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Abstract

Introduction: Accurate and precise determination of paclitaxel is crucial due to its widespread
use as a frontline treatment for various types of cancer, as well as its implementation in various
drug delivery strategies. The objective of this study was to validate a facile fluorescent probe
utilizing the UiO-66 metal-organic framework (MOF) to quantify paclitaxel in urine samples.
Results: In the presence of paclitaxel and proportional to its concentration, the fluorescence
intensity of UiO-66 MOF gradually decreased due to the formation a non-fluorescent complex
during the interaction of paclitaxel and UiO-66 MOF. This platform demonstrated a linear response
within the paclitaxel concentration range of 0.01 to 1.5 ug.mL"!, with a detection limit of 0.007
ug.mL™!. The UiO-66 MOF based probe's relative standard deviation for five replicated
measurements of paclitaxel were 1.4% and 2.6% (n=5) for intra-day and inter-day, respectively.
Conclusion: The results indicated that this robust and low-cost fluorescent probe was a promising

platform for analyzing paclitaxel in clinical applications.
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Introduction

Paclitaxel is a compound with a tricyclic diterpenoid structure which can be found in the bark and
needles of Taxus brevifolia.! In 1992, the Food and Drug Administration approved paclitaxel as a
treatment for ovarian cancer. Since then, extensive research has been conducted on its efficacy in
treating other cancers such as breast, prostate, bladder, cervical cancer and brain tumors.
Additionally, it has been utilized to treat different medical conditions, including coronary heart
disease, skin diseases, renal and hepatic fibrosis, and inflammation.? Paclitaxel is a pharmaceutical
agent capable of disrupting the abnormal cell proliferation and mitosis rate in tumor cells. It
accomplishes this by interacting with B-tubulin, a protein involved in the dynamic process,
strengthening the lateral contacts between the subunits and stabilizing the microtubules.? It is
considered one of the most important anti-cancer drugs used in therapeutic today.** Paclitaxel
administration can cause different side effects, including peripheral neuropathy, nausea,
hypersensitivity reactions, myelosuppression, myalgias, hypotension, bradycardia, arthralgias,
diarrhea, mucositis, and alopecia.® Consequently, given the numerous side effects associated with
paclitaxel, monitoring its concentration during treatment is essential. Many analytical techniques
were used to determine paclitaxel in biological and environmental samples, such as reverse phase-
high performance liquid chromatography (RP-HPLC),”® micellar electrokinetic chromatography
(MECK),’ fluorescence immunoassay,'® and electrochemical'''?> procedures. These procedures
require multiple pretreatment steps, costly laboratory equipment, or are time-consuming. Among
them, fluorescent-based sensors offer easy operation and applicability in remote settings.
However, these methods suffer from selectivity and sensitivity. To enhance the selectivity and
sensitivity of fluorescent-based methods, the development of reliable platforms is necessary.'® In

this regard, metal-organic frameworks (MOFs) are a relatively new type of porous material made



from metal ions or clusters linked together by organic molecules. MOFs offer many advantages
such as precise pore size, customizable composition and structure, adjustable size, adaptable
functionality, high substance capacity, and enhanced biocompatibility.'* Zirconium-based MOFs
(Zr-MOFs) have high chemical and thermal stability due to strong coordination bonds between Zr
and carboxyl groups of organic ligands.!> While various types of MOFs are being researched and
utilized by different groups, the UiO family, including UiO-66, UiO-67, and UiO-68, is the most
commonly referenced.'® UiO-66, a well-known member of the family of three-dimensional porous
materials, comprises of Zr*" and dicarboxylic acids.!” Recent studies showed great interest in UiO-
66 due to its structural durability and widespread popularity. Additionally, it exhibits remarkable
characteristics such as a large surface area and uniform pore size, making it an exceptional choice
in porous nanomaterials in sensing applications.'® Despite various studies on UiO-66 MOF based
systems for sensing applications, its utilization for monitoring anticancer drugs in biological fluids
has been limited. This study examined the application of UiO-66 as a fluorescent probe for the
direct, label-free detection of paclitaxel in urine samples. The proposed UiO-66-based platform
provides a more straightforward, expedited, and cost-effective approach compared to conventional
chromatographic or mass spectrometric methods. It necessitates no sample pretreatment or
extraction procedures and preserves sufficient analytical sensitivity and selectivity for potential

clinical application.'

