high-intensity
ratio for the C-N stretch peak observed in the Ppy-rGO spectrum showed the interaction
between nitrogen and carbon atoms upon the reduction process. The peaks located at
1079, 1087, and 1078 cm ! were attributed to C-O bending or GO, Ppy-rGO, and MOFs-
W(OCH,CHj3)6/Ppy-rGO [50], respectively. Upon reduction of GO, the O-H stretch peak
in the Ppy-rGO spectrum was reduced. Two possibilities might have occurred: first, the
interaction of oxygen from hydroxyl groups with pyrrole, and second, the reduction of the
hydroxyl group into a carbonyl group. In the FTIR spectrum shown in Figure 2, the transmit-
tance of C-O increased as more epoxy groups were produced due to the interaction between
tungsten ethoxide and Ppy-rGO. The O-H stretch peak at MOFs-W(OCH,CH3)s / Ppy-rGO
spectrum was greatly intense due to the possibility that some of the oxygen in tungsten
ethoxide has changed into a hydroxyl group.

Figure 3 illustrates XPS spectra exhibiting the chemical composition in the GO, Ppy-
rGO, and MOFs-W(OCH,;CH3)s /Ppy-rGO samples. Based on the spectra in Figure 4A, the
profound peaks located at 284.3 eV and 284.8 eV represent C sp? for aromatic molecules of
Ppy-rGO and MOFs-W(OCH,;CHj3)s /Ppy-rGO nanocrystal, respectively. The peak found
at 285.1 eV in the MOFs-W(OCH,CHj3)s /Ppy-rGO XPS C 1s spectrum represents C sp°,
caused by the rearrangement of the aromatic structure after the interaction between the
metal oxide compound and Ppy-rGO. Further, the peaks found at 285.9, 287.8, and 290.9 eV
represent the oxygen-containing functional groups such as (C=0O) carbonyl, (C-O) hydroxyl,
and (C-OOH) carboxyl [51], respectively. In Figure 3b, the sharp peak found at 532.8 eV,
for both the Ppy-rGO and MOFs-W(OCH,CHj3)¢ /Ppy-rGO spectra, stands for the (C=0)
carboxyl group and (W-O) [52]. Additionally, two peaks that were found at 533.3 and
535.3 eV both represent (C-O) carbonyl and (C-O) hydroxyl, respectively. As for the N1s
spectra (Figure 3c), the strong peak located at 400.2 eV represents pyrrolic N molecules.
Meanwhile, peaks located at 397.9, 398.5, 401.7, and 402.7 eV represent peaks for graphene-
N, graphene-NH), graphitic N, and N-O, respectively [53,54]. According to the XPS spectra,

14



Chemosensors 2023, 11, 201

the existence of an amide group in the rtGO compound due to the pyrrole-reduction of GO
and oxygen-containing functional groups was clearly observed. The absence of the N1s
spectrum of GO can be proven from the full electron spectroscope (SPCA) energy spectrum
in Figure S3C-E. The presence of oxygen-containing functional groups such as carbonyl,
carboxyl, and hydroxyl improve the capability of the nanocomposites in the detection of
ammonium analytes. All the assigned peaks were referred to the XPS Casa database.
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Figure 3. Deconvoluted XPS spectra of the (a) C1s (b) Ols and (c) N1s region of (A) GO, (B) Ppy-rGO,
and (C) MOFs-W(OCH,CH3)s /Ppy-rGO, respectively.

Stoichiometry tungsten ethoxide (W(OCH,CH3)s) consists of covalent bonds formed
by sharing a total of six electrons from the oxygen of ethoxy groups to fill up six valence
electrons of the tungsten to achieve octet rule. The shared electrons are less attracted
by the nucleus of W as it increases the Coulombian force of attraction for the remaining
core-level electrons, leading to an increment in their binding energy (B.E.). Nevertheless,
all electrons surround the nucleus of W metallic alone. As for WQOj;, it is attracted to
electronegative oxygen. The energy needed to eject electrons from the positive center (W
or WO3) is higher as compared to the neutral center or W in metal form. Therefore, the
B.E. of the tungsten in WOg is much greater than that of W in metal form. Likewise, the
value of B.E. of core level electrons will be observed as being lower if there is oxygen
vacancy present in WOg than in stoichiometric WOq. In Figure S4, WOg was observed
to acquire a lesser B.E. value than those of metallic tungsten and lower than those of
stoichiometric WOy, affirming the existence of sub-stoichiometric WOg4. Tungsten was
presented in two chemical states, namely W and W>*. The deconvolution of the 4f core
level into a doublet was due to spin—orbit coupling of electrons. A spectrum split into
a doublet proves there were two chemical states of tungsten [55,56]. An intense doublet
at a higher energy level incredibly illustrates the W* oxidation states with B.E. located at
35.78 and 37.98 eV, which correspond to 4fs5,, and 4f7,, respectively. In addition, a doublet
with a considerably low intensity represents the W>* oxidation state. The existence of W
in the W>* oxidation state verifies the oxygen deficiency that is responsible for the lower
electrical conductivity of the W(OCH,CH3)¢ nanocrystal.
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Figure 4.

MOFs-W(OCH,CH3)s /Ppy-rGO upon detection of NHs*, K*, and Na* ions.
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(A) EIS curve and the fitted equivalent circuit; (B) regression linear plot; (C) CV
curve at different concentrations in an OPW between —1.0 to 1.0 V; (D) EIS curve of the stabil-
ity test for MOFs-W(OCH,CH3)s /Ppy-rGO; (E) the stability performance comparison of MOFs-
W(OCH,CHg3)g/Ppy-rGO and Ppy-rGO; (F) regression linear plot of MOFs-W(OCH,CHj3)¢/Ppy-
rGO drop-casted by NaOH, KOH and NH4OH analytes; and (G) the selectivity performance of
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EIS is a useful tool that can be used to find out about internal resistance and make
electrochemical label-free detection easier. The resulting Nyquist plots state that a high-
frequency range corresponds to the equivalent series resistance (Rs), and the medium- to
high-frequency range corresponds to the charge transfer resistance (Rct) of the cells. MOFs-
W(OCH,CHj3)6/Ppy-rGO is an n-type semiconductor sensor. For an n-type sensor, the
surface absorbs oxygen molecules when exposed to air. Eventually, the oxygen molecules
absorbed on the surface absorb electrons from MOFs-W(OCH,CH3)s/Ppy-rGO, which
decreases the concentration of electrons and increases the resistance of the material. The
chemical reaction can be described as follows [57,58]:

O2(g)+e” = O (aq) €]
Oy (g) +e~ — 20* (aq) )]
20% (aq) — 20, (aq)~ 3)

When surface-depleted metal oxides come into contact with the reducing ammonium
ion, electrons will be transported back to the material to reduce its resistance. However,
the resistance of the material increases as the concentration of ammonium solution in-
creases. Presumably, when the ammonium hydroxide concentration is diluted to a certain
lower concentration, two ions will be produced, specifically NH;* and OH™, as shown in
Equation (4). The ammonium ions can dissociate into ammonia gas (NH3) and hydrogen
ions (H*) as written in Equation (5).

NH;3.H,O (1) — NHy" (aq) + OH™ (aq) 4)

NH;" (aq) «» NH; (g) + H' (aq) ®)

WOj3 (aq) + NHj (g) < [WO3(NH;3)]>" 6)
[WO3(NH3)”* (aq) + 05 (g) +4H (aq) ¢+ [WO3(NH3)(H0),]" (aq)  (7)
[WO3(NH3)(H0),]°" (aq) «» [WO3(NH3),]*" (aq) +2H,0 (1) ®)

The addition of ammonium ions caused the formation of a complex between W(VI) and
neutral ammonia, which is easily oxidized by dissolved oxygen to W(VII) (Equation (6)) [59],
followed by electrochemical reduction back to W(VI), which can be observed as a cathodic
current increase (Equation (7)). The formation of tungsten and water is the product
of areduction reaction, in which water is the by-product (Equation (8)). That reduc-
tion reaction may cause a slight increment of resistance. As the concentration is higher,
there will be an increment in the number of ions, which increases the resistance value as
observed in Figure 4A.

The Nyquist plots portrayed a depressed semi-circle and a spike in the high- and
low-frequency ranges. EIS was carried out to illustrate and explore the sensing perfor-
mance of MOFs-W(OCH,CH3)4/Ppy-rGO nanocomposite. The semi-circle diameter on
the abscissa of the Nyquist plot in the high-frequency range of the electrochemical systems
was attributed to the charge-transfer resistance (R¢t). Meanwhile, the lower value of Ret
indicated a higher conductivity with a high ion transfer or diffusion rate into the electrodes.
Impedance measurements usually generate Nyquist plots that can be categorized into
three types. (i) a depressed semi-circle, (ii) a tilted spike, or (iii) a depressed semi-circle
Nyquist plot with a tilted spike. A depressed semi-circle was formed when a constant
phase element with a resistor connected in parallel was present in an equivalent circuit, as
shown in Figure 4A,D. The constant phase element (CPE) or “leaky capacitor,” which is
connected in series with a resistor, can be observed by the plot as a shape of a spike. Thus,
the Nyquist plot that appears with a depressed semi-circle and a tilted spike corresponds to
a combination of a parallel connection of a resistor and CPE that are connected in series with
another resistor or CPE. The depressed semi-circle corresponds to the bulk material, while
the tilted spike represents the electrical double layer. The electrochemical sensor showed
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remarkable stability with repetitive detection of NH," ions for four weeks consecutively at
RT and a subsequent washing process with PBS solution (Table S5 and S6). The improved
stability of MOFs-W(OCH,CH3)s / Ppy-rGO as compared to Ppy-rGO is due to the presence
of tungsten, as discussed earlier in Raman and XPS analyses. The redox peak current has
increased correspondingly to an increment of scan rate from 20 mVs~! to 100 mVs !, as
confirmed by linear regression with an R? of 0.9559 as shown in Figure S6A.

The LOD and LOQ were used to measure the sensitivity of the sensor based on the
concentration of ammonium solution. LOD is the minimum number of analytes a sensor
can detect. Meanwhile, LOQ is the smallest amount of the minimum concentration of
a substance that is possible to determine with acceptable precision, accuracy, and uncer-
tainty. Both LOD and LOQ values were analyzed using regression analysis and calculated
using the formula equation as followed:

LOD = 3.3 x Sb )
m

LOQ =10 x Sb (10)
m

where SD is the standard deviation (1M), and m is the gradient of the linear equation of
bulk resistance measured () versus the concentration of the analytes (uM). The standard
deviation (SD) is calculated using the following formula:

SE

SD N (11)
where SE represents the standard error after regression analysis. Meanwhile, N represents
four different concentrations of analytes: 0 uM, 0.85 uM, 1.26 uM, 1.68 uM, 2.52 uM, and
3.35 uM. The MOFs-W(OCH,CH3)s /Ppy-rGO sample was placed on SPE device and the
analytes were drop cast on the sample accordingly starting from 0 uM analytes to the
highest concentrated analytes.

In this regression analysis, the dependable variable is the concentration of the targeted
analytes, whereas the independent variable is the R values, which were tabulated in
Table S4. The linear graph of R against concentration is plotted as in Figure 4B to obtain
the linear equation, which is Y = mX + C, where m is the gradient of the linear plot, C
is the y-intercept, Y is the y-axis and X is the x-axis. The regression coefficient (R?) can
be obtained in two ways: through regression analysis and a linear plot. The R? value is
a measure of how well a linear regression model fits the data. In other words, the closer the
R? value is to 1, the more variability the model explains. The standard error (SE) obtained
from the regression analysis was 37.565 tM. Hence, by using Equation (11), the SD was
calculated to be 15.336 uM. Based on the calculation formulas in Equations (9) and (10),
the LOD and LOQ obtained were 0.278 and 0.843 uM, respectively. The fitting curve
of EIS in the electrolytes is shown in Figure 4A. The electrochemical performance of the
MOFs-W(OCH,CH3)g /Ppy-rGO SPE was evaluated every after drop-casted with a constant
volume of ammonium solution electrolyte at 5 concentrations.

CV measurement is an electrochemical method that is widely used to understand
the electrochemical behavior of materials. The CV curves were recorded at similar scan
rates and operating potential windows (OPW) from —1.0 to 1.0 V, as shown in Figure 5c.
CV measurements of the W-MOF/Ppy-rGO were performed at a scan rate of 100 mVs~!.
The CV curves portrayed a quasi-rectangular shape with no faradic peaks represent-
ing double-layer capacitance. Double-layer capacitance (Cg4;) can also be expressed as
a constant-phase element (CPE). The Cg4; or CPE are obtained from the impedance if and
only if the polarizable electrode is illustrated as a connection of the Rg and Cg;. The
coupling of the resistance with the surface capacitance, the adsorption of ions, and the
chemical inhomogeneities of the surface are the results of the polarizable electrode. The
CV curve of every concentration exhibited a similar pattern at the same scan rate without
any apparent distortion, which contributes to great electronic and ionic transport inside the
supercapacitor electrode material [60].
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Figure 5. Schematic illustration of the (a) preparation of MOFs-W(OCH,CH3)s / Ppy-rGO nanocrystal
and detection of ammonium ions, (b,c) multiple ways of ion sensing of MOFs-W(OCH,CH3)s /Ppy-
rGO nanocrystal upon detection of ammonium ions.
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Ammonium ion solution is a weak base. It dissociates partially in the aqueous so-
lution, which gives insufficient NHs* and OH™ ions and is thus less conductive. As the
concentration increases, there will be an increase in the number of ions, which in turn
increases the resistance value. Whereas the NaOH and KOH solutions are strong bases.
They would dissociate completely into Na*, K* and OH ions in an aqueous solution. In
addition, they are very conductive and corrosive, which reduces the thickness of the MOFs-
W(OCH;CHj3)6/Ppy-rGO nanocomposite. As a result, the Rg value shifted inconsistently,
as observed in Figure S6B,C, which is correlated to the CV curve in Figure S6D,E. The
R value is linearly proportional to the thickness of the drop-casted nanocomposites [61].
However, due to their high conductivity, the resistivity value of each concentration of Na*
and K* ion solution is low. R value are tabulated in the Table S7. In fact, resistivity is
inversely proportional to conductivity values. Hence, as expected, the EIS-fitted curves of
the strong base solution showed a low resistivity value.

PBS was dropped on the material to help the device maintain n-type behavior such
that electrons are the majority carriers with a larger electron concentration as compared
to hole concentration. This solution has critical effects on the sensing performance of
MOFs-W(OCH,CH3)6/Ppy-rGO. It consists of ions that influence the surface charges that
exist on the nanocomposites’ surface. After a quick wash with PBS solution, the ammonium
solution was dropped onto the material, and EIS and CV analyses were performed. The
synergistic combination of the n-type properties of tungsten and the intrinsic characteristics
of rGO led to an increase in the number of active sites and in the electrical conductivity
needed to detect ammonium ions spiked in distilled water. Polypyrrole was anchored on
the surface of the rGO nanosheets by two types of interaction: hydrogen bonding and -7t
stacking, as shown in Figure 5b. The combination of these compounds has resulted in
a large surface area for the fast transport of charge carriers and high availability of active
surface sites for NH4* ions. The addition of tungsten ethoxide to Ppy-rGO has enhanced
the sensitivity due to the availability of multiple pathways for the detection of NH*. The
performance of MOFs-W(OCH;CH3)s /Ppy-rGO is attributed to the hydrogen bonding
between W(OCH3CHs)s and Ppy-rGO, which led to the p-n junction structure [62] as
shown in Figure 5. As the NH4* ions are adsorbed onto the sensor, the resistance increases
due to the presence of electrons from the conduction band, which were transferred via
efficient pathways provided by rGO. Particularly, there are four possible ways of NH;* ion
detection: hydrogen bonding between pyrrole and analytes; phenoxy groups from rGO
and analytes; tungsten ethoxy and the analytes; and ion interaction between oxygen anion
and NHy* ion (Figure 5).

There are many transduction techniques for NH4* ion detection, such as potentiome-
try, differential pulse voltammetry, square-wave voltammetry, colorimetry, amperometry,
conductometry, impedance spectrometry, spectrophotometry, field-effect transistors (FET),
and CV. Common reagents used to detect NH4* ions are Nessler, indophenol blue (IPB),
Berthelot, and Riegler to be used in the spectrophotometry technique. This technique
provides highly accurate data and presents obvious color changes with the presence of
NH,* ions, as shown in Table S8 [7-9,59,63-69]. However, the reagents used have a nega-
tive effect on the environment, as most of them are toxic and corrosive [70]. This optical
approach also requires complicated sample pretreatment and experimental operations [71].
Another approach will be using a FET-based sensor, which is very convenient due to its
fast measurement capabilities, is portable, and allows operation under harsh and corro-
sive environmental conditions [72]. However, the consistency and reliability of sensing
performance will be poor due to the corrosion of electrodes.

4. Conclusions

In summary, facile synthesis of MOFs-W(OCH,CH3s)s /Ppy-rGO nanocrystals has
been demonstrated through chemical reduction and hydrothermal techniques. The combi-
nation of graphene in tungsten-MOF provides high current mobility for improved NH4*
ion detection. The developed electrochemical sensor demonstrates high sensitivity as
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observed from the linear increment in the resistivity of the MOFs-W(OCH,CH3s)s / Ppy-rGO
electrode against increasing concentrations of NHs* ions. The MOFs-W(OCH,CHs)s /Ppy-
rGO electrode exhibited excellent stability towards NH4* ion detection and good re-
covery for a four-week testing period at RT. The cyclic voltammetry showed a large
redox peak current at a scan rate of 100 mVs~!. The LOD and LOQ of the MOFs-
W(OCH,CH3)s/Ppy-rGO upon detection of NH,* ions reached ppb levels at 0.278 M
(9.74 ppb) and 0.843 uM (29.54 ppb), respectively. The CV curves have remained con-
sistent for all concentrations, showing excellent electronic and ionic transport in MOFs-
W(OCH;,CH3)g /Ppy-rGO nanocomposites. The improved electrochemical performance
of the MOFs-W(OCH,CHj3)s/Ppy-rGO after the drop-casted ammonium ions solution
was attributed primarily to the synergistic effects of MOFs-W(OCH,CHj3)s/Ppy-rGO,
which provide outstanding electrochemical performance and, in turn, high charge capac-
ity. The mobility properties of Ppy-rGO were enhanced with the presence of tungsten
ethoxide, resulting in better ion detection. The outcome of this work based on MOFs-
W(OCH,CH3)g/Ppy-rGO is expected to be of interest to sensing in agricultural areas.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11030201/s1. Figure S1: Schematic illustration of
(A) preparation of MOFs-W(OCH,CH3)g / Ppy-rGO-based electrochemical sensor device and analysis
method, and (B) the schematic illustration of SPE device preparation and detection of NH, " ions;
Figure S2: Compilation of EDX image of (A) GO, (B) Ppy-rGO, and (C) MOFs-W(OCH,CHj3)s /Ppy-
rGO, and elemental mapping of carbon for (D) GO, (E) Ppy-rGO, and (F) MOFs-W(OCH,CHj3), /Ppy-
rGO; nitrogen for (G) Ppy-rGO, and (H) MOFs-W(OCH,CHj3)¢/Ppy-rGO; oxygen for (I) GO, (J)
Ppy-rGO, and (K) MOFs-W(OCH,CH3) /Ppy-rGO; sulfur for (L) GO, (M) Ppy-rGO, and (N) MOFs-
W(OCH,CHj3)s /Ppy-rGO; and tungsten for (O) MOFs-W(OCH,CH3)s /Ppy-rGO, respectively; Figure S3:
Full Raman spectra of (A) GO, Ppy-rGO, and MOFs-W(OCH,CH3)s/Ppy-rGO, and (B) MOFs-
W(OCH,CH3)e /Ppy-rGO at 30 wt%, 60 wt%, and 90 wt% of Ppy-rGO added to tungsten ethoxide,
and the full electron spectroscope for chemical analysis (SPCA) energy spectrum for (C) GO, (D)
Ppy-rGO, and (E) MOFs-W(OCH,CH3)s / Ppy-rGO; Table S1: Raman shifts and intensity ratios of GO,
Ppy-rGO, and MOFs-W(OCH,CH3)e /Ppy-rGO; Figure S4: Deconvoluted narrow scan XPS spectrum
of the W4f of MOFs-W(OCH,CHj3)s /Ppy-rGO; Figure S5: XRD spectra of (a) GO, Ppy-rGO, and
MOFs-W(OCH;,CHj3)s/Ppy-rGO, and (b) W(OCH,CH3); Table S2: Crystallite size and XRD data of
the triclinic phase of the nanocomposites; Table S3: Empirical formula calculation based on CHNS/O
database for GO, Ppy-rGO, and MOFs-W(OCH,CH3)4 /Ppy-rGO; Table S4: Concentrations of the
targeted analytes and the recorded charge transfer resistance; Table S5: Weekly Rct value for four
weeks of the testing period; Figure S6: (A) CV curve of W-MOF/Ppy-rGO at different scan rates,
EIS curve of MOFs-W(OCH,CHj3) /Ppy-rGO drop-casted by (B) NaOH and (C) KOH analytes, and
CV curve of (D) NaOH and (E) KOH analytes; Table S6: Reproducibility test with concentrations
of the targeted analytes and the recorded charge transfer resistance; Table S7: Selectivity test with
concentrations of NH;*, Na*, and K* analytes solution and recorded charge transfer resistance;
Figure S7: FESEM images of (A) Ppy-rGO and (B) MOFs-W(OCH,CH3)s /Ppy-rGO after degradation;
Table S8: The performance comparison of the W-MOF/Ppy-rGO-SPE device as an ammonium ions
sensor with the developed ammonium ions sensor. References [7-9,39,41-44,59,60,63-69] are cited in
the supplementary materials.
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Abstract: The detection of acid in different solution environments plays a significant role in chemical,
environmental and biological fields. However, reducing the constraints of detecting environment,
such as aqueous, organic solvents and mixed phases of aqueous and organic phases, remains a chal-
lenge. Herein, by combining N, N, N’, N'-tetrakis(4-aminophenyl)-1,4-phenylenediamine (TPBD) and
terephthalaldehyde (TA) via Shiff-base condensation, we constructed a covalent organic framework
(COF) TPBD-TA COF. The COF exhibits color change from red to dark red as well as fluorescence
quenching with the increase of acid contents in either aqueous or organic solvents, or a mixture of
aqueous and organic solvents, due to the weak donor-acceptor interactions within the COF as well as
the weak proton ionization ability of the solutions. Therefore, regardless of the detection environment,
TPBD-TA COF can realize color and fluorescence dual-response to acid with the detection limit as
low as 0.4 pmol/L and 58 nmol/L, respectively, due to the protonation of the nitrogen atoms on
imine bonds of the COF.

Keywords: covalent organic framework; color change; fluorescence quenching; acid detection

1. Introduction

Covalent organic frameworks (COFs), two-dimensional [1-7] or three-dimensional [8-11]
crystalline porous organic polymers, constructed by organic building blocks through
covalent bonds [12-17] have been applied in energy storage [18,19], gas adsorption and
separation [20,21], catalysis [22], chemical separation [23,24] and optoelectronics [25,26] due to
their controllable structure, easy functionalization, excellent crystallinity and porosity [27,28].
The ordered channels formed by periodic pores of COFs provide more space for host-
guest molecules to interact with each other, which is beneficial for sensing and detecting.
Acid detection in solution plays an important part in environmental surveillance, water
quality, chemical reaction control and medical diagnosis [29]. Photofunctional materials,
especially COFs, play a significant role in the field of detection [30-32]. Using COFs as
chemosensors to detect acid in solution via colorimetric and fluorescence methods with the
advantage of the high sensitivity, fast response and easy operation has already achieved
significant progress. For example, Liu et al. constructed the first fluorescent pH sensor
COF-JLU4 [33] to detect pH in aqueous solution. Wang and his co-workers prepared COF-
HQ, whose emission intensity and colour were sensitive to pH in aqueous solution [34].
Auras et al. synthesized star-shaped dual-pore perylene-based 2D COFs and realized acid
vapor detection in nonaqueous solution [35]. Gao et al. achieved the reversible color and
fluorescent response of VCOF-PyrBpy to acids/pH in water [36]. The above examples
show color switching or/and fluorescence decreasing response to acid in either aqueous or
nonaqueous solutions. However, it is generally difficult to realize acid detection in different
kinds of solutions (aqueous solution, organic solvents and mixture of aqueous and organic
solvents) simultaneously. This is because H* from different solvents will interact with
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the frameworks weakly or strongly, resulting in more or less protonation to change the
intramolecular electronic transitions of the frameworks, and further causing the change of
photophysical properties of the COFs [29,36].

In fact, the protonation of the linkage or linker of COFs will cause the intraframework
charge transfer or change the m-electron conjugation of the framework, thereby altering the
photophysical properties of the COFs; as such, the COFs can be used as chemosensors for
acid detecting. In order to realize acid detection in different kinds of solutions, selecting the
structure of COFs with weak donor-acceptor charge transfer interactions is anticipated. In
this case, different solvents will not induce the obvious charge transfer effect of the COFs,
thereby breaking the detection environmental limitations for acid detection.

Herein, we use N, N, N’, N'-tetrakis(4-aminophenyl)-1,4-phenylenediamine (TPBD)
with rich nitrogen atoms and terephthalaldehyde (TA) to prepare photofunctional TPBD-
TA COF through Schiff-base reaction. The COF exhibits obvious absorption red-shifts in
UV-vis spectra and the fluorescence intensity of the COF decreases with increasing acid
concentration in different kinds of solution (aqueous solutions, organic solvents and mixed
solution of aqueous and organic phases) due to the protonation of nitrogen atoms on imine
bonds. Thus, TPBD-TA COF, which exhibits weak donor-acceptor interactions, can serve as
a versatile chemosensor for detecting acid in different solutions.

2. Materials and Methods
2.1. Materials and Instrumentations

N, N, N/, N'-tetrakis(4-aminophenyl)-1,4-phenylenediamine (TPBD) and terephtha-
laldehyde (TA) were purchased from Leyan. o-Dichlorobenzene, n-BuOH, acetone, tetrahy-
drofuran (THF), ethanol (EtOH), acetonitrile (MeCN), methanol (MeOH), toluene, HCI,
trifluoroacetic acid (TFA), trifluoromethanesulfonic acid (TFMS), 4-methylbenzenesulfonic
acid (TsOH) and benzaldehyde were purchased from Titan.

The solid-state 13C cross-polarization/magic-angle spinning (CP/ MAS) NMR spec-
tra were collected using a Bruker AVANCE III 400 WB spectrometer. The time-of-flight
mass spectra were recorded using a Kratos MALDI-TOF mass system (Bruker, Billerica,
MA, USA). Fourier transform infrared (FT-IR) spectra were recorded on a Vertex 80 V
spectrometer (Bruker, Rosenheim, Germany). The sample was grinded into powder and
dried, then mixed with dried KBr (powder) and pressed into piece. UV-Vis spectra were
recorded with a Shimadzu UV-2550 spectrophotometer (Tokyo, Japan). Fluorescence spec-
troscopy was taken using a Shimadzu RF-5301 PC spectrometer. SEM images were recorded
using scanning electron microscopy (Hitachi Regulus 8100, Hitachi, Japan). A drop of
the aqueous solution was dripped directly onto a silicon wafer and air-dried. The TEM
image was recorded using a JEM-2100F instrument (JEOL Ltd., Beijing, China) with an
accelerating voltage of 200 kV. The sample was prepared by placing a drop of the stock
solution on a 300-mesh, carbon-coated copper grid and air-dried before measurement. The
N adsorption-desorption isotherms were measured using a Quantachrome Autosorb-iQ2
analyzer (Boynton Beach, FL, USA). Powder X-ray diffraction (PXRD) was performed with
a Riguku D/MAX2550 diffractometer (Rigaku, Tokyo, Japan) using Cu-K« radiation, 40 kV,
200 mA at room temperature.

2.2. The Solid-State UV-Vis Absorption Test of TPBD-TA COF on Detecting Acid

TPBD-TA COF was dispersed in aqueous solution, organic solvents and mixed solu-
tions of aqueous and organic solvents with different amounts of acid, then the COF powder
was filtered. The filtered powder was used to perform solid-state absorption spectrum tests.

2.3. The Fluorescence Test of TPBD-TA COF on Detecting Acid

TPBD-TA COF was dispersed in aqueous solution, organic solvents and mixed so-
lutions of aqueous and organic solvents, then certain concentrations of the acid were
gradually added to the COF suspension. The COF suspension (0.5 mg mL~1) with different
concentrations of acid was used to perform fluorescence tests.
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2.4. The Recyclability Test of the COF

The PL spectra of TPBD-TA COF in ethanol solution and after adding TFA were
recorded. Then, we washed the COF with water until the pH of the solvent was 7 and then
dried the COF at 120 °C under vacuum for 4 h for the measurement of PXRD of the COF.
The COF was used to detect acid for next cycle by repeating the above processes.

2.5. The Preparation of COF Filter Paper

Polystyrene (PS) (300 mg) was dissolved in toluene (2 mL) by stirring overnight. Then,
TPBD-TA COF (10 mg) suspension (2 mL) was added into the toluene solution of PS and
stirred at room temperature for several hours. The mixed solution was filtrated on the filter
paper, thereby forming the COF filter paper.

3. Results and Discussion
3.1. Synthesis and Characterization

TPBD-TA COF (Figure S1) was synthesized by using N, N, N’, N'- tetrakis (4-aminophenyl)-
1,4-phenylenediamine (TPBD) as the knot and terephthalaldehyde (TA) as the linker
through Schiff-base reaction [37]. The COF were characterized by powder X-ray diffrac-
tion (PXRD), Fourier transform infrared spectroscopy (FT-IR), solid state '*C CP/ MAS
NMR, thermogravimetric analysis (TGA), field transmission electron microscopy (TEM)
and scanning electron microscopy (SEM).

FT-IR spectra (Figure S3a) and solid-state 13C CPMAS NMR spectra (Figure S3b)
of TPBD-TA COF confirmed the formation of imine bonds (at 1621 cm~! and 156 ppm,
respectively). PXRD measurement (Figure S3c) indicated the crystallinity of the COF. As
shown in Figure S3c, the PXRD profile of TPBD-TA COF displays a series of reflection
peaks at 2.47°, 4.45°, 4.49°, 6.49°, 8.93° and 21.13°, which can be assigned to (100), (110),
(200), (210), (310) and (001) facets of TPBD-TA COF, respectively. The (001) plane at 21.13°
is attributed to 7-7 stacking between the adjacent layers of the COF. In order to investigate
the structure and stacking mode of the COF, theoretical simulations were carried out
using Materials Studio software packages. Pawley refinements with the unit cell (P-3,
a=b=4335A and c = 4.46 A) producing the Pawley-refined pattern of TPBD-TA COF
matched well with the experimental results (Rwp = 7.7%). By comparing the PXRD patterns
of the simulated TPBD-TA COF with the experimental pattern (red curve), it is indicated
that the COFs adopt the eclipsed AA-stacking mode instead of the staggered AB-stacking
mode. The porosity of the COF was proved by nitrogen adsorption measurements at 77 K.
In Figure S3d, a steep N, adsorption at low relative pressure indicates that the COF has
micropores; in addition, there was a hysteresis loop in the degassing process, showing that
the COF has mesopores. The Brunauer—Emmett—Teller (BET) surface area was calculated
to be 510.2 ngfl. The pore size distribution was at 1.73 and 2.94 nm, calculated by using
nonlocal density functional theory (NLDFT). The TEM image (Figure S4a) showed that
TPBD-TA COF manifested a layered stacking structure. The SEM image (Figure S4b)
revealed the COF was microparticles with sheet-like morphologies. In the TGA experiment
(Figure S5), the COF exhibited slight weight loss at about 450 °C under an N, atmosphere,
suggesting high thermostability. To investigate the chemical stability of the COF, we
measured XRD (Figure S6) of the COF immersed in different solvents for 2 days at room
temperature. There was a slight change of the PXRD curves of the COF immersed in
different solvents for 48 h when compared with the original (black curve); however, the
crystallinity of the COF immersed in different solvents was still retained, indicating the
excellent chemical stability of TPBD-TA COFE.

We investigated the photophysical properties of TPBD-TA COF by recording UV-vis
absorption spectra and fluorescence emission spectra. The COF was dispersed in various
solvents, such as acetone, tetrahydrofuran (THF), ethanol (EtOH), acetonitrile (MeCN),
methanol (MeOH) and H,O; we then filtered the powders to perform solid-state UV-vis
absorption tests. As shown in Figure S7, the absorption bands of the COF showed slight
red- or blue-shift with the increase of the solvent polarity, and the fluorescence spectra of
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the suspension in acetone, THF, EtOH, MeCN, MeOH and H,O featured emission peaks
at 623, 633, 635, 624, 637 and 629 nm, respectively (Figure S8); this means that there is no
obvious solvatochromic behavior for the COF in solvents with different polarity since the
weak donor-acceptor structure of TPBD-TA COF will not induce apparent intraframework
charge transfer by increasing the polarity of solvents.

3.2. Acid Sensing

Supported by the chemical stability and photophysical properties of TPBD-TA COF,
we investigated the acid-response properties of the COF in various solutions via UV—Vis
absorption and fluorescence spectra.

As shown in Figure 1b, the absorption spectra of TPBD-TA COF in HCl aqueous
solution displayed a gradual increase in the new absorption bands at the range from
600 nm to 850 nm when the concentration of HCI in water increased from 0 uM to 16.67 uM.
Similarly, the new absorption band emerged with the increasing concentration of TFA in
water (Figure S9a). The response of TPBD-TA COF to inorganic acid (HCI) and organic acid
(TFA) in water solution illustrates that COF can detect different kinds of acid in aqueous
solution. When TsOH, an organic acid, was dispersed in MeCN, the absorption bands of
TPBD-TA COF gradually shifted towards longer wavelengths as the concentration of TsOH
increased (Figure S9b). When the COF was scattered in MeOH and the concentration of
TFA increased from 0 mM to 0.5 mM, the additional absorption band of the COF gradually
emerged in the range from 600 nm to 840 nm (Figure S9c). The response of TPBD-TA COF
to TsOH and TFA in organic solvents demonstrates that COF can detect organic acid in
different organic solvents. The reason for the response of TPBD-TA COF to inorganic and
organic acids is that H* from acid can protonate nitrogen atoms on imine bonds of the COF
(Figure 1a); this will increase the donor-acceptor interaction between TPBD and TA moiety
of the protonated COF, leading to the red-shifted absorption upon successive adding of H*.
Therefore, TPBD-TA COF can be used as an acidochromism sensor to detect both inorganic
and organic acid in aqueous solutions as well as organic acid in organic solvents.
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Figure 1. (a) Protonation process of TPBD-TA COF in acidic solutions, (b) solid-state absorption
spectra of TPBD-TA COF in HCl aqueous solution, (c) color change of TPBD-TA COF in HCl aqueous
solution with increased HCI concentration.
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A pronounced color change of the COF from red to dark red (Figure 1c and Figure S10)
was observed when the COF powders were immersed in various solutions with different
contents of acid.

We attempted to calculate the detection limit of the acid-responsive COF. The re-
lationship between the absorbance change or fluorescence sensing response and acid
concentration was explored using the following equations [38,39]: AA =1 + K[C] (1),
Ip/T=1+K[C] (2), where AA was the absorbance change of the COF before and after acid
addition; Iy was the initial luminescent intensity of the COF suspensions without acid; I was
the luminescent intensity of the COF suspensions with different contents of acid; K was the
absorbance change constant or the quenching constant; and [C] was the concentration of
acid. Then we calculated the limit of detection (LOD) using the following formula [40,41]:
LOD = 35/K (3), where S was the standard deviation of the absorption or fluorescence
response for TPBD-TA COF without adding acid and K was the absorbance change con-
stant or the quenching constant. Therefore, the LOD values for the COF detecting HCl in
H,O, TFA in H,O, TsOH in MeCN and TFA in MeOH were 0.4 pmol L~, 14.7 umol L1,
3.26 umol L1 and 26.7 umol L1, respectively.

Figure 2 illustrates the change in fluorescence intensity of TPBD-TA COF in response
to different acid solutions with varying acid concentrations, as well as the corresponding
LOD values. As shown in Figure 2a, with the addition of HCI in aqueous solution, the
fluorescence intensity of the COF decreases gradually. The change in the fluorescence
intensity maintains a good linear fit with the acid concentrations (Figure 2b), to give an
accurate LOD value. Meanwhile, the fluorescence of the COF can be also quenched by TFA
in aqueous solution (Figure S11a), indicating that the COF can detect acid in water. As
revealed in Figure S11b, when TPBD-TA COF was dispersed in an MeCN solution of TsOH,
the fluorescence intensity of the COF can be obviously attenuated with the increase of acid
concentration from 0 uM to 60 uM. Similarly, the fluorescence intensity of TPBD-TA COF
suspension was quenched by increasing the concentration of TFA in MeOH (Figure S11c).
This fluorescence quenching is attributed to the protonated nitrogen atoms on imine bonds,
which destroy the m-electron-conjugated system of TPBD-TA COF upon acid addition [42].
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Figure 2. (a) Fluorescence spectra of TPBD-TA COF in HCl aqueous solution with different acid
concentration (Aex = 365 nm), (b) the linear relationship between acid content and emission ratios,
(c) emission ratio before and after adding acid, (d) the LOD values of detecting different acid in
different solutions.
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It can be seen from Figure 2c that the COF can detect inorganic acid in aqueous
solutions and organic acid in either aqueous solutions or organic solvents via fluorescence
approaches with the detection limit of 0.099 pmol L 1,0.68 umol L1, 0.058 umol L~ and
0.47 pumol L~ for detecting HCI in H,O, TFA in H,0O, TsOH in MeCN and TFA in MeOH
(Figure 2d), respectively.

