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Abstract: In this study, we have designed a promising platform based on metal-organic frameworks
(MOFs) to develop paper-based analytical devices (PADs) to immobilize biomolecules for
application in biosensors. PADs have become increasingly popular in sensing applications in recent
years due to their portability, low cost, simplicity, efficiency, fast detection capability, excellent
sensitivity, and selectivity. In addition, MOFs are an excellent choice for developing highly sensitive
and selective sensors. Their ability to reversibly and reproducibly adsorb and desorb specific
molecules allows using these materials as sensors for various applications. They 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: UiO66-NH: (Zr), MIL125-NH: (Ti), and MIL101-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 structured composites of metal ions or clusters
that assemble with 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 of space (2D or 3D) [1]. Besides, the MOF
functionalization without altering their structure could be achieved by post-synthesis modifications,
allowing unique properties and improved reactivities [2]. In recent years, MOFs have experienced
rapid advancement, showing potential applications in diverse fields such as gas
adsorption/separation, controlled drug release, catalysis, and luminescence. This progress allows the
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rational design of materials with tailored electrochemical 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].

Laboratory analyses typically involve numerous time-consuming steps following specific
protocols, utilizing expensive and often large equipment that requires handling by qualified
professionals in secure environments. The concept of lab-on-a-chip was introduced to address these
challenges and reduce the overall cost of analysis [4]. These miniaturized analytical platforms,
typically constructed from materials such as quartz, glass, or polymers, have paved the way for
innovation [5]. Additionally, alternative materials such as paper-based analytical devices (PADs)
have emerged, offering a promising avenue for developing analytical biosensors. PADs provide
several advantages. Firstly, they leverage the ubiquity and affordability of paper, which can be locally
sourced from renewable and recyclable resources [6-8]. On the other hand, paper is easy to store,
transport, and handle and lends itself well to printing, coating, and impregnating.

Moreover, its high surface area to volume ratio, compatibility with proteins and biomolecules,
and excellent filtration properties make it ideal for various analytical applications [9]. Furthermore,
the porous structure of paper enables lateral flow assays, chromatographic separations, and the
development of microfluidic devices. Additionally, paper is biodegradable and can be disposed of
through incineration. Consequently, PADs emerge as biocompatible and disposable analytical tools,
requiring minimal sample and reagent consumption while offering straightforward 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 works have been reported on biosensors based on MOFs
platform for biomolecules immobilization, but only a few examples based on PADs have been
explored [16-25]. Ortiz-Gomez 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. In that same sense, Wei et al. (2021) [19] reported an electrochemical sensor based on Co-MOF
modified carbon cloth/paper applied to quantitative glucose detection. Also, Hassanzadeh et al.
(2019) [20] presented a chemiluminescence PAD to estimate total phenolic content based on a
H202-rhodamine b-Co-MOF. In the present year, Catala-Icardo et al. (2024) [21] fabricated MIL-
53(Al)-modified PADs for the efficient extraction of neonicotinoid insecticides. Moreover, Chang et
al. (2024) [22] proposed colorimetric PADs based on two-dimensional (2D) MOF nanozyme for
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)s*? functionalized MOF
nanoflowers (MOF-5 (Ru) NFs) [23]. Besides, 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. Without a doubt, PADs biosensors based on MOFs platform for biomolecule
immobilization open exciting doors for the development of analytical devices.

In the present work, we synthesized and characterized three amino-functionalized MOFs
platform (UiO-66-NH: (Zr), MIL-125-NH2 (Ti), and MIL-101-NH2 (Fe)) and employed them to
develop sensitive, portable, PADs for monitoring ALP enzyme activity by laser-induced fluorescence.

2. Materials and Methods

2.1. Reagents and materials

All the used reagents had analytical grade and were purchased without further purification
treatment. 2-aminoterephthalic acid (H2ATA), titanium isopropoxide (Ti(OiPr)s), N,N'-
dimethylformamide (DMF), methanol (MeOH), zirconium tetrachloride (ZrCls) and 2-amino-1,4-
benzenedicarboxylic acid were purchased from Merck. Iron(Ill) chloride hexahydrate (FeCls.6H20,
97%), dopamine hydrochloride, and Tris-HCl were purchased from J&K Scientific Ltd, 4-
methylumbelliferyl phosphate (4-MUP) from Fluka and alkaline phosphatase (ALP) enzyme from
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Sigma-Aldrich. Hydrogen peroxide (H202) 30% (v/v), glutaraldehyde (GLU, 5% aqueous solution),
and acetone were purchased from Merck. Filter paper N° 1 was provided by Whatman. All buffer
solutions were prepared with milli-Q water.