Experimental Details
Materials
All analytical-grade chemicals were sourced commercially and utilized without further

purification. Zirconium chloride (ZrCls, >299.5%), terephthalic acid, acetic acid (=99.5%), and N,



N-dimethylformamide (DMF) were obtained from Sigma-Aldrich (USA) for the synthesis of UiO-
66. A stock solution of paclitaxel (1000 pg.mL™') was kindly provided by Nanoalvand
Pharmaceutical Company (Tehran, Iran) and diluted as required. Sodium hydroxide (NaOH) and
hydrochloric acid (HCl), both obtained from Merck (Germany) were used for pH adjustment.
Ultrapure deionized water was obtained from Shahid Ghazi Pharmaceutical Co. (Tabriz, Iran) for
dilution.

Instruments

Fluorescence spectra were measured using a Jasco Corp. FP-750 spectrofluorometer (Japan),
equipped with a xenon lamp source, with bandwidths adjusted at 10 nm for excitation and 5 nm
for emission pathways. A 1 mL standard quartz cell was employed for recording all fluorescence
spectra. UV-vis absorption spectra of the prepared solutions were recorded on a Shimadzu model
UV-1800 spectrophotometer (Japan) using a micro quartz cell. The size distribution of the
prepared probe was determined and evaluated using a Philips CM30 transmission electron
microscopy (TEM) (Netherlands). For investigating the crystallite, Powder X-ray diffraction
(XRD) was accomplished using a Siemens diffractometer at 35 kV within the 20 range of 4-70".
The Brunauer-Emmett-Teller (BET) surface area was analyzed using the BEL-SORP MINI II
(Japan) via the N; adsorption method. Fourier transforms infrared (FT-IR) spectroscopy was
accomplished on Bruker Tensor 270 to verify the chemical bindings. Additionally, the synthesis
of Ui0-66 was conducted in an Initiator § EXP oven (Biotage Corp.) at a frequency of 2450 MHz.
pH adjustments were performed using a Metrohm Ltd. model 744 digital pH meter (Switzerland).
Synthesis of UiO-66 MOF

UiO-66 MOF was synthesized using a previously reported method, using terephthalic acid and

ZrCly as reactants.!” To prepare the nanomaterial, a solution was first prepared by separately



dissolving 40.8 mg of ZrCls in 5 mL of DMF and 26.6 mg of terephthalic acid in 5 mL of DMF at
room temperature. Next, 0.5 mL of stock acetic acid (=99.5%) was added to the mixture, which
was then transferred to a Teflon-lined autoclave and heated at 120 °C without stirring for 24 hours.
After this treatment, the U10-66 product was isolated through centrifugation and washed multiple
times with DMF and methanol. Finally, the resulting solid was dried overnight under vacuum at
60 °C for further use in the experiments.

Samples preparation

Urine samples were collected from patients who received a dose of 100 mg paclitaxel. The urine
samples were obtained by collecting 24-hour samples in dark glass bottles. Except for a 10-fold
dilution with distilled water, no further processing was necessary before analysis. The urine
samples were diluted 10-fold with distilled water prior to analysis to minimize potential matrix
effects arising from proteins, electrolytes, and other endogenous compounds, which could interfere
with fluorescence measurements. Preliminary optimization experiments indicated that this dilution
factor provided a stable fluorescence signal. Informed consent was obtained from the sample
donors, approved by the Ethics Committee of Tabriz University of Medical Sciences with the

approved code of IR'-TBZMED.REC.1402.601.

General procedure

An optimized condition was employed to prepare the sample mixture by combining 20 pL of 0.1
mol L' acetate buffer (pH 5.0) with 100 uL of diluted human urine in a microtube. Subsequently,
20 pL of UiO-66 MOF (1000 mg.L™!") was added, followed by deionized water to a final volume
of 0.5 mL. The mixture was incubated for 10 minutes at room temperature before fluorescence

measurement at Aex = 280 nm and Aem = 417 nm. The analytical response was quantified as AF (Fo-



F), where F represents the fluorescence intensity in the presence of paclitaxel and Fy represents
the fluorescence intensity in its absence. The protocol was repeated three times under identical
conditions at room temperature.

