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Abstract

The administration of drugs with low solubility or absorption, such as calcium channel blockers
(CCB) Amlodipine, Nifedipine, and Nimodipine, affects the recovery of complicated health
conditions related to cardiovascular diseases. The development of a drug delivery device based
on MOFs is a rising topic. Thus, in this work the use of MOF UiO-66 as a platform to develop a
drug delivery device was analyzed using CCB drugs through an empirical and theoretical
approach. Our results demonstrate that UiO-66 adsorb and release the three studied drugs
without altering the chemical or physical properties of the material or the drugs. Moreover,
computational studies evidence that dispersive energies are key to Nimodipine and Nifedipine
interaction with the material, allowing a better understanding of the release behavior observed
for each drug. Finally, the effect over the biological activity of the drugs was evaluated using
Human Microvascular Endothelial cells demonstrating that the material can improve the
bioavailability of each drug allowing the reduction in a 90% of the doses needed to attain a
physiological effect. These results support the potential of UiO-66 as a central component in the
development of a versatile drug delivery system aimed at improving the treatment of patients

with cardiovascular diseases.
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Introduction

Cardiovascular diseases represent more than 30% of all global deaths. Hypertension is a major
risk factor for cardiovascular diseases. It is estimated that 1.28 billion adults worldwide between
30-79 years have hypertension [1]. Currently the first line hypertension drug therapy is based on
beta-blockers, angiotensin Il receptor blockers, diuretics and calcium channel blockers (CCB).
Nifedipine, Nimodipine and Amlodipine are examples of the first, second and third generation of
CCB. They are prescribed to treat different cardiovascular pathologies such as angina pectoris,
cerebral vasospasm, subarachnoid hemorrhage, preeclampsia, and hypertension [2]. Nifedipine
and Nimodipine are both classified as type |l biopharmaceutics (BCS type Il) [3]. This implies that
they present a high permeability but poor water solubility [4]. Both are considered almost water-
insoluble with a little variation in their solubility at 37 °C regardless of the pH. Whereas

Amlodipine is classified as type | biopharmaceutic presenting a high solubility and permeability.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Nifedipine, Nimodipine and Amlodipine, also called as Dihydropyridines (DHP), are a class of L-
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type voltage-gated Ca%* CCB that are used to lower blood pressure and improve blood flow by

(cc)

relaxing vascular smooth muscle cells (VSMCs) [5,6]. However, they also can influence endothelial
cells (ECs), the inner layer between blood and tissues. ECs Ca?*-dependent production is related
to vasodilator signals, such as nitric oxide (NO) production and endothelium-dependent
hyperpolarization (EDH) [7-9]. CCB acts indirectly on ECs to improve vasodilation, mainly, by
increasing NO production [10-16]. They also can block EC-dependent endothelin-1 production, a

vasoconstrictor involved in cerebral vasospasm [17] and inhibit EC apoptosis [18] .
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To overcome the limitations related to low solubility and low bioavailability of drugs different
drug delivery systems (DDS) has been developed [19,20]. Nanomaterial based DDS are of high
interest due to its high surface area and distribution that improve the bioavailability of different
compounds. Additionally, nanomaterials trigger enhanced permeation and release effects,
which is desirable to improve the therapeutic efficiency while lowering the side effects. The
encapsulation of CCB in nanomaterials has been studied using a nanoemulsions containing
Nimodipine, which has shown that lipid nanoparticles can improve their plasma availability[21],
however, the time permanence of the nanoemulsion on the studied system still need to be
improved. Alawdi, S. H., et al. in 2019 [22] reported the use of nanodiamonds to improve the
permeation of Amlodipine through blood-brain barrier. Whereas, Chhabra, G et al. in 2011 [23]
describe that the encapsulation of Amlodipine in nanoemulsion increase the adsorption in the
gastrointestinal tract increasing the blood concentration. All these efforts have proven that
nanomaterials are a good choice for CCB performance improvement. However, more studies are

needed to enhance the physiological availability of these drugs.

Metal-Organic Framework (MOF) are coordination polymers that present a great capacity to
adsorb different kinds of drugs. Structurally, MOF can be divided into two main domains referred
to as metallic cluster or secondary binding unit (SBU) and an organic bridging molecule denoted
as linker [24]. MOF presents a three-dimensional array generated by the interconnection of the
SBU by the linker’s molecules. MOF UiO-66 was first described by Cavka et al. in 2008 It SBU can
be built using Zr, Hf, and Ce using 1,4-bencendicarboxilic acid [25]. This material was widely
studied across the last decade in different fields due to its physicochemical, thermal, and

mechanical stability, high porosity, modulable flexibility, high surface area, and large surface-to-
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volume ratio [26—32]. Despite its composition UiO-66 (Zr) based MOF are a biocompatible
material and its use as a DDS has been studied for antitumor drugs, antioxidant, and non-steroidal

anti-inflammatory drugs [33-37].

Based on prior studies that show the nanomaterial’s capability to enhance the solubility and
bioavailability of calcium channel blockers; this report evaluates, in a pioneering effort, the use
of MOF UiO-66 as a key component in the development of a drug delivery system for CCBs. Thus,
through an experimental and theoretical approach, was evaluated the capacity of UiO-66 to
adsorb and release CCB. Additionally, an in vitro calcium channel blockade assay using human
microvascular endothelial cells demonstrated, for the first time, that MOF materials enhance the
bioavailability of these drugs. Stablishing a first step toward the development of a transversal

drug delivery device to improve the quality of life of patients with cardiovascular diseases.

Methodology.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Materials. 1,4-benzenedicarboxylic acid (H.BDC, 98%), Zirconium (IV) chloride (ZrCls, 99%),
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Nifedipine (C17H18N206, N7634), Nimodipine (C2:H26N207, PHR1293), and phosphate buffer saline

(cc)

pH 7.4 were purchased from Sigma-Aldrich. Amlodipine besylate (C26H31CIN2OgS, A804204) was
purchased from Ambeed. Hydrochloric acid (HCI, 98%), N, N- dimethylformamide (DMF, 99 wt %),

and ethanol (C2H60, 99.9%) were supplied by Merck.

