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1. Introduction

The effect of Si/Al ratio and drug loading level on
the molecular behaviour and controlled release of

5-fluorouracil from zeolite H-Betat
G. A. Dunkley, @2 S. L. McHugh,® A. J. Porter,® A. J. Wise,® M. Appel, (2 ¢ P. A. Cox”
and A. J. O'Malley (=) %@

The controlled release of anticancer drug 5-fluorouracil (5FU) from zeolite H-Beta has been studied with
varying zeolite composition (Si/Al = 19 and 180), and correlated with its molecular behaviour, studied by
quasielastic neutron scattering (QENS) and classical molecular dynamics simulations. The study aimed to
understand the effect of increasing the Brensted acid adsorption site concentration on the release
properties of these potential drug delivery materials. A factor of ~1.5 more 5FU was released from the
sample with Si/Al = 180 over the release period, consistent with TGA analysis showing a factor of ~1.5
more drug was encapsulated in this sample, which may initially seem counterintuitive given that it
contains far fewer adsorption sites. Notably, the scale parameter of release from the H-Beta sample with
Si/Al = 19 was slightly faster, despite the lower total loading and therefore final amount released from
this sample. This slightly faster relative release rate was initially attributed to a lower level of steric
‘crowding’ between 5FU molecules in the H-Beta-19 pore system and thus hindrance to molecular
mobility compared to H-Beta-180, consistent with the lower observed molecular loading level. QENS
studies probing 5FU molecular motions observed the 5FU to be undergoing localised diffusion in the
zeolite Beta intersections in both samples, with a higher proportion of mobile molecules performing this
motion in H-Beta-19. This suggested the increased total drug loading in H-Beta-180, and resulting steric
hindrance in the pore system, is the significant factor in adsorbed drug behaviour, and potentially the
relative release rate from these zeolites. Molecular dynamics simulations probed the effect of increasing
the drug loading level in the Beta framework and supported that increasing molecular loading
significantly hindered total drug mobility due to favourable molecule—molecule interactions in the pore
system. The study illustrates the complex relationship between zeolite composition, resulting drug load-
ing level, molecular behaviour, and subsequent release profiles in the design of microporous controlled
release systems for anticancer drug delivery.

(5FU) is an antimetabolite drug used to treat conditions such
as colorectal cancer, stomach and breast cancer and as a topical

Drug delivery systems (DDS) have been shown to reduce side
effects by decreasing dosing frequency, protecting a drug until
it reaches its target area, and even potentiating the effect of the
drug.'™ Crucially, the encapsulation of a drug within a DDS
may lead to less drug waste, improved patient compliance and a
more personalised approach to treatment.® 5-Fluorouracil
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treatment for some skin cancers.” However, 5FU induces sig-
nificant toxic side effects, intravenous administration causes
significant issues, and patient preference would generally be
for administration orally or through a skin patch.® Thus, 5FU
would be an attractive candidate for encapsulation into a
controlled release dosage form.

Various materials have been considered for DDSs, including
nanoparticles,® silicon disks,” metal organic frameworks
(MOFs),"® and zeolitic imidazolate frameworks (ZIFs)."" Release
systems for 5FU have also been devised from double-layered
nanosheets,’” and conjugates based on quantum dots."
However, zeolites are also emerging as a promising new mate-
rial for drug release due to the variety of framework topologies
and pore sizes suitable for the accommodation of different drug

This journal is © The Royal Society of Chemistry 2025
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molecules and their ‘green’/non-toxic methods of synthesis.
Zeolites show promising results especially in the area of
theranostics'* and readers are directed towards a review by
Bacakova et al. detailing the use of zeolites in biotechnology and
medicine.'”

Zeolites are generally considered biocompatible, for exam-
ple the Food and Drug Administration (FDA) has approved
silica for use in the body, and it is a commonly used food
additive (E551)."® Moreover, zeolites are already used in medical
devices, such as QuikClot® - a wound dressing that helps
promote clot formation. It is important to note, however, that
some zeolites are cytotoxic or carcinogenic, particularly if they
form fibrous needle-like crystals, such as erionite, offretite and
scolecite; thus, it is paramount to select zeolite frameworks
without these properties and perform cytotoxicity investigations
for some zeolite frameworks.

Zeolites are microporous, crystalline aluminosilicates, which
contain periodic pores and channels with tuneable molecular
dimensions. They are composed of tetrahedral building blocks
of either a silicon or an aluminium atom surrounded by four
oxygen atoms. The negative charge invoked on the neighbouring
oxygen due to the inclusion of aluminium instead of silicon is
balanced by the introduction of cations, such as positive metal
ions (positioned as extraframework ions) or protons attached to
the oxygen and acting as Brensted acid sites."” The Si/Al ratio
affects the concentration of cations present in the material,
which drug molecules that enter the channel structure may
strongly adsorb to. Indeed, recent studies of the release of drugs
such as atenolol have shown markedly different release profiles
with varying composition, including zero order release at certain
FAU zeolite compositions.'® Thus, varying the Si/Al ratio in
zeolites is of significant interest for the design and optimisation
of DDSs, as it can alter the uptake of drugs, their interactions
within the pore, and ultimately their controlled release rate.

Zeolite Beta forms intergrown compact non-fibrous crystals,
which are not considered to be cytotoxic, as documented by
SEM imaging in the literature."® It has a 3D network of inter-
secting channels of approximately ~6.5 A diameter which are
ideal for the accommodation of 5FU, and is available commer-
cially in a range of Si/Al ratios. Whilst there have been studies
probing the effect of pore size and shape on the release of 5FU
from zeolites,">*° very few studies have taken place concerning
the effect of Si/Al ratio. Datt et al.>" investigated the loading and
release of 5FU from larger-pore HY zeolites with varying Si/Al
ratios and found that, while composition does have an effect on
5FU loading and the final amount released, no “controlled”
release was observed, with the zeolites completely releasing the
drug in ~ 10 minutes. It was observed, however, that the zeolite
with the lowest Si/Al ratio and thus the highest concentration of
counterions (Si/Al = 2.5) showed almost no drug release at all.
More recently, Fischer computationally investigated the adsorp-
tion of 5FU in faujasite, specifically probing systems with varying
numbers of Bronsted acid sites per 12-membered ring, and
concluded that strong hydrogen bonding does indeed occur
between carbonyl functional groups on 5FU and the acid sites,
implying that acid site presence would reduce encapsulated drug
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motion and thus potentially the rate of drug release.”” Al-
Thawabeia et al.,>® however, reported an experimental increase
in 5FU release rate from ZSM-5 when using the proton form of
the zeolite over the sodium form. To our knowledge, these are
the only studies probing the effect of zeolite composition and Si/
Al ratio on 5FU interactions and release from zeolites, and
highlight how the relationship between zeolite composition,
interactions with 5FU, and resulting release is far from simple.

For studying the interactions and subsequent dynamics of
molecules adsorbed in zeolites on the nanoscale, neutron
scattering techniques offer significant insight due to their
unique sensitivity to hydrogenous molecules, their highly
penetrative nature, and the minimal interaction of neutrons
with the inorganic zeolite framework.”® Therefore, only the
dynamics of the adsorbed molecule, in this case the 5FU, would
be detected. Quasielastic neutron scattering (QENS) has shown
to be particularly revealing in terms of understanding the
diffusion mechanisms®>*® and rotational behaviour*”*® of
molecules in zeolites, typically in the context of microporous
catalysis.>* The technique is based on neutrons with scattered
energies on the order of peV from their interactions with
molecules undergoing translational or rotational motions.
This allows for drug diffusion rates and mechanisms to be
extrapolated, as demonstrated for paracetamol and ibuprofen
in delivery systems based on supramolecular gel fibre hosts by
Edkins et al.*® In the case of zeolites, where drug mobility
through the framework can be pivotal to the release rate, the
combination of QENS and classical molecular dynamics (MD)
simulations has shown to be very powerful in gaining a detailed
understanding of local and nanoscale molecular behaviour in
microporous materials, as these techniques sample the same
time and length scales.**?' While this combination can offer
unique insight into the qualitative and quantitative character-
istics of molecular behaviour in porous materials (particularly
for bulky cyclic/functionalised molecules similar to pharma-
ceutically relevant species®*°) it is to our knowledge, yet to be
applied to a system relevant to the use of porous inorganics for
controlled drug delivery applications.