2.2. Equipment

All pH measurements were made with an Orion Research Inc. (Orion Research Inc., Cambridge,
MA, USA) Model EA 940 equipped with a glass combination electrode (Orion Research Inc.).
Scanning electron microscopy LEO 1450VP (SEM). The paper microzones were printed with a Xerox
ColorQube 8870 printer. The system for detecting fluorescence signals was constructed using LED
operated a 430 nm, which is the source of fluorescent excitation. The sample was placed in such a
way that its surface is at 45° from the LED and has a focal length of 30 cm. The fluorescent radiation
was detected with the assembly's optical axis perpendicular to the device's plane. The light was
collected with a microscope objective (10:1, NA 0.30, working distance 6 mm, PZO, Poland) mounted
on a microscope body (BIOLAR L, PZO). A fiber-optic collection bundle was mounted on a sealed
housing at the end of the microscope lens, which was connected to a QE65000-FL scientific-grade
spectrometer (Ocean Optics, USA). The entire assembly was covered with a large box to eliminate
spurious light. The powder X-ray diffraction (PXRD) plots were obtained with a Rigaku - Ultima IV
type II XRD diffractometer. The best counting statistics were achieved using a scanning step of 0.05°
between 2 and 50° Bragg angles with an exposure time of 5 s per step. The PXRD of all powdered
samples were compared with the respective simulated patterns. Infrared (FTIR) spectroscopic
measurements were obtained in a Spectrum 65 FTIR spectrometer Perkin Elmer in a region from 4000
to 400 cm™.

2.3. Synthesis of Amino-MOFs

The synthesis of MIL-125-NH2 (Ti) was carried out following the previously reported procedure
[10] with some modifications in the amounts of the components: 0.54 g of H2ATA (0.294.10-* mol.L-1)
and 0.315 mL of Ti(OiPr)4 (1.05.103 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 a MeOH solution. Afterward, the solid was dried at 75°C in an
oven for 48 h. 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-NH: (Ti) in 0.1 mol.L-* PBS buffer
solution pH 7.2 was prepared and sonicated for 60 min. The UiO-66-NH: (Zr) synthesis was carried
out following the previously described steps [11] with some modifications in the amounts of the
components: 0.288 g of anhydrous ZrCls (1.23x10-® mol.L") and 0.209 g (1.92 x10-* mol.L-') of H2ATA
were dissolved in 60 mL of DMF and left stirring for 30 min. Subsequently, the solution was
transferred to a 45 mL Teflon-lined Parr reactor and brought to 120°C for 24 h. 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 bulffer solution containing
0.5 % w/v of UiO-66-NH2 (Zr) was prepared for analytical measurements. The synthesis of MIL-101-
NH: (Fe), the steps previously described [12] were followed with some modifications. 0.504 g of
anhydrous FeCls.6H20 (2x10- mol.L") and 0.181 g (1x10 mol.L') of H2ATA were mixed in 15 mL of
DMF 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.
Before employing the product, a 0.1 mol.L-' PBS buffer solution pH 7.2 containing 0.5% w/v of the
MIL-101-_NH: (Fe) was prepared.
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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 oxidation of the cellulose to have a more significant
reaction surface to modify the papers.

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 % wv in 0.1 mol.L-* PBS buffer solution pH 7.2 and dispersed under sonication
for 15 min. When the suspensions were completely homogenized, 20 uL of each was placed on the
different pre-treated papers by 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 30 min, the papers were washed three times with 0.1 mol.L-! PBS buffer solution pH 7.2
and dried under N2 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 glutaraldehyde (GLU) was
employed. This procedure consists of several 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-'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, they were washed three times with PBS
buffer solution to remove all excess protein that was not bound to the modified paper support. This
ensures that what is on the support remains covalently bound after the various impregnations and
immobilizations.
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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.

2.7. Study of the Enzymatic Response by Laser-Induced Fluorescence
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An optical system was constructed using a single frequency 430 nm DPSS laser (Cobolt ZoukTM,
USA) 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. DEA buffer (0,1 mol.L-! diethanolamine, 50x10-*mol.L-* KCl, 1x103mol.L-* MgCl.,
PH 9.6) was used to prepare the 4-MUP solution. Finally, 5 ul of substrate solution (2.5x10-*mol.L" 4-
MUP in DEA buffer solution, pH 9.6) was injected into the modified paper, and LIF measured the
enzyme product.

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.,
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 get information
regarding the particle size and semi-quantitative elemental percentage. As shown in Figure 2 a), MIL-
125-NHz (Ti) particles exhibit a spherical morphology with an average size of around 0.6 + 0.2 pm.
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 3(a)).