UiO-66 synthesis. UiO-66 was synthesized as reported by Katz et al. in 2006 [26]. Briefly, in a 20
mL flask 0.365 mmoles of zirconium tetrachloride (ZrCl;) were dissolved in 4 mL of
dimethylformamide (DMF), 0.6762 mL of concentrated HCl was added as a modulator, the

mixture was sonicated during 20 mins. Afterwards, 0.507 mmoles of 1,4-benzenedicarboxylic
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acid (BDC) was added to the mixture dissolved in 6 mL of DMF. This solution was sonicated for
another 20 min or until obtaining a crystalline mixture. The obtained mixture was incubated at
80 °C overnight. The obtained solid was centrifugated and washed with two volumes of DMF,

followed by two volumes of ethanol. The material was stored in a desiccator until use.

UiO-66(Zr) characterization. The textural properties were determined using a Micromeritics
3Flex instrument for the N, adsorption-desorption isotherm at-196 °C. Prior to the N, adsorption-
desorption measurement, the materials were activated for 4 hours at 150 °C, using a
Micromeritics SmartVac instrument. The surface area was determined using Brunauer-Emmett-
Teller (BET) equation under the Rouquerol criteria [38] whereas the pore size and the pore
volume were determined through HK and t-plot respectively. The thermal stability was
determined through thermogravimetric analysis (TGA) and its first derivative (DTG). The sample
was measured between 100 °C and 700 °C under N3 and air atmosphere with a 20 °C/min slope
using a Netzsch Sta 449-F5-Jupiter thermobalance. The number of defects in the MOF structure
was measured through potentiometric acid-base titration [39]. The titration was carried out using
a TitroLine® 7000 automatic titrator from SI Analytics with 0.1 M sodium hydroxide.
Morphological characterization was carried out through scanning electron microscopy (SEM)
using a Hitachi Regulus 8100 SEM, the images were analyzed using ImageJ software [40]. Powder
X-Ray diffraction was determined using a 2" Gen. D2 phaser equipment from Bruker. The
crystallite size and crystallinity percentage were calculated using DIFFRAC.EVA ® software from

Bruker.

Adsorption assay. The adsorption assay was carried out using 5 mg of activated UiO-66(Zr). The

drug solutions were prepared by dilution of a fresh stock solution with a concentration of 10
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mg/mL in ultrapure water (mQ) or ethanol. To determine the adsorption capacity in the
equilibrium (Q.) the material was incubated with 2 mL of drug solution under constant stirring,
the samples were incubated for 24 to ensure that the drug concentration reached equilibrium
between the solvent and the material. After incubation, each point was filtered using a 0.2 um
syringe filter. The concentration of Amlodipine, Nifedipine or Nimodipine was measured through
UV/Vis spectrophotometry using 237 nm in a Jasco V-730 equipment. The calculation of Q. was

performed using equation 1.

Qe = (Co— Co)r- (1)

Where Q. is expressed in mg/mg, referring to mg of drug by mg of MOF. Co is the initial
concentration of NSAIDs in terms of mg/mL for each point, Ce is the concentration of NSAIDs at

equilibrium. V is the volume of the assay in mL and m is the mass of UiO-66(Zr) expressed in mg.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Furthermore, to understand the adsorption process and how the solvent affects the adsorption

kinetics, the adsorption curves were analyzed using the Langmuir (2), Freundlich (3) and Temkin

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 4:48:17 AM.

= (4) models.

=
Langmuir Model:Q, = % (2)
Freundlich model:Q, = KFC:/n (3)
Temkin: Q, = BrLn(ArC,) (4)

Where Qg is the drug adsorbed by the material, Qn, is the maximum adsorption capacity, K. and

Ke are the Langmuir and Freundlich constants, respectively, n is the heterogeneity factor of the
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Freundlich model, and Br and Ar are the Temkin constants. For the determination of drug loaded

into the material TGA analyze was used as previous description [33].

Release assay. The release kinetics were assayed following the model proposed by Wu in 2022.
Briefly, 10 mg of loaded UiO-66(Zr) @ NSAID were dialyzed against pure water or phosphate buffer
solution (PBS) using a Spectra-Por® float-A-Lyzer® dialysis system with a volume of 1 mL and a
molecular weight cut-off of 100 kDa. At different times, the solvent of the secondary container
of the dialysis system was replaced by a fresh volume of ultrapure water. The removed solvent
was stored at 4°C until needed for analysis. The Amlodipine, Nifedipine, and Nimodipine
concentration was determined through UV/Vis spectroscopy using Shimadzu’s Nexera® HPLC
equipment, equipped with a C18 column. The HPLC run program is described in Table 1. Where
the solvents: A is methanol, B is Acetonitrile, C is Water, and D is H,SO4 5 mM in water. The

cumulative release curve was analyzed using the fellow equations.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Zero Order: % =Ky Xt (5)
g First Order:1In (1 — %) =—KpXt (6)
. . M,
nguchL:M—zKHX\/t (7)
M, n
Korsmeyer — Peppas: = Kx*t (8)

Where t is the release time, Mt/M. is the rate between of drugs released at time t respect to the
total amount of drug available in the material, Ko is the release kinetic constants of zero order

model, K¢ is release constant of the first order release model, Ky is the release constant of Higuchi
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model, and K is the release kinetic constant and n is the exponent of release for Korsmeyer-

Peppas model.

Table 1: High performance liquid chromatography run condition.

Method Solvent A (%) Solvent B (%) Solvent C (%) Solvent D (%)
Amlodipine 0 75 23 2
Nifedipine 40 60 0 0
Nimodipine 27 35 38 0

Computational Methods

Structure optimizations from density functional theory (DFT) methods were carried out using the
Amsterdam Density Functional (ADF2023) software package [41]. Relativistic effects play a crucial
role in these systems due to the presence of heavy metals like Zr, which strongly influence their
chemical and physical behavior.