Herein, the effect of Si/Al ratio on the molecular behaviour
of 5FU in zeolite H-Beta as studied by QENS and MD simula-
tions is reported, and the correlation with its controlled release
from the zeolite in a pH neutral environment using H-Beta
samples with Si/Al = 19 and 180 (3 and 0.33 Brensted acidic
adsorption sites per unit cell respectively). It is shown that the
change in the number of Brgnsted acid sites has significant
effects on the uptake of 5FU, subsequent influences on the
dynamical behaviour of 5FU in the pores, and the resulting
drug release rates and profiles.

2. Methods

2.1 Materials and drug encapsulation

5FU form I crystal (product code 11906531, China), zeolite NH;-
Beta with a Si/Al = 19 (product code 15402507, surface area
710 m> g ', Heysham, UK) and H-Beta with a Si/Al = 180
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(product code 15432507, surface area 620 m> g~ ', Haverhill,
USA) were purchased from Fisher Scientific. The ammonium
form of Beta (Si/Al = 19) was converted to the proton form
through calcination at 823 K for 5 hours after being heated to
that temperature at a rate of 1 K min~'. The Si/Al = 19 and
180 zeolite Beta samples are referred to herein as H-Beta-19 and
H-Beta-180. Pre-treatment of the zeolites before 5FU encapsula-
tion included drying them at 393 K under vacuum for 12 hours
to remove any weakly bound water. Encapsulation of the 5FU
into the zeolite drug delivery system (DDS) was achieved via the
following mixing procedure: 2.4 g of 5FU was dissolved in
300 mL of ethanol and 4 g of H-Beta-180 was added straight
from its sealed drying vessel, with the same carried out for
H-Beta-19. The samples were stirred at 300 rpm for 24 hours,
filtered while washing with ethanol (to remove any residual
non-adsorbed 5FU) and dried for 30 minutes at 333 K to ensure
all ethanol was evaporated. The resulting DDS samples are
referred to herein as H-Betal19-5FU and H-Beta180-5FU for the
Si/Al = 19 and 180 samples respectively.

2.2 Characterisation

The non-loaded zeolites and the loaded DDSs were charac-
terised using X-ray diffraction (XRD) and thermogravimetric
analysis (TGA), which will now be discussed. The procedures
for TGA and XRD and analysis are outlined in Section S1.1 and
S1.2 respectively (ESIT). XRD patterns of the non-loaded zeolite,
the drug-loaded DDS and the drug alone are shown in Fig. S3
and S4 (ESIt). They indicate that no crystalline 5FU is present in
the DDS, and that the bulk crystallinity/integrity of the zeolite
frameworks were not affected by the encapsulation of 5FU.
Some changes in relative Bragg peak heights and broadenings
(discussed in Section S1.2, ESIt) were observed in the zeolite
XRD patterns, a common occurrence upon adsorption of a species
in the zeolite pore system.'®?**”*% 1t is possible that a small
portion of the 5FU is adsorbed onto the surface of the zeolite;
however, the absence of the bulk 5FU crystalline structure in the
DDS, and the TGA results discussed later suggest that most of the
drug molecules are likely confined within the pores. We note that
the XRD patterns were typical for Beta type zeolites, which along
with the very large internal surface areas (620 and 710 m”* g™ ")
confirm the microporous structure of the zeolite samples. XRD
traces were also taken for the zeolites post-drug release, and again
showed that the zeolite was unaffected (Fig. S5, ESIt).

2.3 Drug release studies

To investigate the release profile of 5FU from both zeolite
systems, drug release studies were performed. A UV-vis calibra-
tion curve was determined for 5FU in phosphate buffered saline
(PBS), ranging from 0.001 mg mL ™" to 1 mg mL~". Drug release
studies were performed over 120 minutes in PBS, pH 7.4 which
mimics the conditions of the intestines and interstitial fluids,
provides a standardised reference, and is a more accurate
comparison with the QENS experiments and MD simulations.
The PBS was prepared in 1 L batches, using Oxoid PBS tablets
(Procured from Thermo Fischer, Scheepsbouwersweg, The
Netherlands) (1 tablet per 100 mL of distilled water). Pellets

10316 | J Mater. Chem. B, 2025, 13,10314-10330

View Article Online

Paper

were prepared for each DDS; ~100 mg of DDS was present in
each pellet. Each pellet was pressed using 5 tonnes of pressure
for 30 seconds using a Specac™ Atlas 15T manual hydraulic
press. The pellet was added to a vessel of 4 cm diameter with
uniform openings of approx. 500 um as in the basket form of a
standard dissolution apparatus. This vessel was suspended in
200 mL of PBS, which was stirred at 300 rpm. 1.5 mL aliquots
were removed at defined time points and the absorbance of the
aliquot was read using a UV-vis analyser at 4 = 296 nm (Perki-
nElmer, model- Lambda 650s, serial number: 650L1411071).
1.5 mL of fresh PBS was added immediately after each aliquot
was taken to maintain a volume of 200 mL. To correct for the
dilution effect of replacing the aliquots, the following
equation® was used to calculate the amount of 5FU released:

t—1

v
Cicorr = C + v 20: G

2.1)

Where Cy.or; is the corrected concentration at time ¢. C; is the
concentration at time ¢, v is the volume of the aliquot taken and
V is the total volume of the PBS. Experiments were performed in
triplicate and the results were averaged.

2.4 Quasielastic neutron scattering experiments

Empty and loaded zeolite samples were vacuum dried at 473 K
overnight (approx. 13 hours) in a quartz tube to ensure the
maximum amount of water possible was removed (without
degrading the confined drug molecules). The sealed quartz
tube was transferred to a glove box where approximately
2 g of each DDS and each non-loaded zeolite was inserted in
a6 cm x 12 cm aluminium envelope which was evenly rolled to
1 mm thickness, and then rolled into a cylinder and positioned
in aluminium cylindrical cans. The ends of the filled envelopes
did not overlap within the cylinder to avoid multiple scattering
from the sample. Thin walled, lead wire sealed aluminium cans
of annular geometry were used for the QENS experiment, the Al
foil envelopes were inserted into the cans which were then
sealed and heated to ensure an airtight lead seal. The back-
scattering and time of flight (BATS) option on the IN16B
spectrometer at the ILL (Grenoble)® was used with Si (111)
analyser crystals, with the chosen chopper settings using a 14°
slit in the pulse choppers at 315.4 Hz corresponding to an
energy resolution of ~5 peV FWHM, sampling ~ 300 ps time-
scales. The detector covered measurements over a Q range of
0.2 to 1.9 A™*. The filled sample cans were inserted into a
cryofurnace mounted on the spectrometer for temperature
control. The neutron scattering recording time was approxi-
mately 2 hours per spectrum per temperature. Four samples
were measured, H-Beta (Si/Al = 19) without drug (H-Beta-19),
H-Beta (Si/Al = 19) with 5FU encapsulated (H-Beta19-5FU), H-
Beta (Si/Al = 180) without drug (H-Beta-180) and H-Beta (Si/Al =
180) encapsulated with 5FU (H-Beta180-5FU). Each sample was
cooled to a base temperature of 2 K and a resolution measure-
ment was taken. The samples were then heated and measure-
ments were taken at 300 K. All data were reduced using
standard routines, correcting for empty can background signal

This journal is © The Royal Society of Chemistry 2025
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and self-absorption. Subsequently, measurements taken of the
non-dosed zeolites had their (comparatively small) resulting
signal subtracted from that of the drug containing samples.
(H-Beta19-5FU and H-Betal80-5FU) signal, therefore, only the
signal from the drug molecule was investigated. The data were
reduced using the Mantid 6.2.0*° software and analysed using
the DAVE*' software.