The detection ability of the COF toward acid in the mixture of aqueous solution and
organic solvents was further explored by UV—Vis absorption and fluorescence spectra
(Figure 3). As shown in Figure 3a, when the COF was immersed in EtOH solution of TFA
with 5% water, an additional absorption band in the range of 600~800 nm and a red-shift of
the absorption band was observed as the acid concentration increased. When the water
content increased to 10%, 20%, 40%, 60% and 80%, the absorption bands of the COF were
red-shifted gradually to 800 nm (Figures S12a—d and 3b). The red-shifted absorption of the
COF is attributed to the interaction between H* from acid and nitrogen atoms of imine
bonds of the COF. Of course, different kinds of solvents also released H, but it is difficult
to induce apparent intraframework charge transfer effects within the COF with weak
donor—acceptor interaction because the concentration of H* ionized from solvents is very
low. The COF exhibits excellent linear relationships between the absorption change and the
acid content (Figure 3e). The detection limit of the COF to detect TFA in mixed solutions of
EtOH and H,O was in the range of 0.059 mmol L~! ~ 0.24 mmol L~ (Figure 3f).
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Figure 3. Solid-state absorption spectra of TPBD-TA COF in EtOH solutions of TFA with (a) 5% water,
(b) 80% water (V/V) and different acid concentration, fluorescence spectra of TPBD-TA COF in TFA
EtOH solution with (c) 5% water, (d) 80% water (V/V) and different acid concentration, (e) the linear
relationship between acid content and emission ratios/or absorption change, (f) the LOD values of
detecting TFA in EtOH solutions with different amount of water.
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The acid response of the COF to TFA in acetone aqueous solution (Figure S13), TsOH
in MeCN aqueous solution (Figure S14) and trifluoromethanesulfonic acid (TFMS) in EtOH
aqueous solution (Figure S15) indicates that TPBD-TA COF can be used as a colorimetric
sensor to detect acid in different solutions with the LOD ranging from 0.9 umol L~! to
0.22 mmol L1

The fluorescence spectra of TPBD-TA COF in EtOH solution of TFA with different
water (V/V; 5%, 10%, 20%, 40%, 60% and 80%) and different acid concentrations are shown
in Figures 3c,d and S16. These spectra indicate that no matter the amount of water in ethanol,
the fluorescence intensity of the COF is significantly correlated with the acid content, i.e., the
fluorescence intensity gradually decreases with the increase of the acid concentration. In
addition, the COF exhibits a good linear relationship between the emission ratio and the
acid content (Figure 3e). The LOD value was as low as 0.048 mmol L~! (Figure 3f). The
fluorescence quenching effect of the COF was demonstrated in the mixed solutions of water
and organic solvents when increasing the acid concentration of TFA, TsOH and TFMS
(Figures S17-5S19). Because the protonating ability of H* from solvents to nitrogen atoms
on imine bonds is weaker than that of H* from acid, the solvents hardly lead to the change
of m-electron-conjugated system of the COF, thereby facilitating the detection of acid in
different kinds of solution by the COF.

To evaluate the recyclability of TPBD-TA COF as a fluorescent sensor to probe acid,
we recorded acid-dependent fluorescence spectra for five continuous cycles (Figure S20).
The fluorescence was quenched after acid was added, and the color of the COF quickly
turned from red to dark red. The emission can return to similar intensities and the color
of the COF can convert back to red after removing acid from the suspension of the COF
through water washing. Moreover, the crystallinity of the COF remained after five cycles
(Figure 521), demonstrating the responsive reproducibility of TPBD-TA COF to acid.

3.3. Acid Sensing Mechanism

In order to prove the protonated site of the COF, we synthesized the model compound
(1) and tested absorption and fluorescence responses of TPBD and the model compound to
acid, respectively. As shown in Figure S22a, the absorption intensity of TPBD gradually
increases and the absorption bands display an obvious blue-shift with increasing acid
concentration; this is different from the appearance of a new absorption peak of the COF
with the increased acid concentration, illustrating that the acidochromism of the COF does
not originate from the protonation of the free amine. In Figure 522b, a new absorption band
of the model compound gradually emerged from 450 nm to 600 nm as a result of increasing
acid concentration; this is consistent with the acidochromism of the COF, which proves the
acidochromism of the COF is from the protonation of the imine nitrogen of the COF. In
Figure S22¢, the fluorescence intensity of TPBD first decreased and then increased with the
increase of acid concentration; this is different from the gradually decreased fluorescence
intensity of the COF with the increase of the acid concentration, indicating the fluorescence
quenching of the COF is not attributed to the protonation of the free amine. Furthermore,
the fluorescence intensity of the model compound gradually decreases when the acid
concentration increases (Figure S22d). This is consistent with the response of the COF to
acid, illustrating that the emission quenching comes from protonation of imine nitrogen of
the COF.

In order to further investigate the acid sensing mechanism of the COF, we calculated
the electronic cloud distribution of the COF before and after protonation by using Density
functional theory (DFT). Before the addition of acid, partly separation of the electronic
cloud density between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) can be observed, where the electronic cloud of the
HOMO was distributed on TPBD and benzene of TA (Figure S23a); meanwhile, the electron
cloud of the LUMO was primarily distributed on TA (Figure S23b). It means that the COF
had a weak intramolecular charge transfer (ICT) property before protonation, which is
consistent with the photophysical property (Figures S7 and S8). After the addition of acid,
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the nitrogen atoms in imine bonds of the COF were protonated, leading to well-separated
electronic cloud density between HOMO and LUMO. As revealed in Figure S23c,d, the
electronic cloud distribution on HOMO was dominated by TPBD units, while that on
LUMO was dominated by TA units, indicating the formation of charge transfer (CT) state
from TPBD moiety to TA moiety with the increase of acid concentration. Compared with
the non-protonated imine, the protonated imine of the COF is a stronger acceptor, leading
to a lower bandgap from 1.27 eV to 0.70 eV, as well as red-shifted absorption. That is why
we can observe color change of the COF from red to dark red when increasing the acidity.

As shown in Figure 523, when compared with the deprotonated COF, the electron
cloud density distribution of the protonated COF has smaller r-electron-conjugated range.
The damaged m-electron-conjugated system of the COF by the protonation of acid is the
reason for the fluorescence quenching. Meanwhile, the weak H* ionization ability of solvent
can hardly change the 7-electron-conjugated system of the COF and the dipole strength of
donor-acceptor pair neither. This is to say that the solvent has little effect on acid-response
fluorescence of the COF. Therefore, TPBD-TA COF can be applied as a fluorescent acid
sensor to detect acid in different solvents via fluorescence method.

In order to further investigate the acid sensing mechanism of the COF, we calculated
the natural transition orbitals (NTOs) of the deprotonated COF and the protonated COF
(Figure S23e). The holes of the deprotonated COF were distributed on TPBD and TA
moieties, while the electrons were distributed on TA moiety; this indicates that the de-
protonated COF had some charge transfer property in the excited state. However, when
the COF was protonated, the holes were distributed on TPBD unit and the electrons were
primarily distributed on the TA moiety, predicting the obvious charge transfer property of
the protonated COF in the excited state. However, the weak transition oscillator strength
(f =0.0870) led to a low probability of the ICT process, resulting in fluorescence quenching
of the protonated COF.

The electronic cloud distributions of the COF in different solvents (acetone, ethanol
and H,O) were calculated using DFT to prove that different solvents had little effect on
them. As shown in Figure S24a, the electronic cloud between HOMO and LUMO of the
COF in acetone was partly overlapped, illustrating the weak intramolecular charge transfer
interaction within the COF. Meanwhile, the electronic cloud distributions of the COF in
ethanol (Figure 524b) and H,O (Figure S24c) were the same as that in acetone. Moreover,
the electronic cloud distributions of the COF in different kinds of solvents with different
polarity were similar to that of the COF without solvent (Figure S23a), providing more
evidence to prove that the solvents had almost no influence on photophysical properties of
the COF. It endows good properties of TPBD-TA COF in detecting acid in various solutions.

3.4. Acid Sensing Application

The acid detection test paper was prepared by using TPBD-TA COF to detect different
kinds of acids in varied solutions. As revealed in Figure 4a, when different solvents were
dropped on the papers, there was no color change. However, when different solvents with
acid were dropped on the test paper, the color of the paper immediately change from red to
dark-red (Figure 4a).

The acid-responsive properties of TPBD-TA COF endow it with significant application
potential in information encryption. When we wrote a Chinese knot pattern on the COF
filter paper using TFA in EtOH solution, the dark-red Chinese knot pattern was observed,
as shown in Figure 4b. Then, the COF filter paper was exposed to NHj (20-28%) vapor
and the pattern vanished (encrypt information). After the filter paper was heated for about
two minutes, the dark-red Chinese knot pattern appeared on the paper again. This process
could be repeated at least four times, demonstrating the potential application of the COF in
the field of information encryption.
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Figure 4. (a) Changes in color of TPBD-TA COF-based test paper before and after dropping solvents
and acidic solutions, (b) visible picture of TPBD-TA COF filter paper through 0.1 mM TFA writing
and NHj (20-28% aqueous solution) vapor erasing.

4. Conclusions

In summary, we have synthesized a dual-mode acid sensing photofunctional COF
through Schiff-base reaction that can detect acid in aqueous solutions, organic solvents
and mixed solutions of aqueous and organic solvents due to the weak donor-acceptor
interactions within the COF and the weak proton ionization ability of the solvents. The
COF shows obvious color change from red to dark red as acid concentration increases
in different solutions with a good detecting level (LOD = 0.4 umol L~1). In addition,
different concentrations of acid in various kinds of solvents can also cause the decreased
fluorescence intensity of TPBD-TA COF; the LOD value is as low as 0.058 pumol L-1. TPBD-
TA COF breaks the constraints of the detecting environment; this endows it with significant
prospects in future applications for detecting acid in various solutions.
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Abstract: In this work, ZIF-8-derived Co304@ZnO microspheres were prepared by a liquid-phase
concentration-controlled nucleation strategy. The results of the material characterization showed that
Co0304@Zn0O microspheres were obtained, and the surface structure could be controlled with the
concentration of the ligand. Compared with pure Co30O4 microspheres, the operating temperature
of optimized Co304,@ZnO microspheres increased by 90 °C after the gas-sensing test. The response
to 50 ppm acetone of CozO04@ZnO microspheres was 4.5 times higher than that of pure CozOy,
and the detection limit reached 0.5 ppm. Meanwhile, Co304,@ZnO microspheres showed a shorter
response-recovery time and better selectivity. The enhanced-sensing mechanism of the ZIF-8-derived
Co0304@Zn0O microspheres was also analyzed.

Keywords: gas sensor; microspheres; MOF; ZIF-8

1. Introduction

Acetone is not only an important organic solvent but also a respiratory marker of
diabetes. The concentration of acetone in the exhaled breath of a diabetic patient is
1.8 ppm, while the concentration for a healthy person is less than 0.9 ppm. In order
to diagnose diabetes, it is of great significance to prepare an acetone sensor with a detection
limit of the ppb level [1]. Due to the advantages of their small size, low cost, and easy
preparation [2,3], metal-oxide semiconductor (MOS) gas sensors have been widely used
for acetone detection, such as In,O3, SnO;, and Co304 [4-6]. Compared with the n-type
MOS, previous studies have shown that CozO4-based sensors exhibited the features of
lower working temperature and higher selectivity [7,8]. Co3Oy is considered a promising
MOS material for acetone-sensing with low power consumption. The response to 200 ppm
acetone of Co3O4 nanoparticles prepared by Zhang et al. was 2.6 at 190 °C [9]. Park et al.
synthesized Co3zO4 hollow microspheres, and the response to 1000 ppm acetone was 7.5 at
100 °C [10]. However, the application of pure Co3Oy4-based sensors is still limited by their
low sensitivities.

To obtain improved gas-sensing properties of Co3O4-based sensors, a general method
is to prepare heterojunctions. The response to 50 ppm acetone of Co304/ZnO heteroge-
neous material prepared by Zhao’s team was approximately 5.1 times higher than the
value of pure CozOy4 [11]. The response to 5 ppm TMA of Coz04/SnO, heterogeneous
material prepared by Meng'’s team was 7.2 times higher than the value of pure Co3O4 [12].
Therefore, enhanced sensing properties can be obtained by constructing a heterojunction.
The structures of heterogeneous materials include a hybrid heterostructure, a decorated
heterostructure, and a multilayer heterostructure [13-16]. Among them, the decorated
heterostructure is beneficial for gas sensing due to its good synergistic effect between the
core and shell components and larger heterointerface [17,18]. The response to 100 ppm
formaldehyde of InyO3@SnO, heterostructure Nanofibers prepared by Wan et al. was
higher than that of pure InyO3; Nanofibers and pure SnO; nanosheets [19]. A variety of
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decorated heterostructures have been reported as sensing materials, such as In,O;@NiO,
Ce0,@ZnSn0;, and Co304@WOs5 [20-22]. All the reported decorated heterostructures
have shown improved gas-sensing properties.

Metal-organic framework (MOF) materials, with their large specific surface area
and high porosity, have shown great value for application in the fields of gas storage,
energy storage, adsorption, and catalysis [23-25]. Since the porous MOS structure can be
obtained via heating treatment, MOF materials have received extensive attention for the
preparation of sensors [26-28]. More gas adsorption and reaction sites in porous MOS could
significantly enhance the gas-sensing properties [29]. Therefore, more attention has been
paid to the decorated heterostructures prepared by MOF. As a representative MOF material,
ZIF-8 is bridged by 2-methylimidazole and Zn?*. ZnO could be obtained by annealing
treatment of ZIF-8. The material of ZnO exhibits high charge-carrier mobility and high
sensitivity [30,31], and ZIF-8-derived ZnO obtained extensive attention as a gas sensor. The
response to 500 ppb acetone of ZIF-8-derived ZnO@MoS, heterostructures prepared by
Chang’s group reached 1.5 at 350 °C [32]. Zhan et al. prepared ZIF-8-derived SnO,@ZnO
microspheres, which showed a response of 164 to 70 ppm NO, at 300 °C [33]. The excellent
gas-sensing performances benefit from the heterojunction and porous structure. However,
these ZIF-8-derived n-type ZnO heterogeneous materials were always operated at a high
temperature. As a sensing material with low power consumption, CozO,4 with ZIF-8-
derived ZnO coating was rarely reported.

In this work, ZIF-8-derived Co30,@ZnO microspheres were prepared using the liquid-
phase concentration-controlled nucleation strategy. The surface structure was controlled
with the concentration of the ligand. The acetone-sensing properties and mechanism of the
heterostructure were analyzed.

2. Materials and Methods
2.1. Materials

2-methylimidazole (2-MelM, AR), zinc acetate (Zn(COOH3),-2H,0, AR), cobalt nitrate
hexahydrate (Co(NO3),-6H,0, AR), sodium hydroxide (NaOH, AR), ethanol (CH3CH,OH,
AR), and methanol (CH30H, AR) were all bought from Aladdin (Shanghai, China). All the
reagents were utilized without pretreatment.

2.2. Synthesis of Co304 Microspheres

First, 58.21 g Co(NO3),-6H,O was added to 40 mL deionized water to obtain a purple
solution, then 2 g NaOH was added and stirred for 10 min. Second, the supernatant of
the solution was transferred into a 50 mL Teflon-lined autoclave and kept at 180 °C for
5 h. After the reaction, the precipitate was obtained by centrifugation. The precipitate was
washed with ethanol and water three times, and the CozO4 precursor was obtained after
being dried at 70 °C for 3 h. Finally, Co3O4 microspheres were obtained by calcining the
precursor at 500 °C for 2 h.

2.3. Synthesis of Co304,@ZnO Microspheres

Solution A was obtained by dissolving 0.0714 g Zn(COOHj3),-2H,0 in 10 mL of
methanol. Solution B was obtained by dissolving a certain amount of 2-methylimidazole
and 50 mg of the CozOy4 precursor in 10 mL of methanol, followed by sonication for 1 h.
Solutions A and B were mixed and stirred for 30 min. After standing for 24 h, the precipitate
was obtained by centrifugation. The precipitate was washed with ethanol and water three
times, and the precursor of Co30,@ZnO microspheres was obtained after being dried
at 60 °C for 12 h. After being annealed at 500 °C for 3 h, Co30,@ZnO microspheres
were obtained.

The amount of 2-MeIM added was set as 3.7 times, 37 times, and 110 times that of the
molar amount of Zn?*, and the corresponding materials were named CZ-1, CZ-2, and CZ-3.
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2.4. Material Characterization

Scanning electron microscopy (SEM, Apreo 2S, ThermoFischer, Waltham, MA, USA)
and transmission electron microscopy (TEM, Talos F200S G2, ThermoFischer) were utilized
to characterize the morphology and surface structure of the materials. The element com-
positions were analyzed by energy-dispersive X-ray spectroscopy (EDS, QUANTAX EDS,
Bruker, Billerica, MA, USA). The crystal composition and crystallinity were analyzed by
X-ray diffraction spectroscopy (XRD, Ultima IV, Rigaku, Tokyo, Japan). X-ray photoelec-
tron spectroscopy (XPS, ESCALAB Xi+, ThermoFischer) was utilized to characterize the
chemical ingredients and states of the samples.

2.5. Preparation and Measurement of Sensors

The fabrication method of the sensors is consistent with our previous report [34].
Specifically, 10 mg of Co304@ZnO microspheres were mixed with 100 pL of ethanol to
obtain the homogeneous paste, and it was evenly brushed onto the outer surface of a
ceramic tube equipped with a Cr-Ni heating wire and a pair of gold electrodes. After being
annealed at 300 °C for 12 h, the acetone sensor was obtained.

As shown in Figure 1, the test system includes a humidity generator, a test chamber,
and a source meter. The humidity generator is used to generate different humidity environ-
ments. The air was filtered and passed through a saturated salt solution by an air pump.
When the air was introduced into the test chamber, the environment with the required
humidity was obtained and the relative humidity was determined by a humidity sensor.
The measurement of our sensor was performed in an 18 L test chamber whose size was
300 mm x 300 mm x 200 mm. A source meter was used to record the data.

Saturated salt solution

Humidity generator Test chamber
25 |
L Air |
] . |
: l Filter ! - Fan Acetone
I - e = '~ I B
] |
] |
! | | ! Gas sensor
! Empty ! -
| Air pump bottle !
i i
1 |

Source meter SMU

Figure 1. Schematic diagram of gas-sensing test system.

Gas-sensing properties were analyzed by injecting saturated acetone vapor into the
test chamber or exhausting acetone from the chamber as per our previous report [35]. When
acetone gas was injected, the gas was stirred evenly by the fans. The concentration of ace-
tone is adjusted by changing the volume of saturated steam injected into the chamber [36].
The concentration could be calculated by the formula Cg = VzPg/PyV., where Vy is the
volume of acetone injected into the chamber, Py is the saturated vapor pressure of acetone,
Py is the ambient atmospheric pressure, and V. is the volume of the test chamber. After the
test, the acetone gas in the test chamber was replaced with fresh air through the air pump.

The ratios of (Rg — Ra)/Ra were used to describe the sensitivity of the sensors, where
Rg and R, are the resistances of the sensors in target gas and air. The times required to
change the resistance by 90% after injecting or exhausting the target gas were used to define
the response and recovery time.
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3. Results
3.1. Materials Characterization

Figure 2a presents that the Co3Oy particle is a spherical structure with a smooth sur-
face, and the size is approximately 300 nm. As shown in Figure 2b-d, all the samples of
CZ-1, CZ-2, and CZ-3 still maintain spherical structures, but the surface characteristics
have undergone dramatic changes. With the increase in the 2-methimidazole concentration,
Co304 microspheres are gradually covered by nanoparticles, and the surfaces become
rougher when the number of covered grains gradually increased. Therefore, the micro-
spheres with decorated particles can be prepared by this method, and the surface structure
can be adjusted by changing the ligand concentration.

Figure 2. SEM images of (a) Co3Oy, (b) CZ-1, (c) CZ-2, and (d) CZ-3.

The XRD spectra of Co304, CZ-1, CZ-2, and CZ-3 are displayed in Figure 3. The peaks
of Co30y are located at 31.24°, 36.82°, 44.78°, 55.66°, and 59.22°, which correspond to (2 2
0),(311),(400),(422),and (51 1) crystal planes of spinel Co3O4 (JCPDS No.43-1003). The
spectra of CZ-1, CZ-2, and CZ-3 also show identical diffraction peaks of Co30y4, indicating
that Co3Oy4 crystal is formed in these samples. On the XRD spectrum of CZ-3, three different
diffraction peaks are formed from other samples, which are located at 31.6°, 36.24°, and
56.42°. These peaks are indexed to the (1 00), (10 1), and (1 1 0) crystal planes of ZnO. The
results indicate that the CZ-3 contains crystals of Co3O4 and ZnO. However, due to the low
content of ZnO, the three peaks are not observed on the spectra of CZ-1 and CZ-2.

As shown in Figure 4, all the samples were further analyzed by TEM and EDS to
confirm the morphologies and compositions. Figure 4a,b present that pure CozO4 and CZ-1
are both smooth microspheres. Figure 4c,d exhibit that the Co3O4 microspheres are coated
by ZnO nanoparticles and the amount of ZnO nanoparticles gradually increases with the
increase in the 2-methimidazole concentration. In order to verify that CZ-1 is coated by
Zn0O, EDS was used to analyze the element on the surface. Figure 4e,f show that the element
of Zn is evenly distributed on the surface of Co3O4 microspheres. The smooth surface of
CZ-1 can contribute to the small size of ZnO nanoparticles. Figure 4g,h indicate that the
main element in the nanoparticles coated on the microspheres is Zn. Figure 4i shows that
the lattice width of the nanoparticles coated on the microspheres is 0.26 nm and is indexed
to the (0 0 2) crystal plane of ZnO. The results indicate that Co304@ZnO microspheres are
obtained by the liquid-phase concentration-controlled nucleation strategy.
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Figure 3. XRD spectra of (a) CozOy, (b) CZ-1, (c) CZ-2, and (d) CZ-3.
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Figure 4. TEM images of (a) Co30y, (b) CZ-1, (¢) CZ-2m and (d) CZ-3. EDS mapping images of
(e,f) CZ-1 and (g,h) CZ-2. (i) HRTEM images of CZ-2.

Figure 5a shows that the elements of Zn, O, and Co are presented on the XPS spectrum
of CZ-2, while only Co and O appear in CozO4. Figure 5b shows the high-resolution
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XPS spectrum of Zn 2p in CZ-2, which includes two peaks corresponding to Zn>* [37].
Therefore, it is further proved that the nanograins coated on Co30,4 microspheres are ZnO.
Figure 5c presents the Co 2p spectra of CozO4 and CZ-2. The fitting peaks located at
797 eV and 782.5 eV are associated with Co?*, while the fitting peaks located at 795 eV and
779.5 eV correspond to Co®*. This demonstrates the existence of Co3O, particles in the
samples [38]. Figure 5d presents the O 1 s spectra of Co304 and CZ-2. The three different
fitting peaks are related to lattice oxygen (OL), oxygen vacancies (Oy), and absorbed oxygen
(Oc) [39]. Among these, Oy is the key component to affect the gas-sensing performance.
The gas-sensing property is attributed to the redox reaction between the target gas with
oxygen adsorbed on the surface of the sensing material. As the donor, the oxygen vacancies
provide sites for oxygen adsorption and reaction [40]. The area ratio Oy in CozOy is 29.8%,
while that in CZ-2 is 39.1%. The Oy proportion of CZ-2 is higher than that of pure CozO,.
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Figure 5. XPS spectra of (a) full survey for CZ-2 and Co30;. High-resolution XPS spectra of (b) Zn
2p, (c) Co2p,and (d) O 1s.

3.2. Gas-Sensing Properties

The sensing properties of the material are always affected by the operating temperature.
Figure 6a shows the resistances of four samples in the air at a temperature ranging from
130 °C to 280 °C. The resistance of all the samples decreases significantly as the temperature
increases. Because of the heterojunctions, the resistance of Co304@ZnO microspheres is
higher than that of pure CozOy. The resistance of CZ-2 and CZ-3 even exceeds the range
of the source meter at temperatures lower than 190 °C, making it impossible to accurately
measure the resistance values. Figure 6b shows the responses of four sensors to 50 ppm
acetone, operated at a temperature ranging from 130 °C to 280 °C. Co304, CZ-1, CZ-2, and
CZ-3 reach the maximum response at 160 °C, 190 °C, 250 °C, and 250 °C. The optimal
operating temperatures of all the Co;0,@ZnO microspheres are higher than the value of
pure Co3Oy4 because of the presence of n-type MOS. Among them, CZ-2 shows the highest
response at 250 °C, and the resistance in the air is approximately 600 k). The response
value of CZ-2 is 4.5 times higher than the value of pure Co304. Therefore, the acetone
sensitivity of Co3Oy is enhanced by the ZIF-8-derived ZnO.
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Figure 6. (a) Resistances in air and (b) responses to 50 ppm acetone of four samples at different
operating temperatures.

The responses of pure CozO4 and CZ-2 to 0.5-100 ppm acetone at the optimal operating
temperature are displayed in Figure 7a. The response values of CZ-2 are larger than the
values of Co304. Compared with pure Co3Oy, the detection limit of CZ-2 reaches 500 ppb.
As shown in Figure 7b, the response and recovery times of CZ-2 are 32 s and 98 s, which
are shorter than that of pure CozOy. Therefore, the sensitivity and response-recovery rates
of Co30y are improved by the ZIF-8-derived ZnO.
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Figure 7. (a) Dynamic response curves of pure Co3O, and CZ-2 to 0.5-100 ppm acetone. (b) Response-
recovery curves of pure Co3Oy and CZ-2 to 50 ppm acetone.

As shown in Figure 8a, the responses of pure Co3O4 and CZ-2 to 50 ppm of different
gases were tested at the optimized temperatures. The two samples show the highest
response to acetone, which means that the two sensors have a selective response to acetone.
To quantitatively investigate the selectivity of the two sensors, the ratios of Syhers/ Sacetone
are used and listed in Figure 8b, where Sacetone and Sothers are the responses of the sensor
to acetone and other gas. Figure 8b presents that CZ-2 has lower ratios than pure CozOy,
which means that CZ-2 has better selectivity. According to the ratios, the selectivity of the
sensor depends on the sensitivity of different gases, and the sensitivity of different gases
is related to the reaction intensity of the gas on the surface of the sensing material. Due
to the reaction intensity being influenced by the amount of adsorbed gas on the surface
and the reaction energy, the material composition and working temperature are key factors
to determine the selectivity, and the sensor exhibits the highest reaction intensity at the
optimal operating temperature [13]. Compared with Co30y4, the acetone reaction intensity
on the surface of CZ-2 is enhanced more than other gases, resulting in improved selectivity.
The results show that the selectivity of Co3Oy is enhanced by ZIF-8-derived ZnO.
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Figure 8. (a) Response to 50 ppm different gases and (b) ratios (Sothers/ Sacetone) of pure CozOy4 and
CZ-2. (c) Cycle response curves and (d) response curves of CZ-2 during 6 days to 50 ppm acetone.

In order to evaluate the stability of the sensor, the multi-cycle tests of CZ-2 to 50 ppm
acetone are shown in Figure 8c. The response curves of CZ-2 remain stable during the
multi-cycle tests. The response curves of CZ-2 to 50 ppm acetone over 6 days are presented
in Figure 8d. The responses of CZ-2 remain stable, and the relative standard deviation is
4.02%. The results exhibit that Co304@ZnO microspheres display good stability.

The response to acetone of CZ-2 was also investigated in an environment of relative
humidity (RH) ranging from 30% to 80%. In order to quantitatively evaluate the anti-
humidity property of CZ-2, the ratios of Syhers/S30 Were used as a comparative quantity,
where S3p and Sghers are the response in the environment of 30% RH and other RH. Figure 9
shows the ratios of CZ-2 as a function of relative humidity. As the humidity increased from
30% to 80%, the response of the CZ-2 decreased by 31% compared to the original. When
the sensor is in a high-humidity environment, water molecules will adsorb on the surface
of sensing materials and react with oxygen ions. A hydroxyl group with less activity is
generated, and the sensitivity of the sensor decreases [41].
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Figure 9. Response ratios (Sohers/ S30) of CZ-2 as a function of relative humidity.
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The acetone-sensing properties of different CozO4-based sensors in this work and the
previous reports are listed in Table 1 [42—46]. The ZIF-8-derived CozO04@ZnO microspheres
exhibit better sensitivity and a lower detection limit compared with the previous reports.

Table 1. Comparison of the gas-sensing performances of Co3O4-based sensors to acetone.

Operating Detection

Material Temperature Response Limit References
Co304 rectangular rods 200 °C 1.94 (50 ppm) 5 ppm [42]
Co0304/Fe;03 hollow cubes 250 °C 2.27 (100 ppm) 1 ppm [43]
Co0304/NiCo,04 nanocages 238.9 °C 2.09 (100 ppm) - [44]
PAO-Co304 hollow Nanocages 350 °C 1.51 (5 ppm) 0.1 ppm [45]
Co0304/ZnSnO;3 nanorod array 250 °C 2.61 (100 ppm) - [46]
C0304@Zn0O microspheres 250 °C 2.3 (50 ppm) 0.5 ppm This work

4. Discussion

The sensing mechanism of MOS is similar to the description of the previous report [47].
As shown in Figure 10a, when Co30j is in the air environment, the electrons in the material
are captured by the absorbed oxygen molecules to form oxygen ions. A hole-accumulating
layer is formed on the surface of the material [48]. The adsorption processes of oxygen
are expressed by Formulas (1)—(3). As shown in Figure 10b, when Co30y is in acetone, the
acetone molecules react with the oxygen ions and electrons are released into the sensing
material. The reaction processes between oxygen ions with acetone molecules are expressed
by Formulas (4) and (5). Due to the reaction, the hole-accumulating layer becomes narrow.
For the sensing material of Co30y, the accumulation layer is a conducting channel, and a
change in the accumulation layer directly affects the response value.

Oy(gas) = Oy (ads) 1)

Oy(ads) + e~ — O, (ads) 2)

O, (ads) + e~ — 20" (ads) 3)

CH3COCHj3(gas) + 40, (ads) — 3HyO(gas) + 3COx(gas) + 4e™ 4)
CH3COCHj3(gas) + 80 (ads) — 3COz(gas) + 3H,O(gas) + 8e™ (5)

As the test results show, ZIF-8-derived Co304@ZnO microspheres present a p-type
semiconductor behavior. The improved acetone-sensing properties of CZ-2 contribute to
the formed p-n heterojunction between ZnO with CozOy, the increased oxygen vacancy of
material, and the porous structure of MOF-derived ZnO.

Firstly, the formed p-n heterojunction between ZnO and Co3z0y is the key reason for
the enhanced gas sensitivity. As Figure 10c,d show, the band gaps of ZnO and Coz0Oy are
3.37 eV and 1.6 eV. When they are in contact, the carrier flows between ZnO with CozO4
to make the Fermi level equilibrium. The depletion layers are formed on the interface of
two materials, and the resistance primarily depends on the width of the depletion layer.
When the sensor is in the air, the reactions of Formulas (1)-(3) occur on the Co30,@ZnO
microspheres. The electrons flowing from ZnO to Co30O; decrease, which causes a decrease
in the width of the hole-depleting layer on the Co304 side [49]. When acetone gas is
introduced, the reactions of Formulas (4) and (5) occur on the material, leading to the hole-
depleting layer increasing. For the Co30,@ZnO microspheres, the resistance change rate
caused by the depletion layer is significant, leading to higher sensitivity. Secondly, oxygen
vacancy is an active site, which provides a venue for oxygen adsorption and reaction [40].
From XPS characterization, it is clear that the Oy component of CZ-2 is higher than that of
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pure CozOy. This indicates that more sites of oxygen adsorption and reaction are present
on the surface of Co304@ZnO microspheres. Finally, the porous structure derived by ZIF-8
is also a favorable channel for acetone gas transmission. With the porous structure, the
gas reaches the interface of the heterojunction more easily. Therefore, the acetone-sensing
properties of Co304@ZnO microspheres are improved.

In Air In Acetone
CH;COCH;4 _COZ + H,0

Hole accumulation layer Hole accumulation layer

o CH;COC% CO, + H,0

Depletion layer

Depletion layer

Figure 10. Schematic diagram of energy band structure of (a) pure Co3Oy in air, (b) pure Co304 in
acetone, (¢) Co30,@Zn0O in air and (d) Co304,@Zn0O in acetone.

5. Conclusions

ZIF-8-derived Co030,@Zn0O microspheres were prepared by a liquid-phase
concentration-controlled nucleation strategy. This work indicated that the ZIF-8-derived
surface structure could be controlled by changing the ligand concentration. Compared with
pure Co30y4, the Co304@ZnO microspheres presented improved acetone-sensing properties.
The sensor presents higher sensitivity, a faster response-recovery rate, and better selectivity
and stability. This work shows that the preparation of an MOF-derived heterostructure is
an effective way to enhance the gas-sensing performance of MOS materials.
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Abstract: The expansion of global industry results in the release of harmful volatile acid vapors
into the environment, posing a threat to various lifeforms. Hence, it is crucial to prioritize the
development of swift sensing systems capable of monitoring these volatile acid vapors. This initiative
holds great importance in safeguarding a clean and safe environment. This paper presents the
synthesis and characterization of pyrene-based covalent organic frameworks (COFs) that exhibit
exceptional crystallinity, thermal stability, and intense fluorescence. Three COFs—PP-COF, PT-COF,
and PE-COF—were synthesized, demonstrating large surface areas and robust thermal stability
up to 400 °C. The fluorescence properties and intramolecular charge transfer within these COFs
were significantly influenced by their Schiff base bonding types and 7-stacking degrees between
COF layers. Notably, PE-COF emerged as the most fluorescent of the three COFs and exhibited
exceptional sensitivity and rapid response as a fluorescent chemosensor for detecting HCI in solution.
The reversible protonation of imine bonds in these COFs allowed for the creation of highly sensitive
acid vapor sensors, showcasing a shift in spectral absorption while maintaining structural integrity.
This study highlights the potential of COFs as reliable and reusable sensors for detecting harmful
acid vapors and addressing environmental concerns arising from industrial activities.

Keywords: acid vapor; sensor; COF; pyrene; film

1. Introduction

The rapid evolution of human lifestyles has led to significant environmental changes,
particularly concerning air pollution, which poses a serious threat to both environmental
and human well-being [1,2]. Among various air pollutants, hydrogen chloride (HCI) gas
stands out due to its contribution to acid rain, generation of dioxins, and severe health
effects, including respiratory issues and mucosal damage [2-5]. HCI’s origins in incinera-
tion plants, pharmaceutical, and metallurgical sectors, among others, necessitate effective
monitoring to prevent environmental and health hazards [3,5]. Recent incidents of HC1
vapor leaks in various locations globally underline the urgency of developing efficient
detection methods [6,7]. Thus, the development of a highly sensitive platform for detecting
hazardous HCI vapor becomes imperative to monitor and avert accidental threats. In recent
years, several approaches like optochemical, optical, gas chromatographic, and electro-
chemical sensors have been developed for detecting HCI vapor, each with its limitations,
such as time-consuming analysis, low sensitivity, and high cost [8]. Presently, there is a
growing demand for improved sensing materials capable of detecting HCI with remarkable
sensitivity, focusing on materials like metal oxides, lanthanide complexes, and conducting
molecules and aiming for lower detection limits [9]. Among these, conducting materials
draw significant attention due to their conductivity arising from conjugated m—7t bonds,
enabling their utilization in electrical and optical sensor devices [9]. Organic 7-conjugated
small molecules offer distinct advantages, including customizable structures, mechanical
flexibility, and solution processability, making them promising candidates for cost-effective,
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portable gas sensors operable at room temperature. However, challenges persist in fabricat-
ing organic semiconductor gas sensors, including issues related to sensitivity, recovery, and
response time [9,10]. Over the years, various sensor technologies have been developed to
detect gaseous HCl, including conductometric, amperometric, solid electrochemical, and
optochemical sensors. However, these methods suffer from drawbacks, such as prolonged
response times, limited sensitivity, high operational costs, and safety concerns. In light of
these challenges, there is an urgent need for the development of more accessible, efficient,
rapid, and safer sensors capable of onsite detection to effectively identify the presence
of HCL

In this context, Within the dynamic sphere of material science, covalent organic frame-
works (COFs) have rapidly ascended as pivotal materials, especially in the cutting-edge
field of sensor technology [11-13]. These crystalline, porous structures that are ingeniously
bonded by strong covalent connections between light elements, span a remarkable range
of applications from gas storage and pollutant removal to catalysis, adsorption, and opto-
electronics [14]. Their deployment in the specific arena of chemical sensing, with a notable
emphasis on HCI gas detection, exemplifies their expansive utility. Distinguished by their
extensive surface areas, superior thermal resilience, and the capacity to form highly fluores-
cent frameworks, COFs transcend the traditional barriers faced by non-fluorescent variants.
This advancement not only showcases their adaptable architectures and exceptional ma-
terial qualities but also positions COFs at the forefront of research in material science,
particularly as the exploration of their sensing capabilities continues to grow, heralding a
new era of sensor development [15,16].

In this study, we synthesized three highly stable 2D COFs—PP-COF, PT-COF, and
PE-COF—showcasing remarkable Brunauer-Emmett-Teller (BET) surface areas of up to
1350 m? g~!. These COFs were created through Schiff base formation under solvother-
mal conditions, employing 4,4’ 4" ,4"""-(pyrene-1,3,6,8-tetrayl)tetraaniline and three distinct
formyl species: 4,4',4"-(1,3 5-triazine-2 4,6-triyl)tribenzaldehyde, hexakis (4-aldehyde phe-
noxy) cyclotriphosphazene, and 4,4',4” 4"'~(ethane-1,1,2,2-tetrayl)tetra benzaldehyde, as
illustrated in Scheme 1. Capitalizing on their substantial surface areas, exceptional stability,
and strong fluorescence, these COFs demonstrated their capacity as sensitive chemosensors
for detecting HCl. Among the COFs studied, PE-COF initially emits a faint yellow fluores-
cence. However, upon exposure to solid-state HCI gas, it rapidly transforms into a vibrant
dark orange emission in less than a second. This swift and notable color shift is easily
observable to the naked eye under regular visible light. Our study aims to showcase an in-
novative system capable of detecting toxic acid vapors. Highlighting its ease of processing,
cost-effectiveness, portability, and functionality under ambient conditions, we demonstrate
its potential in constructing an electronic prototype for on-field applications. Our goal is to
illustrate how this technology revolutionizes real-time monitoring of hazardous substances.
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Scheme 1. Synthesis details for PE-COF, PT-COF, and PP-COF, outlining catalysts, solvents, reaction
times, and temperatures: (A) PE-COF is created with a mesitylene/1,4-dioxane solution (1:1 v/v,
2mL) and AcOH (6 M, 0.2 mL), and is heated for 3 days at 120 °C. Both (B) PT-COF and (C) PP-COF
are made using a DCB/n-BuOH mix (9:1 v/v, 1.5 mL) with AcOH (6 M, 0.3 mL), and are heated for
5 days at the same temperature.