To accurately capture the electronic structure and properties, these effects should be considered.
In this work, the zeroth-order regular approximation (ZORA) method was applied to account for
relativistic effects [42] [43]. Geometry optimizations were conducted using the generalized
gradient approximation (GGA) with the Becke-Perdew (BP86) exchange-correlation functional
[44]. All calculations employed a standard Slater-type orbital basis set with two additional
polarization functions (STO-TZ2P) [45]. The energy decomposition analysis (EDA) [46] [47] was
performed to explore the interaction energy between the UiO-66(Zr) and the CCB molecule, i.e.
amlodipine, nifedipine and nimodipine. For the purpose of the EDA, the interacting systems UiO-

66(Zr)/CCB were partitioned into two fragments, each representing the interacting part of the
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system, i.e. UiO-66(Zr) and CCB molecule. The fragmentation was done in such a way that it
preserves the symmetry and charge distribution of the individual fragments. This analysis breaks

down the interaction energy (AEint) as shown in equation 9.

AEn: = AEpquii + AEgiec + AEDisp + AEgp (9)

Each term in the energy decomposition analysis was computed as follows: the electrostatic
energy, AEge, accounts for the electrostatic interaction between the fragments as they are
positioned in the final system. The term, AEpaui, accounts for the repulsive Pauli interaction
between occupied orbitals on the two fragments in the interacting system. The dispersion energy
term (AEpisp) includes the dispersion forces, which act between the fragments introduced via
Grimme’s D3 dispersion correction. Finally, term, AEom, represents potential interactions
between molecular orbitals (MOs) associated with charge transfer, polarization, and other
related effects. The AEx was determined by summing the contributions from each of these
components. This decomposition provides insight into the relative importance of each
interaction in stabilizing or destabilizing the adsorption of the CCB molecules with the MOFs. To
account for the basis set superposition error (BSSE), the interaction energies were corrected

using the counterpoise method[48].

Furthermore, the analysis of orbital contributions was conducted using the Natural Orbital of
Chemical Valence (NOCV) method, as introduced by Mitoraj [49]. This approach investigates the
formation of an interacting system AB (described by the wavefunction y_AB) from its individual
components. Within this framework, the NOCVs identify the channels of charge flow by breaking

down the total deformation density, Ap. The NOCV method characterizes these channels of
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charge flow by expressing them as a series of complementary eigenfunction pairs ({-x, Y), linked
with eigenvalues vi and -vi, which have identical magnitudes but opposite signs, as depicted in

equation 10:[49]

M/2
B0ors () = ) vl =W+ W] = ). pe) (10)

The charge-flow pathways between molecular segments are characterized by these
complementary NOCV pairs. By examining pairs of NOCVs ({-, i) that share the same
eigenvalues |vk|, one can measure the outflow, Apor[outflow(i)], and inflow, Aporb[inflow(i)], of
electron density within each Apom(i). These components can be analyzed separately,
concentrating specifically on the electron density outflow and inflow processes from each

fragment[50] [51].

Biological assay.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Tripan Blue inclusion Assay (Cell viability)
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Human Microvascular Endothelial cells (HMVEC) (specifically HMVEC-dAd — Human Dermal

(cc)

Microvascular Endothelial Cells — Adult, Lonza, Catalog#: CC-2543) were cultured on glass
coverslips in 24-well plates until confluent, then treated for 24 h with either MOF—-Amlodipine
(M1, 260 mg), MOF—Nifedipine (M2, 160 mg), MOF-Nimodipine (M3, 162 mg), free Amlodipine
(M4, 176 mg), free Nifedipine (M5, 146 mg), free Nimodipine (M6, 150 mg), MOF UiO-66(Zr) (M7,
928 mg), or left untreated (control). Post-treatment, cells were washed thrice with PBS (3 min
each), stained with 0.2% Trypan Blue (1:1 in PBS) for 1 min, and fixed with 4% PFA (pH 7.4) for 10

min. Coverslips were rinsed with PBS, dehydrated through graded ethanol (70%, 95%, and 100%),


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02037a

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 4:48:17 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

Page 12 of 45

View Article Online
DOI: 10.1039/D5DT02037A

and mounted using ProLong™ Diamond Antifade Mountant (ThermoFisher, Cat #P36965). Images
were acquired using a Nikon Eclipse T1 microscope (20X objective). Dead cells were identified by

Trypan Blue inclusion and quantified alongside live cells using ImageJ.

Calcium channel blockers activity

HMVECs were grown to confluence. Hmvec were left alone or incubated 2, 6, and 24 hours with
M1 (MOF-Amlopidine-260mg), M2 (MOF-Nifedipine-160mg), M3 (MOF-Nimodipine-162mg), M4
(Amlodipine-176mg), M5 (Nifedipine-146mg), M6 (Nimodipine-150mg) or M7 (MOF UiO-66(Zr)-
928mg). After treatment, HMVECs were exposed to 5 uM Fluo-4AM in Tyrode solution containing
5 mM MOPS, with the following composition (mM): 118 NaCl, 5.4 KCl, 2.5 CaCl2, 1.2 KH2P04, 1.2
MgS04, 23.8 NaHCO3 and 11.1 glucose at pH 7.4, for 30 min. After washing, the cells were
transferred to a temperature-controlled microscope imaging chamber maintained at 37°C on the
microscope stage. 30 seconds of basal were measured and 2 minutes of stimulation with 1 uM
Acetyl choline (ACh) an endothelial-dependent vasodilator. 20-30 cells from three coverslips
were analyzed. The average value from the three coverslips was calculated to determine a single
value for each experiment. Variations in fluorescence intensity were expressed as F/FO, where F
represents the fluorescence observed during the recording period and FO is the baseline
fluorescence value. Fluo-4AM was prepared in dimethyl sulfoxide (DMSO) and diluted to the

working concentration in MOPS-buffered Tyrode solution.