Results and discussions

Characterization of synthesized UiO-66 MOF

TEM is a microscopy technique in which a beam of electrons is transmitted through a specimen to
form an image. It was utilized to characterize the particle size and morphology of UiO-66 MOF
(Figure 1A). Based on the results, UiO-66 nanoparticles were tetrahedral and octahedral cage with
an average particle size of lower than 200 nm.

The structural properties of UiO-66 were further confirmed by XRD analysis. Characteristic peaks
for UiO-66 MOF appeared at 20 = 7.3°, 8.5°, and 25.7°, corresponding to the (111), (002), and
(006) planes, respectively. This confirmed the successful synthesis and high crystallinity of the
material. These diffraction peaks were consistent with the simulated pattern and previous reports
for UiO-66, indicating that the framework structure was well preserved during synthesis. To
characterize the surface area of UiO-66, the N> adsorption-desorption analysis was used at 77 K
(Figure 1B). This method is widely used to measure the specific surface area and pore size
distribution of materials. The UiO-66 exhibited a type I adsorption isotherm, with no observable
hysteresis. At elevated pressures, the curve may be attributed to the imprecise measurement of
available space. The BET surface area of UiO-66 was 1208 m* g .

To show the successful synthesis of UiO-66 and the interaction of UiO-66 with paclitaxel, FT-IR
spectrum was performed. The absorption band at around 1393 and 1565 cm™ in UiO-66 could be
related to the stretching vibration of the terephthalic acid’s carboxylate groups. Additionally, the

intense aromatic/benzene ring vibrations in UiO-66 were displayed around 1600 cm™. After the



addition of paclitaxel, its peaks were overlapped with MOF linker vibrations in the 1300—1000
cm™' regions. This produced broadened and blended features in the composite. The slight
perturbation (shift and intensity change) of the UiO-66/paclitaxel were consistent with hydrogen
bonding and/or polar interactions between paclitaxel functional groups (especially OH and C=0
groups) and the MOF pore surface, and with confinement effects inside the pores, suggesting non-
covalent interactions. Importantly, the retention of the Zr—O stretching modes in the ~650-500
cm' region confirmed that the UiO-66 framework remained intact. Furthermore, the appearance
of the ester/carbonyl bands of paclitaxel and a shift of the O-H stretching region, and carboxylate
bands of the MOF were consistent with physical adsorption of paclitaxel inside UiO-66 via
hydrogen bonding and van der Waals/n—n interactions rather than formation of new covalent

bonds.
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Figure 1. (A) TEM images, (B) XRD analysis and, (C) N adsorption—desorption isotherms at 77 K of

Ui0O-66 and (D) FT-IR spectra of UiO-66 in the absence and presence of paclitaxel

Sensing mechanism

Zr-based UiO-66 is characterized by its structural composition of zirconium clusters
interconnected by terephthalic acid ligands, which exhibit fluorescence owing to the n-conjugated
system of the ligands and the zirconium coordination environment.'® The analysis revealed a
characteristic emission peak at 417 nm for UiO-66. Upon adding paclitaxel, the fluorescence
intensity of the UiO-66 MOF based probe decreased significantly, suggesting a specific interaction
between paclitaxel and the UiO-66. Paclitaxel interacts with UiO-66 through a combination of four

interactions of (i) hydrogen bonding, (ii) n-m stacking, (iii) coordination to metal centers, and (iv)
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electrostatic interactions. The hydroxyl group and carbonyl group on paclitaxel can form hydrogen
bonds with the carboxyl groups on the terephthalic acid ligand.?° They can be coordinated to the
Zr centers in UiO-66, forming a coordination complex,?! while the planar aromatic rings on
paclitaxel interact with the planar aromatic rings on the terephthalic acid ligands through n-n
stacking.?? The positively charged amine groups on paclitaxel also interacted with the negatively
charged carboxyl groups on the terephthalic acid ligands, leading to electrostatic attraction.?® This
interaction resulted in the formation of a non-fluorescent complex, accompanied by a
corresponding reduction in the fluorescence intensity of the UiO-66. The observed decrease in
fluorescence intensity was directly proportional to the amount of paclitaxel present, indicating a
promising approach for quantitatively monitoring paclitaxel concentrations in urine samples.

The mechanism of fluorescence quenching was checked through Stern-Volmer plots, which
involved plotting the fluorescence intensity ratio (F/F) against the concentration of the quencher,

according to the below equation.