2. Results and Discussion

In this investigation, we capitalize on the distinctive electron configuration inher-
ent in imine linkages to serve as the defining functional constituent within a series of
two-dimensional covalent organic frameworks (COFs). These COFs were meticulously
synthesized using 1,3,6,8-tetra(aminophenyl)pyrene (TAPA, as depicted in Scheme 1) as
a foundational building block. Upon subjecting the imine bonds within these materi-
als to protonation, our observations reveal a noteworthy redshift in absorption, partic-
ularly in the near-infrared region, accompanied by the emergence of absorption bands
induced by protonation. Importantly, these alterations manifest without compromising
the structural integrity or crystalline attributes of the frameworks. We designed and
created three COFs with outstanding stability and porosity using Schiff base reactions,
as shown in Scheme 1. In the synthesis of pyrene-based covalent organic frameworks
(COFs), the approach centered on employing 1,3,6,8-tetra(aminophenyl)pyrene (TAPA)
as a pivotal four-connected building block, serving as an amine linker. This strategic
choice aimed to capitalize on TAPA’s structural versatility. The coupling of TAPA with
diverse compounds, including 4,4/ 4" ,4"'-(ethane-1,1,2,2-tetrayl)tetra benzaldehyde (ETBA)
(Scheme 1A), 4,4',4"-(1,3,5-Triazine-2,4,6-triyl)tribenzaldehyde (Scheme 1B), and hexa(4-
formyl-phenoxy)cyclotriphosphazene (Scheme 1C). The synthesis process yielded three
distinct two-dimensional (2D) structures termed PP-COF, PT-COF, and PE-COEF. Detailed
methods for synthesizing organic linkers, including reagents, reaction conditions, and
purification techniques, are provided. The supporting data (SI, Section S2, Schemes 51-53
and Section S3, Figures S1-56) encompass comprehensive characterization techniques,
such as spectroscopic analysis (e.g., NMR). The creation of the three targeted COFs uti-
lized a solvothermal technique [17]. Acetic acid served as a catalyst, and the building
blocks were suspended in a solution composed of a mixture of (mesitylene/1,4-dioxane) or
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o-(dichlorobenzene/n-butanol). Subsequently, the compounds were subjected to solvother-
mal conditions at 120 °C for 3-5 days (SI, Section S4). The successful creation of imine
bonds was shown by the FI-IR spectroscopy study of PP-COF, PT-COF, and PE-COF,
which showed strong stretching vibrations of the C=N unit in the range of 1622-1625 cm™!.
Further evidence of the success of the Schiff base condensation process was provided by
the spectra, which also revealed the removal of the N-H (3439-3398 cm ) stretching vibra-
tions from the amino group in the amine linker and the C=0 (1648-1660 cm~!) vibration
from the aldehyde linker (SI, Section S5, Figure S7). To examine the porous architectures
of PP-COF, PT-COF, and PE-COF, nitrogen sorption isotherms at 77 K were employed
(Figure 1A). Prior to the nitrogen sorption measurement, the COF samples underwent
an overnight pretreatment at 100 °C in a vacuum. The nitrogen absorption of PP-COEF,
PT-COF, and PE-COF displayed rapid increments at lower pressures (P/Py = 0 to 0.1),
showecasing their microporous characteristics. The Brunauer-Emmett-Teller (BET) surface
area measurements revealed values of 1350 m? g~!, 1098 m? g~!, and 730 m? g~ for
PP-COF, PT-COF, and PE-COF, respectively. Evaluation of the total pore volumes at a
P/Py ratio of 0.99 showcased a notable pore volume of 1.83 cm® g1 for PP-COF, surpassing
both PT-COF (0.98 cm® gfl) and PE-COF (1.23 cm? gfl). Furthermore, nonlocal density
functional theory (NLDFT) was employed to determine the pore sizes of the three COFs.
The results revealed pore sizes of 16 A and 18 A for PP-COF and 12 A and 17 A for both
PT-COF and PE-COF (Figure 1B).
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Figure 1. (A) Nitrogen sorption isotherms of PP-COF, PT-COF, and PE-COF, at 77 K, with e
representing adsorption and O representing desorption; (B) Pore size distributions of PP-COF, PT-
COF, and PE-COF.

The crystalline characteristics of PP-COF, PT-COF, and PE-COF were investigated
through powder X-ray diffraction (PXRD) analysis, as depicted in Figure 2. In the PXRD
diffractograms of PT-COF (Figure 2A), distinct peaks corresponding to the (100), (110),
(200), (210), (300), and (001) reticular planes were observed at 3.98°, 5.06°, 9.34°, 11.68°,
14.85°, and 24.80°, respectively. Similarly, the PXRD pattern of PP-COF (Figure 2B) exhib-
ited peaks at 2.68°, 5.58°,9.82°, 12.54°, and 23.35°, which were attributed to the (110), (102),
(200), (004), and (204) reticular planes, respectively. In the case of PE-COF (Figure 2C), six
distinctive peaks were identified, with the most intense peak at 5.56°, corresponding to
the 100 facet, while others appeared at 6.78°, 7.31°, 9.52°, 11.67°, and 12.98°, representing
the (110), (210), (220), (300), and (001) reticular planes, respectively. To gain comprehen-
sive insights into their structures, the PXRD patterns of the investigated COFs underwent
simulation via the Pawley refinement technique. The simulated PXRD patterns (depicted
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by the red curve in Figure 2A-C) exhibited close alignment with the experimental PXRD
patterns (depicted by the black curve in Figure 2A—C). This agreement is evident from
the difference pattern (indicated by the green curve in Figure 2A-C), which confirms the
accuracy of the structural analysis. In the case of PT-COF (Figure 2A), the experimental
PXRD pattern exhibited strong conformity with the simulated patterns derived from the
AA-staggered stacking model, displaying favorable agreement factors (Rp = 1.33% and
Rwp = 2.67%) with optimized parameters (a =b =19.46 A, c =3.64 A, x = # = 90°, and
v = 120°, resulting in a unit cell volume of 1279.51 A3). For PP-COF, the cell parameters
were finetuned through Pawley refinements, showcasing minimal distinction between
the experimental curve and simulated profiles produced by the AA-staggered stacking
model (a=b =30.17 A, c=343A, o= 3 =90°, and y = 120°, leading to a unit cell volume
of 2704.10 A3), yielding negligible residuals (Rp = 1.23% and Rwp = 3.27%) (Figure 2B).
Moreover, the experimental PXRD patterns of PE-COF (Figure 2C) strongly aligned with
the XRD pattern generated from the AA-eclipsed stacking models, indicating excellent
agreement. Conversely, significant disparities were observed when comparing the pattern
derived from their corresponding AB’ staggered stacking model with the experimental
results. The refined unit cell parameters for PE-COF were determined as a = 21.23 A,
b=2120 A, c =437 A, with « = B =v =90° revealing residuals of Rwp = 3.13% and
Rp = 4.27% and a unit cell volume of 1964.51 A3 (SI, Section S5, Figure S8) and (SI,
Section S10, Tables S1-S3).
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Figure 2. PXRD patterns of (A) PT-COF, (B) PP-COF, and (C) PE-COF.

In our investigation, we aimed to assess the chemical and thermal stability of the syn-
thesized PP-COF, PT-COF, and PE-COF for potential practical applications. Our findings
revealed that these COFs exhibited exceptional stability, rendering them highly desirable for
applications requiring resistance to chemical reactions and elevated temperatures. Through
thermogravimetric analysis (TGA), we observed that these COFs demonstrated outstanding
thermal stability. Even at high temperatures, they maintained their structural integrity
without significant weight loss or decomposition. Notably, these COFs exhibited no signs
of breakdown until reaching 400 °C in a nitrogen environment. Furthermore, we con-
ducted chemical stability tests on the PP-COF, PT-COF, and PE-COF samples in various
solvents at room temperature over a 24-h period. These solvents included boiling water,
ethanol, N,N-dimethylformamide, dimethylsulfoxide, 3 M HCl at 25 °C, and 3 M NaOH at
25 °C. Surprisingly, post-testing, the PXRD patterns of the COF samples remained robust
and unchanged, indicating the preservation of their remarkable crystallinity even under
challenging conditions (SI, Section S6, Figures S9-511). This study confirms the robust
chemical stability of PP-COF, PT-COF, and PE-COF, making them ideal candidates for
functionalization. The appeal of these COFs as chemically and thermally stable materials is
further amplified by their crystalline structure and porous attributes. To facilitate spectro-

52



Chemosensors 2024, 12, 37

scopic analysis and sensor uses, we grew thin films of PT-COF, PP-COF, and PE-COF on
fused silica (SI, Section S4). Despite the susceptibility of imine nitrogen atoms to strong
acid protonation, the closely packed 2D COF structures provide stability against hydrolysis,
enabling complete and reversible protonation even in humid conditions without notable
degradation [18]. To figure out the sensing mechanism of PT-COF, PP-COF, and PE-COF
toward HCl, we recorded FT-IR spectrum of the sample of PT-COF, PP-COF, and PE-
COF treated with gaseous HCl (termed PT-COF-HCI, PP-COF-HCI], and PE-COF-HClI).
Compared with the IR spectra of pristine PE-COF, PT-COF, and PP-COF, the most appar-
ent changes are highlighted in pink where new peaks at approximately 1658, 1660, and
1655 cm ™! alongside a reduced intensity in the C=N band (1622-1625 cm !, Figure 3A-C).
These alterations signify the formation of protonated imine bonds (C=NHY), a result of the
swift protonation of imine nitrogen atoms by HCI gas [19].
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Figure 3. Comparison of the deprotonated and protonated (A) PE-COF, (B) PT-COF, and (C) PP-COF,
and powders. The most apparent changes are highlighted in pink. The protonation leads to the
appearance of the C=NH* stretching mode around 1655-1660 cm !, accompanied by an attenuation
of the imine C=N stretching mode around 1622-1625 cm™!.

The photophysical characteristics of our COFs were investigated by analyzing their
fluorescence emission spectra in a solution. The COFs were dispersed in 1,4-dioxane at
a concentration of 1 mg mL~!, followed by excitation of the suspensions using light at
a wavelength of 366 nm. The resulting fluorescence spectra of PT-COF, PE-COF, and
PP-COF exhibited emission maxima at 450, 525, and 510 nm, respectively. These dis-
tinct emission peaks indicate the unique fluorescence behavior inherent in each COF
variant. These features encouraged us to investigate the sensing properties of our COFs
toward HCL

Interestingly, upon exposure to HCI gas, suspensions of PT-COF and PP-COF
(1 mg mL~!) in 1,4-dioxane underwent a notable color shift, swiftly transitioning from yellow
to dark brown. Subsequent exposure to triethylamine vapor facilitated the rapid restoration
of the COF’s original yellow color, highlighting the remarkable reversibility inherent in the
process of sensing gaseous HCl. Additionally, these color changes were visibly apparent and
occurred within response times of less than 1 s—significantly faster than those of previously
reported HCl sensors [20]. A video showing the repeated protonation and deprotonation of a
pyrene COF film (PP-COF) is supplied in the SI. Similar color transformations were observed
in PE-COF from yellow to dark orange upon exposure to HCl vapor demonstrates strong
interactions between our synthesized COFs and HCI molecules.

The reversibility of the color change remained uncompromised even after the COFs
were subjected to 10 cycles of alternating treatments with HCl and triethylamine (TEA).
This endurance underscores the robustness of the COFs in maintaining their reversible
properties. Given the distinct and rapid color change that is perceptible without aid, this
porous material stands as a commendable candidate for detecting HCI gas. To delve
deeper into the structural impact of HCI gas followed by TEA gas exposure, the PT-
COF, PP-COF, and PE-COF powders underwent analysis using powder X-ray diffraction
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(XRD) and Fourier-transform infrared spectroscopy (FT-IR). As depicted in (SI, Section S7,
Figures S12 and S13), minimal changes were observed in the major peaks of both the pow-
der XRD patterns and IR spectra before and after exposure to HCI/TEA gas. These subtle
alterations suggest that the fundamental framework of PT-COF, PP-COF, and PE-COF
remained largely intact despite exposure to HCl/TEA gas, indicating their robustness in
withstanding chemical exposure without significant structural damage.

The influence of varying HCI concentrations on COF fluorescence was studied us-
ing a 1,4-dioxane solution of HCI due to challenges in precisely monitoring gaseous HCI
concentrations. The fluorescence spectra of the PT-COF, PP-COF, and PE-COF suspen-
sions in 1,4-dioxane revealed distinct responses to different HCl levels (Figure 4). At
1 mmol L~! HCI, the fluorescence emission maxima significantly decreased at 450 nm,
525 nm, and 510 nm for PT-COF, PE-COF, and PP-COF, respectively, while new peaks
emerged at 540 nm, 625 nm, and 611 nm. These signals vanished at 5 mmol L1 HCl,
with subsequent gradual increases from 1 to 50 mmol L™, showing no further changes in
emission. Calibration curves for HCI concentrations (1 to 50 mmol L~1) exhibited linear cor-
relations at 540 nm, 625 nm, and 611 nm, demonstrating detection limits of approximately
17,10, and 20 nmol L~ for PT-COF, PE-COF, and PP-COF, respectively (SI, Section 57,
Figure S14).
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Figure 4. Fluorescence spectra of (A) PT-COF, (B) PE-COF, and (C) PP-COF (1 mg/mL) collected
from its 1,4-dioxane suspension with different concentrations of HCI (Aex = 366 nm). The insets
highlight the color transformation of COF films upon protonation: PT-COF from yellow to dark
brown with 1 mmol of HCl, PE-COF from yellow to orange, and PP-COF from yellow to brown,
visually demonstrating the protonation impact on each COF type.

The sensing mechanism of PT-COF, PE-COF, and PP-COF toward HCl involves the
probable protonation of imine nitrogen atoms within the COF skeletons when exposed to
an HCl atmosphere. This protonation influences the conjugated structure of COF, leading
to significant changes in fluorescence emission and color. Unlike many HCl-responsive
materials found in the literature, where protonation sites typically locate at heteroaromatic
nitrogen or amino units, in PT-COF, PP-COF, and PE-COF, protonation occurs on abundant
and periodically distributed imine nitrogen atoms within the imine-linked COF skeletons.
As demonstrated by Ascherl et al. [15], the resulting protonated imine (C=NH*) groups in
COF structures act as stronger electron acceptors than their free imine (C=N) counterparts,
accelerating charge transfer toward pyrene units, potentially causing a red-shift in transition
photoexcitation energies. Specifically, PE-COF rapidly turned dark orange from yellow
when exposed to HCI vapor (Figure 5A), showcasing swift nitrogen atom protonation.
Its fluorescence peak shifted from 525 nm to 625 nm with HCl and reverted to 525 nm
post-TEA treatment (Figure 5B).
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Figure 5. (A) Deprotonation, and protonation processes within the PE-COF framework fluo-
rescent responses of PE-COF film; (B) Reaction to HCl gas at 75 mmol/L (Amax = 366 nm);
Response to TEA gas.

Monitoring pH levels is crucial across various domains like chemistry, environment,
and engineering. Two-dimensional COFs containing proton-donating/accepting units,
exhibit pH-responsive behaviors driven by nitrogen atom protonation/deprotonation,
altering color or fluorescence. These COFs, designed for sensing acid solution pH, also
function as effective chemosensors for acidic gasses due to their porous structures that
allow gaseous analyte diffusion. The pivotal protonation/deprotonation of imine bonds
within COFs, influenced by agents like HCI and TEA, significantly affects their electronic
properties, which is crucial for accurate acid sensing in acidic environments.

We delved into the impact of varying humidity levels on the detection capabilities
of PT-COF, PP-COF, and PE-COF in the presence of HCl gas. Testing these materials
across a spectrum of humidity environments (40%, 50%, 60%, 70%, and 80%) within a
controlled constant temperature and humidity chamber (SI, Section S8, Figure S15) revealed
an intriguing outcome. Surprisingly, the fluorescence intensities of PT-COF, PP-COF, and
PE-COF remained consistently unaffected by shifts in humidity levels while detecting HCI
gas. Even under fluctuating humidity conditions, these materials consistently showcased
steadfast and robust fluorescence responses. This resilience underscores the stability of
their detection capacity, seemingly unswayed by changes in humidity. Further probing
into the mechanisms behind this resilience might unveil prospects for deploying these
materials in environments characterized by diverse humidity levels, expanding their range
of potential applications.

In the exploration of PT-COF, PP-COF, and PE-COF films’ reactivity towards co-
existing acid gasses, our investigation was extended to evaluate their responses to CO,,
SOy, H;S, and Cl,. As depicted in Figure 6A-C, exposure to CO, and SO, resulted in no
discernible changes in fluorescence intensity within the COF films. However, the presence
of HyS and Cl, induced a modest reduction in fluorescence intensity, by approximately
~20%. The discrepancy in fluorescence reduction induced by H,S and Cl, compared
to gasses like CO, and SO, may be attributed to their distinct chemical reactivity and
interactions with the COF materials. H,S and Cl, exhibit heightened chemical reactivity,
with H,S being renowned for its reducing properties and Cl, being a potent oxidizing
agent. These characteristics likely prompt more substantial chemical interactions with
the COF, potentially altering fluorescence intensity. Additionally, H,S and Cl, might
possess specific binding affinities or interactions with functional groups within the COF
structure, potentially influencing electronic states or modifying emission properties, thereby
accentuating the observed decrease in fluorescence intensity. Notably, these findings
underscore the COFs’ limited reactivity towards certain gasses while indicating a moderate
interaction with hydrogen sulfide and chlorine gas. Importantly, amidst these varied
responses, the COF materials exhibited a distinctive and consistent reactivity to hydrogen
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chloride (HCI), demonstrating selectivity in detecting this specific acid gas. This observed
selectivity emphasizes the potential utility of PT-COF, PP-COF, and PE-COF for targeted
and precise detection of hydrogen chloride, elucidating their applicability in scenarios
where specific gas identification is paramount.
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Figure 6. PP-COF, PT-COF, and PE-COF films’ responses to other potential coexisting interference
gasses: (A—C) acid gasses; (D-F) volatile organic compounds.

In our investigation, special attention was given to the role of volatile organic com-
pounds (VOCs) as potential interfering agents in the detection of hazardous gasses. The
influence of four commonly encountered VOCs—benzene (C¢Hg), toluene (C;Hs), xylene
(CgHjp), and dichloromethane (CH,Cl,)—was meticulously evaluated for their impact on
the fluorescence-based detection capabilities of three covalent organic frameworks (COFs):
PT-COEF, PP-COF, and PE-COF. The experimental outcomes, as depicted in Figure 6D-F, re-
veal a remarkable stability in the fluorescence response of the COFs upon exposure to these
VOCs. Notably, fluorescence intensity remained largely unchanged, indicating a negligible
interaction between the COFs and the VOCs. This observation is particularly significant, as
it suggests that the molecular architecture of PT-COF, PP-COF, and PE-COF provides a
selective pathway for hydrogen chloride gas detection, effectively mitigating the potential
cross-sensitivity issues commonly associated with the presence of VOCs in environmental
and industrial settings. These findings underscore the potential of COFs in advancing gas
sensing technology. Their ability to selectively detect target gasses amidst interfering VOCs
without losing sensitivity or specificity is crucial for environmental monitoring, industrial
safety, and public health. The stability and selectivity demonstrated by PT-COF, PP-COF,
and PE-COF pave the way for further research to broaden the application of COF-based
sensors in diverse detection environments.

In our study, we assessed the selectivity of PT-COF, PP-COF, and PE-COF for hy-
drogen chloride (HCI) by exposing their suspensions to different acids at a concentration
of 20 mmol L1, The results, detailed in the Supplementary Materials (SI), Section S9,
Figure S16, revealed that only HCI triggered a significant redshift in the fluorescence
emission peaks of these COFs to 540 nm for PT-COF, 625 nm for PP-COF, and 611 nm
for PE-COF, along with a substantial increase in fluorescence intensity. This indicates
that these COFs are highly selective for HCI, showcasing a distinct fluorescence response
hierarchy: HCI > HBr > H,SO4 > HNO; > H3PO, > CH3COOH.

56



Chemosensors 2024, 12, 37

This specificity sequence suggests that the response of COFs to various acids is influ-
enced by the strength of the acids and their interaction with COFs. It appears that the ability
of an acid to protonate the functional groups within the COF structure plays a critical role.
This protonation alters the COFs’ electronic structure, affecting their fluorescence properties.
Strong acids like HCl, which are proficient proton donors, induce notable changes in the
electronic configuration of the COFs, resulting in more significant fluorescence shifts. In
contrast, weaker acids such as acetic acid (CH3COOH) have less impact, likely due to their
lower proton-donating capacity, leading to minimal changes in the COFs’ structure and
fluorescence response. This behavior underscores the potential of these COFs as selective
sensors for detecting HCl, offering insights into designing advanced materials for gas
sensing applications.

3. Conclusions

In conclusion, the synthesis of stable fluorescence COFs—PT-COF, PP-COF, and PE~
COF—via distinct polycondensation reactions demonstrates their structural diversity and ro-
bust chemical compositions, as verified using FTIR analysis. These COFs exhibit exceptional
characteristics: high crystallinity, impressive thermal stability up to 400 °C, and remarkable
surface areas spanning 730-1098 m? g~ ! as determined using PXRD and BET analyses. The
developed COF-based chemosensor showcases the rapid and sensitive detection of gaseous
HCI, manifesting significant color and fluorescence changes that are reversible upon exposure
to TEA vapor. Notably, the sensor’s recovery post-exposure to TEA vapor accentuates its
remarkable reversibility. This study presents COFs as promising platforms for responsive
sensing applications, particularly in detecting toxic gasfses, marking an innovative direction
in utilizing COFs for advanced air quality monitoring devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors12030037/s1, Scheme S1: Synthesis of 1,3,6,8-
tetra(aminophenyl)pyrene; Scheme S2: Synthesis of 4,4’ 4" 4"-(ethane-1,1,2,2-tetrayl) tetrabenzalde-
hyde; Scheme S3: Synthesis of hexa(4-formyl-phenoxy)cyclotriphosphazene; Figure S1: "H-NMR
spectrum of L1; Figure S2: '>*C-NMR spectrum of L1; Figure S3: 'H-NMR spectrum of L2; Figure S4:
13C-NMR spectrum of L2; Figure S5: 'H-NMR spectrum of L3; Figure S6: '3C-NMR spectrum of L3;
Figure S7: FTIR spectra of PT-COF (blue), PP-COF (green), and PE-COF (purple), respectively; Figure
58: Comparison of PXRD patterns of (A) PT-COF, (B) PP-COF, and (C) PE-COF; Figure S9: (A) PXRD
patterns of PP-COF after treatment in different organic solvents for 24; (B) TGA of PP-COF; Figure
510: (A) PXRD patterns of PE-COF after treatment in different organic solvents for 24; (B) TGA of
PE-COF; Figure S11. (A) PXRD patterns of PT-COF after treatment in different organic solvents for
24; (B) TGA of PT-COF; Figure S12: FT-IR spectra of the (A) PP-COF, (B) PT-COF, and (C) PE-COF
powders before and after exposure to HCl gas, and recovery with TEA gas; Figure S13: Powder XRD
patterns of the (A) PT-COF, (B) PP-COF, and (C) PE-COF powders before and after exposure to HCI
gas, and recovery with TEA gas; Figure S14: Calibration curves of the fluorescence intensities of the
(A) PT-COF, (B) PP-COF, and (C) PE-COF plotted with respect to the HCI concentration; Figure S15:
Detection of HCI gas under different humidity environments (40%, 50%, 60%, 70%, and 80%) with
(A) PT-COF, (B) PE-COF, and (C) PP-COF films; Figure S16: Illustrates the fluorescence emission
peaks at 540, 625, and 611 nm for (A) PT-COF, (B) PP-COF, and (C) PE-COF when dispersed in
1,4-dioxane (concentration: 1 mg mL~1; excitation wavelength: 366 nm) following the introduction
of an acid concentration of 20 mmol L~!; Table S1: Fractional atomic coordinates in the refined unit
cell of PT-COF, Table S2: Fractional atomic coordinates in the refined unit cell of PP-COF; Table S3:
Fractional atomic coordinates in the refined unit cell of PE-COF.
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Abstract: Bipyridyl Ruthenium-decorated Ni-MOFs on multi-walled carbon nanotubes (MWCNT-
RuBpy@Ni-MOF) were synthesized. In an alkaline solution, the glucose was electrocatalytically
oxidized at +0.5 V vs. Ag/AgCl at the composite interface of MWCNT-RuBpy@Ni-MOF on a glassy
carbon electrode. The Ni®* /Ni?* redox couples in Ni-MOFs played a key role as the active center for
the catalytic oxidation of glucose at the electrode, where both RuBpy and MWCNTs enhanced the
current responses to glucose. The resulting enzymeless glucose sensor from MWCNT-RuBpy@Ni-
MOF exhibited a wide range of linear responses, high sensitivity and selectivity for the determination
of glucose.

Keywords: bipyridyl ruthenium; Ni-MOFs; carbon nanotubes; electrocatalytic oxidation; glucose
sensing

1. Introduction

The quantitative detection of glucose plays an important role in food science, agri-
cultural science, biological science and other fields [1-6]. Since biological oxidases and
dehydrogenase for substrates such as lactate, glucose and alcohols have limitations such
as a low stability, difficulty in reuse and high costs, people explore various ways to detect
these substrates via their direct oxidation. However, under normal circumstances, these
substances are not easily directly oxidized. The catalytic activity of some MOFs enables the
electrocatalytic oxidation of the target analytes without the need for the enzymes [7-11].
Moreover, the catalytic performance of MOFs can be greatly enhanced by incorporating
other materials. The rational design and engineering of MOFs and their composite ma-
terials provide new opportunities for the development of various new catalytic sensing
strategies and detection mechanisms [12-18]. On the other hand, the low conductivity and
instability of MOFs in aqueous media limit their application in electrochemical processes
and sensors [19].

Theoretically, the Ni-H,O system yields a gradual increase in the valence state of
Ni from Ni?* to Ni** with increasing potential values. Experimentally, cyclic voltamet-
ric tests have been efficiently implemented to observe Ni?* /Ni** and Ni** /Ni** electron
pairs [20,21]. Indeed, the reduction of high valence Ni** to low valence Ni2* can be achieved
by two consecutive single-electron-transfer channels, Ni** /Ni’** and Ni** /Ni?* [22,23]. The
observation of isolated oxidation peaks in nickel-based electrochemistry is very important
since the higher valence and smaller radius of the transition metal cation are more oxida-
tively active [24,25]. The redox reactions of glucose catalyzed by nickel-based materials
are generally interpreted as the deprotonation and isomerization of glucose by Ni>*/Ni%*
redox couples. In fact, some glucose sensors have been developed using Ni-based MOFs
composites for improving the catalytic performance and catalytic efficiency of the sensors.
For example, the Nip(dihydroxyterephthalic acid) (also known as CPO-27-Ni")-modified
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glassy carbon electrode exhibited a wide linear range of glucose detection with high sensi-
tivity (~585 pA mM~! cm~2) and a low detection limit (1.46 uM) [1]. A layer-assembled
flower-like Ni-MOF/ carbon nanotube composite was used to fabricate the glucose sensor
with a sensitivity of 77.7 pA mM~! cm~2 and a linear range of 20 uM to 4.4 mM [3]. The
glucose sensor employing ultrathin Ni-MOF nanoribbons was reported with a sensitivity
of 1.542 pA mM~! em~2 and a linear range of 1-500 uM [26]. However, in most cases,
due to low conductivity and the absence of electron transfer mediators, the sensors based
on Ni-MOFs usually have limited sensitivity in the detection of glucose. Exceptionally,
Lu and Sun et al. reported that a glucose sensor based on a conductive Ni-MOF material
Ni3(HHTP), displayed a high sensitivity of 21,744 uA mM~! em~2 [27].

Tris(2,2'-bipyridyl) ruthenium dichloride (RuBpy) is an electron transfer mediator with
both fluorescent and electrochemical redox properties. Many reports have focused on the
immobilization of RuBpy, including the Langmuir-Blodgett technological approach [28-30],
the self-assembly technique [31,32] and the sol-gel method [33-36]. The immobiliza-
tion materials for RuBpy have also been applied to sensing, such as cation-exchange
polymers [37-39], SiO, nanoparticles [40-43], carbon nanotubes [44,45], metal nanoparti-
cles [46] and MOF materials [47]. Among these materials, multi-walled carbon nanotubes
(MWCNTs) have excellent electrical conductivity (1.85 x 103 S cm™1) as a carrier mate-
rial [48]. Current densities close to 10° A cm~2 have also been reported for MWCNTs [49].
Together with the robust adsorption and mechanical properties of MWCNTs, this makes
them strong candidates for microelectronic devices and electrode interconnections in nu-
merous applications.

In this work, the Ni-MOF material was synthesized using p-phthalic acid (PTA) as the
ligand. RuBpy was spontaneously adsorbed on the Ni-MOF material to form RuBpy@Ni-
MOE. Then, RuBpy@Ni-MOF and MWCNTs were co-suspended in a Nafion solution.
The resulting MWCNT-RuBpy@Ni-MOF (Scheme 1) was then loaded on electrodes as an
electrocatalyst to construct the enzymeless glucose electrochemical sensor. Both RuBpy as
an electron transfer mediator and MWCNTs as a carrier enhanced the catalytic efficiency of
the Ni-MOF material for glucose oxidation and thus strengthened the sensor performance.

(1) Solvothermal W (2) + RuBpy
Synthesis §
120°C, 24 h (3) + MWCNTs

Ni-MOFs MWCNT-RuBpy@Ni-MOF

Scheme 1. Synthesis of MWCNT-RuBpy@Ni-MOF.

2. Materials and Methods

All experiments and experimental preparations were carried out at ambient conditions
at room temperature (22 = 1 °C), except for those specified. Ni(NO3),-6H,O and DMF
were purchased from Xilong Scientific (Shantou, China). The Tris(2,2'-bipyridyl)ruthenium
dichloride was from D&B Biotech (Shanghai, China). MWCNTs, uric acid and L-Cysteine
(L-Cys) were purchased from Aladdin (Shanghai, China). The MWCNTs from Aladdin
(Product # C139823) contain 95% of multi-walled carbon nanotubes with an average length
of 50 um, whose interior and outer diameters are in the range of 3-5 nm and 8-15 nm,
respectively. P-phthalic acid (PTA), Nafion (5%), glucose, fructose, maltose, D-ribose and
sucrose were purchased from Macklin Biochem (Shanghai, China). D-lactose was purchased
from Yuanye Biotech (Shanghai, China). L-ascorbic acid and urea were obtained from
Rhawn Reagents (Shanghai, China). All reagents were used without further purification.

The solvothermal synthesis of Ni-MOFs in DMF has been reported using either
Ni (NOs), or NiCl, as the source of NiZ* with a variety of ligands [1,3,14,50]. In this
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work, the Ni-MOF material was synthesized using a similar procedure as previously
reported [1,3,14,50]. In total, 2.18 g of Ni(NO3),-6H,O and 0.50 g of PTA were dissolved
in 60 mL DMF via stirring, forming into an emerald-green solution. The solution was
transferred to a polytetrafluoroethylene-lined reaction kettle and allowed to react at 120 °C
for 24 h. Then, it was cooled to room temperature. The reacted mixture was centrifuged at
10,000 rpm for 5 min. The deposit was washed with ethanol and centrifuged five times to
remove the excess reactants and residual DMFE. The deposit was dried in a vacuum drying
oven at 60 °C for 12 h. The dried deposit was ground and, thus, the Ni-MOF material
was obtained.

A total of 45 mg of Ni-MOFs was dispersed and suspended in 9 mL of ethanol. A total
of 18 mg of RuBpy was dissolved in 9 mL of ethanol. The Ni-MOF suspension and the
RuBpy solution were mixed and shaken at 1000 rpm at 4 °C for 10 h to allow RuBpy to be
adsorbed on Ni-MOF. The mixture was washed with ethanol and centrifuged at 7000 rpm
for 5 min three times. The deposit was dried at room temperature. The dried deposit was
ground and, thus, RuBpy@Ni-MOF was obtained.

In total, 0.25 mL of 2 mg/mL of RuBpy@Ni-MOF in 0.05% Nafion aqueous solution
was mixed well with 0.25 mL of 1 mg/mL of MWCNTs in 0.05% Nafion aqueous solution
until it was well dispersed and ready for use. The glassy carbon electrode (GCE, diameter:
3 mm) was polished until it was subsequently smooth with 1 um, 0.3 pm and 0.05 um
alumina polishing powder. The GCE surface was then ultrasonically cleaned with 1:3 nitric
acid, deionized water and ethanol, respectively. Then, the clean GCE was dried with Nj.
Then, 5 uL of the prepared suspension of RuBpy@Ni-MOF and MWCNTs in 0.05% Nafion
aqueous solution was pipetted onto the GCE surface and allowed to dry at room tempera-
ture. Thus, the working electrode MWCNT-RuBpy@Ni-MOF/GCE was obtained. In the
absence of MWCNTs, the control electrodes Ni-MOF/GCE and RuBpy@Ni-MOF/GCE
were prepared in a similar way.

The three-electrode electrochemical measurements were carried out with a CHI730E
electrochemical workstation in 5 mL of 0.1 M NaOH solution, where MWCNT-RuBpy@Ni-
MOF/GCE or the control electrode was the working electrode, a Ag/AgCl (3M KCl)
electrode was the reference electrode and a platinum wire was the counter electrode. The
electrochemical measurements were implemented with cyclic voltammetry and chronoam-
perometry (current versus time (i-t) curve). For cyclic voltametric tests, the potential range
was scanned from 0.0 V to +0.8 V at the scanning rate of 100 mV/s. In i-t tests, the glucose
was successively added under constant stirring with the potential set at +0.5 V, except for
those specified.

Scanning electron microscopy (SEM) images were acquired by a field emission scan-
ning electron microscope (HT7000, Hitachi SU5000, Tokyo, Japan) operated at 5 kV. Trans-
mission electron microscopy (TEM) images were obtained at a working voltage of 200 kV
by a field emission transmission electron microscope (JEM-2100F, Japan Electronics, Tokyo,
Japan). X-ray photoelectron spectroscopy (XPS) was measured on an XPS spectrometer
(ESCALAB 250Xi, Thermo Electron Corporation, Round Rock, TX, USA).

3. Results and Discussion

The SEM images show the morphologies of Ni-MOFs, RuBpy@Ni-MOF and MWCNT-
RuBpy@Ni-MOF (Figure 1). Figure 1a displays that Ni-MOFs had a morphology of aggre-
gated spherical and irregular particles. Figure 1b shows that the morphology of RuBpy@Ni-
MOF did not change much but with some fine particles of RuBpy decorated on Ni-MOFs.
Figure 1c demonstrates that RuBpy@Ni-MOF particles were embellished and more disper-
sive on MWCNTs, compared to those aggregates in the absence of MWCNTs (Figure 1a,b).
Figure 2a shows the TEM image of Ni-MOFs. The morphology of the Ni-MOF particles
shows a spherical shape, and the size is about 100 nm. There are some extra crystals on the
surface of RuBpy@Ni-MOF, and thus, it appears much rougher than Ni-MOFs (Figure 2a,b),
indicating RuBpy was compounded on Ni-MOFs. Figure 2c shows the TEM image of
MWCNT-RuBpy@Ni-MOE. Obviously, MWCNTs were entangled around RuBpy@Ni-MOF.
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The image with high-angle annular dark-field transmission electron microscopy (HAADE-
TEM) and the EDS elemental distribution mappings of O, Ni, N and Ru of RuBpy@Ni-MOF
are displayed in Figure 2d-h. The major and characteristic elements, O, Ni, N and Ru, were
uniformly distributed with RuBpy@Ni-MOF (Figure 2d-h). The results demonstrate that
RuBpy was uniformly distributed all over the Ni-MOF surface.

5.00pm

5.00pm

Figure 1. SEM images of Ni-MOFs (a); RuBpy@Ni-MOF (b); MWCNT-RuBpy@Ni-MOF (c).

XPS tests of RuBpy@Ni-MOF could reveal the surface electronic state and core energy
levels of the elements. Figure 3a shows the full spectra of the representative elements Ni,
O, N, C and Ru present in RuBpy@Ni-MOF. The binding energies of Ru and C are located
in the same region, and the binding energy of C is large, so the characteristic peak of Ru is
partially masked by the characteristic peak of C. Figure 3b—d demonstrate the analytical
spectra of Ni 2p, Ru 3d and N 1s. Figure 3b illustrates the core energy level spectra of Ni
2p, showing the presence of two states of Ni. In the fine spectrum of Ni 2p, the two peaks
observed at 855.9 eV and 873.7 eV belong to Ni 2p3,, and Ni 2p; » of Ni’, respectively,
while the peaks of Ni 2p3/, and Ni 2py ; in Ni2* are located at 860.34 eV and 878.0 eV,
respectively. In addition, the other two peaks are the satellite peaks of Ni 2p3 /» and Ni 2p; /»
of Ni?* with the spin-orbit energy level located at 863.7 eV and 881.2 eV, respectively [51].
Figure 3c demonstrates the analytical spectrum of Ru 3d. The high-resolution XPS spectra
of RuBpy@Ni-MOF show Ru 3d has the double peaks Ru 3ds5,, and Ru 3d3/, located at
284.6 eV and 287.9 eV, respectively, with a spin-orbit splitting energy of 3.3 eV. The Coster—
Kronig effect is responsible for the 3ds,, peak being much wider than the 3d5,, peak, which
is consistent with the report [52]. Figure 3d demonstrates the analytical spectrum of N
1s. There are two characteristic peaks for N 1s, which are C=N-C and N-Ru, located at
400.0 eV and 406.9 eV, respectively [53]. The results demonstrate that RuBpy@Ni-MOF was
successfully synthesized.
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HAADF

250nm ' 250nm '

Figure 2. TEM images of Ni-MOFs (a); RuBpy@Ni-MOF (b); MWCNT-RuBpy@Ni-MOF (c); HAADF-
TEM image of RuBpy@Ni-MOF (d); Single-colored EDS elemental dot mappings of O, Ni, N and Ru,
respectively (e-h).