2.5 Molecular dynamics simulations

Zeolite Beta consists of a framework of intersecting channels formed
by 12 membered rings of diameter ~6.7 A.*>** The siliceous
orthorhombic unit cell of Beta (BEA) consists of 192 atoms.***®
The unit cell was then extended by 4 x 4 x 2 in the a, b and ¢
directions respectively, to create a supercell of approx. 6200 atoms,
as seen in Fig. 1. Periodic boundary conditions were employed.

A flexible zeolite potential model was used as previous work
has shown it to be necessary to accurately model dynamics of
adsorbed larger molecules.® Non-bonded interactions were
described using the potentials of Schroder et al. and Sanders
et al*”*® The Si-O and 0O-O interactions were described by
Buckingham potentials, and are listed in Table S1 (ESI}). Full
ionic charges were applied. The three body potential for the O-
Si-O angles used was from the work of Ramsahye and Bell.*® All
potentials were derived from ab initio methods and fitting to
experimental data performed on zeolites and alpha quartz. The
empty frameworks were equilibrated at 300 K for 100 ps in the
canonical (NVT) ensemble, using a Berendsen thermostat and a
time step of 0.5 fs.

Once the frameworks were equilibrated, 5FU drug molecules
were added to both framework systems in loadings of 4, 6, 10
and 15 wt% per supercell, corresponding to ~1, ~1.5, ~3 and
~5 5FU molecules per unit cell. Full information regarding the
loadings for each system may be found in Table S2 (ESIt). The
equilibrated Beta supercell loaded with 4 wt% 5FU is shown in
Fig. 1. Note that these are lower loadings than were encapsu-
lated in the experimental samples for the QENS experiments,
where in order to maximise the scattered neutron flux in the
experiments and achieve the best statistics for our experiment,
higher loadings were achieved as detailed in Section 3.1.
However, in terms of comparing the effect of loading on
dynamics, reliable comparisons may be made over the mod-
elled loading range of 4-15 wt% as discussed in later sections.

Fig. 1 Beta framework supercell loaded with 4 wt% 5FU, viewed down the
(a) 100 and (b) 001 direction respectively.

This journal is © The Royal Society of Chemistry 2025
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The 5FU molecules were described using potentials from the
CVFF force field,”® using charges from the work of Abdel-
Mottaleb who used DFT and its time-dependent extension
(TD-DFT) to model the optimised structures and molecular prop-
erties related to uracil derivatives including 5-fluorouracil.”* The
Lennard-Jones potential®® in the ¢ and ¢ form are used to
approximate the intermolecular potential energy between each
pair of 5FU atoms. The Lorentz-Berthelot™ mixing rules were
used to combine the ¢ and ¢ values of the zeolite and the 5FU
molecules, resulting in Lennard-Jones potentials for all interac-
tions, listed in Table S3 (ESIt). The 5FU loaded zeolite systems
were equilibrated for 1 ns using the procedure mentioned pre-
viously at 300 K.

The DLPOLY 4°* code was used for all MD simulations, with
a time step of 0.5 fs, a van der Waals cut-off of 12 A, with the
Coulombic interactions solved using the Ewald summation
method.>® After reaching equilibration as described above,
production runs of 2 ns in length in the microcanonical
(NVE) ensemble were performed. The positions of all atoms
in the system were recorded every 0.5 ps. The self-diffusion
coefficient of the 5FU molecules was not determined as the
log(MSD)-log(¢) relationship in relation to the Einstein relation
was not linear over the modelled timescale, so translational
diffusion was not taking place.

To determine the localised motions of the drug molecules
within the zeolite framework, QENS observables, such as the
intermediate scattering function (ISF) and the elastic incoher-
ent structure factor (EISF) were reproduced using the following
equations.

sin(Q|d;(t + to) —
F(Q.1) NZ< Oldi(i + 1) —

Where N is the total number of atoms and d; is the atomic
coordinates of one of the hydrogen atoms at time ¢. Reprodu-
cing these observables allowed for direct comparison with the
QENS experiments.

To allow for better statistics, the multiple time origin
method was used when calculating the ISF. 500 x 500 ps
trajectories, each offset by 3 ps were created which covered
the entire 2 ns production run. The ISFs generated from these
were fit using the following exponential function:

+ZC e Tt

2.2)

di(to)))
di(to)] >

Fi(Q,1) (2.3)

where i is the number of exponentials and B(Q)

1
+3 C =1
n=0
This B(Q) term is related to the EISF. The B(Q) or ‘baseline’ of the
exponential can be plotted as a function of Q to directly compare
the motions observed between simulation and experiment.>®
Further 200 ps production runs were performed with atomic
positions recorded every 0.05 ps, from which the angular
correlation functions (ACFs) were calculated using the
eqn (2.4),

Ve (0)ve (), i=1,2,3 (2.4)

ACFy (t) =
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where g is a triplet of non-colinear atoms and v; are a series of
orthonormal vectors derived from the triplet.*’

This allowed determination of the rotational diffusion coef-
ficient (D,) of 5FU through fitting of an exponential function to
the ACF decay, where the rate of decay with respect to time is
proportional to the rate of rotation, as in eqn (2.5).%®

ACF(Af) = e ®P (2.5)

The adsorption energy (E.qs) for 5FU in siliceous Beta was
calculated using minimum energy geometry optimisation cal-
culations for an empty Beta unit cell, a Beta unit cell with 1
loaded 5FU molecule, and 5FU alone. The 5FU E,qs was
calculated with the following equation:

Eqds = Espu+zeolite — (ESFU + Ezeolite) (2“6)

3. Results and discussion
3.1 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to determine the
loading of each zeolite framework with 5FU. Two distinct events
are seen in the TGA plot (Fig. 2), the first is the loss of
physisorbed water at ~373 K, while the second event which
is of far greater magnitude occurs at ~533-623 K, attributable
to the decomposition of the 5FU molecules from within the
framework pores. The sublimation temperature range of the
5FU form I crystal, derived from pure 5FU TGA (Fig. S1, ESIf), is
515-610 K. Therefore, the prolonging of the second event to
higher temperatures indicates that there is 5FU residing within
the pores of the zeolite, rather than just being present on the
surface of the zeolite particles, and is benefiting from degrada-
tion protection. While there is a possibility of 5FU molecules
adhering to the crystallite surface, the washing step used to
remove surface bound drug during the encapsulation process,
our XRD analysis, (discussed in Section S1.2, ESIt) and the very
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Fig.2 TGA of H-Betal9-5FU DDS (purple) and H-Betal80-5FU
DDS (green), along with the derivative. (Inset) Siliceous Beta and H-Beta
Si/Al = 19 unit cells are shown alongside each TGA trace. Yellow region
represents the sublimation temperature range for pure 5FU.
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favourable adsorption energies calculated for 5FU confinement
in the zeolite framework (>150 kJ mol ")*° leads us to con-
clude that the vast majority of drug would be confined in the
micropores. The initiation of 5FU related weight loss at tem-
peratures below the region observed for pure 5FU (highlighted
in yellow) can be attributed to a small amount of 5FU adsorbed
to the zeolite surface, which is less stabilised than crystalline
drug species, or drug molecules confined within the zeolite
pores. Adsorption energies for 5FU on zeolite surfaces have
been reported in the range 58-79 k] mol *,*° thus far lower
than those associated with confinement. The derivative of each
TGA dataset is present in the figure also as a visual aid to
observe each event.