Results and Discussion

Adsorption Assay: The first step toward the implementation of UiO-66 as a drug delivery device

for CCB is to evaluate the adsorption capacity of the material and determine if the adsorption of
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the drug affects the integrity of the material. To understand the adsorption process, the
adsorption capacity was evaluated at equilibrium using ethanol as a solvent for the three CCB
drugs. This solvent was selected because the three compounds are soluble in it and the dispersion
of the UiO-66 material is homogeneous. The resulting isotherms were analyzed through
adsorption models and classified following the Giles classification system. As can be noted in
Figure S1, the adsorption isotherm obtained for Nifedipine and Amlodipine resembles the S3 type
isotherm whereas Nimodipine resembles L3 type of isotherm. These isotherms are generated
when exist a reorganization of the drugs in the surface of the material or a second layer of drugs
was adsorbed into the material. Additionally, the difference between L and S type curves is
related to the interaction between the drugs and the material. Particularly in the S type curves
the interaction between the drug and the material is affected by other interactions such as the

interaction with the solvent or adjacent molecules in the same layer. To deepen the evaluation

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of the isotherms Langmuir, Freundlich, and Temkin adsorption models were used. As mentioned

before regarding the form of the isotherms, the analysis was made considering the portion of the

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 4:48:17 AM.

isotherm up to the first plateau. As observed in Figure S1, the adsorption capacity of the material
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does not reach the maximum capacity predicted by the models. As was previously described [33],
the adsorption of the drugs into the MOF material is a process related to the diffusion of the drug
into the pore structure of the material, this diffusion is affected by the interaction of the drug
with the pore, solvent and adjacent drug molecules, so the maximum capacity adsorbed by the
material can’t be reach when the drug tend to stay in the bulk solution instead of the material
pore. The evaluation of the adsorption in a period larger than 24 hours was not possible since in

preliminary studies to standardize the work conditions it was noted that the drugs start to
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decompose over 24 hours in solution. The instability of the compounds in solution was already

described, being the light one of the main factors that increase the degradation of the samples.

Considering these antecedents in this work the maximum time for incubation of the material with

the drugs was 24 hours and the samples where keep and worked under dark. Moreover, when

the theoretical models is considered (Table 2) in all cases the model that presented the best fit

for the isotherm obtained was the one that described a multilayer system such as Freundlich and

Temkin model supporting the hypothesis that these drugs interact with the surface of the

material.

Table 2. Adsorption parameter obtained for each model used to analyze the adsorption of

BPM drugs.
Models Parameters
System
Langmuir Freundlich Temkin
R,: 0.958 R2: 0.969 R2: 0.941
Uio66@Amlodipine Ki: 0.219 Kr: 0.011 1/bT: 1.45 x 10
Qmax: 0.065 n:1.273 AT: 13.04
""""""""""""""""""""""""" R» 0982  R;:098  Rz0909
Uioe6@Nifedipine K.: 0.009 Kr: 0.131 1/bT:2.32 x 1005
Qmax: 13.899 n: 0.912 AT: 8.637
"""""""""""""""""""""""""" R:0.910  R;0.854  R;0932
Uio66@Nimodipine Ki: 3.552 Kr: 0.029 1/bT:3.41x 100
Qmax: 0.032 n: 1.920 AT:22.001



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02037a

Page 15 of 45 Dalton Transactions

View Article Online
DOI: 10.1039/D5DT02037A

Material characterization. Following the adsorption capacity analysis of the material in the
stablished conditions. It was proceeded to evaluate if the physical and chemical properties of the
material are affected after the incorporation of the drug. For this, the crystallinity, thermal
resistance, functional groups, and porosity were evaluated before and after the adsorption of the

drugs.

First, the crystallinity of the material was evaluated through powder X ray diffraction analysis
(Figure 1). Changes in this parameter would reflex that the incorporation of CCB compromise the
structure of the material. As can be noted in Figure 1 and Table 3 the structure of the material
remains intact after the adsorption of the drugs. Considering that the adsorption of the drugs
was conducted in ethanol for 24 hours, this result indicates that the incubation of the material
with the drugs under this condition does not affect the structure of the material. These results

are in accordance with the previously reported stability of the system under organic solvents

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

such as ethanol [52]. However, the analysis of the crystallite size and the crystallinity percentage,

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 4:48:17 AM.

Table 3, from each diffraction patterns shows that the loading of the drugs slightly decreases the

(cc)

crystallinity of the material and changes the size of the crystallite (making it in general smaller).
Considering that the crystallite size corresponds to the section of the particle that presents a
crystalline array [53], the shown result suggests that the incorporation of the drug does not affect
the global structure of the material. Additionally, scanning electron microscopy was used to
determine the size and morphology of the synthesized material, as can be seen in Figure S2 the
average size for each material is around 150 nm. Also, no difference in morphology was observed
when amlodipine, nifedipine or nimodipine is loaded into the material, however, all the materials

present a not defined morphology.
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Figure 1. Powder X-ray diffraction (PXRD) pattern of theoretical crystalline UiO-66 (control),

pristine synthesized UiO-66, Ui0-66 loaded with Amlodipine (UiO-66@Amlodipine), UiO-66(Zr)

loaded with Nifedipine (UiO-66@Nifedipine), and UiO-66(Zr) loaded with Nimodipine

(Uio-66@Nimodipine).