Fo

T 1+ Kg[Q] (D

Where Fy and F represent the fluorescence intensity in the absence and presence of the quencher,
respectively, Ksy is the Stern-Volmer constant, and /Q] is the quencher concentration. Stern-
Volmer plots can display both static and dynamic quenching modes.>* A linear Stern-Volmer plot
shows a dynamic quenching, which the quencher primarily enhances collisional interactions with
the fluorophore, leads to efficient energy transfer. Conversely, an upward or positive deviation in
the Stern-Volmer plot may suggest the involvement of both static and dynamic quenching
mechanisms, which together lead to a reduction in fluorescence intensity. The upward trend

observed in Figure 2 confirmed the presence of static quenching or the formation of a complex
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between the fluorophore and quencher, implying the existence of a non-fluorescent ground-state

complex.

Paclitaxel concentration (pg mL™?)

Figure 2. Stern—Volmer plot for the quenching of UiO-66 MOF based probe by paclitaxel. Condition:
pH: 5.0, UiO-66 amount: 20 pL of stock solution 1000 mg.L™!, incubation time: 10 min, and room
temperature (Aex = 340 nm, Aem = 417 nm).

Optimization studies

The importance of experimental conditions for probe response is paramount, as they directly affect
probe performance. Preliminary experiments indicated that the fluorescent intensity was affected
by four factors: pH, UiO-66 MOF volume, incubation time, and temperature. Paclitaxel in a
concentration of 1.0 pg.mL"! was used in the optimization procedure. This study used buffer (0.10
mol.L!) to investigate the effect of pH values ranging from 3.0 to 11.0 on the fluorescence
response. The highest AF was obtained at pH 5.0, which was identified as the optimum pH value
as illustrated in Figure 3A. This can be related to the interaction of the positively charged amine

groups on paclitaxel (pK,=10.9) with the negatively charged groups on the terephthalic acid

13



ligands (pK,=4.34). In the following, different volumes of UiO-66 MOF (1000 mg.L!) were
utilized to determine the optimal amount of UiO-66 MOF during the design process. The result
indicated that the highest response of the UiO-66 MOF based probe was obtained at 20.0 puL of
Ui0-66 MOF (1000 mg.L") and more than this amount, a decrease in response was observed due
to nanoparticle self-quenching in high concentration (Figure 3B). The time taken for the reaction
of paclitaxel molecules and UiO-66 MOFs-based probe and reaching equilibrium is called the
incubation time. The incubation time for this reaction was examined over various durations
ranging from immediately analysis up to 20 min. As shown in Figure 3C, the response of the probe
reached a maximum of 10 min. So, 10 min was selected as the optimal incubation time for the
following experiments. It should be mentioned that temperature, another factor influencing
fluorescence response, was also examined in the 5-45 “C range. The optimal reaction was observed

between 5 and 30 “C. So, the experiments were performed at room temperature.
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Figure 3. Effect of (A) pH, (B) UiO-66 amount, (C) incubation time, and (D) temperature on the
fluorescence response of the UiO-66 probe toward paclitaxel (1.0 pg.mL™) (Aex = 340 nm, Aem = 417 nm).
Error bars represent standard deviation for n = 3.

Analytical figures of merit

To evaluate the response of the UiO-66 MOF based probe to paclitaxel, the concentration-
dependent behavior of the method was studied under optimal conditions. As shown in Figure 4, an
increase in paclitaxel concentration led to a gradual decrease in fluorescence intensity of UiO-66
MOF-based probe at around 417 nm. Based on the results, there was a respectable linear
relationship between the fluorescence intensity and paclitaxel concentration in the range of 0.01—
1.5 ng.mL ! as shown in Figure 4. The regression equation was AF = 50.95 Cprx + 5.8328 (R, =
0.9919) where Cprx represented the concentration of paclitaxel in ug.mL™!, F and F indicated the
fluorescence intensity in the absence and presence of paclitaxel at 417 nm, respectively. The limit

of detection (LOD) and limit of quantification (LOQ) were calculated based on 3.S,/m (Ss: blank’s