Cyclic voltametric experiments were carried out with GCE, Ni-MOF/GCE, RuBpy@Ni-
MOF/GCE and MWCNT-RuBpy@Ni-MOF/GCE in the absence and presence of 1 mM glu-
cose in 0.1 M NaOH. Figure 4 shows the well-defined redox peaks resulting from Ni3+ /Niz*
redox couples of Ni-MOF/GCE, RuBpy@Ni-MOF/GCE and MWCNT-RuBpy@Ni-MOF/
GCE. Compared to the bare GCE, the redox peaks were attributed to the Ni** /Ni** redox
electron pair [14]. The oxidation peaks of all three electrodes were located around +0.51 V
(Figure 4). The reduction peaks of Ni-MOF/GCE and RuBpy@Ni-MOF/GCE were located
around +0.33 V, while the reduction peak of MWCNT-RuBpy@Ni-MOF/GCE was located
around 0.29 V (Figure 4). Since the baselines of cyclic voltammograms of three modified
electrodes were nearly the same as that of the naked GCE during the potential scanning in
the direction from the low potential to the high potential prior to the oxidation of Ni?* to
Ni®*, in the absence of glucose, the current increase could result from a reduced resistance
of the system upon adding RuBpy and MWCNTs. The peak currents of the Nid* /Niz*
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redox couples were in the range of 0.5-1.0 mA. This is a large current range for GCE with
a diameter of 3 mm. In the presence of glucose, the catalytic currents were observed for
all three modified electrodes. The catalytic currents, the differences in the oxidation peak
currents in the absence and presence of glucose, were actually increased larger and larger
when the working electrode switched from Ni-MOF/GCE to RuBpy@Ni-MOF/GCE and
then to MWCNT-RuBpy@Ni-MOF/GCE. For example, at +0.55 V, the differences in the
oxidation peak currents in the absence and presence of glucose were about 66.0, 71.0 and
100.1 pA for Ni-MOF/GCE, RuBpy@Ni-MOF/GCE and MWCNT-RuBpy@Ni-MOF/GCE,
respectively. The results demonstrate that, besides providing greater conductivity and
a larger electrode area, MWCNTs could allow the aggregated RuBpy@Ni-MOF particles
to be more dispersive on the electrode (Figure 1c), which could thus expose more active
sites for the catalytic oxidation of glucose and accordingly enhance the catalytic currents
to some extent. Although the differences in the oxidation peak currents in the absence
and presence of glucose seemed as a small fraction of the peak currents of three modi-
fied electrodes, such catalytic currents over 60.0 pA were still quite large for 3 mm GCE.
MWCNT-RuBpy@Ni-MOF/GCE was thus selected as the working electrode for the rest of
this work.
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Figure 3. XPS spectra of RuBpy@Ni-MOF (a), Ni 2p (b), Ru 3d (c), and N 1s (d).
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Figure 4. Cyclic voltammograms of GCE, Ni-MOF/GCE, RuBpy@Ni-MOF/GCE and MWCNT-
RuBpy@Ni-MOF/GCE in 0.1 M NaOH in the absence and the presence of 1 mM glucose, respectively.
The scanning rate: 100 mV/s.

In 0.1 M NaOH, the specific reaction formula was proposed as the following equa-
tion [14]:
Ni(OH); + OH™ — NiOOH + H,O + e~ (1)

2NiOOH + glucose — 2Ni(OH), + gluconolactone )

During anodic scanning in 0.1 M NaOH, it was proposed that Ni(OH), could be
generated at the surface of MWCNT-RuBpy@Ni-MOF/GCE. Ni(OH), could lose one
electron to generate NiOOH in 0.1 M NaOH, as shown in Equation (1). In the presence of
1 mM glucose, NiOOH could oxidize glucose to generate Ni(OH), again, thus increasing
the anodic peak current, as shown in Equation (2) [54]. The positive shift of the anodic peak
indicates the slower kinetics of the reaction, including the oxidized intermediates and the
uptake of glucose at the active site [55].

Figure 5a shows cyclic voltammograms of MWCNT-RuBpy@Ni-MOF/GCE at differ-
ent scan rates in the presence of 1 mM glucose in 0.1 M NaOH. The redox peak currents
increased as the scan rate increased, and the oxidation and reduction peak currents (I, and
I.) were proportional to the square root of the scan rate (Figure 5b). The results demonstrate
that the electrocatalytic glucose oxidation process at MWCNT-RuBpy@Ni-MOF/GCE was
a typical diffusion-controlled electrochemical reaction [56].

The i-t curves were tested using MWCNT-RuBpy@Ni-MOF/GCE at different applied
potentials with the step concentrations of 0.5 mM, 1 mM, 1.5 mM, 2 mM and 2.5 mM in
the testing solution for glucose (Figure 6a). Overall, at +0.45 V and +0.50 V, the current
responses were larger than those at +0.55 V and +0.60 V. And the current response at
+0.50 V was slightly higher than that at +0.45 V. At +0.60 V, the increase in the current
response was not significant, and the baseline current was much larger than that at +0.45,
+0.50, and +0.55 V. Considering that the higher the potential, the greater the number of
possible interfering substances, +0.50 V was selected as the optimal working potential
for subsequent testing. In order to investigate the selectivity of MWCNT-RuBpy@Ni-
MOF/GCE, the potential interferences such as AA, UA, L-Cys, Urea, fructose, lactose,
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Current (mA)

Current/mA

maltose, sucrose and D-ribose were tested under the same conditions as for glucose. In
human serum, the concentration of glucose is more than 30 times higher than that of these
interferences. The experiments were carried out under continuous stirring in the presence
of 0.5 mM glucose and 50 uM interfering substances (Figure 6b). The results demonstrate
that the responses to all tested substances were minimal. Therefore, the glucose sensor
developed in this work could be practically applied for the determination of glucose in
some real samples.
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Figure 5. (a) Cyclic voltammograms of MWCNT-RuBpy@Ni-MOF/GCE with scan rates from
10 mV/s to 190 mV /s in 0.1 M NaOH containing 1 mM glucose; (b) Fitting curve of peak currents vs.
square root of scan rates.
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Figure 6. (a) Amperometric responses of MWCNT-RuBpy@Ni-MOF/GCE to successive additions
of glucose at the different potentials in 0.1 M NaOH. The concentration of glucose in the testing
solution was 0.5 mM, 1 mM, 1.5 mM, 2 mM and 2.5 mM for each step of glucose addition; (b) Current
responses (i-t curve) of MWCNT-RuBpy@Ni-MOF/GCE of 0.5 mM glucose and 50 uM AA, Urea,
UA, L-Cys, fructose, lactose, maltose, sucrose and D-ribose, respectively, in 0.1 M NaOH at +0.50 V.

For the calibration plot, the i-t curve was obtained with MWCNT-RuBpy@Ni-MOF/
GCE at +0.50 V (Figure 7a). The inset represents the i-t curve for low concentrations of
glucose with a minimum concentration of 5 uM. The detection limit of the resulting glucose
sensor based on MWCNT-RuBpy@Ni-MOF/GCE was as low as 1.5 uM. The fitting curve
of response currents vs. glucose concentrations exhibited that the glucose sensor had a
wide linear detection range from 5 uM to 3.5 mM, spanning three orders of magnitude
(Figure 7b). The R? values were 0.9966, 0.9977 and 0.9959 for the linear ranges of 5 uM
to 50 uM (upper-left inset of Figure 7b), 50 uM to 0.5 mM (lower-right inset of Figure 7b)
and 5 mM to 3.5 mM of glucose concentrations, respectively. When taking the entire linear
range from 5 uM to 3.5 mM of glucose into account, its R? value was 0.9967 (Figure 7b).
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Based on the slope of 0.103 pA-uM~! and the GCE surface area (0.07 cm?), the sensitivity
of the glucose sensor was calculated as 1471.43 pA-mM~!.cm 2.
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Figure 7. (a) Amperometric responses of MWCNT-RuBpy@Ni-MOF/GCE to successive additions of
glucose at +0.50 V in a 0.1 M NaOH. Inset: i-t curve of low concentrations of glucose; (b) Calibration
plot of glucose in a wide linear range.

The response stability of MWCNT-RuBpy@Ni-MOF/GCE was evaluated by contin-
uously recording the i-t curve in the presence of 1 mM glucose (Figure 8a). The current
signal was measured over 2500 s. Taking the increment of the current response at the time
of addition of glucose at 100 s as 100%, the current signal was retained by 99.65% after
1000's, 95.24% after a 1500 s scan and 92.51% after 2500 s, respectively. The results show that
MWCNT-RuBpy@Ni-MOF/GCE was relatively stable in detecting glucose. The response
stability of MWCNT-RuBpy@Ni-MOF in the detection of glucose was also characterized
by multiple assays with the same sensor in the presence of 1 mM glucose (Figure 8b). The
response stability was retained by 99.52% after 5 assays and by 91.47% after 30 assays, re-
spectively. The data demonstrate that MWCNT-RuBpy@Ni-MOF/GCE had an outstanding
response stability.
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Figure 8. (a) Amperometric response stability of MWCNT-RuBpy@Ni-MOF/GCE; (b) Stability of
MWCNT-RuBpy@Ni-MOF after multiple assays. [Glucose]: 1 mM. Working solution: 0.1 M NaOH.
Working potential: +0.50 V.
The reproducibility of multiple sensors was tested with six MWCNT-RuBpy@Ni-
MOF/GCEs prepared from the same preparing process (Figure 9). For the response of
0.5 mM glucose, the relative standard deviation (RSD) of 1.11% was acquired with the
time window 800 to 1000 s for the six sensors (Figure 9a and the inset). Figure 9b shows
the response reproducibility by recording the i-t curves of six sensors under successive
additions of glucose. For the glucose concentration steps from 0.1 to 0.8 mM, the RSD
of 7.21-15.75% was obtained with the current signal at 10 s of each step plateau for the
six sensors (Figure 9b). The results demonstrate that the constructed enzymeless glucose
sensors had good performance reproducibility.
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Figure 9. (a) Amperometric responses of six MWCNT-RuBpy@Ni-MOF/GCEs in the presence of
0.5 mM glucose at +0.50 V in 0.1 M NaOH; (b) i-t curves of six MWCNT-RuBpy@Ni-MOF/GCEs at
+0.50 V in 0.1 M NaOH. The glucose concentration in the testing solution for each step was 0.1, 0.2,
0.3,0.4,0.5,0.6,0.7 and 0.8 mM, respectively.

The chronoamperograms (i-t curves) were measured with different concentrations of
glucose at +0.5 V to further evaluate the electrocatalytic kinetics of glucose oxidation at
MWCNT-RuBpy@Ni-MOF/GCE (Figure 10a). The electrocatalytic kinetics were studied
for the initial rate of current responses in the time window at the very beginning of the
development of the i-t curve from 0.4 to 1.3 s (Figure 10a). Figure 10b shows that the linear
curve of Ieat/Ig vs. t1/2 originated from the chronoamperogram at 0.0 mM and 1.0 mM
glucose. Therefore, the catalytic rate constant (kcat) for glucose oxidation can be calculated
using the following equation [14]:
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2 Ky G )
where I¢,¢ and Ij are the currents in the presence and absence of glucose, respectively; C is
the concentration of glucose; and t is the time in s. When [glucose] was 1 mM, based on
the slope of the plot of L.at/I vs. /2, Keat = 104.1 x 10° cm? M1, indicating that the
composite electrode interface of MWCNT-RuBpy@Ni-MOF/GCE had good electrocatalytic
activity for glucose oxidation.

1.1 18
—00mM —0.5mM
09 " " a 16 . b
—10mM —15mM
E071 oyau 1]
—_—
g 05 1 <12
2 —_
= 03 -WWMMW 10 - y=18.083x- 4.5611
5 - R? = 0.9965
0.1 1= 8
-0.1 T T T T T T T T T
0 40 80 120 160 200 06 07 08 09 1.0 11 1.2
Time/sec t172 (s12)

Figure 10. (a) Chronoamperograms of MWCNT-RuBpy@Ni-MOF/GCE in the presence of various
concentrations of glucose in 0.1 M NaOH; (b) The plot of Ica¢/Ig vs. t1/2 derived from the data of the
chronoamperogram for 1 mM glucose.

The comparison of the performances of the enzymeless glucose sensors based on Ni-
based materials including Ni-MOFs is in Table 1. Compared to the enzymeless electrochem-
ical glucose sensors based on other Ni-based composite materials, MWCNT-RuBpy@Ni-
MOF/GCE exhibited high sensitivity and a wide linear range of responses. However,
the catalytic current in the presence of glucose only accounted for a small fraction of
the oxidation peak currents of the composite material-modified electrodes in the absence
of glucose, implying that the ratio of Ni-MOF compositing with RuBpy and MWCNTs
could be optimized to reduce the base current. The detection limit could thus be further
improved compared to that of other enzymeless glucose sensors reported (Table 1). The
actual measurements of glucose in a honey product from the local market with MWCNT-
RuBpy@Ni-MOF/GCE was studied by the recovery experiment. The calibration plot based
on the i-t curve (Figure 7) with the successive addition of glucose was used to determine
the glucose concentration in honey samples. Using the same procedure for the calibration
plot displayed in Figure 7, the diluted honey sample was first added in the testing solution,
and subsequently, three glucose solutions were successively added under stirring, and the
current responses were continuously recorded. Each current value was calculated based on
the calibration plot. The experimental results are summarized in Table 2. The sample recov-
eries were in the range of 100.26-102.14%, which demonstrated the potential application
prospects of MWCNT-RuBpy@Ni-MOF/GCE in the analysis of practical samples.
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Table 1. Comparison of the performances of the electrochemical glucose sensors based on MWCNT-
RuBpy@Ni-MOF and other Ni-based materials in the electrolyte 0.1 M NaOH.

Linear Detection Sensitivity Workin
Electrode Range (uM) Limit (LA mM—1 Potential %V) Ref.
ge fu (uM) cm~—2)
CPO-27-Nil! 40-500 1.46 585 +0.55 [1]
Ni(TPA)-
SWCNT-CS 20-4400 4.6 - +0.55 [3]
Au@Ni-BTC 5-7400 1.5 14471 +0.55 [14]
Niz(HHTP), 1-8000 0.66 21,744 +0.55 [27]
R 10-2000
Ni/NiO@C 2000-10,000 0.116 1291 +0.55 [51]
. 0.1-533.6 337.32
Ni/NCNs-500 533.6-3030 0.07 210.56 +0.55 [57]
NizN@C 1-3000 0.3 1511.59 +0.6 [58]
NizS,@NCNT 0.46-3190 0.14 1447.64 +0.55 [59]
Ni/Co
LDH/GNRs 5-800 0.82 344 +0.6 [60]
MWCNT- This
RuBpy@Ni-MOF 5-3500 1.7 1471.43 +0.50 work
Table 2. Determination of glucose in the testing solution for honey samples (n = 3).
Sample Original (uM)  Added (uM)  Found (uM) Rei;‘;"ry RSD (%)
Hone 84.23 49.50 133.86 100.26 3.07
y 26.20 39.64 66.69 102.14 450

4. Conclusions

In summary, the composite material of MWCNT-RuBpy@Ni-MOF was prepared and
successfully applied to glucose oxidation and enzymeless electrochemical glucose sensing.
In the alkaline condition, the catalytic oxidation peak of the redox pair of Ni**/Ni®*
from Ni-MOFs occurred around the working potential of +0.50 V (vs. Ag/AgCl). The
catalytic current was enhanced by decorating the Ni-MOF material with the electron transfer
mediator RuBpy, and the catalytic current was further enhanced after compositing with
MWCNTs. Besides providing greater conductivity and a larger electrode area, MWCNTs
could allow the aggregated RuBpy@Ni-MOF particles to be more dispersive on the electrode
and thus expose more catalytic active sites for the oxidation of glucose and accordingly
enhance the catalytic currents to some extent. The resulting enzymeless sensor based on
MWCNT-RuBpy@Ni-MOF had an excellent performance in detecting glucose, with a wide
range of linear responses, a low detection limit, high sensitivity and good selectivity. The
sensor also had good stability and reproducibility and was successfully applied for the
glucose measurement of the honey product. The results demonstrate that Ni-MOFs served
as the catalytic and active center, while RuBpy and MWCNTs also promoted the glucose
oxidation at the electrode and thus the sensor performance.
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Abstract: Nitroreductase (NTR) is an enzyme expressed at an abnormally high level in solid tumors,
which is associated with the hypoxia level in tumors. The establishment of a high-performance and
convenient fluorescent platform for the fast monitoring of NTR is of pivotal importance. Herein,
a novel host-guest complex was created by encapsulating a fluorescent substrate GP-NTR within
a metal-organic capsule Zn-MPB that included a NADH mimic for the detection of hypoxia via
responding to nitroreductase (NTR) with fast responsiveness and good fluorescence imaging. No-
tably, the double-substrate process was streamlined to a single—substrate process by the host-guest
supramolecular method in the catalytic process of NTR, which enabled the reaction to be independent
of the cofactor NADH supply and shortened the distance between the substrate and the active site
of NTR. The increasing fluorescence intensity of Zn-MPBDGP-NTR exhibits a linear relationship
with NTR concentration and shows a fast response toward NTR in solution in tens of seconds. Zn-
MPBDGP-NTR also displays high sensitivity to NTR with a low detection limit of 6.4 ng/mL. Cells
and in vivo studies have confirmed that Zn-MPB D GP-NTR could be successfully applied for the
fast imaging of NTR in NTR-overexpressed tumor cells and tumor-bearing animals. The host-guest
platform not only provides a new avenue for the design and optimization of a fluorescence detection
platform for the rapid and quantitative detection of NTR activity, but also offers an imaging tool for
the early diagnosis of hypoxia-related tumors.

Keywords: host-guest interaction; hypoxia; bioimaging; rapid detection; nitroreductase

1. Introduction

Hypoxia is a common physiological manifestation in the growth of malignant tu-
mors [1-5], and it could result in the overexpression of several intracellular reductase
enzymes that typically catalyze redox reactions in the tumor microenvironment with im-
pressive selectivity and specificity [6,7]. As one type of reductive enzyme in hypoxic
tumors, nitroreductase (NTR) could effectively reduce nitroaromatic compounds to the
corresponding arylamine with reduced nicotinamide adenine dinucleotide (NADH) as the
coenzyme [8-10]. It is of great significance to monitor the expression of NTR in hypoxic
tumors owing to its crucial role in malignant tumor progression, invasion, angiogenesis,
and prodrug activation for directed anticancer therapies [11-13]. Several analytical meth-
ods have been developed for NTR detection, including positron emission tomography
(PET) [14], magnetic resonance imaging (MRI) [15], ultrasound imaging [16], colorimetric
methods [17], and fluorescence spectroscopy [18]. Among them, numerous fluorescent
probes have recently been reported with the ability to visualize NTR owing to their high
sensitivity, easy operation, and unrivaled spatiotemporal resolution [19,20]. They mainly
depend on the changes in the fluorescence intensity of NTR activity to the fluorescent
substrate, and the intensity of its emission may be closely related to the activity of the
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enzyme and the local concentrations of the probe and the coenzyme. Based on the “ping-
pong’ mechanism, a stable relationship rarely exists between the fluorescence intensity
and enzyme content when the NADH concentration is not fixed. The uncertain levels
of enzymes and coenzymes lead to the variability in probe emission over time. In the
conventional detection system of NTR, a large excess of NADH is often added to the reac-
tion solution, which could reduce the interference of the concentration of NADH, ensure
the reaction reaches fluorescence emission equilibrium quickly, and improve the accuracy
of the detection [21,22]. Considering that the expression levels of hypoxia enzymes and
coenzymes in living system are indefinite, the in vivo detection of hypoxic enzymes is
highly dependent on the corresponding coenzyme; therefore, it is worth paying attention
to improving the detection efficiency of hypoxic enzymes [23]. It is challenging to maintain
the coenzyme supply via a covalent molecule bond with the coenzyme because of the
intricate molecular design and tedious synthesis. Thus, developing a platform with suffi-
cient coenzymes for highly efficient, quantitative, and rapid detection of NTR in biological
systems is highly desired.

Supramolecular systems based on host-guest interactions have been evolving im-
mensely in recent years, and they are widely used in various biomedical applications, such
as biological imaging, clinical medicine, and drug delivery due to the functional modi-
fication features and dynamic properties of host—guest self-assembly [24]. Well-known
macrocyclic molecules such as cyclodextrins, crown ethers, calixarenes, and pillararenes
have been established as ‘hosts” to accommodate ‘guests’ inside their cavities through
noncovalent interactions to construct host-guest complexes [25]. Metal-organic capsules
have attracted extensive attention due to their adjustable cavity and characteristics of
easy assembly and could solve the problem of difficult covalent modification [26,27]. A
metal-organic capsule incorporated by the active site of NADH and its mimics has been
postulated to be an effective host molecule for constructing an artificial catalytic platform,
and it could emulate the environment of an enzyme pocket that changes the reactivity of
the substrate and achieves a significant increase in the reaction rate [28-30]. The host-guest
platform consists of a cofactor-modified metal-organic capsule and a substrate through
intermolecular interactions, featuring the advantages of strong contact, stimulus response
and dynamic characteristics. This platform provides a simple and effective approach for
the detection of NTR, which could enable the redox reaction between the substrate, cofactor,
and enzyme to occur effectively. When the host-guest platform interacts with NTR, it
enables the efficient proton/electron transport of the biological microenvironment, elimi-
nates the diffusion of cofactors during the process, and accelerates the detection efficiency
of NTR.

Herein, a host-guest complex was reported by encapsulating a substrate GP-NTR
within a NADH mimic-containing metal-organic capsule Zn-MPB for the detection of
NTR (Scheme 1). The substrate, GP-NTR, was well established with naphthalimide as
the fluorophore and a nitro group as the recognition moiety. Zn-MPB serves not only as
a substitute for NADH, but also as a carrier to efficiently transport the substrate to NTR,
which accelerates the process of the reaction. Its water solubility and biocompatibility have
been improved, which was attributed to the host—guest system. The positively charged
Zn-MPB would contribute to the accumulation of the host-guest complex in tumor cells.
It is particularly worth noting that the host-guest strategy could simplify the original
double-substrate enzymatic process of a substrate-based probe into a simpler pseudo-
single-substrate kinetic, with the Michaelis—Menten equation. In accordance with this
feature, the enzymatic reaction process was independent of the cofactor NADH supply,
which accelerated the reaction rate and shortened the equilibrium time. The fluorescence
intensity of Zn-MPBDGP-NTR was linearly related to the concentration of NTR. Zn-
MPBDGP-NTR exhibited superior performance in vitro, including fast NTR response
time, low detection limit, and good NTR selectivity. The specific recognition of NTR by Zn-
MPBDOGP-NTR was verified by HPLC. Zn-MPB D GP-NTR shows low cytotoxicity and
could be used to evaluate the hypoxia levels in both MCF-7 and HepG2 cells. In vitro and
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in vivo experiments have proven the good NTR detection ability of Zn-MPBDGP-NTR. It
could serve as a trustworthy platform for the effective bio-tracing of NTR in an hypoxic
microenvironment and has great potential for cancer diagnostic applications.

€D e XY~ ¢

Zn-MPB Zn-MPBOGP-NTR GP-OHﬁ

Scheme 1. Schematic diagram of preparation and application of Zn-MPB D GP-NTR for NTR detec-

tion.

2. Materials and Methods
2.1. Reagents and Instrumentation

All reagents and solvents were purchased commercially and used as received. Nitrore-
ductase from Escherichia coli and NADH were purchased from Sigma-Aldrich (St. Louis,
MO, USA). NMR spectra were acquired using a Bruker AVANCE III 400 MHz spectrometer
and a Bruker AVANCE III 500 MHz spectrometer (Bruker, Ferranden, Switzerland). Mass
spectrometric data were collected using an LTQ Orbitrap XL mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA). Titration calorimetry (ITC) was performed on a
Nano ITC (TA Instruments Inc. Waters LLC, New Castle County, DE, USA). Fluorescent
spectra were obtained with a Steady State, Fluorescence lifetime Spectrometer (Edinburgh
Instruments (FLS1000), Livingston, Scotland). The UV-vis spectra were measured on a TU
1900 UV-vis spectrometer (Persee, Shanghai, China). HPLC analyses were performed using
Agilent 1100 high-performance liquid chromatography (Agilent, Santa Clara, CA, USA).
The BD Accuri C6 Plus flow cytometer was used to sort out specific cells (BD, Franklin
Lake, NJ, USA). Confocal fluorescence imaging was performed using an OLYMPUS FV1000
confocal microscopy (OLYMPUS, Tokyo, Japan). The mice were imaged using Berthold
Night Owl LB 983 NC100 systems (Berthold Technologies, Baden-wurttemberg, Germany).

2.2. Synthesis of Compound 2

4-Bromo-1,8-naphthalic anhydride (1100 mg, 4 mmol) and 2-(2-aminoethyl)pyridine
(526 puL, 4.4 mmol) were dissolved in 15 mL of ethanol [31]. The reaction mixture was
heated at 75 °C for 8 h. After cooling to room temperature, the solvent was removed
under vacuum, and the obtained solid was washed with ethanol to give 4-bromo-N-2-
aminoethylpyridine-1,8-naphthalimide (compound 2) as a white solid product. Yield: 82%.
TH NMR (400 MHz, DMSO) ¢ 8.51 (d, | = 4.7 Hz, 2H), 8.44 (d, ] = 4.3 Hz, 1H), 8.27 (d,
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] = 6.4 Hz, 1H), 8.21-8.15 (m, 1H), 7.96 (t, ] = 7.3 Hz, 1H), 7.70 (t, ] = 7.5 Hz, 1H), 7.31 (d,
] =7.7Hz, 1H), 7.25-7.17 (m, 1H), 4.37 (t, ] = 7.4 Hz, 2H), 3.08 (t, ] = 7.5 Hz, 2H).

2.3. Synthesis of Compound GP-OH

Compound 2 (343 mg, 0.9 mmol) and N-Hydroxyphthalimide (163 mg, 1 mmol) were
dissolved in 5 mL dimethyl sulfoxide, then potassium carbonate (414 mg, 3 mmol) was
added, and the mixture was refluxed at 80 °C for 6 h. After cooling to room temperature,
the reaction solution was added dropwise to 100 mL of ultrapure water and then stirred.
The pH was adjusted to about 3 by concentrated hydrochloric acid. The pure product
4-hydro-N-2-aminoethylpyridine-1,8-naphthalimide (compound GP-OH) was obtained
by filtering reaction mixture without further purification. Yield: 76%. 'H NMR (400 MHz,
DMSO) ¢ 11.85 (s, 1H), 8.52 (dd, ] = 8.3, 0.8 Hz, 1H), 8.49-8.42 (m, 2H), 8.33 (d, ] = 8.2 Hz,
1H), 7.79-7.65 (m, 2H), 7.29 (d, ] = 7.8 Hz, 1H), 7.21 (dd, ] = 7.0, 5.2 Hz, 1H), 7.15 (d,
J=8.2Hz, 1H), 4.42-4.32 (m, 2H), 3.10-3.03 (m, 2H). HR-MS m/z: [M+H]* calculated for
[C19H15N203]+2 319.1086, found: 319.1093.

2.4. Synthesis of Compound GP-NTR

The synthetic route of GP-NTR was described in Scheme 2. Compound GP-OH
(318 mg, 1 mmol) and K,COj3 (420 mg, 3 mmol) were dissolved in 5 mL acetonitrile, and
the mixture was stirred for 30 min, and then, 1-(bromomethyl)-4-nitrobenzene (216 mg,
1 mmol) was added and refluxed at 75 °C for 8 h. After cooling to room temperature, the
solvent was removed under vacuum; then, the crude product was purified by column
chromatography on silica gel using eluent (dichloromethane /methanol = 100/1) to give
GP-NTR. Yield: 84%. 'H NMR (400 MHz, CDCl3/CD30D) 6 8.71 (d, | = 8.3 Hz, 1H), 8.66
(d,J=7.2Hz, 1H),8.58 (d,] =82 Hz, 1H), 8.54 (d, ] =4.1 Hz, 1H), 8.38 (d, ] = 8.6 Hz, 2H),
7.82(dd, ] =12.9,84 Hz, 3H), 7.72 (t, ] = 7.6 Hz, 1H), 7.42-7.36 (m, 2H), 7.19 (d, ] = 8.3 Hz,
1H), 5.57 (s, 2H), 4.72-4.53 (m, 2H), 3.36-3.21 (m, 2H). 1*C NMR (126 MHz, CDCl3/CD30D)
5168.30,167.71, 163.20, 162.55, 152.65, 152.56, 151.83, 146.85, 141.06, 137.31, 137.22, 135.75,
135.68, 133.34, 132.53, 131.85, 130.27, 127.89, 127.57, 127 .44, 126.14, 125.78, 119.41, 110.53,
73.40, 43.87,39.99. HR-MS m/z: [M+H]" calculated for [CysHygN3O5]*: 454.1402, found:

454.1391.
0y 0.0 /\/Cj o N_0O @Q«ou O N__O ? Oy N_O
HN N r
~ Eon K;CO; DMSO K,c:, CH,CN
Br B OH )

NO,
1 2 GP-OH GP-NTR
Scheme 2. The synthetic route of GP-NTR.

2.5. The General Procedure for In Vitro Spectra Measurement

The spectroscopic measurements were performed in Tris—-HCI at 25 °C. A stock so-
lution of GP-NTR (2 mM) or Zn-MPB (2 mM) was prepared in DMSO and diluted to
the required concentration when it was used in vitro measurement. Other analytes were
prepared by dissolving the relevant analytes with the same amount of distilled water to
obtain the final concentrations, including NaCl, KCl, L-Tyr, L-Cys, 3-Ala, L-Pro, L-Phe,
L-Pro, H,O,, AA (Ascorbic Acid), NQO1 (NAD(P)H quinone oxidoreductase 1), GSR (Glu-
tathione Reductase), and Escherichia coli NTR (Nitroreductase) (5 ug/mL in distilled water)
(Aex = 440 nm, Aem =520 nm). The solution was swiftly combined, and then, the absorbance
or fluorescence spectrum was measured by pouring it into a quartz colorimetric dish.
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2.6. Kinetic Study of GP-NTR and Zn-MPBD GP-NTR Reacting with NTR

The catalytic activity of NTR toward the reduction of Zn-MPB D GP-NTR was investi-
gated by fluorescence spectra at 25 °C. By using the Michaelis-Menten equation, the kinetic
parameters Via ZMPBOGP-NTR /7 GP-NTR a1 f, Z0MPBOGP-NTR /i GP-NTR yero og-
timated [32,33]. The catalytic number ratio between GP-NTR and Zn-MPBDGP-NTR
reacting with NTR is KeqtZ-MPBO GP-NTR /) GP-NTR The maximum reaction rate ratio be-
tween GP-NTR and Zn-MPB D GP-NTR reacting with NTR is Vi Z-MPBOGP-NTR/y7 | GP-NTR

2.7. ITC Experiments

The isothermal titration microcalorimeter was applied in the ITC experiments (at
atmospheric pressure and 25 °C) [34], and it provided data for the association constant (K)
and thermodynamic parameters. A solution of GP-NTR (1 mM) in a 0.25 mL syringe was
sequentially injected with stirring at 250 rpm into a solution of Zn-MPB (0.1 mM) in the
sample cell (1.30 mL volume). The experiments were conducted in DMF-H,O solution
(DMF/H0 = 98/2, v/v). Using the ‘independent’ model, all of the thermodynamic
parameters given in this study were determined.

2.8. Molecular Docking Preparation

The structure of NTR was obtained from the Protein Crystal Structure Database
(https:/ /www.rcsb.org/3d-view /1ICR/1 (accessed on July 7, 2024)) (PDB code: 1ICR for
NTR). The basic structure of Zn-MPB and GP-NTR were appropriately optimized and
adjusted. For the docking calculations, the models of NTR were refined by eliminating
water molecules, adding hydrogen atoms, and adding Gasteiger charges, fragmental
volumes, and atomic solvation parameters to adhesive through AutoDock Tools (AutoDock
Tools-1.5.6) [35]. For the ligand, the molecule was refined by removing and subsequently
adding hydrogen atoms in a similar manner. PyMOL 2.5.4 was used to render the AutoDock
docking calculation results following optimization.

2.9. HPLC Analysis

The substrate GP-NTR was dissolved in PBS, and NTR was added into the solution
of NADH or Zn-MPB for 30 min, and the resultant solution (NTR: 10 pug/mL, GP-NTR or
GP-OH: 10 uM) was filtered before sample injection. Mobile phase A was water containing
0.2% acetic acid and 0.2% triethylamine, and phase B was pure methanol. The flow rate
was 0.8 mL/min.

2.10. Cell Culture and Cell Cytotoxicity Studies

The Michigan Cancer Foundation-7 (MCE-7) cells and HepG2 cells were cultured in
DMEM supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin—
streptomycin in a 5% CO, humidified incubator at 37 °C.

The cytotoxicity of GP-NTR and Zn-MPB to MCF-7 cells and HepG2 cells was mea-
sured by the MTT method. In brief, cells were seeded in 96-well microplates and incubated
in complete DMEM culture medium for 24 h. Then, the cells were washed with PBS and
replaced with a fresh culture medium and then cultured in medium with 0, 1, 2, 5, 10, and
20 uM of GP-NTR and Zn-MPB for 24 h. After that, the medium was removed, and the
cells were washed 3 times with fresh PBS. The MTT reagent with the fresh medium was
added into each well and then incubated for another 4 h. The culture medium was taken
out, and 100 uL DMSO was added to dissolve the precipitate. Finally, the Thermo MK3
ELISA Microplate Reader was used to measure the absorbance at 570 nm, and the cell
viability of MCE-7 cells and HepG2 cells was estimated.

2.11. Confocal Fluorescence Imaging for Cells

The MCEF-7 cells and HepG2 cells were treated under normoxic (20% O,) or different
hypoxic conditions (O, concentration of 8% or 0.1%) for 6 h at 37 °C. After culture, the cells
were further incubated with GP-NTR (2 uM) and Zn-MPBDGP-NTR (2 uM) biomimetic
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catalytic platform for 1 min. Kinetic fluorescence imaging was carried out by incubating
MCEF-7 cells and HepG2 cells with GP-NTR (2 pM) and Zn-MPBDGP-NTR (2 uM) for 0,
1, 5,10, or 20 min after treatment under hypoxic conditions (0.1% O,) for 6 h at 37 °C. The
cells were rinsed three times with PBS. An Olympus FV1000 fluorescent microscope was
used to take fluorescence photographs of the cells. The wavelength of the laser source was
488 nm, and the cell fluorescence signals were collected at 510-600 nm.

2.12. Flow Cytometry Analyses

MCE-7 cells were cultured with different degrees of hypoxia (20% O, and 0.1% O,)
for 6 h and treated with 5 ptM Zn-MPBDGP-NTR for 15 min. The cells were washed
3 times with PBS buffer, and then trypsinized, centrifugated, and resuspended in 1 mL
PBS medium, and subjected to flow cytometric analysis. In another experiment, the MCF-7
cells and HepG2 cells were incubated under 0.1% O, condition for 6 h. Then, they were
treated with 5 uM GP-NTR or 5 uM Zn-MPBDGP-NTR at 37 °C for 15 min and washed
3 times with PBS buffer, and then trypsinized, centrifugated, and resuspended in 1 mL PBS
medium, and subjected to flow cytometric analysis.

2.13. Establishment of Mice Model

A Berthold Night Owl LB 983 NC100 system was employed for in vivo imaging. Mice
were anesthetized before fluorescence imaging. Then, the mice were placed in the in vivo
imaging system for fluorescence imaging after giving injection of GP-NTR (100 uL,100 M)
or Zn-MPBDGP-NTR (100 pL,100 uM) in saline (Aex = 450 nm, Aem = 520 nm).

3. Results and Discussion
3.1. Preparation and Characterization of Zn-MPBD GP-NTR

The well-known NTR-sensitive moiety, p-nitrobenzyl, was attached to the hydroxyl
part of naphthalimide to construct the substrate, GP-NTR. The metal-organic capsule
Zn-MPB consists of three Zn?* ion and three alternating connected ligands, and each
Zn** ion was combined with two tridentate chelators from two different ligands. The
NADH mimics was located on the surface of Zn-MPB, and it could make the capsule
function as the coenzyme beta-nicotinamide adenine dinucleotide (NADH) that receives
and transfers protons and electrons directly from enzymatic processes when the capsule
enters the catalytic domain of the enzyme and then provides adequate electrons and protons
to reduce the nitro group of GP-NTR [36,37]. The cyclic voltammogram experiment of
Zn-MPB has been performed in CH3CN (Figure S33), confirming that the redox activity
of Zn-MPB was enhanced compared to the ligand HoMPB [29]. It is noteworthy that
the morpholine moieties in Zn-MPB increase the water solubility and biocompatibility
of the supramolecular system, and the positively charged Zn-MPB contributes to the
accumulation of host-guest complex in the tumor. GP-NTR and H,MPB were easily
synthesized and purified by column chromatography. The detailed synthetic rote of GP-
NTR was laid out in Scheme 2. The synthesis of Zn-MPB was reported in the supporting
information. The chemical structures of GP-NTR and Zn-MPB were characterized by 'H
NMR and mass spectrometry.