Table 3. Analysis of powder X-Ray diffraction patterns obtained from the samples

Sample Crystallite size (A) Crystallinity (%) Size (nm)
UiO-66(Zr) 373.0 92.2 142 +17
UiO-66@Amlodipine 401.7 77.1 144 + 24
UiO-66@Nifedipine 335.8 87.1 160 + 28
UiO-66@Nimodipine 409.3 89.6 127 + 23
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Second, the textural analysis of the material (Figure 2) was evaluated through N, adsorption-
desorption assay. The results show that in all cases a type | isotherm model is obtained, which is
characteristic of material with micropores. Additionally, the N, adsorption-desorption isotherm
of the material slightly decreases when the drug is adsorbed. Table 4 summarizes the apparent
surface area (BET surface area) calculated from the adsorption-desorption isotherm together
with the pore size and the pore volume. The apparent surface area of the material is higher than
reported experimentally by Katz et al. but is close to the theoretical surface area that they
calculated for this material [26]. For the pristine material, the value of 1739 m?2/g obtained
strongly suggest that the material presents defects in the structure. However, the PXRD patterns
indicate that this defects do not affect the crystal structure of the material. Considering this, the
surface area might be higher due to two reasons. First one is the washing and activation process

used for this material, which were performed using methanol and dichloromethane, followed by

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

an activation process with dynamic vacuum and heat. This combination improves the desorption

of the adsorbed solvent that remain in the pores after the synthetic process, increasing the

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 4:48:17 AM.

availability to have empty spaces in the material [54,55]. A second reason to the reported area,

(cc)

and most probable, is the presence of defects in the structure, which refers to the absence of
linkers or clusters [56]. It has been reported that the absence of linkers increase the surface area
obtained for this material [26,57]. As shown in Figure S3, this material presents a defect
corresponding to 1.55 missing linkers, which implies that from each cluster at least one linker is
missing or replaced by the modulator. Similar phenomena were reported by Katz when
considering the percentage of linker mass in the TGA experiment, where a loss of 49.5%

corresponds to the absence of one linker per cluster. In case of our pristine material, a loss of 46
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% is observed, which is related to the absence of 1-2 linkers per cluster. Furthermore, when the
material is loaded with drugs, the surface area diminishes compared with the empty material.
Also an isotherm diminution is observed and it can be noted that the pore volume varies in the

loaded materials, suggesting that the drugs can penetrate and stay inside the material.

Quantity Adsorbed (cm?/g STP)
& o
o o

100

--I- UiO66(Zr) Adsorption --{}- UiO66(Zr) Desorption

--@- UiO66@Amlodipine Adsorption --O-- UiO66@Amlodipine Desorption
--A - UiO66@Nifedipine Adsorption  --/:- UiO66@Nifedipine Desorption
--@- UiO66@Nimodipine Adsorption --C- UiO66@Nimodipine Desorption

50

N L T T L T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Relative Pressure (P/P,)

Figure 2. N, adsorption-desorption isotherm for pristine synthesized material (black square),
loaded with Amlodipine (white square), loaded with Nifedipine (black circle), and loaded with

Nimodipine (white circle).

Table 4. Textural properties for unloaded and loaded UiO-66(Zr)
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BET surface area Pore Size (A) Pore volume t-plot
Sample
(m?/g) (cm?/g)
Ui0-66(Zr) 1739 9.3 0.514
Uio-66@Amlodipine 1358 7.4 0.411
UiO-66@Nifedipine 1582 7.5 0.437
UiO-66@Nimodipine 1593 7.5 0.437

Third, looking to the application of UiO-66 as DDS of CCB. It was evaluated how the incorporation
of the drug affects the thermal stability of the material. It can be observed on Figure 3, that the
incorporation of the drugs does not affect the thermal stability of the material. However, the
presence of water adsorbed into the material increased from 1% in the empty material to 17% in
the loaded drugs. Moreover, the amount of adsorbed drug can be determined from the

thermogram analysis. It should be noted that from the N, atmosphere thermogram the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

identification of the drug degradation process is overlapped with the dihydroxylation of the

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 4:48:17 AM.

cluster from the material, thus it is recommended to perform such measurement using air. Thus,
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as can be noted in Figure 3 between 4-5% of the weight loss in the range of 120 °C to 300 °C
corresponds to the dihydroxylation. As mentioned, this process can be identified with more
clarity when the thermogram is measured under air atmosphere (Figure S4), where the presence
of the adsorbed drug can be observed and differentiated from the mentioned process. It is
important to state, that this consideration should be evaluated to avoid an overestimation of the
loaded drugs in the materials. Taking into account all the previous considerations, the loaded
drug per material correspond to 5%, 5% and 3 % for Amlodipine, Nifedipine and Nimodipine,

respectively. This observation was consistent when the drugs load process was repeated in
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different assays, even altering the loading condition in terms of the amount of drugs

concentration.
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Figure 3. Thermogram from the thermogravimetric analysis of UiO-66(z) as synthesized (A),

Uio-66@Amlodipine(B), UiO-66@Nifedipine (C), and UiO-66@Nimodipine (D).

Finally, as an important criterion of stability and safety, the chemical characterization of the
loaded material was determined through FTIR, Figure S5. It was observed that there are no
changes to the key functional groups present in all the evaluated systems. In accordance with the
observed from TGA results, water is present on the spectra of the three loaded materials.
Additionally, an increase in the signal on the region of 1000-1100 cm™ was observed, this signal

corresponds to the vibration of the C-O link of the ester and ether group present in the different
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compounds. Furthermore, characterization using XPS was carried out to determine the stability
and composition of the materials before and after loading drugs. As can be noted in Figure S6,
no difference was observed in the XPS spectra for the material before and after loading the MOF
with a calcium channel drug. Additionally, when the Zr region is analyzed, the signals for Zr(IV)
remain unchanged, suggesting that the overall process of loading and releasing the drug doesn’t

affect the integrity of the material.

