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Abstract

The accurate discrimination of structurally analogous neurotransmitters remains a
formidable challenge due to their high structural similarity and overlapping chemical
properties. To address the limitations of low specificity in single-probe sensors and the
fabrication complexity of multi-component arrays, we developed a simplified fluorescence
sensing array based on a single pyrene-functionalized MOF, In-TBAPy. This strategy
leverages the distinctive monomer-to-excimer luminescence transition of In-TBAPy, trig-
gered by the tunable π-π stacking of pyrene units within the crystalline framework. The
results demonstrate that the array, integrated with Linear Discriminant Analysis (LDA)
across four optimized emission channels, achieves a classification accuracy of 93.75%
in identifying four highly similar neurotransmitters: serotonin (5-HT), dopamine (DA),
adrenaline (A), and norepinephrine (NA). Notably, the sensing platform exhibits excep-
tional robustness in simulated physiological environments and complex multi-analyte
mixtures, enabling reliable quantitative analysis: 0–100 µM for 5-HT and adrenaline (A),
0–40 µM for dopamine (DA), and 0–80 µM for norepinephrine. Mechanistic studies suggest
that the differential quenching of monomer and excimer peaks stems from the synergistic
effect of competitive absorption and host–guest interactions. This work effectively over-
comes the cross-interference issues of traditional sensors and validates a high-efficiency
solution for high-throughput neurotransmitter analysis using a single-material-based array
strategy, significantly reducing operational costs and preparation time.

Keywords: metal–organic frameworks; In-TBAPy; sensor array; neurotransmitters; pattern
recognition; excimer emission

1. Introduction
Neurotransmitter biomarkers, as key indicators to characterize the pathological state

of neurological diseases, are closely related to the disease process with their dynamic
changes. For example, for 5-hydroxytryptamine (5-HT), as a monoamine molecule, changes
in its level are associated with mood swings, sleep disorders, and eating disorders [1,2].
Dopamine (DA) is the most abundant catecholamine neurotransmitter in the brain, and the
abnormal concentration of DA in organisms can lead to a variety of psychiatric disorders
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such as Alzheimer’s disease and Parkinson’s disease [3,4]. Adrenaline (A) and Nora-
drenaline (NA) are important neurotransmitters in the sympathetic nervous system, and
their abnormal levels have been associated with anxiety disorders, cardiovascular diseases,
and other pathological states [5–8]. By accurately detecting changes in the concentration of
these molecules, it can provide an important basis for early diagnosis and personalized
treatment. However, as shown in Scheme 1, these four neurotransmitter-based biomarkers
are structurally highly similar and tend to interfere with each other during the detection
process and drastically reduce the accuracy of the assay. Therefore, highly sensitive and
selective immediate monitoring of neurotransmitter-like biomarkers in biological systems
is important.

Scheme 1. Fluorescent array sensing of four neurotransmitters by In-TBAPy.

Metal–organic frameworks (MOFs), as a novel class of porous crystalline materials,
are constructed by bridging metal ions (clusters) with organic ligands to form a network
framework, ultimately resulting in a porous structure through the interaction of various
chemical bonds [9–11]. The large surface area and porous structure of MOFs provide more
interfaces and active sites for interaction between the material and analytes. Additionally,
the abundant functional groups of organic ligands make MOFs easily amenable to function-
alization with various molecules and materials [12–17]. These structural features endow
MOFs with significant potential for detecting biomarkers in biological systems. Currently,
fluorescence sensors based on MOFs have successfully detected various biomolecules
associated with diseases, such as amino acids, DNA, phospholipids, and bilirubin [18–23].