The assembly of Zn-MPBDGP-NTR was monitored via ESI-MS, TH NMR spec-
troscopy, 'H diffusion ordered spectroscopy ("H DOSY), and 'H-'H NOESY spectroscopy.
Results from the ESI-MS analysis of Zn-MPB in acetonitrile revealed an intense peak at
m/z = 942.2663 that was attributed to [H,Zn3(MPB);]** species (Figure 1a), showing the
integrity of Zn-MPB [38]. After adding an equimolar amount of GP-NTR to Zn-MPB, a
H,Zn3(MPB)3(GP-NTR)]?* species appeared at m/z = 1169.8331 (Figure 1b). The estab-
lishment of a 1:1 host-guest species Zn-MPBDGP-NTR in solution was proposed by a
comparison of the experimental peaks and those obtained via simulation based on natural
isotopic abundances. With the 'H NMR spectra of the free GP-NTR, the free Zn-MPB, and
the mixture of GP-NTR and Zn-MPB, the encapsulation of GP-NTR in Zn-MPB could be
signaled by the proton chemical shift changes in peaks for the host and guest molecules
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with respect to the corresponding signal of the starting material (Figures 1c and S10) [39,40].
The peak related to the protons (H12 and H15) of Zn-MPB moved ~0.05 ppm upfield, which
indicated the encapsulation of GP-NTR into Zn-MPB [28,41]. The diffusion-ordered NMR
spectroscopy (DOSY) spectra of the 1:1 mixture of GP-NTR with Zn-MPB measured in
DMSO-d; indicated that GP-NTR and Zn-MPB could belong to a single assembly species
with a weight average diffusion coefficient of 2.104 x 10710 m2s1 (Figure 1c) [42]. The
formation of Zn-MPB D GP-NTR species was demonstrated by NOESY spectroscopy of the
phenyl ring H of GP-NTR with the Hy, and Hy4 of Zn-MPB (Figure 512). These results
suggest that the host—guest system forms steadily. The formation of host-guest complex-
ation species was examined by UV-vis spectra [43,44]. Job’s plot between Zn-MPB and
GP-NTR with different molar ratios clearly showed a 1:1 stoichiometry between Zn-MPB
and GP-NTR (Figures 2a and S15). Isothermal titration calorimetry (ITC) measurements
were conducted in DMF-H,0 solution (DMFE/H,0 =98/2, v/v) to further characterize the
host-guest combination (Figure 2c). The titration results showed that, upon the addition
of GP-NTR, Zn-MPB exhibited the absolute values of enthalpic and entropic changes
of AH = 11.16 k] mol~! and TAS = 43.26 k] mol !, respectively [45,46]. The free energy
of binding between Zn-MPB and GP-NTR was calculated as —7.66 kcal mol~1, and the
binding constant (K,) was calculated as 4.22 x 10° M~!, indicating the favored formation
and steady existence of the 1:1 host-guest system [28,41]. As shown in Figure S32, the
solubility of the host-guest system was also improved due to the self-assembly of the host
and guest, which made Zn-MPB D GP-NTR more suitable for biological detection.

(a)

(b)
942.2663 942.2668

il . il

Experimental Experimental

-3l i u

miz
900 950 1000 1050 1100 1150 1200 900 950 1000 1050 1100 1150 1200

(c)

186 11e7 1168 169 170 1 172

zn.Mm‘a:eP.NTR

Zn-MPB5GP-NTR

__/\W'\/"\_ A

‘Zn—MPB
A Dy By | ] vVoogg e

D=2.104X10""m?/s

a4 o

64 60 56
1 (ppm)

Figure 1. Characterization of the interactions between Zn-MPB and GP-NTR. ESI-MS spectra of
Zn-MPB (a) and Zn-MPB following the addition of 1.0 equiv of GP-NTR (b) in CH3CN solution.
(¢) 'H DOSY spectra of Zn-MPBDGP-NTR (DMSO-d, 298 K).
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Figure 2. (a) UV titration spectra of Zn-MPB (10 uM) with GP-NTR (0-20 uM) in DMSO/ Tris—-HCI
solution (red line: the initial titration curve; blue line: the final titration curve). The inset shows a
Job’s plot curve of GP-NTR/Zn-MPB mixtures with different molar ratios. (b) UV titration spectra
of Zn-MPB (10 uM) with NTR (0-3.5 pug/mL) in Tris-HCl solution (red line: the initial titration curve;
blue line: the final titration curve). The inset shows the changes at 450 nm. (c) ITC experiments of
Zn-MPB upon the addition of GP-NTR in the DMF/H,O (98:2) solution. (d) Molecular docking
results of GP-NTR with Zn-MPB. (e) Molecular docking results of Zn-MPB with NTR.

3.2. Molecular Docking

In molecular design and the simulation of chemical and protein binding processes,
molecular docking is a helpful technique for predicting the binding mode of receptors
and ligands [47-49]. Small molecule ligands and receptor molecules were docked with a
semi-flexible docking method. The docking results demonstrated that a possible hydrogen
bond was formed between the N atom of the pyridine ring of GP-NTR and the O atom
of Zn-MPB (labeled in yellow), and the distance of hydrogen bonding was 2.1 A. The
free energy of binding between Zn-MPB and GP-NTR was about —8.3 kcal mol~!, which
indicated the stable binding behavior of Zn-MPB with GP-NTR (Figure 2d). The free
energy of binding between GP-NTR and NTR was about —6.47 kcal mol ! (Figure S16). As
shown in Figure 2e, the docking results revealed that strong hydrogen bonds were formed
between the O atom of the pyridine ring of Zn-MPB and the nearby arginine residues
(ASN-117) of NTR, which further enabled Zn-MPB to enter the hydrophobic protein pocket
of NTR and bind to it closely. The binding free energy between Zn-MPB and NTR was
about —3.34 kcal mol~!. The above results demonstrated that Zn-MPB may have good
binding ability to NTR.

3.3. Fluorescence Responses of Zn—MPBD GP-NTR toward NTR

The spectroscopic responses of Zn-MPBDGP-NTR or GP-NTR were investigated
in vitro to verify the response ability of Zn-MPBDGP-NTR toward NTR under model
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conditions (Tris-HCl buffer, pH 6.5, and 25 °C) [50]. Upon the addition of NTR to Zn-
MPBDGP-NTR, there was a noticeable increase in fluorescence intensity at 520 nm within
40 s. The fluorescence intensity and NTR content (0-5 pg/mL) exhibited a good linear
relationship, which ensures the quantitative analysis of NTR (Figure 3a,b,e). According
to the slope of the curve, the limit of detection (LOD) value of Zn-MPBDGP-NTR could
be obtained by using the formula 30/k. And the LOD was calculated to be 6.4 ng/mL
(R? = 0.9936) (Figure S17). In comparison, traditional probe GP-NTR was investigated by
varying the amount of NTR added to the mixture of GP-NTR and NADH, which displayed
similar emission peaks to those of the above-mentioned solution (Figure 3c). However,
GP-NTR needed over 10 min to reach equilibrium, which was an over 20-fold longer
reaction time than that of Zn-MPBDGP-NTR (Figure 3d). Due to the plots and slopes of
the intensity versus NTR content change over time during the slower reaction of GP-NTR
with NTR, it is difficult for a linear relationship to form between the enhancement in fluo-
rescence intensity and the concentration of enzyme (Figure S18b). For better understanding
the reduction progress of Zn-MPBDOGP-NTR to NTR, HPLC analysis was performed
(Figure 527). A new chromatographic peak (retention time, TR = 5.13 min/5.15 min) was
observed after GP-NTR was incubated with NTR for 20 min in the presence of NADH or
Zn-MPB, which was exactly matched with the resultant GP-OH fluorophore. In addition,
principal component analysis (PCA) was applied to further distinguish the reaction modes
of GP-NTR and Zn-MPBDGP-NTR with NTR. As shown in Figure 3f, there was little
overlap between the two sets of data. The projection data of Zn-MPBDOGP-NTR on the
third component axis were narrowly clustered between about —0.4 and —0.7, while the
data of GP-NTR on the third component axis were scattered between —0.3 and 1.2. It
was further confirmed that the intensity of the host-guest complex changed little after the
reaction equilibrium was obtained rapidly from 30 s to 100 s. The host-guest complex
significantly improved NTR detection with a substantially shorter response time than that
of the conventional probe, which indicated that the host-guest complex can be applied for
the fast detection of NTR [51]. Further investigation exemplified that GP-NTR reduction by
NTR was significantly influenced by the increased concentration of NADH (Figure S19a),
implying that the supply of NADH was necessary for NTR detection. Little difference was
seen in the reaction between Zn-MPBDGP-NTR and NTR with or without the addition
of NADH before or after the reaction (Figure S20). It could be seen from the fluorescence
comparison experiments that Zn-MPB D GP-NTR could improve the fluorescence response
rate of NTR and shorten the equilibrium time, and the fluorescence intensity showed
a linear response to the concentration of NTR. In addition, we tested the photostability
of Zn-MPBDGP-NTR and Zn-MPBDGP-NTR coexisting with NTR (5 pg/mL) and the
influence of temperature change on the efficiency of the host—guest system. The results
proved that the photostability of the host-guest system was better, and the influence of
temperature on the system was relatively small in 040 °C before and after the addition of
NTR (Figures S21 and S22). When the host—-guest platform was compared with some pub-
lished NTR probes, the fluorescence response time of Zn-MPB D GP-NTR was relatively
short, and the detection limit was also relatively low (Table S1). These results showed that
the host—guest platform Zn-MPBDGP-NTR could be a suitable turn-on biosensor for the
quantitative detection of NTR with a significantly shorter response time.
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Figure 3. Fluorescence spectra of GP-NTR (5 uM) in response to different concentrations of NTR
with Zn-MPB (5 uM) (a) or NADH (15 uM) (c). (b,d) Time-dependent intensity variation in GP-NTR
(5 uM) with Zn-MPB (5 tM) or NADH (15 uM) with different concentrations of NTR (1-5 pg/mL).
(e) Intensity vs. NTR levels in 5 uM Zn-MPBDGP-NTR at different times. (f) 3D PCA plot of 5
uM Zn-MPBDGP-NTR (red) and 5 uM GP-NTR (black) reaction with 1-5 pug/mL NTR in 30-100 s
and their YZ plane projection (purple). 95% confidence ellipses surround each sample cluster.
Aex = 440 nm, ey = 520 nm.

Encouraged by the excellent fluorescence capability of Zn-MPBDGP-NTR, the kinetic
parameters of the NTR-catalyzed cleavage reaction were also determined (Figures 523 and 524).
It is well known that the reduction of nitro group by NADH and NTR is a typical enzyme
process involving two substrates [52]. However, the response of Zn-MPBDOGP-NTR to
NTR concentration was not affected by NADH, and the pseudo-intramolecular signal
communication reduced the complexity of the double-substrate mechanism into a single-
substrate free collision process. By using the Michaelis—Menten equation, the kinetic
parameter value of Vi Z-MPBOGP-NTR /y7 - GP-NTR o i Z0-MPBOGP-NTR /  GP-NTR
is about 28 [32,33]. In comparison to a natural catalytic system, Zn-MPBDOGP-NTR en-
hanced catalytic efficiency by changing the catalytic kinetics. These above-mentioned
results demonstrated that Zn-MPBDGP-NTR was capable of the rapid detection of NTR
with great potential in biological applications.

On account of the complexity of cellular milieux, selectivity experiments were per-
formed via recording the fluorescence spectra changes after treatment with various potential
interfering species (NaCl, KCl, L-Tyr, L-Cys, 3-Ala, L-Pro, L-Phe, L-Pro, H,O,, AA, NQO1,
GSR) to verify the specificity of Zn-MPBDGP-NTR for detecting NTR (Figure S25) [53].
Upon the addition of analytes to the Tris—HCI solution with GP-NTR or Zn-MPBDGP-
NTR, only NTR caused an obvious change in fluorescence spectra, whereas the variations
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with the other reactive species were negligible. It is worth noting that the addition of NTR
to the solution containing interfering analytes and Zn-MPBDGP-NTR quickly produced a
fluorescence response identical to that of the Zn-MPB D GP-NTR solution, suggesting that
NTR could be detected effectively even in complex situations. This feature is extremely
beneficial for monitoring hypoxic regions in vivo.

3.4. Imaging NTR in Cancer Cells by Zn-MPBDGP-NTR

The cytotoxicity of GP-NTR and Zn-MPB to living cells was evaluated with MCE-7
and HepG2 cells by the standard MTT assay (Figure S28) [54]. It is demonstrated that, after
24 h of incubation at various concentrations, the viability levels of MCF-7 cells and HepG2
cells maintained above 85%, indicating that both GP-NTR and Zn-MPB were suitable for
NTR detection in living cells. No detectable toxicity was observed in the case of MCF-7
cell line and HepG2 cell line. These results suggest that Zn-MPB D GP-NTR has acceptable
toxicological properties and excellent biocompatibility for NTR detection in cancer cells
and mice models.

The ability of Zn-MPB D GP-NTR was evaluated to detect hypoxia by monitoring NTR
in MCF-7 and HepG2 cells after incubating under normoxic (20% O;) and different hypoxic
(8% and 0.1% O,) conditions for 6 h, respectively, followed by treatment with GP-NTR or
Zn-MPBDGP-NTR for 1 min under the respective conditions (Figures 4a and 529a) [55].
For the Zn-MPBDGP-NTR group, negligible fluorescence was observed in MCF-7 cells
and HepG2 cells under the normoxic condition. Significantly enhanced fluorescence
was observed under hypoxia conditions, and the signal became stronger when the O,
concentration decreased. In the comparison group, it could be seen that cells incubated
with GP-NTR had much lower fluorescence intensity than that of the group incubated
with Zn-MPBDGP-NTR at the same oxygen content. These findings revealed that Zn-
MPBDGP-NTR was suitable for the detection of NTR under different hypoxia levels in a
short incubation time. It is confirmed that the host-guest system was highly responsive to
intracellular NTR changes and could be used to monitor the hypoxia in living cells.

Inspired by the superiority of Zn-MPBDOGP-NTR as a new molecular tool for NTR
imaging in living cells, the tests were conducted for MCF-7 and HepG2 cells regarding the
capacity of intracellular NTR imaging with various incubation times (Figures 4b and S29b).
The cells were incubated in a hypoxic environment (0.1% O,) for 6 h and then treated with
Zn-MPBDGP-NTR or GP-NTR for different times (0-20 min). The MCF-7 and HepG2 cells
exhibited no fluorescence when not incubated with Zn-MPB D GP-NTR or GP-NTR. The
fluorescence intensity of MCF-7 and HepG2 cells in the red channel became stronger with a
longer incubation time. In particular, the GP-NTR group took longer to reach equilibrium
(approximately 20 min), while the fluorescence intensity of cells in the Zn-MPBDGP-NTR
groups reached equilibrium quickly in 5 min after incubation and exhibited no significant
change even after a longer period (until 20 min). In comparison, the fluorescence intensity
of MCF-7 and HepG2 cells treated with GP-NTR was weaker than the Zn-MPBDGP-NTR
group after reaching fluorescence equilibrium. These results illustrated that Zn-MPB D GP-
NTR could rapidly monitor NTR in cells with the improvement of the double-substrate
mechanism to a single-substrate one. Hence, Zn-MPB D GP-NTR was applicable for the
rapid and effective detection of NTR in hypoxic cancer cells.

Flow cytometry analysis has been regarded as a high-throughput assay technique that
is frequently employed for the analysis of various samples [56,57]. Flow cytometry analysis
was preferred to verify the fluorescence imaging results of the host—guest complex. The
fluorescence intensity of MCFE-7 cells treated with Zn-MPB D GP-NTR under hypoxic con-
ditions (0.1% O,) for 6 h was significantly higher than that of the control group (Figure 5c).
Then, a comparative experiment between the Zn-MPBDGP-NTR group and the GP-NTR
group was performed under hypoxic conditions (0.1% O;). As shown in Figures 5d and S31,
the fluorescence intensity of the Zn-MPBDGP-NTR group and the GP-NTR group treated
with 0.1% O, for 6 h in MCF-7 and HepG2 cells was significantly increased than that
of the control group, while the fluorescence intensity of Zn-MPBDGP-NTR group was
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slightly higher. These results indicate that the host-guest complex Zn-MPBDGP-NTR
could achieve the good detection of NTR with fast imaging. The flow cytometry results
were consistent with cell confocal imaging results, demonstrating that Zn-MPBDGP-NTR
could be applied to monitoring NTR in hypoxia cancer cells.
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Figure 4. (a) Imaging of MCF-7 cells under different conditions. Cells were treated with 2 M
GP-NTR or 2 uM Zn-MPBDGP-NTR for 1 min after 6 h incubation under normoxic (20% O,) and
different hypoxic (8% and 0.1% O,) conditions. (b) Imaging of MCF-7 cells under 0.1% O, condition
incubated with 2 uM GP-NTR or 2 uM Zn-MPBD GP-NTR for different times (0, 1, 5, 10, 20 min).
Scale bar: 20 pm. (c) Relative fluorescence intensity of the corresponding images of MCEF-7 cells after
being incubated with 2 uM GP-NTR or 2 uM Zn-MPB D GP-NTR under different oxygen contents
for 1 min. (d) Relative fluorescence intensity of the corresponding images of MCF-7 cells at varied
time points after being incubated with 2 uM GP-NTR or 2 uM Zn-MPBDGP-NTR under hypoxia
conditions. The results were presented as mean + SE with replicates, 1 = 3.

3.5. In Vivo Fluorescence Imaging of NTR

Based on the good selectivity and rapid response to NTR, the ability of Zn-MPB D GP-
NTR for the in vivo real-time tracking imaging of NTR was studied. In consideration of
the adaptability of Zn-MPBDGP-NTR, MCF-7 tumor-bearing model was used to trace
the NTR catalytic kinetics in vivo due to the NTR overexpression in hypoxic tumors. The
mice injected with GP-NTR were selected as the control group. As shown in Figure 5a,b,
the mice injected with GP-NTR or Zn-MPBDGP-NTR showed no obvious background
fluorescence. Mice treated with GP-NTR showed a small fluorescence signal initially,
and this signal increased with the time. By contrast, after the intratumoral injection of
Zn-MPBDGP-NTR was administered to mice, a certain fluorescence response appeared in
a relatively short time and showed no obvious alterations over a longer incubation time.
These findings revealed that the fluorescence signal of Zn-MPBDGP-NTR in the tumor
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area was strong, and the rapid reaction of Zn-MPBDGP-NTR with NTR occurred in the
tumor site. Taken together, the interaction of Zn-MPBDGP-NTR with NTR could lead
to the rapid detection of NTR, making it appropriate for the in vivo imaging of NTR in
hypoxic tumors.
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Figure 5. Real-time in vivo fluorescence imaging of hypoxia in MCE-7 tumor-bearing mice after an in-
jection of Zn-MPBDGP-NTR (a) or GP-NTR (b). (c) Flow cytometry analyses of MCEF-7 cells treated
with 5 uM Zn-MPB D GP-NTR under hypoxic or normoxic conditions. (d) Flow cytometry analysis
of MCEF-7 cells treated with 5 uM GP-NTR or 5 uM Zn-MPB D GP-NTR under hypoxic conditions.

4. Conclusions

In summary, a host-guest complex, Zn-MPBDGP-NTR, was developed for quanti-
tative, sensitive, and rapid bio-tracking of NTR. Zn-MPBDGP-NTR was encapsulated
by the inclusion of a fluorescent substrate GP-NTR in a NADH mimic-containing metal—
organic capsule Zn-MPB to improve its responsiveness to NTR. The resulting host-guest
platform made the detection of NTR independent of NADH, while the response process
was switched from the original complex double-substrate process to a single-substrate one.
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It not only demonstrated a fast response toward NTR with a low detection limit, but also
could been employed for the quantitative detection of NTR. Confocal microscopy, flow
cytometry analysis, and tumor imaging in the tumor-bearing mouse model demonstrated
that Zn-MPBDGP-NTR showed an excellent detection performance for NTR. The host—
guest platform described here might present significant opportunities for the development
of molecular tools for in vivo hypoxia monitoring and could be used for the early detection
of cancers associated with hypoxia.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors12080145/s1, Figure S1: 'H NMR spectrum of
compound 2 (400 MHz, 298 K, DMSO-dg); Figure S2: TH NMR spectrum of GP-OH (400 MHz, 298 K,
DMSO-dg); Figure S3: 'H NMR spectrum of GP-NTR (400 MHz, 298 K, CDCl3/CD;0D (v/v = 6/1));
Figure S4: 13C NMR spectrum of GP-NTR (400 MHz, 298 K, CDCl; /CD;0D (v/v = 6/1)); Figure S5:
TH NMR spectrum of H,MPB (400 MHz, 298 K, DMSO-dg); Figure S6: 'H NMR spectrum of Zn-
MPB (400 MHz, 298 K, DMSO-d); Figure S7: HR-MS spectrum of GP-OH; Figure S8: HR-MS
spectrum of GP-NTR; Figure S9: HR-MS spectrum of HyMPB; Figure S10: (a) 'H NMR spectra
of the free GP-NTR, Zn-MPB, and an equimolar mixture of Zn-MPB and GP-NTR in DMSO-dg
solution. (b) Uphill of the protons of subtract GP-NTR (H;, Hyq, Hg, Hj, and Hp). (c) Uphill of the
protons of the molecular square (Hy, and Hjs); Figure S11: TH COSY spectroscopy of intermolecular
H-H interaction of GP-NTR with equimolar Zn-MPB (v/v, 1/1) in a DMSO-dg solution; Figure S12:
H NOESY spectroscopy of intermolecular H-H interaction of GP-NTR with equimolar Zn-MPB
(v/v, 1/1) in a DMSO-dg solution; Figure S13: (a) UV titration experiments of Zn-MPB with GP-
NTR in DMSO/Tris-HCl solution. (b) UV titration experiments of Zn-MPB with NTR in Tris—-HCl
solution; Figure S14: (a) Time-dependent UV tests for the stability of GP-NTR (5 uM) in Tris—-HCl.
(b) Time-dependent UV tests for the stability of Zn-MPBDGP-NTR (5 uM) in Tris-HCI; Figure S15:
(a) UV-vis difference spectrometry of guest inclusion in DMSO/ Tris—-HCl solution. (b) Job—plot of
changes in the absorbance of host—guest complex at 370 nm in DMSO/Tris-HCl solution; Figure S16:
Theoretical docking study optimized model of GP-NTR with NTR; Figure S17: The Linear fitting
curve of the fluorescence intensity of Zn-MPB D GP-NTR at 520 nm versus the concentration of NTR
from 0 to 5 pg/mL; Figure S18: Intensity vs. NTR concentration after reacting with (a) Zn-MPB D GP-
NTR (5 uM) or (b) GP-NTR (5 uM) and NADH (15 uM) for different times; Figure S19: Solvent
kinetics tests of Zn-MPBDGP-NTR. (a) NTR (1 ug/mL) reacted with GP-NTR (5 uM) at various
concentrations of NADH (1 and 15 uM). (b) NTR (1 ug/mL) reacted with Zn-MPBDGP-NTR (5 uM)
at various concentrations of NADH (1, 15, or 30 uM); Figure S20: The reaction kinetics between
Zn-MPBDGP-NTR (5 uM) and NTR (1 pg/mL) with/without the addition of NADH (15 uM) before
or after the reaction; Figure S21: The photostability of Zn-MPBDGP-NTR and Zn-MPBDGP-NTR
coexisting with NTR (5 pg/mL), Aex = 440 nm, Aem = 520 nm; Figure S22: The fluorescence intensity
of Zn-MPBDGP-NTR and Zn-MPBDGP-NTR coexisting with NTR (5 ug/mL) toward different
temperatures, Aex = 440 nm, Aem = 520 nm; Figure S23: (a) Kinetics of NTR (1 ug/mL) with various
concentrations of Zn-MPBDGP-NTR. (b) Kinetics of NTR (1 pg/mL) with NADH (15 uM) and
various concentrations of GP-NTR; Figure S24: Plot of 1/v against 1/S according to the Michaelis—
Menten equation, where the black line was derived from Zn-MPBDGP-NTR (0-5 uM) reacting with
NTR (1 pg/mL), and the blue and red lines were obtained from the kinetic curves of NTR reacting
with various concentrations of GP-NTR in 1 or 15 uM NADH,; Figure S525: Fluorescence response of
5 uM GP-NTR (with 15 uM NADH, black) or Zn-MPBDGP-NTR (blue) in the presence of different
analytes for 10 min, until GP-NTR groups reached equilibrium. Then, adding NTR (5 ug/mL) to
the Zn-MPBDGP-NTR (5 uM) in the presence of various interfering analyte mixture solutions, data
recorded equilibrium in seconds (red); Figure S26: Fitting results of lifetime for Zn-MPBDGP-NTR
in DMSO; Figure S27: HPLC analysis to confirm the reaction mechanism of GP-NTR towards NTR
detection; Figure 528: Cell viability of MCEF-7 cells treated with various concentrations of GP-NTR
(a) and Zn-MPB (b) (from 0 to 20 uM) for 24 h. Cell viability of HepG2 cells treated with various
concentrations of GP-NTR (c) and Zn-MPB (d) (from 0 to 20 uM) for 24 h; Figure 529: (a) Imaging
of HepG2 cells under different conditions. (b) Imaging of HepG2 cells under 0.1% O, condition
incubated with 2 uM GP-NTR or 2 uM Zn-MPB D GP-NTR for different times (0, 1, 5, 10, 20 min);
Figure S30: (a) Relative fluorescence intensity of the corresponding images of HepG2 cells after
being incubated with 2 uM GP-NTR or 2 uM Zn-MPB D GP-NTR under different oxygen contents
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for 1 min. (b) Relative fluorescence intensity of the corresponding images of HepG2 cells at varied
time points after being incubated with 2 uM GP-NTR or 2 uM Zn-MPBDGP-NTR under hypoxia
conditions; Figure S31: Flow cytometry analysis of HepG2 cells treated with 5 uM GP-NTR or 5 uM
Zn-MPBDGP-NTR under hypoxic conditions; Figure S32: The corresponding image of GR-NTR,
Zn-MPBDGP-NTR, and Zn-MPB in water; Figure S33: Cyclic voltammogram of Zn-MPB (0.1 mM)
and H,MPB (0.2 mM) in CH3CN containing TBAPF; (0.1 M). Table S1: Comparison of fluorescent
probes for NTR detection. References [33,48,58,59] are cited in the Supplementary Materials.
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Abstract: In this study, a MOF-199/Ag@Au SERS sensing structure was successfully synthesized
by combining metal-organic frameworks (MOFs) with surface-enhanced Raman scattering (SERS)
technology for the efficient detection of dopamine (DA), a biomarker for neurological diseases,
in serum. Using electrochemical methods, a copper-based MOF (MOF-199) was synthesized in
situ on copper substrates and further deposited with silver nanoparticles (AgNPs). Subsequently,
gold nanoshells were encapsulated around these silver cores by in situ chemical deposition. This
preparation process is simple, controllable, and inexpensive. Furthermore, a novel Azo reaction-
based DA SERS method was proposed to detect 1 pM DA, which represents an improvement in
sensitivity by two orders of magnitude compared to previous unlabeled SERS detection methods
and by four orders of magnitude compared to another SERS approach proposed in this work. There
was an excellent linear relationship (R? = 0.976) between the SERS signal at 1140 cm ™! and the DA
concentration (0.001 M~1 pM). The results indicate that the MOF-199/Ag@Au sensor structure can
successfully achieve both the qualitative and quantitative detection of DA in serum, thus providing
a robust technical basis for the application of SERS technology in the field of clinical neurological
disease screening.

Keywords: dopamine; surface-enhanced Raman spectroscopy (SERS); Azo reaction; MOF-199; neuro-
logical disease diagnosis

1. Introduction

Neurotransmitters are a series of messenger molecules in the body that transmit
information and maintain the balance of physiological functions [1]. They play important
roles in emotion regulation and behavior, learning and cognitive activities, homeostasis
in the body, and individual motor control and coordination [2—4]. Dopamine (DA) is one
of the most common of these neurotransmitters, regulating physiological processes in the
nervous, hormonal, and cardiovascular systems [5]. The deficiency of DA leads to clinical
symptoms such as Parkinson’s disease, depression, and schizophrenia [6-10].

Clinically, the main methods of DA detection include fluorescence, colorimetric, and
electrochemical methods [11-14]. Fluorescence and colorimetric methods require complex
sample pretreatment and are not highly sensitive [15,16]; electrochemical methods, al-
though sensitive, are difficult to accurately quantify DA in complex biological samples such
as serum and urine due to the similarity of the electrode potentials of ascorbic acid, uric
acid and DA [17,18]. Therefore, a rapid and simple analytical method with good specificity
and high sensitivity for DA is urgently needed [19].

Surface-enhanced Raman scattering (SERS), as a powerful surface-sensitive analyt-
ical tool, shows great potential for highly specific and sensitive analyses in the fields

Chemosensors 2024, 12, 187. https:/ /doi.org/10.3390/ chemosensors1209018I

https:/ /www.mdpi.com/journal /chemosensors



Chemosensors 2024, 12, 187

of food safety, environmental protection, and biological research [20-24]. Gold and sil-
ver nanoparticles (Au and Ag NPs) are widely used as SERS substrates due to their re-
markable SERS enhancement [25,26]. Efficient SERS substrates need to satisfy two basic
requirements: excellent adsorption properties to adsorb molecules onto the surface of
metal nanoparticles and the formation of abundant Raman hotspots between neighbor-
ing nanoparticles [27-29]. By preparing hybrid materials such as silicon nanowire-coated
silver (SINWs@Ag), cerium oxide-coated titanium dioxide (CeO,@TiO,) [30], and silver
nanoparticles modified graphene oxide (AgNPs@GO) [31], these SERS substrates exhibit
enhanced performance due to their increased surface area and superior adsorption proper-
ties, facilitating efficient target molecule capture. Additionally, the synergistic interactions
at the interfaces of different materials enhance the local electromagnetic fields, resulting
in increased Raman signal enhancement and the formation of abundant hotspots, thereby
improving the sensitivity and efficacy of SERS applications.

Wang et al. [32] reported a study on the selective label-free SERS detection of DA
using graphene-gold nanopyramidal heterostructures, further expanding the potential of
SERS technology in the analytical field. Although the method performed well in terms of a
detection limit of about 1010 M, it was not suitable for the specific detection of DA. Next,
Jin’s group [33] proposed a surface acoustic wave-based SERS active sensing technique
for silver nanoparticle clustering to achieve the rapid, label-free detection of DA; however,
its sensitivity to the operating power may lead to nanoparticle sintering and nanogap
loss, thus limiting the reproducibility and reliability of the method [34]. Jiang et al. [35]
employed silver nanoparticles incorporated into a metal-organic framework Material of
Institute Lavoisier-101 (MIL-101) for the SERS detection of DA. This composite structure
demonstrated excellent sensitivity and selectivity toward DA. However, the complex
synthesis process and the instability of the nanosilver colloids used in the preparation
present challenges to the method’s simplicity and stability.

The selective detection of low concentrations of DA in complex biological samples is
challenging, and utilizing probe molecules that can selectively recognize DA [36] offers a
feasible solution [36]. Zhang et al. [37] captured DA by adsorption of 3,3'-dithiodipropionic
acid di(N-hydroxysuccinimide ester) (DSP) on a gold thin film and introduced 3-mercapto
phenylboronic acid (3-MPBA) and functionalized AgNPs to form a plasma ‘hotspots’ to
enhance the SERS signals, but the sparse hotspots limited the detection of low concen-
trations of DA. To solve this problem, Lu et al. [38] used mercaptopropionic acid (MPA)
functionalized nanoporous silver film (AgNF) and modified silver nanocubes (AgNCs)
with 4-mercapto phenylboronic acid (4-MPBA) as a Raman reporter, which enhances the
SERS signal through specific response and improves the detection sensitivity. However,
this method is susceptible to complex interferences such as glucose in real serum samples,
and it still has specific detection difficulties.

In conclusion, this paper addresses the challenges encountered in the SERS detection
of serum DA by emphasizing the innovative design and optimization of SERS sensing
structures. The design and efficient fabrication of a copper-based MOF (MOF-199)/silver—
gold (Ag@Au) composite SERS sensing structure, enables the integration of the high
porosity, excellent adsorption properties, and large specific surface area of MOF-199 with
the potent SERS enhancement effect of Ag@Au NPs. This integration not only enhances the
capture efficiency of DA molecules but also intensifies the SERS signal strength, thereby
achieving a dual improvement in detection sensitivity and stability. On this foundation,
this paper further introduces a method for the detection of DA by SERS, which is based on
the Azo reaction. The Azo reaction entails the coupling of aromatic amines with nitrite ions
under alkaline conditions, resulting in the formation of Azo compounds. These compounds
exhibit strong and distinctive Raman signals due to their large Raman scattering cross-
sections. This reaction specifically labels DA molecules, enhancing their detection by
providing robust and characteristic Raman-active sites, thereby significantly increasing
both the sensitivity and specificity of SERS. The improved sensing performance is attributed
to the efficient amplification of the SERS signal and the reduction in interference from
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non-target molecules, which is crucial for detecting DA in complex biological samples.
Consequently, this research not only possesses significant scientific value but also offers
novel technical support for the diagnosis and treatment of DA-related diseases.

2. Materials and Methods
2.1. Materials and Apparatus

Anhydrous ethanol (C,HgO, 99.7%) was purchased from Shanghai Titan Technology
company (Shanghai, China). Homotrimellitic acid (CoHgOg), ammonium perchlorate
(NH4CIOy), and silver nitrate (AgNO3, 99.7%) were obtained from Aladdin (Shanghai,
China).Sodium hydroxide (NaOH) and ammonia (NH3-H,O, 25%) were purchased from
Chonggqing Chemical Reagent company (Chongqing, China). Sodium nitrite (NaNO,),
sodium carbonate (NaCOj3), 4-aminothiophenol (PATP), p-aminothiophenol (C¢H7NS),
cystine (C4HN,04S,), cysteine (C3HyNO,S), alanine (C3H7NOs), ascorbic acid (C¢HgOg),
lysine (C¢H14N2O3), uric acid ( CsH4N4O3), aspartic acid (C4H4NOy), glucose (CgHi204),
chlortetracycline (AuCl3-HCI-4H,0), were purchased from Shanghai Titan Technology
company (Shanghai, China). Copper flakes (Cu) was purchased from Hefei Shushan
District, special nuclear metal materials merchant company (Hefei, China). All aqueous
solutions were prepared using ultrapure water (18.2 MQ-cm) extracted from a Milli-Q
water purification system.

The deposition of AgNPs on the surface of a copper sheet was conducted via the
chronoamperometric method, employing a CHI600E electrochemical workstation (CHI600E
CH Shanghai, China). Raman detection was conducted using an ATR8300 micro-Raman
spectrometer (ATR8300 Optosky Xiamen, China). The excitation laser was 785 nm. Mor-
phological and compositional analyses were conducted using a field-emission scanning
electron microscope with an energy-dispersive spectroscopy (EDS) system (FE-SEM/EDS,
JEOL JSM-7800F, Akishima, Japan).

2.2. Preparation of MOF-199

The electrochemical preparation of MOF-199 was successfully carried out in accor-
dance with the existing literature [39]. The solvent was composed of 40 mL of deionized
water and 120 mL of anhydrous ethanol, and the electrolyte was formulated by dissolving
840.6 mg of homobenzoic acid and 2735.2 mg of ammonium perchlorate. The cleaned
copper sheet was employed as the anode of the electrochemical workstation, the saturated
calomel electrode (SCE) was utilized as the reference electrode, and the platinum sheet was
utilized as the auxiliary electrode to construct a three-electrode system and introduce the
electrolyte. The electrochemical deposition was conducted via cyclic voltammetry, with the
scanning voltage set between +1 V and —1V, a scanning speed of 0.08 V /s, a resting time
of 100 s, and a sensitivity of 0.01 A/V. This process yielded the desired MOF-199 product.

2.3. Preparation of MOF-199/Ag

Subsequently, MOF-199/Ag was successfully prepared via a two-step timed-current
method. A solution of 170 mg of silver nitrate in 10 mL of deionized water was prepared,
yielding a concentration of 0.010 M. Subsequently, 0.001% ammonia was added until the
resulting brown precipitate was no longer visible, thereby producing the silver-ammonia
electrolyte. The chronoamperometric method was initiated, the nucleation time was set
to 9 s, the nucleation voltage was set to —1.6 volts, the growth time was set to 360 s, the
growth voltage was set to —0.9 volts, and the sensitivity was set to 0.01 amperes per volt to
ultimately yield MOF-199/Ag.

2.4. Preparation of MOF-199/Ag@Au

The MOF-199/ Ag@Au was prepared by chemical deposition, and the MOF-199/Ag
substrate was immersed in a 0.2 mM chloroauric acid solution for a period of 6 min in
order to prepare the MOF-199/Ag composite substrate. Once the reaction was complete,
the resulting MOF-199/ Ag@Au was rinsed with deionized water, blown dry, and set aside
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for the final preparation of MOF-199/Ag@Au. The aforementioned reaction involves
immersing the MOF-199/Ag substrate in a 0.2 mM chloroauric acid solution (HAuCly)
for 6 min. This process is a chemical deposition reaction, whereby gold ions (Au®*) in the
chloroauric acid solution are reduced and deposited onto the surface of the MOF-199/Ag
composite. This process was performed to create a core—shell structure, whereby a thin
layer of Au was deposited on the surface of the Ag NPs. The deposition of Au onto Ag is
crucial because it enhances the stability of the silver nanoparticles by protecting them from
oxidation and corrosion. Furthermore, the gold coating enhances the overall performance
of the SERS sensing structure. This is due to the excellent plasmonic properties of gold,
which contribute to stronger electromagnetic fields at the surface, thereby improving the
Raman signals. The combination of silver’s high enhancement factor and gold’s stability
resulted in an optimized composite material, MOF-199/Ag@Au, which exhibited both
high sensitivity and improved durability for detecting molecules such as DA in complex
biological samples.