To deepen the knowledge on the interaction between the material and the different drugs, in
this study, a series of quantum chemistry calculations was performed. The initial stage of these
theoretical investigations involves the structural optimization of UiO-66(Zr) and the UiO-
66(Zr)/CCB interacting systems in their ground electronic states (So). In literature, it is common
to encounter research that present MOFs by either modeling them as large, extended structure

or as molecular entities using cluster models. In this context, Christopher H. Hendon et al.[58]

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

highlight that cluster models provide a powerful framework for investigating these materials at
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higher levels of theory, which are often computationally infeasible for methods available in the
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suites for materials modeling. In this approach the cluster model consist of a finite fragment
extracted from the MOFs extended structure[59] [33] [60]. Cluster models are ideal for studying
localized interactions at specific sites, providing detailed insights with a reduced computational
cost. In the herein report, the cluster model consists of an explicit node of UiO-66, with the
coordination sphere of the metal ions intact. The herein used cluster model [Zrg(u3-O)a(us-
OH)4(BDC)3(HCOO-)s(-OH)(-H20)] is composed by a node [Zrs(p3-0)a(ps-OH)4(-OH)(-H20)], with
one defect site (hydrated, i.e. (-OH)(-H.0)), due to a missing linker, see Figure 4. Furthermore, in

this model, three linkers coordinating to the [Zr6(us-0)a(us3-OH)s] remain intact, while eight
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linkers were shortened to form capping formate groups (HCOO"), as well as —-OH; and —OH groups
at the defect sites, which are assumed to result from missing linkers. This approach allows to
analyze the nature and strength of the interactions at the molecular level, focusing on key factors
such as interaction energies, binding sites, and can provide a useful insight on the drug release
behavior [61] [62]. These comprehension provide a detailed perspective on how the structural
and chemical properties of MOFs govern their potential as drug delivery systems[33]. Figure S7
in the Supporting Information presents the optimized geometries of the UiO-66/Amlodipine
systems in their ground electronic state (So). For this system, it is possible to observe that the
host-guest interaction converged to the Amlodipine interacting mainly with defect sites of the
MOF. Specifically, Amlodipine adopts a conformation shifted closer to the Brgnsted sites of UiO-
66, specifically the ps-OH, —OH,, and —OH protons. As shown in Figure S7a, hydrogen bonds (HBs)
can form between the carbonyl group (>C=0) of the ethyl ester and methyl ester groups of
amlodipine, and the —OH and ps-OH protons of the UiO-66 SBU, respectively. Specifically, the
interaction between the methyl ester group of amlodipine and the ps-OH protons of UiO-66 is
characterized by a calculated bond length of 2 A and an O-H---O angle of 173.5°. Another
intermolecular interaction occurs between the carbonyl group (>C=0) of the ethyl ester and the
C-H groups of the linker, as well as the —~OH groups of UiO-66. This interaction (-OH:--C=0) has a
calculated bond length of 2.177 A and an O-H---O angle of 142.21°. In case of UiO-66@nifedipine
system, optimized geometries of the in So electronic state is display in the Figure S8a in the
Supporting Information sections. In this system, it is possible to observe that the interacting
system converged also to the Nifedipine interacting with the Brgnsted sites of UiO-66 SBU.

Specifically, the UiO-66 ps-OH protons interact with the methyl ester carbonyl group (-C=0). The
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calculated length of this interaction (ps-OH---0=C<) is 1.942 A, and the angles of -O-H---O is 171.9
A. Finally, for UiO-66@nimodipine systems, the interaction is between the H-O---H-N of the
Zr-0OH group in the defect site of UiO-66 and the dihydropyridine ring of Nimodipine, see Figure
S9a. The calculations reveal that the H-O-+- H-N interaction distance is 1.865 A forming an angle
of 155.64°. This final conformation may be attributed to the steric hindrance introduced by the
2-methoxyethoxycarbonyl and isopropoxycarbonyl groups, in comparison with the other studied

CCB drugs.

Figure 4. Cluster model representing a SBU section of UiO-66 (Zr) material with one defect.
Where the atoms are represented as white, red, gray and blue sphere for hydrogen, oxygen,

carbon and zirconium (1V) atoms.

Energy decomposition analysis (EDA) was performed to gain deeper insights into the nature of
the interaction between UiO-66 and the CCB drugs. As shown in Table 5, the interaction energies

demonstrate that the interaction between UiO-66 and the CCB drugs have small differences
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between the studied molecules in terms of the total interaction energy. However, the observed

contributions do change dramatically.

Table 5. Morokuma-Ziegler scheme energy decomposition analysis (EDA), values in kcal/mol,

for the UiO-66@DRUGS interacting systems

System AEpauii AEgjec AEorb AEpisp AE ¢
UiO-66@ Amlodipine  35.23 -20.77 (35%)  -13.81(23 %) -24.52(42%) -23.87
UiO-66@ Nifedipine  25.11 -18.82 (44%) -11.28 (27 %) -12.40(29%) -17.39
UiO-66@ Nimodipine  25.36 -18.25 (41%)  -11.21(26%) -12.42(33%) -16.53

Only in the UiO-66@ Amlodipine case, the dispersive component is the most important stabilizing
term. Thus, the dispersive forces (van der Waals) that could act between the UiO-66 and
Amlodipine are relevant for this interacting system. Specifically, the dispersion component
represented 42% of the total stabilizing energy, while in case of UiO-66@Nifedipine and
UiO-66@Nimodipine, AEpisp is as small as 29% and 33%, respectively. On the other hand, for
UiOo-66@Nifedipine the electrostatic component represented 44% of the total attractive energy.
In case of UiO-66@Nimodipine the electrostatic term also shows a large contribution to the total

stabilizing energy, with a 41% of the stabilizing energies.

Based on the Natural Orbital of Chemical Valence (NOCV) approach proposed by Mariusz P.
Mitoraj,[63] a detailed analysis of the donor—acceptor interactions between UiO-66 and the CCB
drugs was performed. For UiO-66 @Amlodipine system, the donor—acceptor interaction is due to
intermolecular hydrogen bonding (HB) ps-OH:-:0=C<, formed between UiO-66 and Amlodipine.