Despite this tremendous potential, the dominant design philosophy for these sensors
has predominantly followed a “lock-and-key” model, which presents its own set of lim-
itations. While this sensor design effectively addresses the sensitivity issue of detecting
analytes, it also exposes several prominent drawbacks. Firstly, the mismatch between
interference resistance and material preparation complexity poses a challenge. Simple
preparation methods for MOFs-based specific fluorescence sensors are prone to interference
from similar substances, leading to a significant decrease in accuracy and reliability [24,25].
Conversely, achieving excellent specificity often requires complex material modification,
greatly increasing the difficulty and cost of preparation, which is not conducive to the
practical application of luminescent MOFs in production and daily life [26]. On the one
hand, the complexity of analytes often requires a vast number of specific fluorescence
sensors to be designed if each analyte corresponds to one sensor. Even if a specific fluo-
rescence sensor is designed for each analyte, testing needs to be completed one by one,
limiting testing efficiency and making specific fluorescence sensors difficult to adapt to the
needs of real-time, in situ testing [27,28]. Therefore, developing high-throughput analysis
methods that are more efficient than the “lock-and-key” response model has become a
research hotspot.
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Array sensors emulate the olfactory system of mammals, comprising numerous sens-
ing units where each unit generates a specific response to the analyte under detection.
These responses vary among sensing units. By harnessing the cross-response between
sensing units and analytes, array sensors can enhance the identification and discrimination
performance of structurally or functionally similar substances, thereby holding signifi-
cant importance for sensitive and accurate detection of biomarkers within the human
body [29,30]. Compared to conventional fluorescence sensors, array fluorescence sensors of-
fer advantages including high throughput, sensitivity, selectivity, and multi-target detection
capabilities, enabling simultaneous detection of multiple molecules in a single experiment
and providing a more efficient and comprehensive analytical approach for research in the
fields of biomedicine and biochemistry [31–33]. In recent years, researchers have applied
MOFs fluorescence array sensors to the identification and differentiation of metal ions
and biological small molecules, and achieved satisfactory results [34–40]. However, the
development of fluorescence array sensing for biomarker-like neurotransmitters is still
in its early stages [41–44]. By precisely controlling the structure of MOFs, multiple non-
specific sensing units can be constructed. This leads to the development of MOF-based
fluorescence array sensing materials that can simultaneously identify and differentiate
similar biomarkers and perform quantitative analysis, which holds significant practical
value [45,46].

In this paper, 1,3,6,8-tetrakis (4-carboxy benzene) pyrene (H4TBAPy) with pyrene
backbone was selected as the organic ligand, and In3+ as the metal node, and the porous
MOFs with excellent luminescence properties, In-TBAPy, were prepared with the solvent–
thermal method. The large π conjugation system of pyrene ring endowed the unique
luminescence properties of In-TBAPy, which showed differentiated luminescence in the
solid state and aqueous suspension. Using the unique luminescence characteristics of In-
TBAPy in aqueous suspension, an In-TBAPy sensing array was constructed with four peak
intensities of 440, 455, 475, and 510 nm as the fluorescence sensing units. The results show
that the sensing array had differential fluorescence responses to the four neurotransmitter-
like biomarkers, 5-HT, DA, A, and NA, and could effectively recognize and differentiate
the four neurotransmitters at a concentration of 60 µM, and accurately identify the com-
plex mixtures in the simulated physiological environment of diluted fetal bovine serum.
Meanwhile, the quantitative detection of the four neurotransmitter-based biomarkers was
realized in the concentration range of 0–100 µM. This study provides a more efficient
and comprehensive analytical tool for the development of low-cost and high-throughput
neurotransmitter biomarkers.