In Figure 2(b), 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 3 b)). Finally, besides Figure 2(c), the MIL-101-NH2 (Fe) particles exhibited a spherical
shape, with a uniform average size of 0.26 + 0.06 um. Also, EDS analysis revealed characteristic X-ray
lines corresponding to the iron along with O and C from the ligands (Figure 3 c)).
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Figure 2. SEM image characterization: a) MIL-125-NH: (Ti), b) UiO-66-NH: (Zr) and ¢) MIL-101-NHa
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Figure 3. EDS spectra characterization: a) MIL-125-NH2(T1i), b) UiO-66-NHz (Zr) and ¢) MIL-101-NH2
(Fe).

The paper supports, with and without modifications, were also characterized by SEM and EDS
techniques, as illustrated in Figures 4 and 5. 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 5 a)). Figure 4(b) 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 5 b)). In Figure 4(c), 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 5 c)). Finally, Figure 4 d)
shows cellulose paper impregnated with MIL-125-NHz (Ti), demonstrating the presence of elements
through composition analysis (see Figure 5 c)) and a uniform dispersion of particles throughout the

paper.


https://doi.org/10.20944/preprints202408.2100.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 August 2024 d0i:10.20944/preprints202408.2100.v1

EHT=1500k/  Mag= 100X  WD= 14mm  SignalA=SE1 zE1ss| — EHT=1500K/  Mag= 250X  WD= 10mm  SignalA=SE1

20 ym r 20pm
— EHT=1500kV  Mag= 250X WD = — EHT=1500kV  Mag= 250X WD= 10mm  Signal A= SE1 ERISH)

Figure 4. SEM image characterization: a) unmodified paper surface, b) paper surface modified with
amino-functionalized MIL-101-NHz (Fe), ¢) paper surface modified with amino-functionalized UiO-
66-NH: (Zr), d) paper surface modified with amino-functionalized MIL-125-NH: (Ti).
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Figure 5. EDS spectra characterization: a) unmodified paper surface, b) paper surface modified with
amino-functionalized MIL-101-NH: (Fe), ¢) paper surface modified with amino-functionalized UiO-
66-NH: (Zr), d) paper surface modified with amino-functionalized MIL-125-NH: (Ti).

3.2. DRX
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Using powder PXRD, experimental diffractograms were compared with the
corresponding simulated powder plots (the latter were obtained using .cif files extracted from the
literature [10-12]). In MIL-101-NHz (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 6 a)). This MOF crystallized in the cubic space group Fd-3m (No.
227). Performing the same analysis for the UiO-66-NH: (Zr) phase, a coincidence is also observed
between the experimental pattern and its corresponding theoretical one (see Figure 6 b)). The
compound with the formula crystallized in the cubic space group Fm-3m. Figure 6 c) shows the
comparison between the theoretical and experimental diffractograms of MIL-125-NH2 (Ti),
concluding in a broad coincidence between the diffraction peaks, confirming the presence of a single
pure phase. It is found that this MOF was indeed crystallized in the orthorhombic space group
[4/mmm (N° 139).
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Figure 6. Experimental XRD pattern of a) MIL-101-NH: (Fe), b) UiO-66-NH: (Zr), and ¢) MIL-125-
NH2 (Ti) (blue lines) compared to the simulated diffractograms.

MIL-101-NH2-Fe with chemical composition {[Fes(us-O)(ps-BDCNH2)3(H20)2Cl] used in the
present study belongs to a group of materials called MIL-101 (where MIL = Matériaux de I'Institut
Lavoisier) [25]. The crystal structure of MIL-101(Fe)-NHz: is built from 2-ATA molecules as linkers
and Fe(Ill) ions as nodes. Fe(Ill) ions are arranged in a trigonal planar cluster with composition
[Fes(us-O)(p2-COO)s(H20)2Cl] (COO = carboxylate) and a trigonal prismatic secondary building unit
(Figure 7 a)) [26]. Four building unit clusters are bridged with six 2-ATA anions under the formation
of a supertetrahedron unit. The final crystal structure of MIL-101-NH: (Fe) contains different cages
with different sizes: a microporous cage with a free diameter for entrance windows close to 8.6 A and
two different mesoporous cages with a diameter close to 29 A and 34 A, respectively (see Figure 7

b)).
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Figure 7. a) Secondary building unit and b) the formed cages in MIL-101-NH: (Fe).

The most stable form of UiO-66-NH: (Zr) consists in a face-centered-cubic structure containing
an fm-3m symmetry with a lattice parameter of 20.7 A. 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] (see Figure 8).

Figure 8. A schematic structure of UiO-66-NH2 (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-NH2-(Ti), comprising of [TisOs(OH)s-(2-ATA)e] building units, and its crystal structure
is established from the cyclic octamers constructed from octahedral titanium units present at the edge
or corner [28]. These octamers are associated with 12 other cyclic octamers, giving rise to a porous 3-
D quasi-cubic tetragonal structure (see Figure 9). 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 9. A schematic structure of MIL-125-NH2-(Ti) shows the two cages types.
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 10) 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
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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. 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.