The calculations show that these interactions involved a donation of the Amlodipine oxygen lone
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pair (from O=C< group), to the UiO-66 hydrogen atom (ps-OH). The deformation density analysis,
see Figure S7b indicated that O-H---O interaction, Ap1, AEo (1) =-2.99 kcal/mol, which represent
22 % to the total orbital interaction (AEor). Figure S8b in Supporting Information illustrates the
NOCV deformation density channels for the intermolecular interaction between Nifedipine and
UiO-66. Based on this result the interaction is distributed between a donor-acceptor electron
lone pair of an oxygen atom (of O=C<) of the CCB drug and the hydrogen atom of the SBU hydroxyl
group (u3-OH) of a UiO-66, thus generating a O-+-H interaction. The energy corresponding to this
deformation densities channel (Ap1) is AEor (1) = 5.46 kcal/mol, see Figure S8b, which represent
a 48 % of the total orbital interaction (AEo). According to these results the HB (u3-OH::-0=C<)
interactions is stronger for the UiO-66@Nifedipine Orb (1) = -5.46 kcal/mol) compared with the
Uio-66@Amlodipine interaction (- 2.99 kcal/mol). In case of UiO-66@ Nimodipine the

deformation density channels also corroborate the intermolecular HB (H-O-:-H-N) between UiO-

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

66 and Nimodipine, see Figure S9b. The deformation density channel, (Ap1) with AEo, (1) =-5.50

kcal/mol for Sp state showed a HB (O-:-H) interaction which represents a 49 % of the total orbital

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 4:48:17 AM.

interaction (AEorb) for this system.
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In summary, EDA-NOCV results showed that the orbital interactions are weaker for the
UiO-66@Amlodipine system, whereas for the UiO-66@Nimodipine and UiO-66@Nifedipine, the

orbital interactions are also stronger.

Additionally, the NOCV analysis revealed that the interaction between the CCB drugs and UiO-66
occur through HB at the defect sites of the material. Specifically, deformation density
contributions (Ap) indicate that the intermolecular HB involves donor-acceptor interactions

between the protons of the ps-OH and —~OH; groups in UiO-66 and the oxygen or hydrogen atoms
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of the functional groups in the anti-inflammatory molecules. These results further suggest that
the intermolecular hydrogen bonding is weaker in the UiO-66@Amlodipine system compared to

the UiO-66@Nifedipine and UiO-66@Nimodipine systems.

Release assay. After analyzing that the adsorption of the drugs doesn’t affect either the material
or the drug. The next question was to evaluate if the material has the capability to release the
adsorbed drug. To test this, the cumulative release of CCB drugs was evaluated when the material
is incubated on PBS buffer pH 7.4 at 37 °C emulating the physiological conditions of temperature,
acidity, and ionic strength. As observed in Figure 5, the released amount of adsorbed drug is
different for each system. In the case of UiO-66@Amlodipine can be observed that 80 % of the
loaded drugs is released from the material at 24 hours of incubation. In contrast, for
Uio-66@Nifedipine and UiO-66@Nimodipine the cumulative release was 21 and 7.6 % of the
adsorbed drugs, respectively. The previous energetic interaction analysis can explain this
difference in the amount of drug release. Dispersive energies are the main contributor to the
interaction between UiO-66 and amlodipine, which would explain the ability to release this
molecule into solution, as dispersive energies are easily broken compared to electrostatic
interactions, which require a change on the charge of the system to produce a modification in
the interaction between the components of the system. Furthermore, EDA analysis indicates that
dispersive forces contribute more to the energy of stabilization. On the other hand, systems with
the interaction energy composed of higher electrostatic and orbital contributions as the case of
UiOo-66@Nifedipine and UiO-66@Nimodipine present a low percentage of drug released. This
added to the low solubility in the dispersion medium, where both are described as practically

insoluble. Despite this, if the cumulative release of drug in term of the amount of drug per mL of
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the system is observed, it is found that the material are capable of release 49 pug/mL, 10 ug/mL

and 0.319 pg/mL for Amlodipine, Nifedipine and Nimodipine respectively on the first hour of

incubation, an amount enough to surpass the recommended plasma concentration of each CCB

drugs (0.004 pg/mL, 0.023 pg/mL, and 0.298 ug/mL for Amlodipine [64], Nifedipine [65] and

Nimodipine [66] respectively ). As a first step this released amount of drug is a good indicator of

the capacity of the material as a DDS.
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Figure 5. Cumulative release of BPM drugs. Where Amlodipine (A), Nifedipine (B) and Nimodipine
(C) black hexagon represent the cumulative release in percentage of drug respect to the amount

loaded in the material and white triangles represent the cumulative release of drug in pug/mL.

To deepen the understanding the release kinetics of the CCB drug delivery system based on UiO-
66. The first 8 hours of the cumulative release were analyzed using different theoretical models
(Table 6) [67]. It was noted that zero order model is the one that best fits to explain the release
process observed for UiO-66@Amlodipine. This implies that the release of Amlodipine from the
material depends mainly on the time of incubation. Additionally, it could be noted that
Korsmeyer-Peppas model also show a good fit for the releasing curve, nevertheless, the n
parameter is equal to 1 which means that the release kinetics is equivalent to the zero-order
model. Otherwise, Korsmeyer-Peppas was the best fit model for both UiO-66@Nifedipine and
UiO-66@Nimodipine systems where Nifedipine presents a higher release constant than
Nimodipine which correlates with observed amount released during the analyzed period. When
the n parameter is higher than 1 in Korsmeyer-Peppas model indicates that the release process

is due to the swelling of the material and the diffusion of the drugs into the media. However, in
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our previous work it was demonstrated that this condition does not affect the integrity of the
material suggesting that the diffusion is the main phenomena affecting the release of the drugs
instead of the swelling process. Additionally, it should be noted that the solubility of the drugs in

the release solvent is low or practically null, slowing the release capability of the material.