2. Results and Discussion
In this study, a metal–organic framework material containing pyrene, In-TBAPy, was

synthesized using a solvothermal method [47]. The framework of the three-dimensional
crystal structure of In-TBAPy is constructed through the coordination between In(III) ions
and TBAPy ligands (Figure 1a). Specifically, Each In(III) center is coordinated with four
TBAPy ligands and two µ2-OH (bridging hydroxide ions), forming an InO4(OH)2 octahe-
dral unit. These octahedral units are connected by TBAPy ligands to form one-dimensional
chain structures, which are further bridged by TBAPy ligands to form a three-dimensional
open framework. Additionally, the pyrene ring structure of H4TBAPy and the 3D pore
structure of In-TBAPy along the a-, b-, and c-axes are further detailed (Figure S1). The
powder X-ray diffraction (PXRD) pattern of the synthesized In-TBAPy powder matches
perfectly with the simulated diffraction peaks derived from the ideal single-crystal data,
indicating that the synthesized In-TBAPy exhibits the expected crystal structure and high
phase purity (Figure 1b). Furthermore, scanning electron microscopy (SEM) observations
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reveal that the sample exhibits a well-defined cubic morphology with a uniform size of sev-
eral µm (Figure 1c). EDS elemental mapping was performed to further verify the uniform
elemental distribution of the as-synthesized In-TBAPy crystalline material (Figure S2). The
homogeneous co-distribution of In, C and O across the micrometer scale without element
segregation or aggregation confirms the single-phase integral framework of In-TBAPy.

Figure 1. (a) Schematic of the porous structure of In-TBAPy; (b) PXRD spectra; (c) SEM images;
(d) Nitrogen adsorption and desorption curves and pore size distribution at 77 K.

MOFs possess a large specific surface area and a tunable pore structure, which enables
them to adsorb and store target molecules efficiently, a property that is extremely important
in fluorescence sensing applications as it allows for efficient interactions between MOFs
and target molecules. Nitrogen adsorption–desorption isotherms at 77 K confirmed the
highly ordered microporous structure of In-TBAPy, revealing a high specific surface area
of 961.4 m2·g−1 and an average pore size of 18 Å (Figure 1d). The large and regular three-
dimensional pore structure of In-TBAPy, with its own high specific surface area, provides
a highly efficient detection efficiency in fluorescence sensing of 5-HT, DA, A, and NA.
Thermogravimetric analysis (TGA) was performed to evaluate the thermal stability of In-
TBAPy. The framework remains stable up to approximately 400 ◦C (Figure S3), indicating
the high thermal stability of the In-TBAPy.

In metal–organic frameworks (MOFs), fluorescence properties may be induced by
specific functional groups or ligands within the framework. These properties can change
due to environmental conditions (such as temperature, pressure, pH) or interactions with
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other substances (such as adsorbed gas or solvent molecules). To explore this, the photo-
luminescence properties of In-TBAPy were systematically investigated in both the solid
state and aqueous suspensions at various concentrations. Upon excitation at 440 nm, the
solid-state In-TBAPy powder exhibits a main fluorescence emission peak at 487 nm ac-
companied by a shoulder peak at 508 nm (Figure 2a). While under 380 nm excitation, the
fluorescence spectra of the In-TBAPy aqueous suspensions display a broader emission
profile, featuring a main peak at 475 nm and two shoulder peaks at 455 nm and 510 nm
(Figure 2b). For fluorescent molecules with large π-conjugated structures such as pyrene
rings, the distance between π-conjugated rings and the parallel stacking staggering angle
affects the luminescence. Therefore, the different luminescent forms of In-TBAPy can be
attributed to the π-π interactions of pyrene cores, where the pyrene cores in the solid state
assembles through strong π-π interactions, leading to red-shifted excimer luminescence,
while in the aqueous suspension, the MOF shows monomer luminescence due to solvent
molecular interactions. Meanwhile, it can be observed that the luminescence intensity
increases with the increase in suspension concentration. Therefore, the suspension at a con-
centration of 1.62 × 10−4 M (which exhibits optimal luminescence intensity) was selected
for the subsequent fluorescence sensing experiments.

Figure 2. Fluorescence spectra of In-TBAPy in (a) solid state and (b) different concentrations of
deionized water suspension.