MOF-NHz + H-(CO)-&3He-(CO)-H — MOF-
N=CH-CsHs-(CO)-H
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=O stretching) centered at 1745 cm when glutaraldehyde is bound to the MOFs.
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Figure 10. 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; ¢)MIL-101-NH: (Fe) and subsequent stage

with GLU.

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 modification, 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.

Besides, to optimize the concentration of the different used MOFs for modifying the paper
support, dispersions of the three MOFs were prepared in 1 mol.L' PBS buffer solution 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


https://doi.org/10.20944/preprints202408.2100.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 August 2024 d0i:10.20944/preprints202408.2100.v1

11

response was monitored using 5 pl of fluorescent substrate solution (2.5x10-* mol.L* 4-MUP in DEA
buffer solution (0,1 mol.L-! diethanolamine, 50x10-* mol.L-* KCl, 1x10-*mol.L-* MgClz) pH 9.6) in each
paper microzone. Subsequently, the enzyme product was measured by LIF.

The obtained signal from the enzymatic response was greater when the microzones of the paper
were modified with different concentrations of MIL-125-NHz (Ti), which demonstrates that there is
an increase in the immobilization surface due to the incorporation of MIL-125-NHz (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 11).

In light of these results highlighting the differential response of the modified papers with MIL-
125-NHz2 (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-NH:
(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 m2.g!
and a pore volume of 1.48 cm?. g1 [26] respect to those values from MIL-125-NH2 (Ti) (1469 m2.g! and
a pore volume of 0.6 cm?. g) [28] and UiO-66-NH: (Zr) (822 m2.g" and a pore volume of 0.23 cm3.g"!
) [29]. Nevertheless, MIL-125-NH2 (Ti) exhibits better immobilization performance, which could be
reasonably attributed to a lower pore volume and, consequently, lower water occupancy.
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Figure 11. Optimization of impregnated MOFs concentration for paper support modification.

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 mgmL-1
concentration range. Figure 12 a) illustrates that the fluorescence intensity increased proportionally
with the concentration of immobilized ALP, reaching a peak at 1 mg mL-'. Beyond this concentration,
the intensity plateaued, indicating saturation. Consequently, 1 mg.mL- of ALP emerged as the
optimal concentration for immobilization on paper modified with 0.5 % w/v MOF MIL-125-NHo (Ti).

The impact of pH on the enzymatic response was also evaluated by adjusting the pH of the
substrate solution in 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 12 b). Therefore, pH 9.6 was selected as
the optimal pH for all subsequent experimental measurements.
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Figure 12. a) Optimization of the ALP concentration used for immobilization; b) Optimization of the
optimal pH range of the enzymatic activity.

The impact of 4-MUP concentration on the enzymatic response of ALP was investigated within
the range of 0.1x10-*-5.0x10-* 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 2.5x10-* mol.L-, as
shown in Figure 13 a). Consequently, this concentration was adopted for all subsequent experimental
measurements.

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 over 2 months, as illustrated in Figure 13 b). 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 sensor's great stability.
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Figure 13. a) Optimization of 4-MUP concentration; b) Stability tets of the modified paper support.

Reaction time is also a crucial parameter to define, especially in applications that demand fast
and reliable analysis. This study used MIL-125-NH2 (Ti)/ALP/4-MUP modified papers and analyzed
them at various incubation times ranging from 20 to 240 seconds. The fluorescence 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 14). Finally, a summary of the experimental working experiments is depicted in Table
1.
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Table 1. Summary of optimal working conditions.

Sequence Condition Time (min) / Temperature (°C)
Cellulose oxidation Oxygen plasma 3 / room temperature

Modification of paper | 0.5% w/v MOFs suspensions in PBS buffer solution, pH 7.2 30 / room temperature in wet chamber
Whashing buffer PBS buffer solution, pH 7.2 1 min atatime

Cross-linking 0.5% w/v GLA in acetone pH 8 30 / room temperature

Washing buffer PBS buffer solution, pH 7.2 1 min atatime

Enzime 1 mg.mL*ALP in PBS buffer solution pH 7.2 10/37°C

Whashing buffer PBS buffer solution, pH 7.2 1 min at a time

Substrate 2.5x10 mol.L™* 4-MUP in DEA buffer solution, pH 9.6 2

4. Conclusions

In the present work, MOFs MIL-125-NH: (Ti), UiO-66-NH: (Zr), and MIL-101-NH-: (Fe) were
synthesized, characterized, and successfully used for the modification of paper surfaces to
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-NHz2 (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. Based on this, we
have chosen MIL-125-NH: (Ti) for further optimization trials to conclude a reliable and reproducible
platform suitable for biomolecule detection. Consequently, the MIL-125-NHx(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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