16



standard deviation; m: calibration slope) and 10 Si/m, and were found to be 0.007 and 0.024
ng.mL !, respectively. To study the precision of the procedure, the paclitaxel analysis was repeated
during the same and different days. The intra-day and inter-day relative standard deviations (RSDs
%) for five replicate determinations of paclitaxel (1.0 pg.mL™! ) were found to be 1.4% and 2.6%,
respectively. The validated process demonstrated improved repeatability and reproducibility,
indicating that the proposed UiO-66 MOF-based probe could be effective for determining
paclitaxel. Table 1 provided a summary of the analytical characterization of the validated method
for paclitaxel determination, comparing it to other methods reported in the literature. The results
indicated that the LOD and linear range of this method were similar to those reported by other
researchers. While this method's performance was on par with existing methods, its unique
advantage lies in its simplicity and rapidity, as it allows for direct measurement without the need
for sample preparation before analysis. In contrast, most existing methods for paclitaxel
determination required liquid or solid-phase extraction for cleanup and analyte preconcentration.
The results indicated that the proposed probe performed well for paclitaxel determination.
However, there are challenges associated with the probe that limit its application. This is poor
storage stability of the UiO-66 MOF based probe over extended periods due to nanomaterial nature
and large surface area, which can lead to particle aggregation and complicate handling in liquid
form. In this work, stability studies were also conducted, and as you can see in Figure 5, the
intensity of the synthesized probe remained stable for about a month, after which it gradually
decreased. The observed decrease in fluorescence intensity after prolonged storage was likely due
to partial aggregation of UiO-66 nanoparticles and minor framework degradation under aqueous
conditions. The stability of the probe can be improved by storing UiO-66 in dry form and freshly

re-dispersing it before use, or by introducing surface modifiers such as poly(vinylpyrrolidone) or
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polyethylene glycol to reduce aggregation. In addition, post-synthetic functionalization of UiO-66
with hydrophilic ligands or carboxylate groups may further enhance its hydrolytic stability, thereby

extending its shelf-life for the practical applications.
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Figure 4. Fluorescence intensity of probe based on UiO-66 MOF in the absence and presence of
paclitaxel in the range of 0.01-1.5 ug.mL™!, Condition: pH: 5.0, UiO-66 amount: 20 pL, incubation time:

10 min, and room temperature (Aex = 340 nm, Aem = 417 nm).

Table 1

Comparison of analytical characteristics of this method with published methods for the determination of
paclitaxel

LOD Linear range
Method Sample _ - Reference
P (ngmL™Y) (ug.mL"Y)
Voltammetry Urine 0.010 0.85-8.53 25
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Figure 5. Stability study of the UiO-66-based probe intensity under optimized conditions

Interference study

To evaluate the method selectivity, the response of the UiO-66 MOF-based probe to potential co-
administrated and over-the-counter drugs was studied. The available interfering substances
included oxazepam, losartan, dexamethasone, diazepam, pantoprazole, ampicillin, uric acid,
alprazolam, diltiazem, amoxicillin, chlordiazepoxide, cetirizine, and clonazepam. The response of
the probe was measured at a concentration of 1.0 pg.mL™' for paclitaxel and all interfering
substances with the same concentration were spiked in the distinct micro-tubes containing urine,
pH 5.0, and 20.0 pL of UiO-66 MOF. As shown in Figure 6, the addition of interferences to the
probe had a negligible effect on the fluorescence response of the probe, indicating the system has

good selectivity and sensitivity for determining paclitaxel in urine samples.

It should be noted that the drugs examined in the interference section of this study are available
compounds in our laboratory. If someone wants to extend the method to other biological matrices,
they must investigate other interfering substances and drugs relevant to that matrix. It may be

necessary to use preparation or separation methods to address these interferences.
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Figure 6 Interference study on probe response. The concentrations of all drugs were 1.0 pg.mL™!
Furthermore, the impact of some interfering organic substances and inorganic ions normally
existing in the urine was also studied on the paclitaxel determination and results was given in Table
2. The response of the probe was measured at a concentration of 1.0 ug.mL™! for all interfering
substances in the presence of 1.0 ug.mL ™! paclitaxel. Low variation (4F < £10) in the probe
response, proved that the validated method has good selectivity for paclitaxel analysis in urine

samples.