To determine the potential of In-TBAPy as a sensor array for neurotransmitter
molecules, we selected four luminescent units of In-TBAPy, I-440 nm, I-455 nm, I-475 nm,
and I-510 nm, to measure the fluorescence response of In-TBAPy to four neurotransmitter
biomarkers: 5-HT, DA, A, and NA. Among them, I-455 nm, I-475 nm, and I-510 nm are the
inherent emissions of the In-TBAPy deionized water suspension, and I-440 nm is a new
luminescent unit that appears after the addition of some analytes. As shown in Figure S4,
the fluorescence emission peak ratio curves and fluorescence response spectra of In-TBAPy
in deionized water suspension to different concentrations of analytes (0–100 µM) indicate
that as the concentration of the analytes change, In-TBAPy exhibits significant fluorescence
quenching or enhancement, showing the following differentiated characteristics: (1) 5-HT
shows significant fluorescence quenching for all four emission bands of I-440 nm, I-455 nm,
I-475 nm, and I-510 nm (Figure S2a,b); (2) DA shows fluorescence enhancement at I-440 nm
and slight quenching at I-455 nm, I-475 nm, and I-510 nm (Figure S2c,d); (3) A shows signif-
icant enhancement at I-440 nm, no significant effect at I-455 nm, and slight quenching at
I-475 nm and I-510 nm (Figure S2e,f); (4) NA shows the largest enhancement in fluorescence
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intensity at I-440 nm, followed by I-455 nm, with slight enhancement at I-475 nm, and no
significant change at I-510 nm (Figure S2g,h).

In addition to changes in fluorescence intensity, the corresponding fluorescence color
also showed differential changes. As shown in the inset of Figure S2, before the addition
of the analyte, the luminescence of In-TBAPy was a cyan emission located at 475 nm, and
with the increase of 5-HT, the luminescence of In-TBAPy was gradually quenched and
the luminescence intensity was decreased, but the luminescence color did not change in a
relatively obvious way (Figure S2b). After adding DA, the luminescence color of In-TBAPy
gradually changed from cyan to blue, but the intensity was slightly reduced (Figure S2d).
After adding NA, the luminescence color of In-TBAPy changed from cyan to light blue,
and the luminescence color of In-TBAPy changed to dark blue with high concentration of
NA, and the brightness first decreased and then increased (Figure S2f). The luminescence
color of In-TBAPy changed from cyan to light blue to dark blue with a gradual increase in
intensity after the addition of A (Figure S2h). In-TBAPy showed a dual differential response
of fluorescence color and intensity to the four neurotransmitter biomarkers.

Four sensing channels at 440, 455, 475, and 510 nm were selected based on the intrin-
sic fluorescence spectrum of In-TBAPy. The 455, 475, and 510 nm peaks correspond to
monomer and excimer emissions, while the 440 nm band is analyte-induced. Channel stabil-
ity was verified across three independent batches and three days of storage (Figures S5–S8).
Peak positions remained unchanged in all cases, with only slight intensity attenuation. Af-
ter clarifying that the different sensing units in In-TBAPy showed differential fluorescence
responses to the four neurotransmitter biomarkers, linear discriminant analysis, a statistical
analysis tool, was used to determine the recognition and differentiation performance of the
fluorescence array sensor consisting of the above four sensing units for the four analytes.

The concentration of each neurotransmitter was fixed at 60 µM, and the fluorescence
emission spectra of In-TBAPy were repeated five times before and after the addition of
each analyte, and the fluorescence intensities of the four sensing units at I-440 nm, I-455 nm,
I-475 nm, and I-510 nm were recorded. A total of 20 training samples were obtained, along
with the characteristic fingerprints of each analyte at a concentration of 60 µM (Figure 3a).
Immediately after that, the 80 training samples were divided into four groups according to
the type of analyte and analyzed by LDA, resulting in the typical plot shown in Figure 3b.
As shown in this figure, the first two factors (Factor 1 = 86.91%, Factor 2 = 11.67%) obtained
from the LDA accounted for as much as 98.58% of the total variance, which exceeded
the 95% threshold, which is sufficient to prove that the first two factors can be used to
achieve the distinction between classes; in the two-dimensional typical plot, all analytes
have clear and explicit boundaries, and there is no overlap. In the two-dimensional typical
plot, all analytes are clearly defined, and there is no overlapping, which indicates that the
fluorescent array sensor composed of four sensing units, I-440 nm, I-455 nm, I-475 nm, and
I-510 nm, can accurately distinguish four structurally similar neurotransmitter biomarkers.