Table 6. Parameters of the drug release model applied to analyze the cumulative release of

BPM from UiO-66 material.

Model parameters
System
Zero Order First Order Higuchi Korsmeyer-Peppas
R%:0.999
R?: 0.968 R%:0.775
Uio66@Amlodipine R?:0.998 K: 0.056
Ke: 0.084 Ku: 0.145
n: 1.079
R%:0.979
R?:0.917 R%:0.634
Uio66@Nifedipine R?:0.930 K: 9.19x103
Ke: 0.016 Kn: 0.032
n: 1.225
R?: 0.989
R?: 0.908 R?: 0.606
Uioe6@Nimodipine R?: 0.909 K: 3.551x10*
Ke: 1.66x103 Ku: 3.56x10°3
n: 1.872

Biological assay. After understanding the release process of the CCB drug adsorbed into UiO-66

DDS and prior to evaluating the influx of calcium in a human microvascular endothelium cell line,
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the cytotoxicity of the systems was evaluated (Figure S10), observing that there is not evident

cytotoxicity when the cells are incubated with the different systems.

Besides the main effect of CCB is observed in vascular smooth muscle cell, the influence of CCB
on endothelial cells calcium response was tested, since preview evidence show its involvement
in EC-dependent Ca?* signal in the context of cerebral vasospasm. The endothelial-dependent
vasodilator Acetylcholine (ACh) was used as positive control of the EC-dependent Ca?* influx.
Then the capability to block the response to acetylcholine (ACH) of calcium channel was
evaluated by incubating the cells with the UiO-66 based DDS (Figure 6). When comparing Ca%*
response, there is no difference between UiO-66@Amlodipine (M1) (Figure 6A) and Amlodipine
alone (M4) (Figure 6B) both blocked Ca?* response at similar magnitude despite the incubation
time, which correlates with the observed in the previous experiment where amlodipine is
released following a zero-order model. Cells treated with UiO-66@Nifedipine (M2) (Figure 6C) or
treated with Nifedipine alone (M5) (Figure 6D), show a difference between the time needed to
block the ACH response, where M2 blocked at all hours of incubation and Nifedipine only blocked
at 6 and 24 hours, but failed at 2h of incubation. Finally, treatment with UiO-66@Nimodipine
(M3) (Figure 6E) shows that the systems have the capability to block at all hours, and Nimodipine
alone (Figure 6F) failed to block at 2 and 6 hours. Additionally, the treatment of the cells with the
empty system (M7) did not affect Ca?* measurements (Figure 6G) or the capacity of the cells to
respond to ACH signal. The lack of effectiveness of Nifedipine and Nimodipine at early times
suggest that the solubility of this drugs is a determining factor in their application. Furthermore,
these results demonstrate that the adsorption of the drugs over the material improve the

availability and favors the diffusion of the drug into the media allowing that the therapeutic effect
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occurs earlier when the drug administered through a DDS based on MOF UiO-66. Additionally,
the adsorption of the drugs into UiO-66 allows the reduction of the dose administrated of 90%.
This is observed when it is considered the amount of material v/s drugs used in the Ca?* assays
(Figure S11). As can be observed in this Figure, the MOF clearly (with statistical significance)
protects the drug and enhances its activity (in every case), thus it acts as a DDS. Specifically, as
can be observed in Figure S10(E, F and G) the drug decreases its activity as the time of exposure
of the drug increases. On the other hand, an increase in the activity of the drugs increases when

it is contained in the MOF, as shown in Figure S10(A, B and C).
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Fig. 6. Endothelial ca”’ response to Acetylcholine (ACh) agonist stimulation with Ca’ channel
blockers-carrying UiO-66. Human microvascular EC (HMVEC) were grown to confluence. HMVEC
were left alone or incubated for 2, 6, and 24 hours with A) M1 (UiO-66@Amlopidine, 260 mg), B)
M2 (UiO-66@Nifedipine, 160 mg), C) M3 (UiO-66@Nimodipine, 162mg), D) M4 (Amlodipine,

176 mg), E) M5 (Nifedipine, 146 mg), F) M6 (Nimodipine, 150 mg) or G) M7 (MOF UiO-66(Zr),
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928 mg). To assess ca’’ response, cells were loaded with the Ca’" indicator FLUO-4 AM, 30
minutes before incubation ended and stimulated with 1 uM ACh (A to G). Values are mean +

SEM. Control: cells alone.

Conclusion

The application of blood pressure modulators, especially calcium channel blockers, is a key
procedure in treating hypertension-related conditions. The administration of these drugs is
challenging due to the solubility and availability of these drugs on the human body. In this work,
the potential use of UiDO-66(Zr) as a possible alternative to deliver in a sustained way CCB was
evaluated. Our results back up the application of this material, demonstrating that it is possible

to adsorb the drug over the material and this process will not affect either the material or the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

physiological effect of the drugs.

The EDA and NOCV results support the large release amount observed for Amlodipine compared

Open Access Article. Published on 10 February 2026. Downloaded on 2/25/2026 4:48:17 AM.

(cc)

with Nifedipine and Nimodipine which is supported by the difference in nature of the
intermolecular interactions, particularly hydrogen bonding and dispersive forces, plays a critical
role in governing the adsorption and release capabilities of different anti-inflammatory
molecules. These findings confirm that variations in the interaction strength and character
directly influence the drug release capabilities, with Amlodipine showing stronger dispersive
interactions and Nifedipine and Nimodipine exhibiting more electrostatic character in their

interactions with UiO-66.
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Our biological approach suggests that the application of UiO-66 as drug delivery platform for
calcium channel blockers favors the solubility and availability if these drugs making possible a

reduction of 90 % the amount of drug needed.

As a future perspective for this work, it is highlighted that the application of MOF as DDS for CCB
could have a promising future, but some aspects should still be evaluated as the performance in

living subjects, or the administration route for these materials.

Data availability

Data will be made available on request.
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