2.5. Testing of MOF-199/Ag@Au NPs

The unspiked and DA-spiked serum samples were combined with a specific volume
(1:4) of methanol and then subjected to centrifugation at 6000 rpm for 15 min. Subsequently,
1 mL of the supernatant was removed and placed in an ice water bath. To the supernatant,
100 uL of NaNO; solution (50 g/L), 100 uL of PATP solution (1.00 mmol/L), and 100 uL
of NayCOj3 solution (100 g/L) were added, and the derivatization was carried out for
5 min to obtain the derivatized product, Azo. The MOF-199/Ag@Au substrate, prepared
as previously described, was then placed on a confocal Raman spectrometer under a
20x objective lens at 785 nm. The SERS patterns of the obtained Azo compound and
the reactant DA were acquired under the following conditions: 785 nm excitation light,
300 mW excitation light power, 5 s integration time, and 1 accumulation number under the
objective lens.

3. Results
3.1. Design of Composite SERS Sensing Structure

This paper presents an innovative proposal for the combination of MOF-199 with core—
shell structured Ag@Au NPs to construct a MOF-199/Ag@Au composite SERS sensing
structure. The objective is to construct an efficient, sensitive, and specific detection structure
for DA in serum. The proposal is based on the integration of materials science, nanotech-
nology, and chemical analysis methods. This design employs the three-dimensional porous
structure of MOF-199, which exhibits high porosity and a large specific surface area, to pro-
vide abundant adsorption sites for DA molecules and facilitate their effective enrichment at
the sensing interface [40]. Moreover, it functions as a carrier to support a greater number of
Ag@Au NPs, thereby forming denser SERS-active hotspots. Concurrently, as the principal
functional unit, the core-shell configuration of Ag@Au NPs not only preserves the elevated
SERS enhancement capacity of silver but also markedly enhances the structural durability
and antioxidant attributes through the gold coating. The electromagnetic coupling effect
between Ag and Au serves to amplify the SERS signal of DA, as evidenced by the compar-
ative analysis of SERS spectra measured before and after gold deposition. As illustrated
in Figure 1, the experimental outcomes substantiate a considerable augmentation in the
SERS signal subsequent to gold deposition, thereby corroborating the pivotal role of Au in
enhancing the detection sensitivity. The combination of electromagnetic and chemical en-
hancement effects ensures high sensitivity in detection. Furthermore, this paper introduces
the Azo reaction as a specific recognition method, which precisely and efficiently identifies
DA molecules through its specific labeling and the large Raman scattering cross-section of
the reaction product. This effectively addresses the issues of non-specific adsorption and
signal interference that may exist in traditional SERS detection.
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Figure 1. SERS spectra of 1073 M DA measured on the surfaces of MOF-199/ Ag@AuNPs, MOF-199/Ag.

3.2. Characterization Results and Analysis of Composite SERS Sensing Structure

In order to investigate the influence of the surface morphology, size, and material
type of the composite sensing structure on the sensing effect, the surface morphology
and size of the electrochemically prepared MOF-199 were first characterized by SEM, and
the results are shown in Figure 2a. It can be observed that the prepared MOF-199 has
an ellipsoidal distribution with an average size of 1~2 um. To ensure the accuracy of the
particle size statistics, only nanoparticles facing the lens were selected for measurement for
our analyses in Figure 2b,c, while those particles with obvious tilts or incomplete displays
were excluded from the statistics. This selection minimizes the effect of viewing angle bias
on the particle size measurement results, thus ensuring that the obtained particle size data
are more reliable and representative. Thus, the particle size analysis of the MOF-199/Ag
composites in Figure 2b shows that the average particle size of Ag nanoparticles is 208 nm,
whereas in Figure 2¢, the average particle size of MOF-199/Ag@Au nanoparticles increases
to 233 nm after Au deposition. This increase in size confirms the successful deposition of
gold shells on Ag nanoparticles, which not only improves the structural stability of the
composites and the oxidation resistance but also enhances its SERS activity. The formation
of dendritic structures is a result of the combination of electrodeposition conditions and
crystal growth kinetics [41-44].

The dendritic structure resembles sequoia branches with a length of about 1.5 uml
the diameters of the main trunk and the branches are about 500 nm; and the growth angle
of the side branches relative to the main trunk is 60 degrees, which suggests that the
silver dendritic crystals have a tendency to grow preferentially in specific directions [45].
The decrease in surface free energy drives the directional attachment, which promotes
the transition from polycrystalline to single-crystalline structures [46,47]. In addition, the
growth time significantly affects the crystallinity of the crystals, with a shorter growth
time leading to an imperfect polycrystalline structure at the tip, while a longer growth
time contributes to further growth and improved crystallinity [48-50]. Taken together,
specific electrodeposition conditions and thermodynamic driving forces contributed to the
formation of dendritic silver nanostructures. The dendritic structure has a significant role
in enhancing the surface plasmon resonance [51-53]. Figure 2d shows the EDS elemental
mapping of the composite nanostructure, revealing the coexistence of elements such as
Cu, O, Ag, and Au, which indicates the successful preparation of the MOF-199/ Ag@Au
composite nanostructure.
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Figure 2. (a) SEM characterization of MOF-199; (b) SEM characterization of MOF-199/Ag; (c) SEM
characterization of MOF-199/Ag@Au; (d) EDS elemental mapping of MOF-199/ Ag@Au.The asterisk
(*) on the scale bar in the SEM image is a standard notation of the SEM system and does not typically
affect the accuracy of the measurements.

3.3. Improvement in and Analysis of DA SERS Detection Efficiency by MOF-199

Conventional noble metal SERS sensing structures have been observed to exhibit
deficiencies in sensitivity, signal attenuation, and selectivity for DA SERS detection [54].
MOF-199 has been demonstrated to effectively address these shortcomings due to its large
specific surface area, excellent pore structure, and strong optical enhancement properties.
To substantiate the beneficial impact of MOF-199 in DA SERS detection, Ag@Au and MOF-
199/ Ag@Au were selected as sensing structures in this study. The SERS test was conducted
using a consistent DA concentration as the test samples under identical test conditions,
and the outcomes are illustrated in Figure 3a. Significant enhancement of the SERS signals
was observed, with the appearance of Raman peaks at 780 cm!, 1265 cm™?, 1330 ecm !,
and so forth. These peaks corresponded to the benzene ring skeleton vibration (780 cm 1),
the C-O bending vibration (1265 cm™1) [55], and the C-OH vibration (1330 cm™ 1) of DA,
respectively [56]. The composite nanostructures integrated with MOF-199 are more effective
in enhancing the SERS signals of DA, which can be attributed to the high specific surface
area of MOF-199, which provides more active sites and allows for the loading of more
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noble metal nanoparticles [57]. The combined effects of electromagnetic and chemical
enhancement enable the detection of DA by SERS with superior efficacy.
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Figure 3. (a) SERS spectra of 103 M DA measured on the surfaces of MOF-199/ Ag@AuNPs,
Ag@AuNPs, and glass slides without any enhancement material; (b) SERS spectra of DA solutions at
different concentrations measured on the surface of MOF-199/ Ag@AuNPs; (c) the relationship curve
between the intensity of the Raman peak at 1330 cm ™! and the concentration of DA; (d) the SERS
spectra measured by adsorbing nine sample solutions of the same concentration on the surface of
MOF-199/ Ag@Au nanocomposites.

3.4. Evaluation of Composite SERS Sensing Structures for the Label-Free SERS Detection of DA

Label-free detection has the advantages of not needing to introduce additional markers,
easy operation, simplified sample processing, etc. Detection sensitivity, specificity, and
assay reproducibility are three commonly used SERS assay evaluation indexes. In order
to further evaluate the sensitivity of the composite SERS sensing structures designed and
prepared in this study for the label-free SERS detection of DA, several composite SERS
sensing structures were prepared under the same optimization conditions, and the same
volume of DA solutions with concentrations from 10~2 mol/L to 10~2 mol/L were added
onto the surfaces. The SERS signals obtained under the same test conditions are shown
in Figure 3b. It can be seen that the SERS signal intensity gradually decreased with the
decrease in the DA concentration, and the detection limit was 10~8 mol/L. Figure 3c
demonstrates the fitting curve between the SERS signal intensity and the logarithm of the
DA concentration at 1330 cm ™!, with a correlation coefficient of R? of 0.958, which indicates
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that the composite SERS sensing structure designed and prepared in this study can perform
the label-free SERS detection, but the detection sensitivity is low and the linearity is poor.

To further demonstrate the specificity of the composite sensing structure for DA SERS
detection, several substances commonly found in serum, such as cystine, cysteine, lysine,
alanine, ascorbic acid, uric acid, glucose, and aspartic acid, were selected and subjected
to SERS testing. The results are shown in Figure 3d. It can be observed that some Raman
characteristic peaks of these substances exhibit Raman shifts that are extremely close to
those of DA. When actual serum samples were tested, it was difficult to identify the specific
signals of DA from the composite SERS signals. This indicates that the unlabeled SERS
detection method for DA suffers from poor detection specificity.

3.5. Principles and Effect Evaluation of DA SERS Detection Based on the Azo Reaction

The previous results found that the DA-unlabeled SERS assay suffers from low de-
tection sensitivity, as well as poor linear correlation and specificity. In order to solve this
problem, this study proposes an Azo reaction-based SERS method for the detection of DA
in serum, which is schematically shown in Figure 4.
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Figure 4. The schematic diagram of DA SERS detection based on the Azo reaction.

The principle of the Azo reaction is through the process of aromatic amines reacting
with nitrite under alkaline conditions to produce Azo compounds. Specifically, 100 pL
of NaNO; solution (50 g/L) and 100 uL of PATP solution (1.00 mmol/L) were added
to 100 uL of DA solution in the presence of 100 uL of a Na,COj solution (100 g/L). In
this study, NaNO, reacts with the amino group (-NHy) in PATP to produce a diazonium
salt intermediate (-N>*). Subsequently, this diazonium salt intermediate reacts with the
phenolic hydroxyl group (-OH) on the benzene ring of the DA molecule via a nucleophilic
coupling reaction of its diazonium group (-N,*) to form a C-N bond and produce the
Azo compound Azo (-N=N-), a product that contains an Azo group directly linked to
the DA benzene ring in the molecular structure. Through the analysis of SERS signals
of Azo reaction products, DA was indirectly identified qualitatively and quantitatively.
Additionally, due to the large Raman scattering cross-section of Azo reaction products, DA
was identified with higher sensitivity. To further evaluate the detection effect of the Azo
reaction-based SERS assay for DA, the feasibility of the method for DA SERS detection was
first verified. Under the same testing conditions, using the same SERS sensing structure,
SERS tests were performed on the same concentration of DA, NaNO,, NayCO3, and PATP
involved in the Azo reaction, as well as the reaction’s product Azo, and the results are
shown in Figure 5a. It was found that the Azo reaction product had the same Raman
characteristic peak as DA at the Raman shift of 1265 cm ™. In addition, new Raman peaks
appeared at the Raman shifts of 1140 cm ™!, 1385 cm !, and 1434 cm ™!, respectively. This
indicates that SERS detection based on the Azo reaction can be used to identify the presence
of DA.
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Figure 5. (a) SERS spectra of Azo compounds, DA, PATP based on MOF-199/ Ag@Au; (b) the SERS spec-
tra of the individual products resulting from the Azo reactions between different concentrations of DA
and the same reactant; (c) the relationship curve between the intensity of the Raman peak at 1140 cm ™~
and the concentration of DA; (d) The SERS spectra measured by adsorbing nine sample solutions of the
same concentration and their mixtures on the surface of MOF-199/ Ag@Au nanocomposites.

In this study, equal volumes of DA at varying concentrations were reacted with
PATP, NaNO,, and NayCOj for the same duration.The reaction products were then tested
for SERS, and the results are presented in Figure 5b. It was observed that the intensity
of the SERS signal of the Azo reaction products decreased with the decrease in the DA
concentration. Furthermore, the detection limit of DA could be as low as 10713 mol/L,
which was five orders of magnitude higher than that of the unlabeled detection method.
Furthermore, the relationship curve between the intensity of the Raman peak at 1140 cm™?
Raman shift and the logarithm of the DA concentration was plotted (Figure 5c), with a
linear correlation coefficient of R? = 0.982, indicating a strong linear correlation between
the two variables. Furthermore, the specificity of the Azo reaction-based SERS assay for
DA must be evaluated.

The control substances cystine, cysteine, lysine, alanine, ascorbic acid, uric acid, glu-
cose, and aspartic acid were selected and reacted with PATP, NaNO,, and Nay;CO3 under
identical conditions. The resulting reaction products were then subjected to SERS testing,
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and the results are presented in Figure 5d. In contrast to the results observed with DA,
the products generated from the reaction of these control substances with PATP, NaNO,,
and NayCOj; did not demonstrate notable changes or an enhancement of the characteristic
peaks in the SERS spectra. In contrast, the Azo compounds generated by the reaction of DA
with PATP exhibited distinctive Raman peaks at 1140 cm~1, 1177 em—1, 1390 em !, and
1435 cm 1. In comparison to the reaction products of the other eight interfering substances,
the characteristic peaks of the DA reaction products exhibited a notable distinction, indicat-
ing that this SERS detection method based on the Azo reaction has high specificity for DA
and can effectively distinguish DA from other interfering substances.

3.6. Performance Evaluation of Azo Reaction-Based DA SERS Detection in Serum

To verify the practicality of the composite sensing structure and the Azo reaction-
based DA SERS detection method in serum, we chose fetal bovine serum as the solvent,
configured a 1073 M~10"13 M DA serum solution, carried out the Azo reaction under
the same conditions, and performed the SERS test on their reaction products. The results
are shown in Figure 6a, which shows that the detection limit for DA can be as low as
10712 mol/L. The SERS signal intensity of the Azo reaction products decreased with the
decrease in the DA concentration in serum.

T10§71 1 TT T T T 1T TT T
| Miido 1114351 11077 | o 8000 - .
103mol/L L0goj 1177 1390, 1330 Fgon o ;’(?379"7*695‘2
10 mol/L 1AL M A I fuido 11435 | =0.
ol ————/\J L - 1 6000 [
5 [105molL 1l Al | B 10-*mol/L 10[(\)0 AA177 1330'« i
S [ 106mol/L AL ) <, [T03XT0"mollL ! 3 2
=, A_A S
- > A M\__/\_ s
2 [107mol/L , £ [025x10%melL | |y, S |
2 [10%mollL W (i z 2
3 [ 10%moliL A M 2 107molL ! Ji Al A A ko
S [T0Pmol/L 1 O &£ | 05x107mol/L 'L ‘ ! H ,L 2000 [
10T mol/L 21 LI 0.25x107mol/L "
T e — “__ls_,v,_ﬁ }\f_ﬁu__A S
10 Bmol/L T 1T TT T 0-*mol/L ok =
1 | T, T
500 1000 1500 400 50 1;00 B 1600 - - ~ - - 2
Raman Shlft(cm‘l) Raman Shlft(cm ) LogCp(mol/L)
(@ (b) (0)

Figure 6. (a) The SERS spectra of Azo reaction products of DA serum solutions at concentrations
ranging from 1073 M to 10~'3 M were measured on the surface of MOF-199/Ag@Au composite
structure; (b) the SERS spectra of Azo reaction products of DA serum solutions at concentrations
ranging from 107® M to 1078 M were measured on the surface of MOF-199/Ag@Au composite
structure; (c) the relationship curve between Raman signal intensity at 1140 cm~! and the logarithm

of the DA concentration.

In actual serum, the concentration range of DA in normal human serum is typically
1076 M~10~7 M, while the DA content in patients with neurological disorders is usually
107 M~10—8 M [58]. To further evaluate the practical quantitative detection performance,
fetal bovine serum was also selected as the solvent, and DA solutions with concentrations
of 1070 M, 0.5 x 1070 M, 0.25 x 107 M, 1077 M, 0.5 x 107 M, 0.25 x 10~7 M, and 108 M
were prepared. The Azo reactions were carried out under the same conditions, and the
SERS signals of their Azo reaction products were tested. The results are shown in Figure 6b.
It was found that the SERS signal intensity of the Azo reaction products decreased with the
decrease in the DA concentration in serum.

As illustrated in Figure 6¢, the SERS signal intensities at 1140 cm ™! of DA serum
solutions in the concentration ranges of 10~3 M~10~!2 M and 10~® M~10~8 M were plotted
against the corresponding logarithms of the concentrations on the same standard curve.
The results demonstrate a strong positive correlation between the SERS signal intensity
and the DA concentration in both the high concentration range of 1073 M~10~12 M and
the practical application concentration range of 107¢ M~10~8 M, with R? = 0.976. This
indicates that the composite SERS sensing membrane and the Azo reaction-based SERS DA
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detection method proposed in this paper have excellent linear response over a wide range
of concentrations, thereby demonstrating the potential of this method for quantitative
detection in practical applications and highlighting the reliability of serum as a screening
tool for neurological diseases.

A comprehensive comparison of the MOF-199/Ag@Au-based SERS assay for DA
with the methodologies previously documented in the literature is presented in Table 1.
It is evident that the MOF-199/Ag@Au-based SERS method exhibits a superior linear
range and a low LOD for DA. This is attributed to the porous MOF-199, which facilitates
physical adsorption, thereby trapping a greater quantity of DA and MOFs and increasing
the number of available SPR hotspots.

Table 1. Comparison of MOF-199/Ag@Au-based SERS assay for DA with other methods.

Linear Range

Method (mol/L) LOD (mol/L) Sample  Reference

SERS 1073-10"12 10712 serum This work
SERS 25x107°5x107° 67 x 10710 - [59]
Bioprobe 6 x 1076-107 6x10°8 serum [60]
Electrochemistry - 9.3 x10°° urine [61]
Green-emitting carbon dots 4 x 10722 x 107® 52 x 1077 serum [62]
SERS 10-6-10710 10710 urine [63]

4. Conclusions

In this paper, a novel MOF-199/Ag@Au composite SERS sensing structure was pro-
posed, and its controllable preparation was conveniently realized using a combination of
electrochemical and chemical reduction methods. The results demonstrate that the material
exhibits excellent SERS enhancement capabilities. In comparison to previous unlabeled
SERS methods, the detection limit is enhanced by two orders of magnitude [32]. Moreover,
the novel approach exhibits an enhancement of 4-5 orders of magnitude in comparison
to another SERS approach developed in this study. Moreover, the SERS detection of DA
was conducted in conjunction with the Azo reaction analysis method. In comparison to
the unlabeled method, the detection limit is enhanced by five orders of magnitude, and
both the linear correlation (R? = 0.982) and specificity exhibit notable improvement. When
performing the SERS detection of DA in serum, the detection limit can be as low as 10712 M,
and there is also a good linear correlation (R? = 0.976) between the possible concentrations
of DA in actual serum and the SERS signals. The combination of the MOF-199/Ag@Au
composite sensing structure with the Azo reaction analysis method resulted in the effi-
cient, highly sensitive, and specific quantitative detection of DA, thereby demonstrating
promising prospective applications in the early screening of clinical DA-related diseases.
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Abstract: Biosensors have emerged as a promising tool for the early detection of oral squamous cell
carcinoma (OSCC) due to their rapid, sensitive, and specific detection of cancer biomarkers. Saliva is
anon-invasive and easy-to-obtain biofluid that contains various biomarkers of OSCC, including the
carcinoembryonic antigen (CEA). In this study, an electrochemical aptasensor for the detection of CEA
in saliva has been developed towards the diagnosis and early screening of OSCC. This aptasensor
utilized a CEA-sensitive aptamer as sensitive elements. A fluorine-doped Tin Oxide (FTO) chip
with a surface modification of a zinc oxide nanorod was employed as a transducer. Electrochemical
measurements were carried out to detect the responsive signals originating from the specific binding
between aptamers and CEAs. The measurement results indicated that this aptasensor was responsive
to different concentrations of CEA ranging from 1 ng/mL to 80 ng/mL in a linear relationship. The
limit of detection (LOD) was 0.75 ng/mL. This aptasensor also showed very good specificity and
regenerative capability. Stability testing over a 12-day period showed excellent performance of this
aptasensor. All the results demonstrated that this aptasensor has great potential to be used for the
detection of CEA in the saliva of OSCC patients. This aptasensor provides a promising method for
the rapid detection of CEA with convenience, which has great potential to be used as a new method
for clinical diagnoses and early screening of OSCC.

Keywords: carcinoembryonic antigen; oral squamous cell carcinoma; electrochemical; biosensor; saliva

1. Introduction

Oral squamous cell carcinoma (OSCC) is one of the most common head and neck
malignancies, accounting for more than 90% of all oral cancers [1,2]. Because the early
symptoms of OSCC are not obvious or individuals are even asymptomatic, most OSCC is
not detected and diagnosed until the late stage, and the mortality rate is high [3]. Survey
data from the National Cancer Institute (NCI) show that the 5-year survival rate for patients
with OCSCC is about 63% overall, with 83% in the early stage and 38% in the late stage [4,5].
Therefore, an early and accurate diagnosis of OSCC is of great significance to improve the
survival rate of patients and reduce the mortality rate.

At present, OSCC is mainly diagnosed by oral examination and tissue biopsy [6]. As
the gold standard in diagnoses, tissue biopsy has irreplaceable value, but it is not suitable for
the early diagnosis of OSCC due to its invasive nature, high cost, and possible infection close
to normal tissues [6-9]. In recent years, liquid biopsy has shown important clinical value
in the early diagnosis of tumors through the detection and analysis of biomarkers [10-12].
The carcinoembryonic antigen (CEA) is one of the most widely used tumor biomarkers.
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Studies have shown that the increase in CEA concentration in blood and saliva is related to
the occurrence and development of OSCC, which can be used for the early identification,
efficacy judgment, and prognosis monitoring of OSCC [13,14]. Compared with blood
testing, saliva testing has the advantages of non-invasive and painless sampling, simplicity
and convenience, and low risk of contamination, and is more suitable for point-of-care
testing (POCT) [15,16]. In addition, because saliva is more stable than blood, there are fewer
interfering substances, and it is in direct contact with cancerous tissue, so the accuracy and
specificity of the test are also higher [6,17]. Traditional CEA detection methods include
an enzyme-linked immunosorbent assay (ELISA), fluorescence spectrometry, colorimetry,
a chemiluminescence immunoassay, etc., which have many shortcomings such as low
sensitivity and selectivity, time consumption, complex operation, and high cost [18-20].
Therefore, it is particularly important and essential to develop a sensitive, accurate, simple,
rapid, and low-cost CEA detection method towards early diagnoses and screening of OSCC.

Electrochemical biosensors have great prospects for CEA detection due to their
high sensitivity, convenience, and significant specificity [21,22]. For example, antibody-
based electrochemical immunosensors have been widely studied in the determination of
CEA. Although they are specific, they have disadvantages such as high cost and poor
stability [23-25]. In contrast, aptamers are specially modified oligonucleotides, which have
the advantages of a small size, high affinity, strong stability, non-immunogenicity, easy
preparation, low cost of synthesis, and modification. Therefore, electrochemical biosensors
based on aptamers have attracted much attention [26-28].

In recent years, nanomaterials have been widely used in the field of biosensors be-
cause of their superior physical and chemical properties [29-31]. Among them, zinc oxide
(ZnO) nanomaterials have attracted much attention in the field of electrochemical biosen-
sors due to their good biocompatibility, electron transfer properties, large specific surface
area, and non-toxicity, which effectively improve the sensitivity and responsiveness of
biosensors [32,33]. In order to continuously optimize the performance of ZnO nanosensors,
3D ZnO nanostructures have attracted extensive attention in recent years [34-36]. The
three-dimensional structure of ZnO nanocrystals has a higher specific surface area, which
can effectively increase the contact area between the tested substance and the semicon-
ductor material, and improve the electron transfer rate and the fixing efficiency of the
aptamer [33,37,38]. To effectively monitor CEA levels in saliva, aptamers need to be fixed
to substrates such as carbon nanotubes and metal-organic frameworks [39,40]. In recent
years, gold (Au), silver (Ag), and other metal nanoparticles (NPs) have been widely used to
fix aptamers on the surface of sensor electrodes because of their good electrical conductivity
and biocompeatibility, large surface area, and easy synthesis [41,42]. Studies have shown
that 3D biosensors based on 3D ZnO nanostructures and gold nanoparticles can effectively
improve the sensitivity of detection [43].

In this study, an electrochemical aptasensor based on an aptamer-modified fluorine-
doped Tin Oxide (FTO)-ZnO-Au structure was developed to detect CEA in saliva for the
early diagnosis and screening of OSCC. Firstly, the FTO-ZnO-Au structure was formed by
modifying ZnO nanorods with gold nanoparticles, and the signal amplification system of
the aptamer-based biosensor was constructed. Then, the 3'-SH CEA-sensitive aptamer was
covalently immobilized onto the surface of the electrode gold nanoparticle by the Au-S
bond to achieve the high-efficient coupling of sensitive elements with transducers. Electro-
chemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurement were
employed to characterize the aptasensor preparation process as well as the performance
testing of this biosensor for CEA detection. This electrochemical biosensor based on the
FTO-ZnO-Au structure utilizes the three-dimensional structure constructed by ZnO-NRs
(zinc oxide nanorods) to bind more aptamer molecules, and the highly specific binding of
the aptamer to CEA also facilitates rapid and inexpensive CEA detection. The obtained
results demonstrated the good performance of this electrochemical biosensor for CEA
detection. This biosensor provides a new method for clinical diagnoses and early screening
of OSCC by realizing the rapid detection of CEA in a rapid and convenient manner. It is
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worthwhile to note that FTO chips and CEA-sensitive aptamers used in this study are only
for the demonstration of the technical feasibility of the novel approach for CEA detection
in saliva.

2. Materials and Methods
2.1. Materials and Reagents

The following reagents were used as received: 6-mercapto-1-hexanol (MCH)), tris-(2-
carboxyethyl) phosphine hydrochloride (TCEP), and bovine serum albumin (BSA) (pur-
chased from Sigma-Aldrich, St. Louis, MO, USA). We also used the AREG Antigen (AREG-
Ag), C-reactive protein (CRP), and the carcinoembryonic antigen (CEA) (purchased from
Sangon Biotech, Shanghai, China). The wash buffer was phosphate buffer saline (PBS)
(0.1 M, pH 7.4). We used sulfuric acid (H,SOy4), hydrochloric acid (HCI), sodium hydroxide
(NaOH), hydrogen peroxide (H,O,), potassium ferricyanide (K3[Fe(CN)¢]), potassium
ferrocyanide (K4[Fe(CN)g]), and potassium chloride (KCl) (purchased from Sinopharm
Chemical Reagent Co, Ltd., Shanghai, China). All reagents were analytical grade and used
directly without further purification.

The CEA-sensitive aptamer sequence was chosen according to previous research [44];
ithad high affinity and specificity, and was modified at the 3-terminus with a thiol group for
the purpose of immobilization on the gold surface. The CEA-sensitive aptamer sequence
was as follows: 3/-SH-ATACC AGCTT ATTCA ATT-5'. The aptamers were dissolved in a
PBS buffer (pH 7.4) to certain concentrations for further experiments.

2.2. Preparation of FTO-ZnO-Au Structure

ZnO NRs were prepared by a hydrothermal method onto the FTO substrate. A thin
film of ZnO was deposited onto the surface of FTO by radio frequency (RF) spurting as
a seeding layer. The hydrothermal deposition was carried out in a solution of an equal
volume of the same concentration of 0.02 M Zn(NO3), and methenamine in a sealed
beaker. The surface onto which the arrays were expected to grow was put downward, with
temperature for the growth at 95 °C for 2 h. After growth, the substrate was removed from
the container and rinsed with deionized water thoroughly and blown-dry with N for the
deposition of a layer of Au by evaporation. Then, the prepared FTO-ZnO-Au structure
could be used as an electrochemical electrode for further experiments.

2.3. Immobilization of Aptamer

To covalently immobilize a CEA-sensitive aptamer onto the gold surface of an electro-
chemical electrode, TCEP offers a good linkage between the gilded groups and the aptamer.
To achieve this, a CEA-sensitive aptamer (10 uM, 18 uL), TCEP solution (10 mM, 3 uL), and
NaAc solution (500 mM, 2 uL) were mixed, and the solution was stirred for 1 h at room
temperature, allowing for the full reaction.

Prior to aptasensor preparation, the bare FTO-ZnO-Au electrodes (specs of 1 cm x 1 cm)
were pretreated for cleaning. Firstly, the electrodes were ultrasonically washed ina 1 M
NaOH solution for 30 min. Then, the electrodes were rinsed with ultrapure water and dried
in a stream of nitrogen gas. Afterwards, the electrodes were ultrasonically washed ina 1 M
HCl solution for 5 min and rinsed with ultrapure water and dried in a stream of nitrogen gas.
Next, the electrodes were ultrasonically washed in a piranha solution (H,O,:H;SO,4 = 1:3,
1 mL/3 mL) for 8 min. Finally, the electrodes were rinsed with ultrapure water and dried
in a stream of nitrogen gas.

The preparation process of the aptasensor is schematically shown in Figure 1. First,
20 uL of the previously prepared CEA-sensitive aptamer solution was added dropwise onto
the surface of pretreated electrodes with the FTO-ZnO-Au structure, which was incubated
for 12 h at room temperature. Then, the electrode surface was rinsed with the PBS buffer
(PH 7.4) to remove the aptamers that were not bound to the gold surface, and dried
naturally at room temperature. After that, the previously prepared MCH solution (1 mM,
10 pL) was added dropwise onto the modified electrode surface, which was incubated for
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30 min at room temperature to seal the non-specific binding sites. Then, the excess MCH on
the electrode surface was removed with the PBS buffer (PH 7.4) to obtain an electrochemical
aptasensor suitable for the detection of CEA. The prepared aptasensors were stored in a
refrigerator at 4 °C for future use.

1] zno-nrs <t M g Aptamer 5; MCH A ceA

Figure 1. Schematic diagram showing preparation process of electrochemical aptasensors based on
FTO-ZnO-Au structure and CEA-sensitive aptamer.

2.4. Electrical Measurement

The three-electrode system is a commonly used system in electrochemical experiments,
especially in electroanalytical chemistry. In this study, the electrochemical measurement
circuit adopted a three-electrode system, including a zinc oxide nanorod gold electrode
as the working electrode, a silver/silver chloride electrode as the reference electrode, and
a Pt wire as the counter-electrode. The electrochemical measurements were performed
on an electrochemical workstation (CHI600E, Chenhua, Shanghai, China), with a signal
generator update rate of 10 MHz. When the scanning speed of cyclic voltammetry was
1000 V/s, the potential increment was only 0.1 mV. When the scanning speed was 5000 V /s,
the potential increment was 1 mV. The data acquisition used was two synchronous 16-bit
high-resolution, low-noise analog-to-digital converters, and the maximum speed for dual-
channel simultaneous sampling was 1 MHz. The scanning voltage of the CV parameter
was set to —0.4~0.8 V and the scanning speed was 0.1 V/s. The electrochemical impedance
signal acquisition system used a 32-bit high-precision, high-resolution analog/digital signal
converter with high-dynamic-range technology and a scanning voltage range of 14 V. The
frequency range of the EIS parameter was set to 100 kHz~100 mHz.

Electrical measurements were carried out in electrolytes containing 5 mM Kj3[Fe(CN)g],
5 mM K4[Fe(CN)g], and 0.1 M KCl. Firstly, the electrochemical characterization of bare FTO-
ZnO-Au electrodes, adapter-modified electrodes, and sealed electrodes were measured
separately. Next, the electrode surface was rinsed with the PBS buffer (PH 7.4) and dried
naturally at room temperature. Then, a certain concentration gradient of the CEA solution
(Ing/mL, 5ng/mL, 20 ng/mL, 50 ng/mL, 60 ng/mL, 80 ng/mL) was added dropwise onto
the electrode surface, which was incubated for 1 h at room temperature. The electrochemical
measurement of different CEA concentrations were performed separately. After that was
the electrochemical characterization of the electrodes, which were hydrolyzed with trypsin
for 5 min at room temperature. Finally, we performed the electrochemical characterization
of the electrodes, which were incubated with 20 ng/mL CRP, BSA, and Areg-Ag to test the
specificity of this aptasensor.

2.5. Saliva Sample Collection

All subjects brushed their teeth after dinner one day before sampling, then abstained
from eating and drinking and any oral cleaning measures until saliva samples were col-
lected in the morning of the second day. Saliva sample: Ask the subject not to cough
up sputum before sample collection and use non-irritating methods to obtain the saliva
sample, and ask the patient to hold the saliva collection container, sit still, lower their head,
open their mouth slightly, open their eyes, and tilt their head slightly forward; swallow-
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ing is avoided and the position is held for 5 min, so that saliva naturally flows into the
15 mL sterile centrifuge tube, and the collected amount is at least 5 mL (saliva does not
contain impurities such as blood, food residue, and sputum); otherwise, the above steps
should be repeated. All the collected samples were grouped and numbered, frozen in liquid
nitrogen, and sent to a laboratory within 2 h, and stored in a refrigerator at —80 °C.

2.6. Signal Analysis

Accurate resistance values on the surface of the working electrode chip under differ-
ent testing environments were analyzed using ZView 3.1 software to fit and merge the
measured electrochemical impedance spectra. We performed linear fitting and created plot
fitting curves for the resistance of electrodes incubated with different concentrations of
CEA using SPSS 13.0. The electrochemical impedance map and cyclic voltammetry map
were all plotted using Origin 8.0.

3. Results and Discussion
3.1. Characterization of Prepared FTO-ZnO-Au Structure

The FTO-ZnO-Au structure was utilized as a transducer for the development of the
electrochemical aptasensor towards CEA detection. The surface with ZnO-NRs could
improve the coupling efficiency between the transducer surface and aptamers. This could
consequently improve the sensing performance for target detection. The surface gold
layer was employed to facilitate the immobilization of thiol-modified aptamers onto the
sensor surface via the strong Au-S bond. As a result, it is crucial to characterize the surface
morphology of the FTO-ZnO-Au structure. In this study, an atomic force microscope (AFM)
and scanning electron microscope (SEM) were employed to characterize the electrode
surface morphology. The characterization resulting images are shown in detail in Figure 2.
As shown in Figure 2A, the SEM result indicated that ZnO-NRs are uniformly and densely
distributed on the electrode surface. ZnO-NRs grow approximately vertically, with a
hexagonal cross-section and a diameter of ~75 nm. From the AFM result shown in Figure 2B,
it is indicated that ZnO-NRs grow uniformly, which further demonstrate the nanostructure
on the sensor surface. Figure 2C shows SEM images of the surface of ZnO-NRs after the
deposition of a thin layer of chromium and gold. We can see that the chromium and gold
layers are evenly distributed on the surface of ZnO-NRs by magnetron sputtering, and the
morphology of ZnO-NRs can still be observed, which indicate that the three-dimensional
structure of ZnO NRs is still retained on the electrode surface after gold deposition. All the
results demonstrate that the FTO-ZnO-Au structure has been successfully prepared and is
suitable for further experiments.

Figure 2. (A) The SEM characterization of ZnO—NRs; (B) the AFM characterization of
FTO—ZnO—Au; (C) an SEM image shows the surface of ZnO—NRs after the deposition of a thin
layer of gold.

3.2. Electrochemical Characterization of Aptasensor Preparation

The electrochemical aptasensors were constructed by assembling CEA-sensitive ap-
tamers on the electrode surface, and then treated with 1 mM MCH to block the non-
specific sites on the surface of the aptamer-modified electrode (Figure 1). Electrochemical
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impedance spectroscopy (EIS) and cyclic voltammetry (CV) were performed to describe its
electrochemical characterization. For the Nyquist diagram, the semicircle diameter of the
electrochemical impedance spectroscopy equals the surface electron transfer resistance (R).
As shown in Figure 3A, the bare FTO-ZnO-Au electrode showed a very small semicircle
domain, which has almost no effect on electron transfer, exhibiting a very fast electron
transfer process of [Fe(CN)g]>~/4~. When the aptamer was immobilized onto the electrode
surface via the Au-S bond, the R value increased significantly. This is mainly due to the
negatively charged aptamer acting as an electrostatic barrier in the [Fe(CN)g]P~74~ system,
hindering the electron transfer on the chip surface, which leads to an increase in the R
value. After MCH blocks the aptamer-modified electrode surface, the electron surface
defects are repaired, which makes the electron surface layer more compact and further
hinders the electron transfer, with a consequent further increase in the R value.
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Figure 3. (A) The Nyquist plots and (B) CVs of the preparation steps of the electrochemical aptasensor
based on the CEA-sensitive aptamer.

Cyclic voltammograms (CVs) were also carried out to describe the electrochemical
characterization of the surface modification process. As shown in Figure 3B, the peak
current decreased with the connections of aptamers and the closure of MCH and increase in
the peak-to-peak separation. This is mainly caused by the electrostatic repulsion between
negative charges of the DNA aptamer and the anionic redox probe and the formation of
the compact layer by the modification of MCH, which together results in the hampering of
the interfacial electron transfer. The CV results were consistent to the EIS measurement
results, further confirming the successful fabrication of the sensing interface.

3.3. Optimization of Measurement Conditions

To achieve the best detection performance, we optimized the relevant experimental
parameters such as CEA-sensitive aptamer concentrations and incubation time of the CEA-
sensitive aptamer. We measure the adhesion of the aptamer to the electrode surface by
measuring the electrode surface resistance with EIS. The more CEA aptamers attached onto
the electrode surface, the greater R value that could be detected.

Optimizing the time of the incubate CEA-sensitive aptamer was an important step
in building the electrochemical aptasensors. As we can see from the curves shown in
Figure 4A, when we use the CEA-sensitive aptamer with a concentration of 5 uM for
incubation, the peak R value first increased and then decreased with the CEA-sensitive
aptamer incubation time increasing from 1 h to 20 h. Meanwhile, an excessive amount
of incubation time might have a negative impact on the aptamer attachment onto the
electrode surface. Therefore, in this study, 12 h was selected as the appropriate incubation
time. Observing the trends depicted in Figure 4B, it was evident that the peak R value
also initially increased and later leveled off with the increase in CEA-sensitive aptamer
concentrations from 1 uM to 40 uM. This indicated that the number of binding sites for the
CEA-sensitive aptamer on the electrode surface had reached saturation at the concentration
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of 10 uM. Therefore, a concentration of 10 uM for the CEA-sensitive aptamer was deemed
suitable for optimal performance.
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Figure 4. Optimization of aptasensor preparation conditions. (A) Influence of incubation time of
CEA-sensitive aptamer (5 uM); incubation time of aptameris 1h, 3 h, 6 h, 12 h, and 20 h. (B) Influence
of concentrations of CEA-sensitive aptamer (incubating for 12 h); concentrations of CEA-sensitive
aptamer are 1 uM, 5 uM, 10 uM, 20 uM, and 40 uM.