To further verify the recognition capability of the fluorescent sensor array toward
the four neurotransmitter biomarkers, an independent blind test was performed. The
analyte concentration was fixed at 60 µM, and 80 unknown blind samples (20 samples
per analyte) were independently prepared following the same experimental protocol as
the training samples. The fluorescence response data from these blind samples were then
classified using the LDA model established from the training dataset. As a result, 75 of
the 80 blind samples were correctly classified, corresponding to a prediction accuracy of
93.75% (Table S1). These results demonstrate the excellent predictive capability and robust
discrimination performance of the In-TBAPy-based fluorescent sensor array toward these
four structurally similar neurotransmitter biomarkers. A comparison of the sensing perfor-
mance of our In-TBAPy array with other reported MOF-based sensors (Table S3) reveals
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that our platform offers distinct advantages in simultaneous discrimination of structurally
similar neurotransmitters with a simple, label-free, and high-throughput fluorescence
readout [48–54].

Figure 3. (a) Fluorescence response fingerprints of the four sensing units of In-TBAPy in deionized
water in response to a concentration of 60 µM of DA, 5-HT, A, and NA; (b) Typical plots obtained
after linear discriminant analysis.

In addition, the sensitivity of the sensor to the analyte to be tested can be measured by
the limit of detection (LOD) for each analyte. The concentration-dependent fluorescence
response curves of In-TBAPy toward the four neurotransmitters exhibited excellent linearity
(Figure S9). Specifically, the calibration curve for 5-HT was fitted using the emission
intensity at 475 nm, whereas those for DA, A, and NA were fitted using the intensity at
440 nm. Finally, the detection limits of the four neurotransmitter-based biomarkers were
calculated to 2.26 µM, 10.13 µM, 3.50 µM and 3.36 µM, respectively.

In the study of fluorescent sensors, in addition to their performance in similarity
recognition and differentiation, the quantitative detection ability is also highly regarded.
To explore the possibility of the array sensor for quantitative analysis of multiple neu-
rotransmitter substances, the fluorescence emission spectra of In-TBAPy were tested at
six concentrations of each neurotransmitter (0, 20, 40, 60, 80, and 100 µM). For each analyte,
a total of 30 independent sample data points were collected and categorized into six groups
based on their concentrations. Subsequent linear discriminant analysis (LDA) generated
well-defined canonical score plots (Figure 4a and Figure S4a,c,e). It can be seen that in all
typical diagrams, the boundaries between different solubility classifications of each analyte
molecule are very clear, with no overlapping parts. Therefore, the first canonical factor was
utilized as the primary parameter for the quantitative detection of each neurotransmitter
(Figures 4b and S4b,d,f). In all tested four neurotransmitter biomarkers, the changes in fluo-
rescence emission intensity of 5-HT and A in the concentration range of 0–100 µM are well
correlated with the first typical factor, the changes in fluorescence emission intensity of DA
in the concentration range of 0–40 µM are well correlated with the first typical factor, and
the changes in fluorescence emission intensity of NA in the concentration range of 0–80 µM
are well correlated with the first typical factor, and the linear correlation coefficients of the
analytes are all above 0.95, thereby proving that the In-TBAPy fluorescence array sensor
has potential quantitative analysis ability for four types of neurotransmitter biomarkers
within a certain concentration range.
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Figure 4. Fluorescence sensing array for 5-HT quantification (a) typical plot, (b) linear relationship.