It can therefore be concluded that the H-Beta-180 sample
encapsulated/adsorbed a larger amount of 5FU than H-Beta-19
by a factor of ~1.5 (37 wt% compared to 25 wt%). A potential
reason for this may be the presence of far more acidic sites in
the H-Beta-19 system to which 5FU molecules (and solvent) will
hydrogen bond. These H-bonded molecules may cause steric
hindrance to the passage of other 5FU molecules through the
channels and reduce the available pore space (as seen pre-
viously for other cyclic H-bonding molecules such as cresols in
the same zeolite structure®”) hindering further adsorption of
5FU molecules. Therefore, the higher loading capacity of H-
Beta-180 may be, perhaps counterintuitively, due to the lack of
these adsorption sites and their respective hindrances to mobi-
lity and resulting uptake. TGA of the non-drug dosed zeolites,
either exposed only to atmosphere, or deliberately saturated
with water in a humid environment can be found in Fig. S2, and
discussed in Section S1.1 (ESIT), and show that H-Beta-19 has a
higher affinity for water both due to the quantities taken up
under both conditions, and the profile of water desorption. The
increased hydrophilicity of H-Beta-19 may explain the lower
5FU loading achieved, as hydrophobic non-polar interactions
may be more encouraged in the almost fully siliceous H-Beta-
180 structure.

The TG analyses also suggest that each DDS is stable, since
the sample was stored for a minimum of 72 hours after
encapsulation before TGA measurements were taken, and still
showed that 5FU was encapsulated within the Beta zeolites,
stable up to ~533 K. PXRD patterns taken for the empty and
loaded zeolites (Section S1.2, ESIT) corroborated that each DDS
is stable post-loading.

3.2 Controlled drug release studies

The release profiles of 5FU from zeolite H-Betal80-5FU and
H-Betal19-5FU, are shown in Fig. 3, the data are the average of
triplicate experiments, and the error bars are smaller than the
data points. Upon calculating concentrations relative to those
obtained from the TGA measurements, approximately 93% of
the encapsulated drug was released after 120 minutes from
H-Beta-180, and approximately 98% of the encapsulated drug
was released after 120 minutes from H-Beta-19. Approximately
1.5 times more drug is released from the H-Beta-180 system
than the H-Beta-19 system overall, in accordance with the
observation that a factor of 1.5 more was encapsulated.
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Fig. 3 Release profiles of H-Betal9-5FU (purple) and H-Betal80-5FU
(green) obtained in PBS at pH 7.4 at room temperature for 120 minutes,
with Weibull model fittings (dashed lines). Normalised drug release profiles
from which quantitative values for ‘a’ and ‘b’ pertaining to the Weibull
model were derived (inset). Data were collected in triplicate and averaged.

Several mathematical kinetic models are in use to describe
in vitro drug dissolution and drug release patterns, readers are
directed towards a review by Costa for more information on
each model, and other models that were attempted to fit the
data are shown in section S3.1, Fig. S7 (ESIt).°® The Weibull
model, shown in eqn (3.1), is employed in this study and is
useful for comparing the drug release of matrix-type drug
delivery.®* This model has been used to fit zeolite-based drug
delivery systems before, and note that our R values of 0.995 for
each fit in our study are consistent with studies of controlled
drug release from zeolites reported previously.**

M,
My

=1—exp(—at’) (3.1)

In the Weibull model of drug release, two parameters are
calculated: the a parameter refers to the scale and therefore the

—— Lorentzian
—— Total fit
Experiment

(a) H-Betal9-5FU

log(Intensity)

Fig. 4
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time dependence of the release, and b which refers to the shape
of the curve and is an indicator of the mechanism of transport.
A b value of <1 indicates a decelerating release rate, with a
higher initial slope (‘burst’) with the release rate slowing over
time thereafter. The a parameter for the H-Betal9-5FU system
was 0.055 min~" and that for the H-Beta180-5FU system was
0.042 min~ ", denoting a ~30% higher time-dependent release
term in the zeolite system with a lower Si/Al ratio, and therefore a
slightly faster ‘initial burst’ from the zeolite with more Bronsted
acid sites. These parameters are illustrated more clearly by the
plot of drug release normalised to total load (Fig. 3, inset),
showing the increased initial release rate from H-Betal9-5FU.
The scale parameters are within the range of 5-FU release
documented for ZSM-5,>* where reported time-dependant release
parameters were between 0.037 and 0.065 min ' after unit
conversion, the former of which was for the protonated form of
ZSM-5, which is thus most relevant for comparison rather than
those containing sodium counterions. This suggests that release
from Beta appears to be faster than from ZSM-5, perhaps due to a
greater barrier to diffusion in the smaller pore system of ZSM-5.

The b parameter for the H-Betal19-5FU system was 0.48, and
that for the H-Beta180-5FU system was 0.55. Both b values are
<1, so the drug release in both samples decelerated over time
(common in diffusion-controlled release systems). Since the b
parameter for H-Betal80-5FU was slightly closer to 1, this
sample had a slightly steadier release profile after the initial
burst compared to H-Betal9-5FU, which decelerated more
quickly. The relatively faster initial release from H-Beta-19
(followed by a more significant deceleration) could well be
due to the drug diffusing in a less hindered fashion through
the pore network. While an increase in mobility may be incon-
sistent with the far higher concentration of strongly adsorbing
Bronsted acid sites in the H-Beta-19 pore system compared to
H-Beta-180, it could well be consistent with the decreased
loading level in this sample observed by TGA, which would
lead to less steric hindrance (or molecular ‘crowding’) from
5FU-5FU interactions, enabling increased mobility through the

—— Lorentzian
—— Total fit
Experiment

(b) H-Betal80-5FU

log(intensity)

(a) Subtracted log intensity QENS spectra of (a) H-Betal9-5FU, and (b) H-Betal80-5FU DDSs.
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pore system and out of the material. The relationship between
drug release profile and the dynamics/mobility of the drug
molecules in the zeolite pores will now be further investigated.

3.3 QENS experiments

QENS spectra of 5FU in the H-Beta19-5FU and H-Betal80-5FU
DDSs (with the signal from the empty frameworks subtracted)
are shown in Fig. 4a and b respectively. The scattering func-
tions were fit to a delta function convoluted with the resolution
measurement at 2 K (which comprises the resolution function
accounting for elastic scattering and therefore protons which
are ‘static’ over the timescale probed by the instrument), a
single Lorentzian function (convoluted with the resolution
measurement) to fit the quasielastic broadening, and a flat
background to account for motions too fast to be captured
within the instrumental window and the Debye-Waller factor.

Large elastic peaks were observed at all Q values, suggesting
that a large proportion of the drug molecules are immobile on
the timescale of the instrument, or that localised motions may
be taking place.