3.4. Analytical Performance Testing of Electrochemical Aptasensor

When different concentrations of CEA were added under optimal conditions, as shown
in Figure 5A, the electrode impedance increased with increasing CEA concentrations. The
linear regression equation was Rg¢(chm) = 27.68 x C[CEA] + 1335.69 (ng/mL) (R? = 0.9986).
The linear range between the electrode impedance and CEA concentrations was from
1 to 80 ng/mL (Figure 5B), with a limit of detection (LOD) estimated to be 0.75 ng/mL
(S/N =3). Typically, the salivary CEA concentration in healthy individuals is found to
be minimal (0~3 ng/mL), whereas in cancer patients, the CEA concentration is signifi-
cantly elevated (>5 ng/mL), correlating with the presence of malignancies [45]. A prior
investigation employing the enzyme-linked immunosorbent assay (ELISA) has reported
salivary CEA levels of 42.6 & 21.1 ng/mL in OSCC patients, contrasting with the levels
of 22.6 + 22.1 ng/mL observed in the control cohort [46]. Then, Table 1 summarizes the
detection performance of the developed electrochemical aptasensor and the previously
reported CEA biosensors. The developed electrochemical aptasensor using the FTO-ZnO-
Au nanostructure showed exceptional analytical performance, and was characterized by
a wide linear range, a lower LOD, and an exemplary linear correlation. In addition, com-
pared with the anti-CEA antibody-based biosensors, the developed biosensor adopted an
aptamer-based strategy to effectively improve the accuracy and reliability of detection.
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Figure 5. (A) EIS responses of the electrochemical aptasensor for the detection of different concentra-
tions of CEA. (B) The linear calibration plot between the electrode impedance and CEA concentrations.
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Table 1. Comparison of analytical methods for the detection of CEA.

. Linear
Analytical Method Sensitive Analytes Ranges LOD R? Reference Real Sample
Elements (ng/mL) Test
(ng/mL)
. Anti-CEA 1x1071~25 1 0.988
Fluoroimmunosensor antibody CEA 2520 1.0 x 10 0.99 [17] Yes
Aptasensor Aptamer CEA 2x1072~60 325 x 107! 0.962 [47] No
Aptasensor Aptamer CEA 1~50 1.0 0.990 [48] Yes
) Anti-CEA 4 5
Fluoroimmunosensor . CEA 7 x 107 ~80 55 x 10 0.993 [49] Yes
antibody
Aptasensor Aptamer CEA 1~80 7.5 x 107! 0.999 This work Yes

3.5. Selectivity, Reproducibility, Stability, and Regeneration of the Aptasensor

To examine the selectivity of this electrochemical aptasensor, we measured other
proteins present in human saliva, such as amphiregulin (Areg), C-reactive protein (CRP),
Interleukin-8 (IL-8), and bovine serum albumin (BSA), which is commonly used for block-
ing. As shown in Figure 6A, only CEA showed significant responses, and other interferers
only had subtle signal changes. These similar signal changes indicated that the interfering
substances had little effect on the sensor, which proved that the developed aptasensor
has high specificity, which can be used for the specific detection of CEA. Secondly, we
prepared two batches of six electrodes under the same conditions to detect 5 and 50 ng/mL
CEA. The results were basically consistent, and the relative standard deviations (RSDs)
were 2.44 and 1.83%, respectively. The detection results showed that this aptasensor had
good reproducibility. At the same time, the stability of this biosensor was also investigated
(Figure 6B). The results showed that after storage of 12 days at 4 °C, compared with the
current test signal in the initial experiment, the signal change rate was 94.52%. Therefore,
this aptasensor could be stored stably for at least 12 days. The reasons that make the
sensor stable are as follows. Firstly, the gold plating on the electrode surface has good
biocompatibility and does not damage the aptamer activity. Secondly, the aptamer is firmly
bound to the electrode surface through the Au-SH bond and falling off is not easy. Finally,
the steric hindrance effect provided by the three-dimensional structure of ZnO-NRs will
also prevent the aptamer from detaching from the electrode surface to a certain extent.
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Figure 6. (A) Selectivity of the aptasensor against CEA (20 ng/mL), Areg (50 ng/mL), BSA
(50 ng/mL), and CRP (20 ng/mL). (B) Stability of the aptasensor for 12 days of storage.

The regeneration of the electrode surface is of great significance for reusable biosensors.
In this study, we selected trypsin to digest CEA specifically bound to the aptamer, changing
its structure and thus separating it from the aptamer to achieve the purpose of sensor
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regeneration, and achieved good results. The resistance of the sensor chip incubated with
5 and 60 ng/mL CEA for 5 min by trypsin digestion decreased to 67.04% of the original
resistance, and the resistance increased to 89.81% of the original resistance after the same
concentration of CEA was incubated again, indicating that the state of the chip surface does
not return to the state of unbound protein after digestion, and the activity of the aptamer is
affected to a certain extent.

3.6. Anti-Interference Performance and Preliminary Analysis of Human Saliva Samples

In order to explore the electrode detection performance in the complex saliva environ-
ment, we studied the saliva samples of healthy people. We measured the impedance values
of CEA concentrations of 5 ng/mL, 20 ng/mL, 50 ng/mL, and 60 ng/mL in 10% healthy
human saliva, and compared them with those of corresponding concentrations measured in
0.1 M PBS. As shown in Figure 7, when the CEA concentration is 5 ng/mL, the error of the
impedance value measured in the saliva sample is 0.73%; when the CEA concentration is
20 ng/mL, the error of the impedance value measured in the saliva sample is 1.15%; when
the CEA concentration is 50ng/mL, the error of the impedance value measured in the saliva
sample is 2.07%. When the CEA concentration was 60ng/mL, the impedance error was
0.41%. The above results indicate that the electrode has good anti-interference performance
in a complex salivary environment, and has a significant signal for CEA detection.
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Figure 7. The impedance values of CEA concentrations of 5 ng/mlL, 20 ng/mL, 50 ng/mL, and
60 ng/mL were detected in 0.1 M PBS and 10% saliva.

4. Conclusions

This study developed a simple and highly sensitive aptasensor for detecting the
salivary biomarker CEA in OSCC. This aptasensor is based on an FTO-ZnO-Au composite
structure, where the corresponding ligands are immobilized on the electrode surface for
target protein capture and signal detection. The combination of ZnO-NRs’ electrode
and ligands offers multiple advantages, including a high sensitivity, specificity, stability,
and ease of fabrication. EIS and CV electrochemical characterization confirmed that the
aptasensor was successfully constructed and could effectively capture the target protein
CEA. The results showed good linearity in the range of 1~80 ng/mL, with a LOD of
0.75 ng/mL. Experimentally determined tiny responses of AREG, CRP, and BSA to the
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aptasensor ensure that the aptamer sensor achieves the specific detection of CEA in complex
environments. Additionally, consistent detection results were obtained from multiple
batches of sensors, confirming their reproducibility. Stability testing over a 12-day period
showed excellent performance of the aptasensor. In addition, we found that trypsin had a
good digestion effect on the aptamer-bound CEA, but at the same time, it also had a certain
effect on the activity of the aptamer, making it less effective for electrode regeneration. This
indicated that this aptasensor has great potential for application in the detection of a tumor
marker in saliva, and a class of non-invasive, portable, and highly sensitive OSCC detection
devices is expected to be developed based on this aptasensor.
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Abstract: In this study, we designed three promising platforms based on metal-organic frameworks
(MOFs) to develop paper-based analytical devices (PADs) for biosensing applications. PADs have
become increasingly popular in field sensing in recent years due to their portability, low cost, sim-
plicity, efficiency, fast detection capability, excellent sensitivity, and selectivity. In addition, MOFs
are excellent choices for developing highly sensitive and selective sensors due their versatility for
functionalizing, structural stability, and capability to adsorb and desorb specific molecules by re-
versible interactions. These materials also offer the possibility to modify their structure and properties,
making them highly versatile and adaptable to different environments and sensing needs. In this
research, we synthesized and characterized three different amino-functionalized MOFs: UiO-66-
NH,; (Zr), MIL-125-NH, (Ti), and MIL-101-NH, (Fe). These MOFs were used to fabricate PADs
capable of sensitive and portable monitoring of alkaline phosphatase (ALP) enzyme activity by
laser-induced fluorescence (LIF). Overall, amino-derivated MOF platforms demonstrate significant
potential for integration into biosensor PADs, offering key properties that enhance their performance
and applicability in analytical chemistry and diagnostics.

Keywords: analytical device; paper biosensor; MOFs platform; biomolecules; alkaline phosphatase
enzyme

1. Introduction

Metal-organic frameworks (MOFs) are attractive crystalline materials made of metal
ions or clusters coordinated by multifunctional organic ligands via robust chemical bonds
and supramolecular interactions. These assemblies create periodic polymeric networks
with organic and inorganic components, spanning two or three dimensions [1]. Moreover,
MOF functionalization without altering their structure could be achieved by post-synthesis
modifications, allowing unique properties by improving their reactivities [2]. In recent
years, MOFs have experienced exponential growth, showing potential applications in
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diverse fields such as gas adsorption/separation, controlled drug release, catalysis, and
luminescence. This progress allows the rational design of materials with tailored electro-
chemical and optical properties based on carefully selecting and combining metals and
ligands. In general, the properties of MOFs are intimately linked to their structural features,
encompassing compositions and architectures [3].

Biochemical analysis often involves lengthy procedures and large, expensive equip-
ment that must be operated by qualified professionals in a safe environment. To overcome
these difficulties, the lab-on-a-chip concept was introduced [4], which aims to reduce the
costs of analysis using platforms made of miniaturized active materials supported on
quartz, glass, or polymers [5]. Recently, paper-based analytical devices (PADs) have gained
attention as an innovative alternative, taking advantage of the accessibility and affordability
of paper, which is renewable and recyclable [6-8]. Furthermore, PADs are easy to store,
transport, and handle, and could be printed or coated for many applications [9]. Their high
surface area, compatibility with biomolecules, and excellent filtration properties make them
suitable for lateral flow assays, chromatographic separations, and microfluidic devices. In
addition, most PADs are biodegradable and can be disposed by incineration, making them
environmentally friendly, biocompatible, and efficient tools that require minimal use of
samples and reagents, while ensuring easy operation [9].

In recent decades, biosensors have attracted considerable interest in both the scientific
and industrial sectors [10-15]. These devices cleverly integrate biology, physics, chemistry,
and engineering knowledge, offering relevant and practical solutions to contemporary
analytical challenges [10-15]. However, several studies have reported on biosensors based
on MOF platforms for biomolecule immobilization, but only a few examples based on
PADs have been explored [16-25]. Ortiz-Gémez et al. (2017) [18] developed a microfluidic
paper-based analytical device (WPAD) for glucose determination using a supported MIL-
101 (Fe) MOF acting as a peroxidase mimic, and under optimal conditions, the value for
the S coordinate increases linearly for glucose concentrations up to 150 umol-L~ 1, with a
2.5 umol-L~! detection limit. In that same sense, Wei et al. (2021) [19] reported an electro-
chemical sensor based on Co-MOF modified carbon cloth/paper applied to quantitative
glucose detection, effectively increasing the specific area and catalytic sites more than a
traditional plane electrode. Also, Hassanzadeh et al. (2019) [20] presented a luminescent
PAD to estimate total phenolic content based on a HyO, —rhodamine b—Co-MOF. It was
discovered that the reaction of H,O, with rhodamine b molecules, loaded into the Co-MOF
nanopores, can enhance their emission. Recently, Catala-Icardo et al. (2024) [21] fabricated
MIL-53 (Al)-modified PADs for the efficient extraction of neonicotinoid insecticides. The
whole method showed satisfactory analytical performance with recoveries between 86 and
114%, suitable precision (with RSD lower than 14%), and detection limits ranging from
1to 1.6 pg-L~ 1. Moreover, Chang et al. (2024) [22] proposed colorimetric PADs based on
a two-dimensional MOF nanozyme for a dichlorophen assay. On the other hand, Feng
et al. (2024) [23] reported a paper-based electrochemiluminescence biosensor for detecting
pathogenic bacteria Staphylococcus aureus. This biosensor was constructed using porous
Zn-MOFs to form [Ru (bpy)3]*? functionalized MOF nanoflowers (MOF-5 (Ru) NFs) [23].
In addition, Guan et al. (2024) [24] fabricated a hydrogel-based colorimetric PADs platform
for the visual colorimetric assay of creatinine using CdTe@UiO-66-PC-Cu MOEF. Definitely,
PAD biosensors based on MOF platforms for biomolecule immobilization open exciting
doors for the development of analytical devices.

In the present research, we synthesized and characterized three amino-functionalized
MOF platforms (UiO-66-NH; (Zr), MIL-125-NH; (Ti), and MIL-101-NH; (Fe)) and em-
ployed them to develop sensitive, portable PADs for monitoring ALP enzyme activity by
laser-induced fluorescence.

118



Chemosensors 2024, 12, 208

2. Materials and Methods
2.1. Reagents and Materials

All of the used reagents were analytical grade and were purchased without further pu-
rification treatment. 2-aminoterephthalic acid (H,ATA), methanol (MeOH), zirconium tetra-
chloride (ZrCly), titanium isopropoxide (Ti (OiPr)s), N,N’-dimethylformamide (DMF), and
2-amino-1,4-benzenedicarboxylic acid were purchased from Merck (Darmstadt, Germany).
Dopamine hydrochloride, Tris-HCl, and Iron (III) chloride hexahydrate (FeCl3-6H,O, 97%)
were purchased from J&K Scientific Ltd. (San José, CA, USA); 4-methylumbelliferyl phos-
phate (4-MUP) from Fluka and alkaline phosphatase (ALP) enzyme were purchased from
Sigma-Aldrich (Buenos Aires, Argentina). Hydrogen peroxide (H,O,) 30% (v/v), glu-
taraldehyde (GLU, 5% aqueous solution), and acetone were purchased from Merck (Darm-
stadt, Germany). Filter paper N° 1 was provided by Whatman (Maidstone, UK). All buffer
solutions were prepared with milli-Q water.

2.2. Equipment

An Orion Research Inc. model EA 940 equipped with a glass combination electrode
(Orion Research 95 Inc., Cambridge, MA, USA) was employed for pH determinations. In
addition, MOF platforms were characterized using an LEO 1450VP scanning electron mi-
croscope (SEM). A Xerox Color-Qube 8870 printer was used to mark the paper microzones.
The fluorescent signal was monitored under LED excitation at 430 nm. All the samples
were placed at 45 ° with respect to the LED beamline. The fluorescent radiation was de-
tected with the assembly’s optical axis perpendicular to the device’s plane. A microscope
objective (10:1, PZO, Poland) mounted on a BIOLAR L-PZO microscope was used for light
collection. A fiber-optic collection bundle was mounted on a sealed housing at the end
of the microscope lens, connected to an Ocean Optics model QE65000-FL spectrometer.
In order to avoid spurious light, the entire assembly was covered with a large black box.
The powder X-ray diffraction (PXRD) plots were recorded with a Rigaku—Ultima IV type
IT diffractometer. A scanning step of 0.05° between 5 and 50 2-theta Bragg angles with
an exposure time of 5 s per step was used to obtain the best counting statistics. Fourier
transform infrared (FTIR) spectroscopic measurements were obtained in a Perkin Elmer
Spectrum 65 FTIR spectrometer in a region from 400 to 4000 cm 1.

2.3. Synthesis of Amino-MOFs

The synthesis of MIL-125-NH, (Ti) was carried out following a previously reported
procedure [10] with some modifications in the amounts of the components: 0.54 g of HyATA
(0.294-1073 mol-L ™) and 0.315 mL of Ti(OiPr), (1.05:10~3 mol-L~!) were mixed in 24 mL
of DMF solution and 6 mL of MeOH solution. The mixture was stirred for 30 min, then
transferred to a 45 mL Parr reactor coated internally with Teflon and heated to 150 °C
for 72 h. After that, a pale yellow powder was obtained. The solid underwent a two-
step washing process with continuous stirring at 500 rpm: initially with 45 mL of a DMF
solution, followed by 20 mL of an MeOH solution. Afterward, the solid was dried at
75 °C in an oven for 48 h (yield 48%). The resulting powder was reduced in particle size
through manual grinding for 90 min in an agate mortar. Then, a 0.5% w/v suspension of
MIL-125-NHj (Ti) in 0.1 mol-L~! phosphate buffer solution (PBS) pH 7.2 was prepared and
sonicated for 60 min. The UiO-66-NH; (Zr) synthesis was carried out following previously
described steps [11] with some modifications in the amounts of the components: 0.288 g
of anhydrous ZrCly (1.23 x 1072 mol-L ) and 0.209 g (1.92 x 1073 mol-L~!) of H,ATA
were dissolved in 60 mL of DMF and stirred for 30 min. Subsequently, the solution was
transferred to a 45 mL Teflon-lined Parr reactor and brought to 120 °C for 24 h (yield 55%).
After that, it was cooled to room temperature, and the resulting light brown powder was
washed three times with DMF solution and finally dried at 70 °C for 24 h. A 0.1 mol-L~!
pH 7.2 PBS buffer solution containing 0.5% w/v of UiO-66-NH; (Zr) was prepared for
analytical measurements. The synthesis of MIL-101-NH, (Fe) followed steps previously
described [12], with some modifications. Masses of 0.504 g of anhydrous FeCl;-6H,O
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(2 x 1073 mol-L!) and 0.181 g (1 x 1073 mol-L~!) of H,ATA were mixed in 15 mL of
DMEF under constant stirring for 30 min. The mixture was transferred into a 120 mL
stainless steel Parr autoclave reactor internally lined with Teflon, which was hermetically
sealed and heated at 120 °C for 24 h. After cooling to room temperature, the resulting
dark brown powder was washed with constant agitation using 20 mL of DMF for 24 h.
Finally, the product was dried at 75 °C for 48 h (yield 19%). Before employing the product,
a 0.1 mol-L~! PBS buffer solution pH 7.2 containing 0.5% w/v of the MIL-101-NHj (Fe)
was prepared.

2.4. Biosensor Design

Whatman No.1 filter paper was used to design and construct the immunosensor. A
6 mm diameter hydrophobic containment barrier was delimited circularly on a microzone of
this paper by wax stamping, using Corel Draw 9 graphic software and the Xerox ColorQube
8870 wax printer. The cut papers were then placed on a hot plate at 80 °C to homogenize
the walls forming the hydrophobic wax barrier.

The papers were subjected to a constant flow of oxygen plasma for 3 min to generate
as many aldehyde groups as possible on their surface by cellulose oxidation, in order to
have a more significant surface reaction.

2.5. Paper Modification

Suspensions of UiO-66-NH, (Zr), MIL-125-NH, (Ti), and MIL-101-NH; (Fe) were
prepared at a concentration of 0.5% w/v in 0.1 mol-L~! PBS buffer solution pH 7.2 and dis-
persed under sonication for 15 min. When the suspensions were completely homogenized,
20 uL was placed onto the pre-treated papers using a drop casting method and left in a
humid chamber for 30 min. During this time, the aldehyde groups on the cellulose surface
linked to the amino groups of the mentioned MOFs. After that, the papers were washed
three times with 0.1 mol-L~! PBS buffer solution pH 7.2 and dried under N flow.

2.6. Enzyme Immobilization

To achieve covalent bonds between the amino groups of the immobilized MOFs on
the paper with the amino groups present in the ALP, a cross-linking agent solution of
glutaraldehyde (GLU) was employed. This procedure consisted of the following steps:
First, the papers were immersed for 30 min in a 0.5% w/v GLU acetone solution at pH 8.
After being washed three times with 0.1 mol-L~1 pH 7.2 PBS buffer solution and dried,
20 uL of 0.1% w/v ALP solution in 0.1 mol-L~! PBS buffer solution pH 7.2 was added and
incubated at 37 °C for 10 min. Subsequently, the papers were washed three times with PBS
buffer solution to remove excess non-bounded protein (Figure 1).

2.7. Study of the Enzymatic Response by Laser-Induced Fluorescence

An optical system was constructed using a single frequency 430 nm DPSS laser (Cobolt
Zouk™) operated at 10 mW that served as the fluorescence excitation source to detect
enzyme activity and test the paper biosensor. The laser was focused on the detection
channel at 90° geometry with respect to the surface.

The relative fluorescence signal, which corresponded to the ALP, was measured in situ
on the modified paper device. The fluorescence of 4-MUP was measured using excitation at
430 nm and emission at 452 nm. Diethanolamine (DEA) buffer (0.1 mol-L~! diethanolamine,
5 x 1072 mol-L~! KCl, 1 x 1073 mol-L~! MgCl,, pH 9.6) was used to prepare the 4-MUP
solution. Finally, 5 uL of substrate solution (2.5 x 1073 mol-L~! 4MUP in DEA buffer
solution, pH 9.6) was injected into the modified paper, and LIF was used to measure the
enzyme product.
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Figure 1. Schematic representation of fluorescent paper-based biosensor construction showing the
modification of the paper surface and the alkaline phosphatase determination procedure.

The paths of the reflected beams were meticulously arranged to prevent collisions
with other components of the device cell, thereby minimizing the risk of photobleaching.
Fluorescent radiation was detected along the optical axis of the array. An optical fiber
collection system was installed within a sealed housing linked to the QE65000-FL scientific-
grade spectrophotometer (Ocean Optics, Inc., New York, NY, USA). The entire system was
enclosed within a black box during measurements to eliminate spurious light interference.
These assessments were conducted for both a blank assay where the enzyme was directly
immobilized onto unmodified paper, and assays where the enzyme was immobilized onto
papers modified with three amino-functionalized MOFs.

3. Results and Discussion
3.1. Elemental Characterization of MOFs
SEM-EDS

The synthesized MOFs were characterized by SEM and EDS analysis to obtain infor-
mation regarding the particle size and semi-quantitative elemental percentage. As shown
in Figure 2a, MIL-125-NH; (Ti) particles exhibit a spherical morphology with an average
size of approximately 0.6 & 0.2 um. Moreover, the EDS data indicate the presence of high
lines from titanium metal ions and signals from C and O belonging to the organic backbone
(Figure 3a).

In Figure 2b, the particles of UiO-66-NH, (Zr) showed a flat morphology with an
average size of 0.53 £ 0.2 um, confirming the elemental composition of the metal Zr and
the ligand components C and O (Figure 3b). Finally, besides Figure 2c, the MIL-101-NH,
(Fe) particles exhibited a spherical shape with a uniform average size of 0.26 £ 0.06 pm.
Also, EDS analysis revealed characteristic X-ray lines corresponding to the iron along with
O and C from the ligands.
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Figure 2. SEM image characterization: (a) MIL-125-NH, (Ti), (b) UiO-66-NH; (Zr), and (c) MIL-101-
NH; (Fe).
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Figure 3. SEM image characterization: (a) unmodified paper surface, (b) paper surface modified
with amino-functionalized MIL-101-NH, (Fe), (c) paper surface modified with amino-functionalized
UiO-66-NH; (Zr), and (d) paper surface modified with amino-functionalized MIL-125-NH, (Ti).
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The paper supports, with and without modifications, were also characterized by SEM
and EDS techniques, as illustrated in Figures 3 and 4. In the unmodified paper, the cellulose
fibers are shown in their original state provided by the manufacturer, with characteristic
EDS peaks confirming their C and O composition (see Figure 4a). Figure 3b shows the
impregnated paper with MIL-101-NH; (Fe), revealing visible particles deposited on the
support and confirming this observation through an X-ray line spectrum (see Figure 4b).
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In Figure 3¢, the MOF UiO-66-NH; (Zr) is observed impregnating the cellulose support,
with visible particles deposited and elemental composition that confirms the presence of
cellulose and mesoporous elements (see Figure 4c). Finally, Figure 3d shows cellulose paper
impregnated with MIL-125-NH, (Ti), demonstrating the presence of elements through
composition analysis (see Figure 4c) and a uniform dispersion of particles throughout
the paper.

$5 (a) ¢ (b)

L L h
2 L0 o0 500 1 2m 100 ) 0 )
Eneray (kev) Energy (keV)
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0 Ti
Ti
‘A —_—
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Figure 4. EDS spectra characterization: (a) unmodified paper surface, (b) paper surface modified
with amino-functionalized MIL-101-NH; (Fe), (c) paper surface modified with amino-functionalized
UiO-66-NH; (Zr), and (d) paper surface modified with amino-functionalized MIL-125-NHj (Ti). Note:
the peak centered at 2.12 keV corresponds to the sputtered gold employed for the SEM technique.

3.2. Powder X-ray Diffraction (PXRD)

Using powder PXRD, experimental diffractograms were compared with the corre-
sponding simulated powder plots (the latter were obtained using cif files extracted from the
literature [10-12]). In MIL-101-NH; (Fe), the presence of a single phase could be verified.
However, lower intensities are observed in the diffraction peaks, possibly due to a lower
crystallinity related to the synthesis method (see Figure 5a). This MOF crystallized in the
cubic space group Fd-3 m (No. 227). Performing the same analysis for the UiO-66-NH;
(Zr) phase, a coincidence is also observed between the experimental pattern and its corre-
sponding theoretical one (see Figure 5b). The compound with the formula crystallized in
the cubic space group Fm-3 m. Figure 5¢ shows the comparison between the theoretical
and experimental diffractograms of MIL-125-NH, (Ti), concluding in a broad coincidence
between the diffraction peaks, confirming the presence of a single pure phase. This MOF
was indeed found to be crystallized in the orthorhombic space group 14/mmm (N° 139).
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Figure 5. Experimental PXRD patterns of (a) MIL-101-NH, (Fe), (b) UiO-66-NH, (Zr), and (c) MIL-
125-NH, (Ti) (blue lines) compared to the simulated diffractograms.
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MIL-101-NH;-Fe, with composition {[Fe3 (13-O) (u4-2-ATA)3z (H,0),Cl]}, belongs to
the family of materials known as MIL-101 (where MIL stands for Matériaux de I'Institut
Lavoisier) [25]. The crystal structure of MIL-101 (Fe)-NH; is composed of 2-ATA linkers
and Fe (IIT) ions, which serve as metallic nodes. The Fe (III) ions form a trigonal planar
cluster and a trigonal prismatic secondary building unit (see Figure 6a) [26]. Four of these
building units are connected through six 2-ATA linkers, forming a supertetrahedral unit.
Figure 6b shows the final crystal structure of MIL-101-NH, (Fe), which contains different
cages and sizes: a microporous cage with entrance windows approximately 8.6 Ain free
diameter, and two mesoporous cages with diameters of approximately 29 A and 34 A.

Figure 6. (a) Secondary building unit (color codes: gray: carbon; red: oxygen; green: chloride, brown:
iron) and (b) the formed cages in MIL-101-NH, (Fe).

Figure 7 shows the most stable form of UiO-66-NH, (Zr), which consists of a face-
centered-cubic structure containing an fm—3m symmetry with a lattice parameter of 20.7 A.
Moreover, it contains two separate cages, a tetrahedron cage of 7.5 A, another octahedron
cage of 12 A, and a pore aperture of 6 A [27].
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Figure 7. A schematic structure of UiO-66-NH; (Zr). The face-center-cubic UiO-66 structure type is
composed of the metal node (aqua) and ligand (gray) with an atomic representation of the node and
12-connected 2-ATA linkers.

MIL-125-NH, (Ti) comprises [TigOg(OH)4-(2-ATA)g] building units, and its crystal
structure is established from the cyclic octamers constructed from octahedral titanium units
present at the edge or corner [28]. Also, these octamers are associated with 12 other cyclic
octamers, giving rise to a porous 3-D quasi-cubic tetragonal structure (see Figure 8). Also,
the structure has two types of cages, an octahedral (12.5 A) and a tetrahedral (6 A) cage,
accessible through narrow triangular windows of ca. 6 A.

Figure 8. A schematic structure of MIL-125-NH,-(Ti) (color codes: gray bars: carbon backnone; red:
oxygen; light-blue polyhedra: titanium centers) shows the two cage types (green and yellow spheres).

3.3. Characterization of ALP Immobilization on the Support
FTIR

Another method employed to confirm the immobilization processes conducted on the
paper substrate was Fourier transform infrared (FTIR) characterization.

The spectra provided below (see Figure 9) depict a comparison between the unaltered
paper (shown in blue spectra) and the same paper modified with MIL-125-NH, (Ti), UiO-
66-NH, (Zr), and MIL-101-NH, (Fe)—(black traces), followed by the subsequent stage
where glutaraldehyde molecules were attached, leaving exposed terminal aldehyde groups
(depicted in red spectra) for all three cases.

By the FTIR technique, it is possible to analyze the principal vibrational modes of the
cellulose fibers and their interactions with the MOF particles. The paper exhibits the C-H
stretching modes of cellulose located at 2850 cm~! and a prominent band attributed to the
vibrations of the C-O-C groups within the 3-glucopyranose ring of cellulose at 1066 cm 1,
This band decreases significantly upon modifying the paper with MOFs, suggesting a
robust covalent interaction between these bonds and the amino groups functionalizing the
materials [9]. The following chemical reaction illustrates the bonding between the amino
groups of MOFs and the aldehyde groups of cellulose.

MOEF-NH;, + H-(CO)-C3Hs-(CO)-H — MOF-N=CH-C3H4-(CO)-H
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Figure 9. FTIR study of paper modification with (a) MIL-125-NH (Ti) and subsequent stage with
GLU; (b) UiO-66-NH; (Zr) and subsequent stage with GLU; and (c) MIL-101-NH, (Fe) and subsequent
stage with GLU.

In all cases where the paper support is modified with different MOFs, the presence
of solvent trapped in its pores is evident at 3625 cm~!. Finally, there is an increase in the
intensity of the carbonyl band (C=0 stretching) centered at 1745 cm ! when glutaraldehyde
is bound to the MOFs.

3.4. Optimization of Experimental Parameters

To carry out the elemental parameter optimization tests, the following considerations
were taken into account: adjust the MOF concentration for the paper support modifica-
tion, adjust the ALP enzyme concentration, optimize the 4-MUP substrate concentration,
determine the reaction time, and identify the optimum pH for enzymatic activity.

For the ALP enzyme, the substrate used was 4-MUP. After enzymatic action, the
substrate produces 4-methylumbelliferone (4-MU), a fluorescent compound emitting at
452 nm.

In addition, to optimize the concentrations of the different MOFs used to modify the
paper support, dispersions of the three MOFs were prepared in 1 mol-L~! PBS buffer solu-
tion pH 7.2, in a concentration range of 0 to 0.8% w/v. The ALP enzyme was immobilized
at 0.1% w/v in 0.1 mol-L~! PBS buffer pH 7.2 for each modified paper with the different
MOF concentrations. Finally, the ALP response was monitored using 5 uL of fluorescent
substrate solution (2.5 x 1073 mol-L~! 4-MUP in DEA buffer solution (0.1 mol-L~! di-
ethanolamine, 5 x 1072 mol-L ! KCI, 1 x 10~3 mol-L~! MgCl,) pH 9.6) in each paper
microzone. Subsequently, the enzyme product was measured using LIF.

The obtained signal from the enzymatic response was greater when the microzones
of the paper were modified with different concentrations of MIL-125-NH, (Ti), which
demonstrates that there is an increase in the immobilization surface due to the incorporation
of MIL-125-NH, (Ti) in comparison to UiO-66-NH, (Zr) and MIL-101-NH; (Fe). On the
other hand, when higher concentrations of MIL-125-NH (Ti) than 0.5% w/v were used,
a system saturation was observed, so this was selected as the concentration limit for all
subsequent tests (see Figure 10).
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Figure 10. Optimization of impregnated MOF concentrations for paper support modification.

In light of these results highlighting the differential response of the modified papers
with MIL-125-NH, (Ti)/ ALP compared to those with UiO-66-NH, (Zr)/ALP, MIL-101-NH,
(Fe)/ ALP, it was decided to continue with the optimizations of experimental variables using
the MOF MIL-125-NHj; (Ti) as a proposal for the best surface to apply to the development
of biosensors.

According to the literature, MIL-101-NH; (Fe) exhibits a higher BET surface area of
3528 m?-g~! and a pore volume of 1.48 cm®.g~! [26] with respect to those values from
MIL-125-NH, (Ti) (1469 m?-g~! and a pore volume of 0.6 cm3-g~1) [28] and UiO-66-NH,
(Zr) (822 mz~g*1 and a pore volume of 0.23 cm3~g*1) [29]. Nevertheless, MIL-125-NH;
(Ti) exhibits better immobilization performance, which could be reasonably attributed to a
lower pore volume and, consequently, lower water occupancy.

Optimizing the concentration of ALP employed for immobilization was a critical
parameter to evaluate. Therefore, a comprehensive study was conducted within the 0.1 to
2.5 mg-mL~! concentration range. Figure 11a illustrates that the fluorescence intensity
increased proportionally with the concentration of immobilized ALP, reaching a peak at
1 mg~mL*1. Beyond this concentration, the intensity plateaued, indicating saturation.
Consequently, 1 mg-mL~! of ALP emerged as the optimal concentration for immobilization
on modified paper with 0.5% w/v of MIL-125-NH; (Ti) suspension.
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Figure 11. (a) Optimization of the ALP concentration used for immobilization; (b) optimization of
the optimal pH range of the enzymatic activity.

The impact of pH on the enzymatic response was also evaluated by adjusting the pH
of the substrate solution to a range of 7 to 11. The enzyme activity exhibited its maximum
value when the DEA buffer solution was at a pH of 9.6, as shown in Figure 11b. Therefore,
pH 9.6 was selected as the optimal pH for all subsequent experimental measurements.
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The impact of 4-MUP concentration on the enzymatic response of ALP was investi-
gated within the range of 0.1 x 1073-5.0 x 103 mol-L~! in DEA buffer solution at pH 9.6.
The optimal concentration of 4-MUP, which produces the highest enzymatic response, was
determined to be 2.5 x 1073 mol-L. 7!, as shown in Figure 12a. As a consequence, this
concentration was adopted for all subsequent experimental measurements.
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Figure 12. (a) Optimization of 4-MUP concentration; (b) stability tests of the modified paper support.

Long-term stability testing of the system was performed by freeze-drying the MIL-
125-NH, (Ti)/ ALP-modified paper devices and storing them at 4 °C, protected from light.
Measurements were taken every 7 days, as illustrated in Figure 12b. In particular, the
fluorescent signal response remained practically constant after 45 days, with only a 5%
decrease observed after 60 days. This result shows the reproducibility of the sensor signal.

Reaction time is also a crucial parameter to define, especially in applications that de-
mand fast and reliable analysis. This study used MIL-125-NH, (Ti)/ ALP/4-MUP-modified
papers and analyzed them at various incubation times ranging from 20 to 240 s. The fluores-
cence intensity progressively increased with longer incubation periods until reaching 180 s.
Beyond this point, a saturation effect became evident. Consequently, the optimal reaction
time was determined to be 180 s (see Figure 13). Finally, a summary of the experimental
working experiments is depicted in Table 1.
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Figure 13. Fluorescence response at different incubation times of MIL-125-NH, (Ti)/ALP/4-MUP by
modifying the paper support.
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Table 1. Summary of optimal working conditions.

Sequence Condition Time (min)/Temperature (°C)
Cellulose oxidation Oxygen plasma 3/room temperature
e 0.5% w/v MOFs suspensions in PBS .
Modification of paper buffer solution, pH 7.2 30/room temperature in wet chamber
Washing buffer PBS buffer solution, pH 7.2 1 min at a time
Cross-linking 0.5% w/v GLA in acetone pH 8 30/room temperature
Washing buffer PBS buffer solution, pH 7.2 1 min at a time
1 mg.mL~! ALP in PBS buffer solution °
Enzyme pH7.2 10/37 °C
Washing buffer PBS buffer solution, pH 7.2 1 min at a time
25 x 103 mol.L ™! 4-MUP in DEA buffer
Substrate . 2
solution, pH 9.6

4. Conclusions

In our research, MIL-125-NH, (Ti), UiO-66-NH; (Zr), and MIL-101-NH, (Fe) MOFs
were synthesized, characterized, and successfully used for the modification of paper
surfaces towards development of PADs biosensors. It could be concluded that the MIL-125-
NH, (Ti) MOF significantly increased the effective surface area for the immobilization of
biomolecules in comparison to UiO-66-NH, (Zr) and MIL-101-NH, (Fe). This feature was
confirmed by immobilizing the ALP enzyme and monitoring its activity by laser-induced
fluorescence, giving rise to a higher signal intensity for the same concentrations of the three
dispersions and modifying the paper support. In the light of these features, we chose MIL-
125-NHj (Ti) for further optimization trials to conclude a reliable and reproducible platform
suitable for biomolecule detection. Consequently, the MIL-125-NH;(Ti)/ ALP-modified
papers showed excellent stability and reproducibility, demonstrating the potential use of
this new modified platform for developing biosensors for the rapid detection of various
bioanalytes of interest.
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Abstract: In this work, CeBTC (a cerium(III) 1,3,5-benzene-tricarboxylate), was used as a precursor for
obtaining CeO, nanoparticles (nanoceria) with better sensor performances than CeO, nanoparticles
synthesized by the solvothermal method. Metal-organic framework-derived nanoceria (MOFdNC)
were functionalized with spheric gold nanoparticles (AuNPs) to further improve non-enzymatic
electrode material for highly sensitive detection of prominent biocompound uric acid (UA) at this
modified carbon paste electrode (MOFdANC/AuNPs&CPE). X-ray powder diffraction (XRPD) and
transmission electron microscopy (TEM) analysis were used for morphological structure characteriza-
tion of the obtained nanostructures. Cyclic voltammetry and electrochemical impedance spectroscopy,
both in an [Fe(CN)g]*~ /4~ redox system and uric acid standard solutions, were used for the charac-
terization of material electrocatalytic performances, the selection of optimal electrode modifier, and
the estimation of nature and kinetic parameters of the electrode process. Square-wave voltammetry
(SWV) was chosen, and the optimal parameters of technique and experimental conditions were
established for determining uric acid over MOFANC/AuNPs&CPE. Together with the development
of the sensor, the detection procedure was optimized with the following analytical parameters: linear
operating ranges of 0.05 to 1 uM and 1 to 50 uM and a detection limit of 0.011 uM, with outstanding re-
peatability, reproducibility, and stability of the sensor surface. Anti-interference experiments yielded
a stable and nearly unchanged current response with negligible or no change in peak potential. After
minor sample pretreatment, the proposed electrode was successfully applied for the quantification of
UA in milk.