Although In-TBAPy has good discriminatory performance for four neurotransmitter
biomarkers, the real testing environment is often complex. For this reason, this study
designed two sets of validation experiments to assess its anti-interference performance.
Firstly, the physiological environment was simulated to explore the recognition ability of
In-TBAPy in serum for four neurotransmitter biomarkers. Fetal bovine serum was diluted
30-fold and then In-TBAPy was added to prepare a suspension, and the rest of the test and
analysis steps maintained the experimental parameter settings consistent with the previous
assay process. The canonical score plot reveals clearly separated boundaries among the
four categories (Figure 5a), indicating that the complex serum matrix did not significantly
interfere with the sensing signals and demonstrating the sensor’s robust resistance to
environmental disturbances. In addition, a multivariate mixture of four neurotransmitter
biomarkers with a total concentration of 60 µM was targeted for identification and differ-
entiation. Furthermore, mixed samples with varying combination ratios formed distinct,
independent clusters within the discrimination space without any overlapping (Figure 5b).
The successful differentiation of these diverse mixtures demonstrates that the In-TBAPy
sensor can effectively resist mutual interference among structurally similar substances. To
further evaluate the selectivity of the sensor, we examined its fluorescence response to-
wards various interfering substances, including inorganic salts (KCl, MgCl2, NaCl, CaCl2),
amino acids (glycine, proline), glucose, and urea. Barely any obvious variation in fluo-
rescence emission was observed after introducing these interferents, which demonstrates
the outstanding selectivity of the In-TBAPy-based sensor array (Figure S10). The results
confirm the immense potential of the In-TBAPy array sensor for practical applications in
complex environments.

To assess practical usability, we characterized batch consistency and short-term storage
performance of In-TBAPy (Figures S5–S8). Three identically synthesized batches show
nearly overlapping aqueous fluorescence and consistent sensing spectra toward four neu-
rotransmitters, confirming good repeatability. When sealed and stored for 1–3 days, the
dispersed In-TBAPy suspension maintains unchanged emission peaks and intact analyte
fluorescence fingerprints with only slight signal attenuation, demonstrating stable sensing
performance over at least three days.

In addition, the fluorescence detection mechanism of In-TBAPy for four neurotransmit-
ter biomarkers was also investigated. The PXRD of In-TBAPy after immersion in different
analyte solutions exhibited slightly weakened diffraction peak intensities, but the peak
positions remained fundamentally unchanged (Figure S12), indicating that the addition of
the analytes did not cause obvious change in the structure of the material. To further eluci-
date the nature of the host–guest interactions, we compared the FT-IR spectra of In-TBAPy
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before and after neurotransmitter adsorption (Figure S13). At representative vibrational
regions, the spectra remained essentially unchanged, with no obvious peak shifts or line
shape variations. In particular, the invariant carboxylate stretching vibrations indicate
that no coordinative or covalent bonding occurs between the neurotransmitters and the
In3+ nodes, while the unchanged pyrene C=C vibration demonstrates that the pyrene chro-
mophores remain chemically intact during the sensing process. These observations support
a sensing mechanism dominated by non-covalent host-guest interactions. Furthermore, the
preserved FT-IR fingerprint confirms the structural stability of the framework throughout
the sensing process. Combined with the UV-vis spectral overlap discussed above, these
results provide experimental support for the proposed mechanism involving non-covalent
host–guest interactions and competitive absorption. Spectral analysis revealed a significant
overlap between the excitation spectrum of In-TBAPy and the absorption spectra of the
analytes, with 5-HT displaying the maximum overlap (Figure S14). This result suggests a
strong competitive absorption mechanism between 5-HT and the MOF, which effectively
drives the severe fluorescence quenching observed following the introduction of 5-HT. The
fluorescence lifetime decay curve of In-TBAPy at the original 475 nm emission was first
recorded (Figure S15). Subsequently, the fluorescence lifetime decay curve of In-TBAPy at
440 nm was also recorded (Figure S16). The fluorescence lifetime of the pristine In-TBAPy
sample at 440 nm was 16.32 ns via bi-exponential fitting. In contrast, the decay curves after
the addition of 5-HT, DA, A, and NA were well described by mono-exponential fitting,
with the lifetimes of 1.51 ns, 2.30 ns, 2.48 ns, and 2.31 ns, respectively (Figure S17). These
distinct lifetime changes reveal differentiated interactions between analytes and In-TBAPy.