3.3.1 Modes of motion: EISF analysis. Localised motions
may be probed by calculating and fitting the elastic incoherent
structure factor (EISF) which is given by:

Ielastic(Q)

AO(Q) = IelasliC(Q) + IinelastiC(Q)

(3.2)

The EISF is the proportion of total scattered intensity which
is elastic and gives information about the type and geometry of
localised motion taking place in the DDS. A number of models
may be fit to the experimental EISF, which characterise differ-
ent sorbate behaviours in the zeolite host. These models are
shown in Fig. 5 and include isotropic rotation (random full
molecule rotation about the centre of mass),*® the uniaxial
rotation of 5FU around a single axis,*"®° or diffusion confined
to a sphere of a specific radius as modelled by the Volino-
Dianoux model®® which details a molecule translating (in the
case of a zeolite) in a confining cage.®”®® Further information
about the different models can be found in other resources.®

The experimental EISFs (and the best fits of the aforemen-
tioned models) of 5FU in H-Beta-19 and H-Beta-180 at 300 K are
shown in Fig. 6a and b respectively. The pure models (without
consideration for an immobile fraction) for each EISF are fit

(c)

l&l

Tran

Confined volume
diffusion

Uniaxial rotation

Isotropic rotation

Fig. 5 (a) Isotropic rotation of a 5FU molecule with a radius of rotation r.
(b) Uniaxial rotation of the 5FU molecule. (c) Translational motion of
protons confined to a spherical volume of radius, rcon.
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Fig. 6 Experimental EISF plot for 5FU in the (a) H-Betal9-5FU DDS and (b)
H-Betal80-5FU DDS at 300 K, including models (mobile fractions shown
in the legend in brackets).

against the data in Fig. S8 (ESIt). They do not give acceptable
fits to the experimental EISF, and all fall well below the
experimental data points at all Q values. The scattering of the
experimental data are more elastic than each pure EISF model
accounts for, indicating that any motion is heavily constrained
in the zeolite structure. This can be accounted for by the
incorporation of an immobile fraction of molecules into the
EISF fitting, which scales the EISF (4,(Q)) to account for a
proportion of immobile molecules resulting in an effective EISF
(45%(Q)). Given by eqn (3.3).

AG(Q) = pafAo(Q)] + (3-3)

Here, p, is the fraction of mobile molecules. When an
immobile fraction is incorporated into the calculation of the
EISF, the model of best fit for H-Beta19-5FU DDS is the Volino-
Dianoux model of diffusion confined to a sphere, with the
sphere radius of ~5.6 A, Fig. 6. This radius is commensurate to
that of the intersection between channels present in zeolite
Beta. A best fitting mobile fraction of 6% indicates that the vast
majority of the drug molecules are immobile on the timescale
of the instrument (~300 ps), and the free molecules are
diffusing in the channel intersections. Note that some data
points were lost due to the subtraction of Bragg peaks which are
more significant in the empty zeolite sample, leading to nega-
tive intensity in the subtracted QENS spectrum, however, from
the possible models of motion for such a system, only the

(1 - px)
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Volino-Dianoux model provides an acceptable fit to the data.
For isotropic and uniaxial rotation, an acceptable fit was not
achieved when allowing the radius of rotation to vary, nor when
it was fixed to the molecular radius of 5FU (~2.4 A), shown in
Fig. 6. Moreover, EISF decay at low Q values is indicative of
translational diffusion occurring over distances which are
longer than those associated with molecular rotation.

The behaviour of 5FU within the H-Beta180-5FU DDS is now
considered. After fitting the EISF to all the models as described
for H-Beta19-5FU, the best fitting model is also that of diffusion
confined to a sphere with a radius of 5.6 A. Again, it was
necessary to incorporate a mobile fraction into the fitting of
the EISF as shown in Fig. S8 (ESIt). The mobile fraction found
to best fit the experimental points was 4%, which is lower
than that found in the H-Beta19-5FU DDS. The lower mobile
population of molecules in the H-Beta180-5FU system is con-
sistent with the slightly slower release rate observed in this
sample, and further supports our suggestion that the signifi-
cantly higher molecular loading level of 5FU in the H-Beta180-
5FU system is the significant factor in hindering diffusion,
rather than the concentration of strongly adsorbing Brensted
acid sites (which is higher in H-Beta-19 system). Steric hin-
drance caused by molecule-molecule interactions in the pore
system are well known to slow the diffusivity of confined
molecules in these systems after a critical point,”*”’* including
in nanoporous drug delivery systems,'® and may lead to a
lower number of molecules which are visibly mobile over the
timescale of the instrument. It should be noted that other
nanoporous systems have completely different pore structures
and thus loaded molecules do not necessarily show the same
properties. However, this effect of loading level on diffusivity is
well documented in the literature, even for smaller molecules.
Examples include for water in zeolite MFI,”® which was shown
to have D values higher by a factor of ~1.5 in lower loaded
systems than when approaching saturation, and for methanol
in Beta, where the Dy decreased by a factor of 1.5-2 when the
loading was doubled.”® This effect is also observed for larger
molecules such as benzene in zeolite Beta, where increasing the
loading from 1 benzene per unit cell to 3 decreased the relative
D, by ~30%.”" Specific to drug delivery, the effect of drug
loading level on the diffusion of encapsulated drug molecules
inside porous delivery systems is not well documented. How-
ever, one study found that increasing drug loading of diltiazem
inside a swellable layered delivery system did not have any
impact on drug release.”® Conversely, another study found that
at excessively high drug concentrations, drug molecules block
the pores of mesoporous silica (MPS), impacting the diffusion
of the drug into the pores and thus the loading level.”* The
effect of drug loading on drug dynamical behaviour and release
therefore appears to be very complex and differs from one DDS
material to another.

3.3.2 Rates of motion: HWHM analysis. To determine the
rate of localised motion, the half-width at half-maximum
(HWHM) of the quasielastic Lorentzian fit component as a
function of Q? is analysed®® and plotted for H-Beta19-5FU DDS
at 300 K in Fig. 7a. The broadenings corroborate the model of

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry B

jump diffusion confined to a sphere. For groups fit above Q> =
0.3 A72, the broadenings of the Lorentzian component fit the
Singwi-Sjolander jump model,”® with a jump distance of 2 A
and a residence time of 28 ps. There is a plateauing of the
broadenings for the data points at and below Q* = 0.3 A™2.
According to the Volino-Dianoux model of diffusion confined
to a sphere, the plateauing takes place at a Q value corres-
ponding to the diameter of the sphere of confinement (Q = n/
Teont),"® Which in this case is between Q = 0.44-0.83 A" which
may correspond to a sphere with a radius in between 3.8 and
7.1 A. The intersections of the channels of zeolite Beta are
~11 A in diameter; therefore, the radius falls within this
window, validating the optimal fitting of the EISF to a spherical
radius of 5.6 A. The Volino-Dianoux model may be used to
calculate a diffusion coefficient (Dg), for a confined system
Dy

N T'conf

Teonf = 5.6 A, to obtain the confined self-diffusion coefficient
(Ds) value of ~1.6 (£ 0.2) x 10~° m® s~ . It is important to note
that this confined D is a rate of localised motion within the
Beta intersections, so should be treated with caution in terms

using HWHM = 4.33

5 at the low Q plateau point, and use
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Fig. 7 The Q dependencies of the HWHM of the quasielastic components
of the QENS spectra at 300 K for (a) the H-Betal9-5FU DDS and (b) H-
Betal80-5FU DDS, their fitting with the Singwi-Sjolander jump model and
fitting of low Q values to the Volino—Dianoux confined diffusion model.
The Q? value corresponding to the radius of the confining sphere is
indicated by the blue line.

J. Mater. Chem. B, 2025, 13,10314-10330 | 10321


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb00256g

Open Access Article. Published on 03 July 2025. Downloaded on 12/7/2025 11:26:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

of drawing comparisons with more conventional diffusion
coefficients which measure the long-range diffusion of adsor-
bates through the zeolite frameworks.

Upon studying the broadenings for the H-Beta180-5FU sys-
tem (Fig. 7b) the Singwi-Sjolander jump model also best fit the
experimental data, with an average jump distance of 2 A, a
residence time of 29 ps and a plateau of broadenings at Q* <
0.3 A™2, suggesting the same spherical confinement and type of
motion as the H-Betal19-5FU system, with a radius of confine-
ment between 3.8-7.1 A. The jump distance matches that in the
H-Beta19-5FU DDS and the residence time is very similar. This
suggests that, while the mobile fraction of 5FU molecules is
lower in the H-Betal80-5FU system, the molecules which are
mobile on the timescale of the instrument are moving at
similar rates using the same mechanism in both systems.
The diffusion coefficient obtained for this system was 1.3 (£
0.3) x 10~° m? s, slightly lower than (but within error of) the
diffusion coefficient obtained for the H-Beta-19 system. It can
therefore be concluded from the line broadenings that, despite
a difference in the proportion of mobile molecules over the
~ 300 ps timescale probed by our spectrometer, the molecules
which can move typically diffuse at very similar rates, but
slightly slower in the H-Beta180 system. This may be consistent
with the lower proportion of molecules able to move in that
system as determined by fitting of the EISF, and the slightly
lower release rate observed in the controlled release studies.