Keywords: MOF; CeOy; uric acid; electrochemical sensor; milk samples

1. Introduction

Uric acid (UA) is a weak organic acid, hardly soluble in water or ethanol, and it
forms ions and salts known as urates and acid urates. Scheele separated monosodium
urate crystals from kidney gout nodules and connected this compound to gout, a common,
complex, and painful form of arthritis [1]. After that, Fourcroy discovered uric acid in
human urine. Uric acid is a final oxidation product of purine metabolism, extracted in urine.
The concentration of UA in the blood can increase, reaching 408 pM in serum (6.8 mg/dL),
which can be diagnosed as pathological hyper-uricemia [2], if the body does not contain
enough uricase, an enzyme for the catalysis of UA oxidation when UA is converted in
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water-soluble allantoin. Besides gout, this condition may be a precursor to the development
of metabolic syndrome, diabetes, hypertension, and kidney and cardiovascular diseases,
but some genetic diseases are related to small concentrations of UA [3]. As the body
converts purines into uric acid, the consumption of food rich in purines can contribute to
hyper-uricemia-developed diseases [4]. So, keeping uric acid at optimum levels, in a range
between 5.0 and 7.0 mg/dL, is important for the normal functioning of the organism, and
food intake could be a major contributor to this. It is important to mention that uric acid
also plays an active, vital role in the body’s function in terms of initiating the inflammatory
process that is necessary for tissue repair, mobilizing the progenitor of endothelial cells, and
providing an antioxidant defense from oxygen free radicals that cause aging and cancer [5].
In food technology, a recent study confirmed that the antioxidant activity of uric acid can
protect milk from rapid microbiological spoilage [6]. Zuo et al. determined uric acid by
Hydrophilic Interaction HPLC [7], and they found 24.1 + 0.05 to 36.8 + 0.04 mg mL~1 of
UA in bovine milk. Motshakeri et al. applied cyclic voltammetry to different milk samples
and found 52.3 = 2.1 t0 92.9 & 2.3 uM of UA, with no significant difference in uric acid
content between fresh milk, UHT, and other processed milk samples [8]. Khamzina and
co-workers found a high content of uric acid in fresh cow’s milk (208 &= 1 uM), while in
pasteurized milk samples, they found much lower concentrations of 61 4+ 6 and 77 4= 3 uM
of uric acid [6]. Bearing in mind all of this, researching uric acid effects in the human
body tissue and food and developing new, reliable, and accurate analytical procedures
and methods for determining low UA concentrations are of high importance for medical
sciences and industrial technologies.

Besides the spectral, fluorescence, capillary electrophoresis detections and various
HPLC methods [9], the significance of determining uric acid has also conditioned the devel-
opment of electrochemical methods for this purpose [10,11]. Among other analytical tools,
electrochemical sensors proved themselves to be one of the most promising, bearing in
mind low-cost instrumentation, facile fabrication, easy operation, fast response, good sensi-
tivity and selectivity, and minor sample preparation [12,13]. CeO, NPs (nanoceria) belong
to high-quality electrode modification materials because of their unique physicochemi-
cal properties like switching between Ce*® and Ce** oxidation states, ionic conductivity,
oxygen storing capacity, chemically inertness, and thermal stability. For this reason, CeO,-
based materials are suitable for diverse applications, such as catalysts, sensors, actuators,
transducers, and supercapacitors [11]. Employed like uric acid sensor electrode material
(often simultaneously determining other biocompounds like ascorbic acid, dopamine, and
others), nanoceria were reported in different structures like CeO, nanocubes [14], sponge-
like CeO; [15], and ZnO-CeO; hollow nanospheres [16] or doped with cobalt [17] or indium
nanoparticles [18]. As can be seen, for synergic improvement in sensor properties, CeO,
nanoparticles can be easily combined or functionalized with other nanomaterials, such
as noble and other metals and metal oxide nanoparticles, and often with carbon nanoma-
terials. Au nanostructures were reported in the literature in different sizes, shapes, and
compositions and applied in electrochemical sensors because of their biocompatibility,
good thermal and electrical conductivity, chemical stability, and high volume/surface
ratio [19]. Gold nanoparticles can be synthesized by physical, chemical, biological, and
electrochemical methods [20], and some of them are commercially available. Nanoparticles
stabilized in active CeO, support are among the most popular gold-based systems for CO
oxidation and other oxidation reactions [21]. Different AuNPs/CeO, nanocomposites were
successfully fabricated: Huang and coauthors applied atomically precise Aups superatoms
with electron-deficient Auq, shells and electron-rich Auy3 cores immobilized on the surface
of CeO; nanorods as catalysts for styrene oxidation [22]. Gold nanoclusters supported
on mesoporous CeO, nanospheres were used for the reduction of nitrobenzene; Jiao et al.
obtained strawberry-like Au@CeO, nanoparticles by the assembly of block copolymer
composite micelles [23], while Tang and coauthors employed Au-CeO, composite aerogels
with tunable Au nanoparticle sizes as plasmonic photocatalysts for CO, reduction [24].
Also, Palanisamy et al. reported electrochemical sensing and the simultaneous detection of
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dopamine and uric acid at electrochemically deposited gold 3D nanoclusters on nanoceria
of biomolecule adsorption and mass transport [25]. Considering the catalytic performance
and selectivity of nanoceria/Au nanocomposite materials, it can be concluded that the
structure properties and morphologies of metal and metal oxide nanoparticles play a key
role in the tailoring of new functional materials.

Metal-organic frameworks (MOFs) present a prestigious group of materials with tun-
able pore sizes and high surface area, suitable for diverse applications [26,27]. On the other
hand, the insufficient electronic conductivity and relatively poor chemical stability of these
materials are a significant disadvantage, which can be overcome in MOF-derived func-
tional materials: metal oxides and hierarchical carbon-based hybrid structures [28], in this
form applicable for electrochemical sensing [29]. The approach through template-assisted
nanomaterials offers promising protocols for obtaining nanoparticles with improved per-
formances [30]. Then, MOF-derived metal oxide nanostructures can be combined with
other functional materials in order to design further improved electronic structure of the
sensor interface and enhance catalytic performance, which was a goal of this work.

In light of this, it is worthwhile to explore and compare the structural and electrochem-
ical properties of CeO, NPs, prepared in two different ways: by one of the most preferred
methods—solvothermal synthesis—and nanoceria, easily prepared from CeBTC MOF, as
a precursor for obtaining a functional CeO, nanostructure. Electrode modification with
CeO;, NPs can contribute to resistance to fouling from the oxidation of interferences and
oxidation products of uric acid [16,31]. As MOF-derived CeO, NPs can promote electron
transfer between uric acid and the electrode, adding AuNPS in the electrode modifier
can further improve the electrocatalytic activity of CeO,. Together, they can form a stable
composite material that enhances sensitivity and response time for the electrochemical
detection of uric acid. Hence, the selected favorable composite electrode modifier for a
uric acid sensor with improved activity was prepared by combining two nanomaterials:
1—nanoceria, obtained by thermolysis of CeBTC MOF, synthesized at room temperature,
and 2—gold nanoparticles, commercially available. Morphological and electrochemical
characterization was used for structure analysis and to determine the sensor properties
of the proposed binary nanocomposite. A sensitive and fast analytical SWV method at
CeBTC-derived nanoceria/ AuNP-modified CPE was developed by changing and optimiz-
ing experimental and technique parameters. Selectivity over possible interferences was
estimated, and MOFANC/AuNPs&CPE was successfully applied to determine uric acid in
milk samples.

2. Materials and Methods
2.1. Chemicals

Cerium(Ill)-chloride heptahydrate and benzene-1,3,5-tricarboxylic acid (BTC) were
purchased from Alfa Aesar (Haverhill, MA, USA). Ethylene glycol (>99.5%) was acquired
by Fluka, while poly(vinylpyrrolidone) (Mw 40,000) and sodium acetate trihydrate (>99%)
were obtained from Sigma Aldrich (St. Louis, MO, USA). Gold nanoparticles, 10 nm
diameter, OD 1, stabilized suspension in citrate buffer, paraffin oil, and glassy carbon
powder were all products of the Sigma Aldrich company (USA). All other chemicals used
to perform the experiments in this work were reagent grade. Britton-Roinson buffer (pH 2
to 9) was prepared by adjusting the pH of a 0.05 M solution of acetic, boric, and phosphoric
acid with a 0.2 M NaOH solution. Ultrapure water was produced from the Millipore Milli
Q system.

2.2. Methods and Instrumentation

The crystal structures of the synthesized nanoceria were determined through X-ray
powder diffraction (XRPD) analysis. Dried powder samples were examined using a high-
resolution Smart Lab® diffractometer (Rigaku, Japan) equipped with a CuKa radiation
source working at 40 kV accelerating voltage and 30 mA current. Diffraction patterns were
collected within the 26 range of 10-70°.
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Transmission electron microscopy (TEM) was performed using a JEOL JEM 2100F
UHR microscope operated at 200 kV to analyze the nanoparticle morphology. Diluted
aqueous dispersions of the samples were deposited onto commercial copper support TEM
grids and left to dry overnight at room temperature. TEM images were acquired in bright
field mode in a STEM regime.

All electrochemical measurements were performed at an Autolab 302 N with cor-
responding NOVA 2.0.2 software. The three-electrode electrochemical working station
consisted of an Ag/AgCl (saturated KCl) as the reference electrode, a Pt-wire as the
counter electrode, and a modified carbon paste electrode as a working electrode. For
the electrochemical characterization of electrode modifiers, cyclic voltammetric (CV) and
electrochemical impedance spectroscopy (EIS) measurements were performed in a redox
test solution of 5 mM Kj3[Fe(CN)]s/K4[Fe(CN)]¢ (1:1) in 0.1 M KCI. EIS measurements were
performed with the frequency changed from 1-105 Hz to 1-102 Hz and a signal amplitude of
5 mV at the potential of 0.05 V. For analytical measurements, the SWV technique was used.
The optimal parameters were found by varying the pulse amplitude from 10 to 50 mV, the
frequency from 10 to 90 Hz, and the potential step from 2 to 8 mV/s. Measurements of
uric acid standard solutions for the calibration curve and analysis of milk samples were
performed by applying optimized parameters of the SWV technique: a pulse amplitude of
40 mV, a frequency of 80 Hz, and a potential step of 4 mV/s.

2.3. Synthesizing CeBTC MOF and Obtaining CeO, NPs

CeO, nanoparticles were synthesized by the solvothermal method. Cerium oxide
nanoparticles (CeO,) were synthesized following a modified literature procedure [32].
Specifically, the concentrations of CeCl3-7HO and poly(vinylpyrrolidone) (PVP40) were
varied, and the experimental method was adjusted. A typical synthesis involved dissolving
4 mmol of CeCl3-7H,0 in 60 mL of ethylene glycol (EG) using ultrasound. Then, 80 mmol
of PVP40 was slowly added under vigorous magnetic stirring and mild heating until a
homogeneous, colorless solution was formed. Finally, 20 mg of sodium acetate trihydrate
(NaAc) was added to the solution. The mixture was transferred to a 100 mL Teflon-
lined stainless-steel autoclave, sealed, and heated at 190 °C for 4 h for hydrothermal
treatment. After cooling to room temperature, the precipitate was centrifuged and washed
several times with deionized water and ethanol to remove excess EG, PVP, and NaAc.
The product was dried overnight at 80 °C and afterward calcined at 400 °C for 4 h for
better crystallization.

During the synthesis of MOF-derived CeO, nanoparticles, a CeBTC metal-organic
framework was easily synthesized by a complex reaction between Ce®* and trimesic acid
as a ligand at room temperature, according to the previously reported procedure [33]. In
the first solution, 0.25 mmol of CeCl;-7H,0O was added to 50 mL of ultrapure water, and
the second solution was prepared when 0.25 mmol of benzene-1,3,5-tricarboxylic acid was
dissolved in 50 mL of an ethanol/water solution (v/v = 1:1) under vigorous stirring. These
two solutions were mixed, and after a continuous stirring for 1.5 h, a white precipitate of
CeBTC was collected by centrifugation. This precipitate was washed several times with
ethanol/water (v/v, 1:1) and then dried at 60 °C. CeO, NPs were obtained by thermolysis
of the as-prepared CeBTC. The calcination was performed at a temperature of 450 °C at
10 °C/min for 3 h in air conditions and cooled down to room temperature naturally.

2.4. Preparation of MOFANC/AuNP-Modified CPE

First, 10 mg of MOF-derived CeO, NPs was mixed with 1 mL of the gold nanoparticle
suspension and ultrasonicated for 1 h. Liquid from the suspension of CeO, NPs/Au
NPs was left to evaporate at 40 °C. Then, 10 mg of light orange powder was mixed with
paraffin oil and glassy carbon powder in a mortar, at a ratio of 1:4, up to a total amount
of material of 100 mg. After standing overnight, the resulting paste was used as CeO,
NPs/Au NP-modified CPE.
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2.5. Preparation of Milk Samples

Before analysis, two samples of pasteurized milk were prepared by removing proteins
with the following procedure: a certain amount of pasteurized milk samples was fully
mixed with trichloroacetic acid (10%) and then centrifuged at 5000 rpm for 20 min to
remove the protein fraction, and the supernatant was collected. Then, 100 uM of this milk
supernatant was added into an electrochemical cell with BR buffer pH 6 and spiked with a
certain amount of UA before each SWV measurement.

3. Results and Discussion
3.1. Structural Analysis and Morphological Characterization

The crystal structure of the synthesized cerium oxide nanoparticles, prepared both
hydrothermally and by the pyrolysis of the cerium-based metal-organic framework (MOF),
were analyzed using X-ray powder diffraction (XRPD). The obtained diffractograms indi-
cated that both samples crystallized in the pure cubic CeO, phase (JCPDS card #43-1002)
without any detectable impurities or other crystalline phases (Figure 1a) [34]. The presence
of intense and broadened diffraction peaks in the XRPD patterns indicated the crystalline
nature of the cerium oxide particles, as well as their nanoscale dimensions. The average
crystallite size of the hydrothermally prepared CeO, was determined to be 8 £ 1 nm
using the Scherrer equation applied to the most intense diffraction peaks. Similarly, the
crystallite size of the MOF-derived CeO, was found to be 7 &= 1 nm. This analysis indicates
that both synthesis methods successfully yielded pure cerium oxide nanoparticles with
comparable crystallite sizes within the experimental error range. The XRD diffraction
pattern of the parent compound (CeBTC) was also checked (Figure Sla). The observed
diffraction peaks in the CeBTC particles closely matched those reported in the previous
literature, which were indexed to Ce(1,3,5-BTC)(H;0)¢ [33]. In addition, FT-IR spectra of
CeBTC were analyzed (Figure S1b). The FTIR spectrum of mesoporous CeBTC exhibits
prominent absorption bands at 1367, 1431, and 1608 cm~!, characteristic of carboxylate
group vibrations. These bands correspond to the asymmetric, symmetric C=O stretching
modes and the C-O stretching mode associated with the binding of carboxylate (COOH)
groups to Ce ions. The analyzed spectrum also clearly shows most of the typical bands
associated with the COO™ groups of BTC; ligands in the CeBTC metal-organic framework.
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Figure 1. (a) XRPD diffractograms of solvothermal-prepared CeO, and MOFdCeO,. The standard
diffraction pattern of CeO, JCPDS #43-1002 is given as a reference. (b,c) TEM micrographs of
solvothermal-prepared CeO,. (d—f) TEM micrographs of MOFdCeO,/ AuNP nanocomposites.
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The morphology of the synthesized samples was first characterized by transmission
electron microscopy (TEM) measurements (Figure 1b—f). In contrast to XRPD measure-
ments, the morphology of nanoceria samples prepared in different ways differs significantly.
Nanoceria prepared hydrothermally consist of small spherical nanoparticles of an aver-
age diameter of 8.7 £ 1.2 nm, which are heavily agglomerated into cluster-like structures
(Figure 1b,c). On the other hand, MOFANC consists of layered nanotube-like structures that
are stacked on top of each other. The length of each tube is between half and one micron,
while the thickness of each layer is extremely small and amounts to 6.5 &= 1.5 nm, which is
comparable to the average crystallite size from XRPD measurements (Figure 1d,e). Addi-
tionally, we prepared a MOFdNC/AuNP nanocomposite, which is best seen in Figure 1f.
Spherical gold nanoparticles were decorated on the surface of MOFANC tubes, potentially
enhancing the surface area of the material and facilitating improved electron transfer and
electrocatalytic properties. The morphology of the CeBTC particles was investigated us-
ing scanning electron microscopy (SEM). The pristine Ce-MOF exhibited an urchin-like
structure composed of closely packed nanorods, with an overall diameter of about 4-5 pm
(as displayed in Figure S1c—e). This structure resulted from the self-assembly of nanorods
through a spilling growth mechanism, leading to the formation of larger hierarchical
architectures, a phenomenon often observed in anisotropic crystal structures.

Liu et al. demonstrated a significant influence of the precursor morphology on the cat-
alytic activity of CuCeO in their research [35]. They found that an urchin-like morphology
exhibited superior catalytic activity compared to rod-like or strawsheaf-like morphologies,
attributed to the presence of highly dispersed species and oxygen vacancies. The morphol-
ogy of nanoceria plays a key role in the catalytic activity of modified electrodes as well,
especially because of its surface reactivity and ability to store and release oxygen through
changes in the oxidation state between Ce>* and Ce**. These factors are crucial both for
electrochemical and catalytic applications. A thorough electrochemical characterization is
necessary to establish the correlation between particle morphology and catalytic activity on
the electrode modifier.

3.2. Determination of the Electrochemical Properties of the Selected Catalysts in the
[Fe(CN)gI> "~ Redox Probe

The results of our recent study confirmed the suitability of CeBTC-derived nanoceria
as a potential sensor modifier. Based on those results, comparisons of the electrocatalytic be-
havior of pristine, solvothermal-prepared CeO, NP-, Au NP-, and MOF-derived nanoceria
and gold NP-functionalized MOF-derived nanoceria-modified carbon paste electrodes were
performed by cyclic voltammetry. Studies were performed in 5 mM ferro-ferri-cyanide/KCl
solution within the potential window of —0.6 to +1 V at a scanning rate of 50 mV/s. In
Figure 2, it is obvious that MOF-derived nanoceria show better electrochemical response
compared with nanoceria obtained by solvothermal synthesis, and further functionalization
of this material with gold nanospheres rapidly enhanced peak current. Slight changes in
the potential of the peaks, increasing the potential of the oxidation peak towards more
positive values and the reduction peak towards more negative values, are attributed to the
heterogeneous surface of the electrode due to the homemade preparation of the electrode,
which is expected for such measurements. The final electrode modification shows excellent
cathodic and anodic peak current values of —34 pA and +36 pA, respectively, with a total
increase of over 100% compared with the unmodified electrode. This effect can be attributed
to the extraordinary properties of the selected materials and the collective effect of the
prepared bimetallic nanocomposite material.

This current improvement can be attributed to the synergetic effect of gold nanoparti-
cles and nanoceria, where the final composite demonstrates fast electron transfer kinetic
and mass/charge transfer properties.
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Figure 2. (a) CV responses of pristine CPE, solvothermal-synthesized nanoceria and MOF-derived
nanoceria-modified CPEs, and CPE modified with binary nanocomposite MOF-derived nanoce-
ria/ AuNPs. (b) EIS responses of the pristine and modified electrodes.

Electrochemical impedance spectroscopy measurements were conducted to study the
interface properties of electrode surfaces. The electron transfer kinetics of [Fe(CN)g P74~
at pristine and different modified electrodes revealed a typical Nyquist plot, as can be
seen in Figure 2b. All obtained EIS curves include a semicircle part at high frequencies
that corresponds to the electron transfer limited process consistent with charge transfer
resistance. The results demonstrated that modified electrodes possess smaller semicircles
compared with pristine CPE, and the best electrochemical properties and promotion of the
electron transfer process were spotted at MOF-derived nanoceria functionalized with gold
nanospheres, corresponding to previously considered CV data.

3.3. Electrochemical Behavior and Kinetics of UA over MOFANC/AuNPs&CPE

Previous electrochemical studies confirmed that MOF-derived nanoceria functional-
ized with gold nanospheres facilitated the charge transfer and made the electrode area
highly conductive, while further preliminary experiments showed that CPE modified with
this binary composite is extremely sensitive to the presence of uric acid. As can be seen
in Figure 3a, the peak current for determining 20 uM of UA at MOFANC/AuNPs&CPE
in BR buffer, pH 6, is about 3.7-fold higher, 0.32 pA, than it was recorded at pristine CPE,
9 pnA. On both electrodes, the peak originating from UA oxidation is evidenced at about
0.39 V, and the electrode reaction can be considered irreversible because of the absence of a
reduction peak. By changing the pH value of the BR bulffer as a supporting electrolyte from
2 to 9, it was found that the peak current highly depends on pH, and protons are directly
involved in the oxidation reaction of UA. The peak current is the highest at pH 6, and this
pH value was chosen and kept constant in further experiments. Figure 3b shows that the
peak potential shifts toward less positive potentials with increasing pH, and the linear
relationship between Ep and pH was found with the following regression Equation (1):

Epa (V) = 0.75 — 0.058 pH (R = 0.993) 1)

The slope of 58 mV /pH showed that the electrochemical oxidation of UA followed
the Nernst equation. This suggests that the electrode process involved an equal number
of protons and electrons included in the electrode reaction process (two protons and two
electrons in the first step of the overall electrochemical reaction, which is in agreement with
previous reports [15,36-38]). According to [39,40], the electro-oxidation pathway of uric
acid occurred through the exchange of two protons and electrons and forming diamine in
the transition state, which further successively absorbed two molecules of water to form
imine-alcohol and uric acid-4,5-diol. In natural pH, this compound can be decomposed on
allantoin and CO,. The proposed electrochemical reaction mechanism of UA oxidation is
given in Figure 4.
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Figure 3. (a) CV profiles of 20 uM of UA at pristine and MOFANC/AuNP-modified CPE in BR buffer
at pH 6. (b) Effect of pH on CV profiles at MOFANC/AuNPs&CPE (scan rate of 100 mV/s).
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Figure 4. The suggested electro-oxidation mechanism of UA at MOFANC/AuNPs&CPE.

3.4. Effect of the Potential Scan Rate and Study of the Electrode Process

The oxidation mechanism at MOFANC/AuNPs&CPE was examined by recording
cyclic voltammograms of 20 uM of uric acid in BR buffer, pH 6, applying scan rates of
10, 15, 25, 50, 75, 100, and 125 mV /s (Figure 5a). In this figure, it is evident that the peak
current increased with an increasing scan rate and the peak potential (Ep) was slightly
shifted to positive potentials. The irreversibility of the reaction was confirmed by the linear
plot of Ep vs. the logarithm of the scan rate (Figure 5b), described by regression equation
Ep (V) =0.336 + 0.025 log v (mV/s) (R = 0.990). The linear relationship between the peak
current and scan rate is shown in Figure 5c, with the corresponding fitting equation I
(A) = —443 x 1078 +2.76x107 x v (mV/s); (R = 0.992). This linearity between I and v
indicated that an absorption-controlled process occurred at the electrode surface. The linear
plotlog I vs. log v, fitted by the formula log I (A) = — 8.01 + 0.81 x log v (V/s); (R =0.991),
is given in Figure 5d. The slope of 0.81 indicates the predominance of absorption over
diffusion at the electrode surface, bearing in mind that the theoretical value for the fully
absorption-controlled process is 1.0 [41].
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Figure 5. (a) Effect of the scan rate (20 uM of UA at various scan rates from 10 to 125 mV/s at
MOFdNC/AuNPs&CPE in BR buffer at pH 6). (b) Plot of peak potential vs. log of the scan rate,
derived from the graph in a. (c) Plot of the peak current vs. the scan rate. (d) Plot of log of the peak
current vs. log of the scan rate. (f) Taffel plot derived from CV recorded at 50 mV/s, as presented in

graph (e).

The Tafel plot (Figure 5e) derived from the rising part points (between red marks on
the graph) of the cyclic voltammogram of 20 uM of UA recorded at a scan rate of 50 mV /s
(Figure 5d) was fitted by the equation E (V) = 0.071 log I (A) + 0.856 (R = 0.993). The Tafel
slope of 71 mV is close to the theoretical value of 60 mV for two electrons involved in charge
transfer in the reaction process of UA at MOFANC/AuNPs&CPE, which is in correlation
with the proposed electro-oxidation mechanism (Figure 4). The electron transfer coefficient
(x) was calculated to be 0.61, and it was found when the slope of E vs. log I was equated to
2.3RT/Fn(1-x) [38] for the anodic reaction. In the given relation, R and F are the Gas and
Faraday constant, T is absolute temperature, and n is the number of electrons. According to
the Laviron theory for an adsorption-controlled and fully irreversible electrode process [42],
Ep is defined by the following Equation (2):

0
Ep=E'+ (2‘3;?j§T>log (lj;l; > + (2'§j§T)logv (2)
The value of the formal potential Eq of 0.370 V was obtained from the intercept of
Ep vs. v by extrapolation of the vertical axis to v = 0 mV/s. Thus, using the Laviron
equation, the standard heterogeneous rate constant of the reaction, ko, was calculated to be
1.39 x 103 s~ 1. These results may be attributed to the good electrical conductivity and large
electrode surface area of the used MOF-derived CeO, nanoparticles functionalized with

gold nanospheres, which synergistically accelerate the electron transfer process between
the UA molecules and proposed modified CPE.

3.5. Quantification of UA at MOFANC/AuNPs&CPE

The development of an analytical procedure for the determination of uric acid at
MOFdANC/AuNPs&CPE in optimal pH 6 was the next step. The comparison between
two highly sensitive analytical electrochemical pulse techniques (differential pulse and
square wave voltammetry in Figure S2) showed that the SWV proved to be a more suitable

140



Chemosensors 2024, 12, 231

technique for the quantification of UA because of the almost 3-fold higher electrochemical
response in the presence of this compound. The optimization of SWV parameters was
completed by varying each of the examined experimental parameters systematically while
the others were kept constant. The pulse amplitude was changed in the range from 10
to 50 mV, the square-wave frequency was varied from 10 to 90 Hz, and the influence of
the potential step was examined from 2 to 8 mV. In further experiments, an amplitude of
40 mV, a frequency of 80 Hz, and a potential step of 4 mV were chosen and used in the
quantification of UA.

Under the optimized experimental conditions and parameters of the technique
(Figure S3), the SW voltammograms of different concentrations (0, 0.05, 0.1, 0.3,0.5,0.7, 1,
3,5,7,10, 20, 30, 40, 50 uM) of uric acid were recorded at the proposed modified electrode
and voltammetric profiles of whole investigated range (Figure 6a,b). The linearity of the
data was observed for the range of higher concentrations from 1 to 50 M and for the
range of lower concentrations from 0,05 to 1 uM. The corresponding calibration curves are
given below for SWVs (Figure 6¢,d), while in Figure 6e, the lower concentration range is
presented in better resolution. The distinct oxidation peak was recorded at 0.39 V with a
proportional increase in the current response as the concentration of uric acid increased,
and it was applied for quantitative determination. At the same time, no changes in the peak
potentials were observed, additionally confirming excellent electrocatalytic performances
of the proposed sensor. The equations that describe linearity in calibration curves are
as follows:

I (HA) =0.688 + 0.321 x Cya (uUM); R = 0.986, for concentration range from 0.05 to 1 uM;

I (HA) =0.805 + 0.180 x Cya (1M); R = 0.997, for concentration range from 1 to 50 uM.
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Figure 6. SW voltammograms of different concentrations of UA in BR buffer at pH 6 at
MOFdNC/AuNPs&CPE in (a) the whole investigated concentration range and (b) for a range of
lower concentrations. The corresponding calibration curves (c,d) are given below each voltammetric
profile. (e) The calibration curve for low concentrations ranging from 0.05 to 1 uM.

The correlation coefficient R shows a high correlation between the corresponding
linear relationship and the data for both concentration ranges.

The limit of the detection (LOD) was calculated from the formula LOD = 3 s/m,
where s is the standard deviation of the blank solution (S/N = 3) and m is the slope of
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the calibration curve (for a range of lower concentrations). The LOD for the proposed UA
determination at MOFANC / AuNPs&CPE amounts to 0.011 uM, and based on this result
and the width of the working range, the developed analytical procedure on the proposed
sensor represents one of the electrochemical methods with the highest sensitivity for uric
acid. In Table 1, previously reported electrochemical sensors are compared to this one in
terms of concentration range and LOD. When considering the upper limit of the working
range of concentrations, the low solubility of uric acid in water of 6 mg/100 mL should be
kept in mind, which corresponds to 360 uM.

Table 1. Comparison of UA electrochemical sensors in terms of analytical parameters.

Electrochemical Sensor Applied Technique Linear Range (uM) LOD (uM) Ref.
CeO, nanocubes/GCE DPV 10-700 43 [14]
CPE/CeO; sponge-lake porous DPV 0.25-10; 10-300 0.06 [15]
Zn0O-CeO,/GCE DPV 10-100 0.49 [16]
Co-CeO,/GCE SWV 1-2200 0.12 [17]
In-CeO,/GCPE SWV 0.079-148 0.0074 [18]
ITO-rGO-AuNPs Lsv 10-500 2.26 [43]
PVP-GR/GCE SDLSV 0.04-100 0.02 [38]
UOx/Fc/CuyO/GCE DPV 0.1-1000 0.0596 [44]
Cu-BTC/CPE DPV 0.5-600 0.2 [45]
0-1.78 0.003
Ce@Zn-MOF/GCE DPV (0-300 ngy/m) * 051 ng)* [46]
PEDOT/GCE (@)% 6-100 7 [47]
MOFdANC/AuNPs&CPE SWV 0.05-1; 1-50 0.011 This work

* Original data on the UA concentration in the article.

Electrochemical sensors based on CeO, NPs have been commonly used to determine
uric acid, as seen in Table 1. It is interesting to mention that even Ce salt was used to dope
Zn-MOF to fabricate a highly sensitive sensor for UA [46]. This sensor deposited uric acid
on the surface of the electrode modifier, and contrary to other electrochemical sensors,
the addition of UA led to a decrease in the peak current. The absorption of UA at the
electrode surface of our electrode was also found to be dominant in the electro-oxidation
process. In a previous study, CeO, NPs in combination with gold were also investigated by
depositing 3D nanoclusters (Au NCs) on a CeO, NP-modified Ti substrate, which was used
for the simultaneous electrochemical detection of dopamine and uric acid [25]. The authors
suggested the application of this electrode for DPV and the amperometric detection of DA
in the presence of UA because the application of UA makes the proposed determination
much more sensitive. Nevertheless, amperometric detection at this electrode did not show
any signal for UA in the range of 1-100 uM. In this work, we suggest a combination of
nanoceria and commercially available Au NPs, which makes it much easier to prepare
sensors with improved analytical performances in terms of the working range and detection
limit compared with nanoceria-based and other reported electrodes.

From the perspective of the application, the reproducibility of the proposed sensor
was examined by repeating seven SWV measurements of 0.3 and 1 uM UA under the same
conditions. The value of the relative standard deviation (RSD) of the response currents
was 3.4% and 4.2%, respectively. Five MOFANC/AuNPs&CPE were prepared in the same
way, and the same conditions demonstrated an RSD of 4.4% for the peak current obtained
by recording 1.5 uM of UA. The stability of MOFANC/AuNPs&CPE was also studied
by measuring the electrochemical response after 10 and 30 days. The results showed
excellent stability of this sensor as there was no significant change in the peak current
after 10 days of storage, while after 30 days of storage, the current remained at 79.2%
compared with the initial value. Based on the obtained analytical and statistical parameters,
CeO; nanoparticles prepared by calcination of CeBTC MOF and functionalized with gold
nanospheres incorporated in a carbon paste matrix provided a highly sensitive, repeatable,
and reproducible platform for UA quantification.
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3.6. Interference Studies and Milk Sample Analysis

Next, measurements were performed to determine how the presence of various
inorganic ions and bioactive compounds influenced the results of uric acid analysis at
MOFANC/AuNPs&CPE. The tolerance limit for interfering species was considered as the
maximum concentration of foreign species that caused a relative error of less than +5%
for the determination of 1 uM of UA under the optimized conditions. First, selectivity
over antioxidants and compounds that can usually be found with uric acid in body flu-
ids (vitamins C, B6, B12, and dopamine-DOP) was studied. Figure 7a reveals that the
electrochemical response to dopamine at this sensor is higher than the responses to the
investigated vitamins, but in a ratio of 1:1 with UA, there is no peak for DOP. There is no
interfering effect on the current response of a 1 uM concentration of UA when much higher
concentrations (50-fold higher) of all these biocompounds were added simultaneously in
the UA test solution.

DOP 50r milk
241 A < '8 Up,/ 1 s interactiop with
[\ ——ua+DoP (1) add UA L e vy
| ---- UA+ B2 + B6 (1:50:50) 40 = s
20) I~ [ e UA+C(150) | e
| \ ------ UA +DOP (1:20)
16 F | —— UA + DOP (1:50) Y 3.0

I (nA)

20

1of

samp'|;>1-., e\ (b)

] ; 0.0 0.2 0.4 0.6 0.8 1.0
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Figure 7. (a) The interfering effect of selected biocompounds on 1 uM of UA at MOFANC/
AuNPs&CPE. (b) Determination of UA in treated milk sample 1 (insert graph—milk protein in-
terfering effect).

Although this selectivity study suggested the possibility of the successful determina-
tion of UA in body fluids by the proposed sensor, we decided to investigate the possibility
of applying this sensor in the milk sample because electrochemical UA sensors are rarely
used in these samples [6,8,47,48]. Uric acid is one of the main antioxidant biomarkers found
in milk [49], and the concentration of this compound was found to be connected with milk
spoilage [6]. First, the interfering effect of some ions and biocompounds that can be found
in milk was investigated. According to the results obtained, fructose, glucose, lactose, citric
acid, folic acid, and Mg2+, Na*, Ca?t, NH4", F~, Cl~, 5042, and NO3~ in 100-fold excess
also did not interfere with the determination of uric acid, suggesting the possibility of
successful analysis of milk samples. Two samples of pasteurized milk were investigated by
the developed analytical procedure and sensor. Figure 7b shows the SWV of prepared milk
sample 1 (S1) in BR buffer at pH 6 and the SWVs of the samples prepared with spiking. As
can be seen in the inset graph, determining UA concentration by spiking an unprepared
milk sample was impossible because of the interaction between the added UA and the
proteins present in milk, as they can reduce the concentration of uric acid [50]. The peak
current proportional to the concentration of UA decreased with the addition of UA and
repeated measurements with the same concentration, while the peak at 0.8 V increased
rapidly. After removing the protein fraction (Section 2.5), the determination of UA in
the treated milk samples was successfully performed and correlated with comparative
spectrophotometric measurements (Table 2).
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Table 2. Determination of uric acid in milk samples.

S1 (Working Solution) S2 (Working Solution)
Added Found (uM) Recovery Added Found (uM) Recovery
(uM) by SWV * (%) (uM) by SWV * (%)
0 0.41 £ 0.03 - 0 0.44 +0.04 -
1 1.45 £ 0.06 102.8 5 5.63 & 0.09 103.5
2 242 +0.04 100.4 10 10.33 +0.19 98.9
3 3.39 +£0.04 99.4 15 16.80 & 0.59 102.2
5 5.57 +0.07 102.9 20 20.54 + 01.59 100.5
7 704 4 0418 98.0 The f1nal' UA Concentratlon (uLM)
in Milk Samples

20 20.23 £0.31 99.1 SWV *

S1: 82 +£6.23

S2: 88 +2.06

* average of three measurements + SD.

Finally, 100 uM of prepared milk samples were analyzed by the SWV technique in
BR buffer at pH 6, and the results indicated the low effect of the tested solution matrix in
this condition. The unknown UA concentration in milk was calculated from the calibration
curve. The final analyte concentration in the pasteurized milk samples, calculated taking
into account a 200-fold dilution, is 82 uM and 88 uM, respectively. The obtained results
are summarized in Table 2 (the determination of UA in treated milk sample 2 is shown in
Figure S4).

4. Conclusions

In this study, functional nanostructured CeO, obtained by calcination of MOF in air
conditions and CeO, NPs prepared by the solvothermal method were compared based
on their structural, morphological, and electrochemical properties. MOF-derived CeO,
nanoparticles obtained by thermolysis proved themselves to be a suitable electrochemi-
cal sensor modifier, especially when they are functionalized with commercially available
gold nanospheres. This binary nanocomposite, incorporated in a carbon paste electrode,
represents an easily prepared, eco-friendly electrochemical platform with excellent electro-
catalytic activity for the highly sensitive determination of uric acid. The developed ana-
lytical method based on this electrode material is distinguished by a wide linear range,
higher sensitivity, and one of the lowest LODs for the detection of uric acid among the
electrochemical sensors that have been reported until now. This combination of high
conductivity, catalytic activity, redox mediation, and stability makes the proposed MOEF-
derived CeO,/AulNPs sensor an effective electrode modifier for the sensitive and se-
lective electrochemical detection of uric acid. Moreover, good results were obtained in
the analysis of milk samples, proving the great practical applicability potential of this
modified electrode.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/chemosensors12110231/s1: Figure S1: (a) X-ray powder diffraction
pattern of CeBTC; (b) FT-IR spectra of CeBTC and c-e) SEM micrographs of CeBTC at different
magnifications; Figure 52: A comparation of UA responses differential pulse voltammetry (DPV) and
square wave voltammetry (SWV); Figure S3: Optimization of SWV method: (a) selection of the best
modulation amplitude; (b) Frequency selection and (c) Scan rate selection; Figure S4: Determination
of UA in treated milk sample 2.
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