Figure 5. (a) Typical plots of the fluorescence response intensities of In-TBAPy in serum to DA, 5-HT,
A and NA at a concentration of 60 µM obtained by linear discriminant analysis; (b) Typical plots
of the fluorescence response intensities of multivariate mixtures of DA, 5-HT, A and NA at a total
concentration of 60 µM obtained by linear discriminant analysis.

In addition, the 3D pore sizes of In-TBAPy were 0.60 × 0.29 nm (along the [100] crystal
direction), 0.49 × 0.98 nm (along the [010] crystal direction), 0.90 × 0.68 nm (along the [010]
crystal direction), and 0.48 × 0.37 nm (along the [001] crystal direction), whereas the 3D
dimensions of 5-HT, DA, A, and NA were 1.19 × 0.83 × 0.40 nm, 1.08 × 0.74 × 0.40 nm,
1.07 × 0.69 × 0.69 nm, and 1.00 × 0.70 × 0.63 nm, respectively, and the analytes were smaller
than the largest pore of the MOF. Thus, all four neurotransmitters could enter into In-TBAPy
pore. Meanwhile, it is observed that the structures of DA, A, and NA all have benzene rings,
and after entering the pore of In-TBAPy, their aromatic systems and pyrene groups of the
framework ligands change the original electron cloud distribution of the ligands through
the π-π stacking interaction, which in turn generates a new excited state radiative excursion
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pathway, leading to the emergence of new peaks at 440 nm and differential fluorescence
responses. To quantify analyte-framework interactions, two fitting models were applied
to titration curves (Figures S18–S21). 5-HT yields a large KSV = 1.506 × 104 M−1 via Stern-
Volmer fitting, and this relatively high value reveals a strong interaction between 5-HT
and the framework, which originates from π–π interactions. For DA, A and NA, Benesi-
Hildebrand fitting gives apparent Kd. Since a smaller Kd value indicates stronger host-guest
interaction, the interaction strength follows the order A > NA > DA. Compared with 5-HT,
these catecholamines show weaker and more reversible interactions with the framework,
which mainly perturb the electronic environment of the pyrene-based ligands and promote
the emergence of a new emission band at 440 nm rather than causing overall fluorescence
quenching. These quantitative results further explain the different luminescence responses
of In-TBAPy toward 5-HT and catecholamine analytes. In summary, the preliminary
analysis suggests that the mechanism can be attributed to the differentiated interactions
and competitive absorption effects between analytes and materials.

3. Conclusions
In this paper, a porous metal–organic framework (MOF) In-TBAPy fluorescent array

sensor based on the pyrene derivative H4TBAPy was successfully constructed. The sen-
sor integrated multiple sensing array units into a single MOF matrix, realizing efficient
recognition and quantitative detection of four neurotransmitter-like biomarkers, namely
5-HT, DA, A, and NA. By precisely modulating the π-π stacking pattern of pyrene-based
ligands and the coordination microenvironment of In3+ nodes, the material exhibits an
emission spectrum that can be switched between solid and aqueous suspensions, forming
a sensing unit with four characteristic peaks at 440 nm, 455 nm, 475 nm, and 510 nm. The
sensing array breaks through the limitations of the traditional “lock-and-key” model, and
utilizes the non-covalent interaction and competitive absorption effects of the differences
between the analytes and the materials to achieve precise differentiation of structurally
similar neurotransmitters, and the accuracy of the linear discriminant analysis reaches
93.75%. In particular, the sensor maintains excellent anti-interference performance in
diluted serum environment and is able to analyze the complex mixtures of four neurotrans-
mitters. Meanwhile, quantitative detection of the four neurotransmitter biomarkers was
achieved with separate linear ranges: 0–100 µM for 5-HT and A, 0–40 µM for DA, and
0–80 µM for NA. This work not only provides an effective and high-throughput tool for
neurotransmitter analysis but also opens new avenues for designing intelligent MOF-based
sensor arrays for complex biosensing applications, such as point-of-care diagnostics for
neurological disorders.
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