To summarise, jump diffusion of 5FU confined to the
intersections of the H-Beta channels is observed in both
systems using our QENS experiments. However, a lower frac-
tion of mobile molecules is observed in the H-Betal80-5FU
system despite there being fewer adsorption sites present in
this zeolite. The jump diffusion lengths and residence times of
5FU are very similar between both zeolite systems, but the rate
of confined diffusion is slightly lower in the H-Beta-180 system.
The lower proportion of mobile molecules and slightly lower
rates of jump diffusion in the H-Beta-180 system is potentially
due to more drug molecules residing in the pores of the zeolite
(as observed by both the TGA and controlled release experi-
ments) leading to increased steric hindrance and drug-drug
interactions hindering molecular mobility. The observations
suggest that the density of adsorption sites is not the primary
significant factor in molecular mobility in these structures;
rather, the loading level of adsorbate molecules - consistent
with the release rates. The effect of loading will be further
probed using molecular dynamics simulations in the next
section.

3.4 Molecular dynamics simulation analysis

3.4.1 Modes of motion: QENS observables. Molecular
dynamics simulations were analysed focusing on the direct
comparison of the localised motions between the simulation
and QENS experiments. Note that long-range translational
diffusion was not observed in these systems as the mean
squared displacement-time plots of 5FU in each system were
not linear, in notable contrast to our previous MD studies of
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phenol and catechol in the same zeolite framework which
showed relatively free diffusion.”®””

The self-diffusion coefficients of other aromatics were found
to increase significantly (by a factor of 3-10, depending on
loadings and temperature) when moving from a siliceous Beta
model to those containing increasing concentrations of acid
sites, due to the prevalence of adsorbate-acid site H-bonding.
A similar relationship may be expected for 5FU in siliceous vs
acidic Beta; however, our findings suggest this is not the case,
perhaps due to the rigidity of the 5FU molecule, larger size, and
the additional polar functional groups present.

To enable direct comparison with QENS experiments, the
intermediate scattering function (ISF) was calculated using
eqn (2.2) analysing the motions of 5FU within the zeolite pores
on the timescale of the QENS instrument. The ISFs were fit to
the exponential functions in eqn (2.3). The ISFs calculated from
the MD simulation trajectories are shown in Fig. S9 (ESIt) at
300 K for all systems and loadings.

The “baseline” of the ISF signifies the value that the decay of
the exponential fit to the data approaches where ¢ = oo, and
thus it represents the final atomic arrangement in Q space and
can be considered as equivalent to the EISF obtained in the
QENS experiments. The EISF taken from these baselines can be
plotted as a function of Q and fit to the models as described in
Section 3.3.1.

Fig. 8 shows the calculated EISF of 5FU in the Beta frame-
work at a loading of 6 wt% at 300 K. Included in Fig. 8 are all
the models attempted fit the data. Just as with the QENS
experiments, a Volino-Dianoux model of confined diffusion
within a sphere gave the best fit to the data across all the
investigated systems, indicating that the motion observed is the
same between experiment and simulation. The models for
isotropic rotation and uniaxial rotation did not produce a
satisfactory fit.

When sampling the simulation on the timescale of the
QENS spectrometer (~ 300 ps), we note that as with experiment,
an immobile fraction of molecules is necessary to include into
the model fit to the data. The mobile fractions of molecules in
the MD calculated EISFs are larger than those observed for the

0.95 ..............
wo9o 4 KT
(%2]
w = Calculated EISF
0.85 - - Isotropic Rotation (0.09)
------- Uniaxial Rotation (0.14)
—Confined Volume (0.24)
0.8
0 0.5 1.5 2

L1
Q/A?

Fig. 8 EISF factor plot obtained from MD simulations for 5FU in the
siliceous Beta framework with a loading of 6 wt% at 300 K, with models
of motion fit to the calculated values. Mobile fraction values in brackets.
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QENS experiment by a factor of ca. 3-7, while the confined
radius for each system is much lower than the 5.6 A derived
from the QENS experiments (discussed later). We note that the
use of CVFF forcefield potentials, which are combined using
the Lorentz-Berthelot mixing rules to describe the drug-zeolite
interactions, are not widely tested on, or parameterised for this
particular system, which could be partially responsible for the
quantitative differences between the experimental and simu-
lated results. It is notable that the same form of confined
diffusion is observed when the simulations are sampled over
the same timescale as the IN16B QENS instrument.
Calculated EISFs of 5FU in the Beta framework with loadings
of 6, 10 and 15 wt% are shown in Fig. 9. A clear trend is revealed
between loading and molecular mobility of 5FU in the Beta
framework. The radius of confinement remains unchanged
between the Beta 6 wt% and 10 wt% systems (1.2 A). Beyond
this loading, the radius decreases to 0.9 A at 15% loading. The
low radii of confinement suggest that 5FU moves via oscillations
or ‘rattling’ in the Beta pore system, and at the highest loading
the radius to which each drug molecule is confined shrinks, due
to closer packing. Note that according to the calculated radii in

these fittings and their relationship with Q, (Q = rn ), the
conf

Volino-Dianoux model shape should only begin to appear above
Q values of ~3 A~". EISFs were calculated for each system with Q
values up to 10 A™*, and the fit to the model was maintained
above 3 A™'. Fits up to 2 A" are shown for clarity and for
comparison with the range sampled by the QENS spectrometer.

From the modelled EISFs it can be concluded that molecular
loading level in the pore system has a significant effect on the
mobility of encapsulated 5FU and may be predominantly
responsible for the difference in mobile fractions observed in
our QENS experiments.

Trajectory plots were generated from the production runs,
tracking the trajectories of the C-H protons every 1 ps of the
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Fig. 9 Combined EISF plots obtained from MD simulations for 5FU in the
zeolite Beta framework at 6, 10 and 15 wt% loadings, at 300 K. Mobile
fractions in brackets, r = radius of confinement.
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simulation over the course of the 2 ns simulation. Fig. 10 shows
an example for Beta at 6 wt% loading, and highlights the
tendency for 5FU molecules to congregate in the pore intersec-
tions of Beta, where Fig. 10(a) shows a sample configuration
taken from the end of the simulation, showing how 5FU
molecules had diffused to the intersections, from the indivi-
dual channels they were initially placed in, over the production
run. Fig. 10(b) shows the trajectory plots of 5FU hydrogen
atoms throughout the 2 ns production run (post equilibration),
showing they are typically located within the channel intersec-
tion. These observations complement the QENS results which
concluded that 5FU was translating in a confining volume
matching that of the Beta intersections. Fig. 10(c) illustrates
the area over which hydrogen atoms (green) and the centre of
mass (grey) of two representative 5FU molecules oscillate
throughout the simulation of Beta with a 6 wt% drug loading.
Initial analysis of the oscillation of the 5FU centre of mass
implied that the simulations did not agree with the QENS
observations, as the radius of confinement was ca. 0.5 A
(1.0 A diameter). However, when probing hydrogen atomic
trajectories (which QENS detects directly), strong agreement
is observed with the EISF fitting to the Volino-Dianoux model,
with a confining radius of 1.2 A (2.4 A diameter). In conclusion,
5FU molecules are generally relatively static, exhibiting con-
fined oscillatory motions, where the protons oscillate over a
radius of 1.2 A due to a combination of hindered translational
diffusion and rotation.