Table 2
Effect of interfering substances normally exist in the urine media on the paclitaxel analysis

Interfering species AF
Glucose -1
Uric acid -9
HPO4* -3
Cl -7
SO42' -7
K* -3
NH4* -10
Na* -4
Ca? -8
Mg2+ +5
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Real samples analysis

The proposed UiO-66 MOF-based probe was utilized to quantify paclitaxel in four urine samples
obtained from female patients who received paclitaxel treatment. The results of the real sample
analysis were presented in Table 3. To validate the accuracy of the reported values and investigate
potential interference from co-administered drugs, recovery experiments were conducted by
spiking each urine sample with 1.0 pg.mL™' of standard paclitaxel solution. The results
demonstrated a satisfactory recovery range of 90.0-103.3%, indicating high accuracy and minimal
matrix effects for determining paclitaxel in complex biological matrices such as urine. It should
be noted that there was no gender bias in the application of this method. The reason for analyzing
paclitaxel only in female samples was that the volunteers who provided samples were these
women. It should be noted that the number of analyzed samples in this study was limited due to
the availability of patient volunteers undergoing paclitaxel therapy and the ethical approval
constraints associated with clinical sample collection. Therefore, this work should be regarded as
a preliminary feasibility study demonstrating the analytical performance of the UiO-66-based
probe. Future investigations will focus on analyzing a larger and more diverse patient population,
including both male and female subjects.

Additionally, samples 1 and 2 were also analyzed using HPLC-UV as a standard
method. The concentrations of paclitaxel in patient samples 1 and 2 were found to be
0.079 + 0.008 and 0.15 + 0.011 pg.mL!, respectively. The statistical analysis of these
results with those obtained from the validated method (0.08 + 0.008 and 0.16 + 0.012
pg.mL?! for samples 1 and 2, respectively) was confirmed through a paired t-test (2-

tailed), indicating no significant difference between the results at a 95% confidence
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level. These findings suggested that the proposed method has strong potential for

determining paclitaxel levels in the investigated biological samples.

Table 3. Determination of paclitaxel in real urine samples by validated UiO-66 MOF-based probe.

No. Gender (}Z}eii) Co-administrated drugs (u/;iii(} 1 (ig?nrf_ 1 Recovery (%)*
- 0.08 -
1 Female 53 _ 0.1 0.18 100.0
0.6 0.69 101.7
- 0.16 -
2 Female 38 Doxorubicin, Cyclophosphamide 0.1 0.25 90.0
0.6 0.77 101.7
- 0.12 -
3 Female 50 Doxorubicin, Cyclophosphamide 0.1 0.22 100.0
0.6 0.74 103.3
Cyclophosphamide, Doxorubicin, _ 0.10 ’
4 Female 42 Granisetron, Pegfilgrastim 0.1 0.20 100.0
0.6 0.72 103.3

2 Recovery (%) = [paclitaxel concentration in samples (after spiking — before spiking)/Added] x 100.

Conclusion

In summary, a fluorescent UiO-66 MOF-based probe has been designed based on UiO-66 MOF
for the quantitatively detection of paclitaxel. The addition of paclitaxel resulted in a decrease in
the probe's fluorescent intensity, creating a system for concentration-dependent sensing of
paclitaxel in urine samples. This probe revealed a linear response for paclitaxel in a broad range
of 0.01-1.5 ug.mL ! with low LOD of 0.007 pg.mL ! and high selectivity. The validated method
was successfully employed for the determination of paclitaxel in the urine samples of patients
receiving this medication with high recovery in the range of 90.0%-103.3%. This study may
provide a promising probe for rapidly, sensitively, and selectively detecting paclitaxel in urine
samples. In modest experimental conditions, this study demonstrated that employing UiO-66 as a
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fluorescent probe for the direct detection of paclitaxel in urine is viable. While analogous methods
have been utilized in several sensing contexts, therapeutic drug monitoring has not garnered
equivalent focus. The proposed method offered advantageous features compared to conventional
HPLC and LC-MS/MS techniques, including ease of operation, cost-effectiveness, and rapid
analysis. However, it should be noted that this study has limitations due to a small and diverse
sample size and reliance on fluorescence quenching, which affects generalizability and sensitivity.
We suggested that future research can be focused on enhancing probe stability, broadening sample
diversity, and investigating applications in other biological matrices. Furthermore, extending the
investigation to other hydrophobic MOF systems (e.g., UiO-67, MIL-101(Cr)) could further

validate and optimize the sensing performance.
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