(a) (b)

Fig. 10 (a) The final atomic configuration after the 2 ns production run for
zeolite Beta at 6 wt% 5FU loading. Positions containing empty space at this
visual angle are intersections of the perpendicular channels of Beta, (b)
trajectory plot of 5FU hydrogen atoms (coloured green) in the Beta
framework with 6 wt% 5FU loading, (c) zoomed-in figure of trajectory
plot seen in (b) with additional centre of mass trajectories, demonstrating
the diameter of confined diffusion for 2 5FU molecules.
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3.4.2 Rates of motion: angular correlation function. A good
descriptor for the freedom and rate of a localised motion is the
angular correlation function (ACF) which allows us to quantify an
approximate rotational diffusion coefficient. The simulation-
generated ACFs of 5FU in zeolite Beta with 5FU loadings of 6,
10 and 15 wt% are shown in Fig. 11, along with exponential curve
fittings. These are the averaged angular correlation functions of
the three 5FU axes in each loaded Beta system over 200 ps. ACFs
and fittings for all systems are included in the ESIt (Fig. S10);
however, only 6, 10 and 15 wt% are shown below for visual clarity.

For each system, plateaus in the ACFs were reached by
~1 ps; beyond this, small random oscillations were observed.
The resulting rotational diffusion coefficients (Table 1) are
obtained from the decay constant of the exponential fitting,
illustrating the trend in rotational mobility as loading
increases. The obtained values are of the same order of magni-
tude but are lower than the rotational diffusion coefficients
derived for similarly sized organic molecules inside zeolite
Beta in the literature, such as para and meta-cresol (6.23-
8.46 x 10 s7%),** possibly due to the increased mass of the
5FU molecule, loading differences, or increased interactions
with the zeolite pore walls due to the increased number of polar
functional groups allowing for stronger interactions.

The trend in rotational diffusion coefficients is in agreement
with the trend in mobile populations calculated from the EISFs,
in that an increase in molecular loading level leads to a
decrease in molecular mobility in terms of both the population
of mobile molecules and the rates of rotation observed, where
increases in loading result in further restriction of rotational
mobility of 5FU. The 5FU-5FU interactions which could lead to
this restriction are further investigated using RDF analysis in
the next section.

3.4.3 Molecular interactions. To probe the interactions
between the drug molecule and the zeolite framework, and
the interactions between drug molecules themselves in the pore

1.000 ~
o BEA 6wt%

] BEA 10wt%

NN BEA 15wt%
09954 ¢ -~

0.990 + e ® ) @ & 00000

0.985

Angular Correlation Function
®

0.980 +

0.1 1 5
Time (ps)
Fig. 11 Combined logarithmic angular correlation function plots obtained

from MD simulations for 5FU rotating in siliceous Beta at 6, 10 and 15 wt%
loadings, 300 K.
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Table 1 Rotational diffusion coefficients for 5FU in siliceous Beta (4, 6, 10
and 15 wt% loadings) at 300 K

DDS Dyo/10*° 571
Beta 4 wt% 1.93
Beta 6 wt% 1.64
Beta 10 wt% 1.64
Beta 15 wt% 1.54

system throughout the MD simulations, radial distribution
functions (RDFs) were generated between relevant atoms.

Fig. 12 is the normalised RDF between zeolite Beta frame-
work oxygen atoms and the amide H atoms on 5FU (which are
likely to form hydrogen bonds) at 6, 10 and 15 wt% drug
loading. We note that the peaks are typically very well defined
for the lower (6 wt%) drug loading but this definition is
smoothed at higher loadings, suggesting that 5FU molecules
interact with the pore walls with a higher degree of structural
order at lower loadings, whereas at higher loadings this struc-
ture is less defined, possibly due to increased prevalence of
dynamic 5FU-5FU interactions in the system with higher
molecular loading. Peaks for the 6 wt% loaded system are
exhibited at relatively higher G(r) values at the lowest distances,
for example the first notable peak is at 2.3 A in the 6 wt%
system, but at 3.2 A and 3.7 A at higher loadings. This indicates
that the strongest hydrogen bond remains uninterrupted at
lower loadings, but is disturbed at higher loadings which,
again, could be due to the presence of additional drug-drug
interactions interrupting the most favourable hydrogen bonds.
Indeed, the 5FU may have a preference to interact with other
5FU molecules over the pore wall, since it has the tendency to
form energetically favourable hydrogen bonded dimers.”®

Recent DFT calculations probing 5FU adsorption to
Bronsted acid sites in FAU zeolites indicate that very strong
hydrogen bonding occurs between 5FU and acid sites,** with
adsorption bond lengths between the 5FU carbonyl groups and

—— BEA 6wt%
BEA 10wt%
—— BEA 15wt%

r Ozeo'HSFU(N-H) (A)

Fig. 12 RDF between framework oxygen and 5FU amide hydrogens (N-
H), in zeolite Beta, with 6, 10 and 15 wt% drug loadings with inset diagram
depicting the interaction probed.
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the acid site itself ranging 1.37-1.55 A in length. This indicates
that the presence of acid sites results in significant additional
hydrogen bonding and electrostatic interactions, resulting in
stronger 5FU adsorption in the zeolite pores. This is corrobo-
rated by the difference in computed adsorption energies:
—73 k] mol ™ in siliceous FAU and —144 k] mol ! when an acid
site is present, indicating strong adsorption. Recent adsorption
energetics studies on similar sized molecules suggest that these
H-bonding interactions would be even stronger in H-Beta com-
pared to H-FAU due to the smaller pore size.”

5FU-5FU interactions were probed by generating RDFs
between the six-membered rings of 5FU. Fig. 13 is an averaged
RDF between the atoms of the six-membered ring in 5-FU,
generated for drug loadings of 6, 10 and 15 wt%. A significant
interaction is observed at ca. 3.4 A for 5FU in Beta with a 6%
loading, labelled in Fig. 13. This initial peak indicates that 5FU
molecules interact strongly with each other, most likely by a n-
stacking mechanism between the aromatic rings (as shown in
Fig. 13 inset), coupled with H-bonding between 5FU oxygen and
hydrogen atoms in some orientations. A similar initial peak is
observed for the systems with loadings of 10 and 15 wt%,
although the distance it occurs at is around 3.7 A (in line with
a peak shoulder occurring at 3.4 A in the 6 wt% system). This
could well be related to a more general increase in steric
hindrance with loading, given that in the 6 wt% system face-
to-face dimers (see Fig. 13) are able to fit optimally in the Beta
intersections uninterrupted. However, as loading is increased
towards 5 molecules per unit cell, this optimal interacting
configuration is interrupted to maximise the number of 5FU-
5FU interactions, as illustrated by the highlighted green region
in Fig. 13. Here, a second coordination sphere for the 5FU-5FU
interactions emerges, which is not observed at the lower

—— BEA 6wt%
BEA 10wt%
1 —— BEA 15wt%

r Ringge, - Ringse (A)

Fig. 13 Averaged RDF between the 6 members of the cyclic component
of 5FU, in siliceous Beta at 6, 10 and 15 wt% drug loadings. Simulation
snapshot inset to show the interaction described by the RDF and the
interaction distance.
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loading, suggesting that each drug molecule has a tendency
to interact with multiple 5FU molecules simultaneously, rather
than solely forming one strong interaction between two 5FU
molecules. Additionally, the relative height (or proportion of
total RDF integration) and sharp definition of the initial 3.4 A
peak in the system with a 6 wt% loading implies that fewer
molecules deviate from this specific interaction type in this
system, whereas at higher loadings, more interactions fall into
the green coordination sphere at ca. 4.5-5.5 A. It is worth
noting that the ‘face-to-face’ dimer coordinations observed in
our simulations are not the conventional 5FU dimer, which
refers to a side-by-side double hydrogen bonding interaction
which does not form due to spatial constraints by the pores.”®

The dependence of confined translational diffusion and
rotational mobility on loading from our QENS experiments can
therefore be explained by the prevalence of 5FU-5FU interac-
tions. As loading increases, movement of drug molecules is
restricted in the pore system as they maximise the number of
favourable 5FU-5FU interactions. The observations that the
increases in 5FU-5FU interactions (which are a consequence of
the higher molecular loading) slow the local molecular mobility
of 5FU in the Beta pore system support the QENS observations
that fewer molecules are undergoing confined jump diffusion on
the timescale of the instrument. The QENS and MD methods
therefore support and explain our conclusion that the slightly
faster release rate from H-Beta-19 is due to the lower amount
encapsulated, thus allowing increased diffusivity out of the pores
of this zeolite compared to H-Beta-180.

The 5FU adsorption energy was calculated using zero Kelvin
energy minimisation calculations (using the same DLPOLY4
code as for our MD simulations) for 5FU inside a Beta unit cell.
The lowest energy adsorbed structure is shown (Fig. S11, ESIT)
and briefly detailed in Section S7.1 giving an adsorption energy
of —259.8 k] mol " (—62.1 kcal mol ™).

The very large adsorption energy derived demonstrates the
significant stabilising interactions that emerge from 5FU enter-
ing the pores of Beta. 5FU adsorption energies in zeolite faujasite
have previously been calculated using DFT (~—150 kJ mol~')**
indicating that the adsorption interactions measured for 5FU in
Beta are relatively strong, corroborating our findings that mini-
mal 5FU diffusion was occurring in zeolite Beta due to strong
attractive van der Waals, electrostatic and H-bonding interac-
tions with the framework. The adsorption energy calculated for
5FU in Beta was larger by a factor of ~1.7 than that previously
calculated in faujasite using DFT. This may be reflective of the
increased number of interactions occurring between 5FU and
the Beta framework due to the smaller pore size. However, it is
far more likely to be due to the different methodologies
employed, where 5FU in Beta was modelled using CVFF force-
fields and calculations for 5FU in faujasite were based on QM
methods, so any direct comparisons are not valid (and were not
the goal of our particular adsorption calculation), and we lend
more credence to QM methods.

Comparison of the rates of motion and the interactions
present, probed using RDFs, indicates that diffusion plays a
more dominant role than desorption for drug release kinetics.
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We note that in our release measurements, the system with more
adsorption sites gave a relatively faster rate of drug release,
indicating that another factor is responsible for reducing the
release rate in the H-Beta180-5FU system, particularly given the
strong adsorption energies calculated by Fischer for 5FU adsorp-
tion to acid sites; as large as —183 kJ mol~".*> Our subsequent
MD analysis indicates that increasing the drug-drug interac-
tions, which increase with drug loading level, significantly
impedes 5FU dynamics. The observation is consistent with our
drug release measurements where H-Beta180-5FU both released
the drug more slowly and had 50% more drug loaded. It is
therefore likely to be the secondary effect of loading level and the
impediment that the resulting drug-drug interactions impose on
diffusion that is slowing 5FU release in this system, rather than a
direct effect of desorption from Brensted acid sites.

Drug diffusion in the Beta pore system appears to be a
process of dissolution (in our case, the breaking of drug-drug
interactions in the pore system) followed by diffusion, since the
Weibull model provided the best fit to the data over various
drug release models (a comparison of fittings to different
release models is shown in ESI,{ Section S3.1, Fig. S7) and
our calculated Weibull b parameters of <1 are interpreted as a
decreasing or diminishing release rate, typical for diffusion-
controlled drug release. Our experimental (QENS) and mod-
elled systems with no water present showed that 5FU was not
diffusing a significant amount, thus the effect of solvent may of
course be important in determining drug release.

4. Conclusion

The controlled release of anticancer drug 5-fluorouracil (5FU)
from two zeolite H-Beta systems, one almost fully siliceous with
a Si/Al ratio of 180 (only 0.33 adsorption sites per unit cell)
and one with a Si/Al ratio of 19 (with 3 adsorption sites per
unit cell), was measured, and correlated with the molecular
behaviours and mobility rates of confined 5FU as probed by
quasielastic neutron scattering (QENS) and complementary
classical molecular dynamics (MD) simulations. Thermogravi-
metric analysis of the drug delivery systems showed that the
more siliceous system (H-Betal180-5FU) had a higher loading
capacity by a factor of ~ 1.5, which was counterintuitive as far
fewer adsorption sites are present in this system, and could be
attributed to the presence of fewer H-bonded/immobilised 5-FU
(or indeed solvent) molecules in the pore system, resulting in
a lower hindrance to uptake. The higher drug loading in the
H-Beta-180 system had direct consequences in the drug release
measurements, with approximately a factor of 1.5 more drug
being released from the H-Beta-180 system compared to H-Beta-
19 over the measurement time. While the total amount of drug
released was higher from the H-Beta-180 system, the relative
release rate was faster from the H-Beta-19 system (giving a Weibull
model scale parameter of a = 0.055 min ' for H-Beta19-5FU
compared to 0.042 min~" for H-Beta180-5FU). This observation
was again rather counterintuitive given that the H-Beta-19 has a
much higher quantity of strongly adsorbing Brensted acid sites,

10326 | J Mater. Chem. B, 2025, 13,10314-10330

View Article Online

Paper

but supports the suggestion that the drug could be diffusing in a
less hindered fashion through the pore network of H-Beta-19 due
to less steric hindrance (or molecular ‘crowding’) and 5FU-5FU
interactions, given the lower loading level of 5FU in H-Beta-19,
enabling increased mobility to diffuse out of the zeolite.

Quasielastic neutron scattering experiments investigated the
dynamical behaviour of loaded 5FU on the nanoscale. No long-
range translational movement on the timescale of the instrument
(~300 ps) was observed; however, confined diffusion of the drug
within a sphere (with a radius matching that of the intersections
between the Beta channels) was observed in both systems, with the
EISF fitting to the Volino-Dianoux model of confined diffusion,
with a slightly higher mobile fraction in the H-Beta19-5FU system
than the H-Betal80-5FU system (with a 6% and 4% fraction of
molecules observed respectively). This difference is likely related to
the aforementioned higher loading in the H-Beta180-5FU system
and resulting steric hindrance to mobility due to molecular
‘crowding’. The broadenings of the QENS spectra fit to a confined
jump diffusion model supporting the conclusion of confinement
to the channel intersections, with similar localised diffusion
coefficients extracted for the observably mobile molecules in both
systems. Classical MD simulations were used to reproduce QENS
observables, such as the intermediate scattering function and the
EISF, while angular correlation functions were used to quantify
rotational rates. The same Volino-Dianoux model of confined
diffusion was the best fitting model to the MD generated EISFs
giving similar trends in mobile fraction with loading to those
observed experimentally. Increasing the drug loading significantly
reduced rotational motion due to increased occurrences of favour-
able 5FU-5FU interactions in the pore system as probed by RDF
analysis, even though the strongest 5FU-zeolite interactions, and
the strongest 5FU-5FU H-bonds were disturbed by the presence of
a higher quantity of these favourable intermolecular interactions
at higher loadings. The increased 5FU-5FU interactions at higher
molecular loadings and resulting decreases in mobility, both in
the MD simulations and QENS experiments, support the explana-
tion of the faster release rate of 5FU from the H-Beta-19 zeolite
being due to increased freedom of mobility in the pore system due
to the lower level of molecular loading compared to H-Beta-180,
despite the larger concentration of adsorption sites.

The study highlights the complex interplay between zeolite
composition, loading level, molecular mobility and resulting release
profiles — presenting the critical role of drug-drug interactions in the
pore system upon confinement in microporous materials such as
zeolites which may be used for controlled release dosage forms.
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