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This study investigates the controlled release of the aminomethylenebisphosphonates from a calcium-
exchanged zeolite carrier and explores the influence of compound structure on sorption and release
profiles. Thirteen bisphosphonates (BPs), including risedronate (RSD), were tested for their sorption
capacity and release behavior in simulated body fluid (SBF). Sorption studies revealed that BPs with
iodine, methyl, and benziothiazole groups (BP5, BP6, and BP12) exhibited high sorption rates (>50%),
while compounds containing bromine or chlorine displayed lower sorption capacities. Release
experiments demonstrated that RSD, BP5, and BP6 followed a sustained release profile, while BP12
showed an initial burst followed by a tapering release. The density functional theory (DFT) calculations
provided further insight into the adsorption mechanisms, highlighting the role of dispersion interactions
and electrostatic bonding with calcium ions. The use of zeolite carriers reduced the toxicity of drugs
towards human fibroblast BJ cells. The effect of the carrier addition on osteosarcoma 143b cells was
also determined; some of the drugs did not lose their activity in relation to them after being placed on
the carrier. These findings suggest that calcium-exchanged zeolite carriers can effectively facilitate the
controlled release of BPs, offering potential for applications in osteoporosis treatment by maintaining
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1. Introduction

Bisphosphonates (BPs), a class of drugs with a high affinity for
hydroxyapatite, have been widely used in the treatment of
various bone-related disorders. While they are primarily asso-
ciated with osteoporosis management, their therapeutic
potential extends beyond this condition. These compounds
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therapeutic levels over extended periods.

play a crucial role in managing skeletal complications in
metastatic bone disease, multiple myeloma, and Paget’s dis-
ease of bone." Moreover, BPs have been explored for their
potential in treating bone sarcomas, particularly osteosarcoma,
where they exhibit anti-tumor effects by inhibiting osteoclast-
mediated bone resorption and tumor-induced osteolysis.>?
Additionally, emerging evidence suggests their efficacy in con-
ditions such as fibrous dysplasia and hypercalcemia of malig-
nancy, broadening their scope of clinical application."*
Osteosarcoma is the most common primary malignant bone
tumor, predominantly affecting adolescents and young adults.
Standard treatment involves neoadjuvant chemotherapy,
surgical resection, and adjuvant chemotherapy, yet survival
rates remain low for patients with metastatic or recurrent
disease." Recent studies suggest that BPs, particularly
nitrogen-containing derivatives like zoledronic acid and alen-
dronate, may have therapeutic potential beyond bone resorp-
tion inhibition. These compounds exhibit anti-tumor activity
through multiple mechanisms, including inhibition of
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osteoclast-mediated bone resorption, suppression of angiogenesis,
and induction of apoptosis in osteosarcoma cells.> Moreover, BPs
interfere with tumor-induced osteolysis by attenuating the expres-
sion of receptor activator of NF-kB ligand (RANKL) and monocyte
chemoattractant protein-1 (MCP-1), key factors involved in the
recruitment and activation of osteoclasts.” Despite promising
preclinical results, clinical trials evaluating the addition of BPs to
conventional chemotherapy regimens have yielded mixed results,
highlighting the need for further investigation into their role as
adjuvant therapies in osteosarcoma treatment.”

While BPs have been extensively studied in osteosarcoma
and other malignancies, their most well-established application
remains osteoporosis treatment. Osteoporosis, characterized by
a decrease in bone mineral density and structural imbalances
within bone tissue, increases the risk of fractures, particularly in
vulnerable areas such as the vertebrae, hip, and wrist.®” Treating
and preventing osteoporosis, which affects millions of indivi-
duals in the European Union, involves lifestyle changes, proper
nutrition, and, in some cases, medication to address this sig-
nificant health concern, especially among older adults.®

The use of BPs, like alendronate and risedronate, as the
preferred initial treatment for osteoporosis is due to their
ability to inhibit osteoclast activity, maintaining bone density
and reducing fracture risk. Beyond osteoporosis, these medica-
tions are also utilized in treating conditions like Paget’s disease
and preventing bone complications in specific cancers, typically
taken orally or via intravenous administration.”*’

BPs have a high affinity for binding to hydroxyapatite
(a component of bone) due to their structural properties,
specifically the presence of phosphate groups that allow them
to interact with the calcium ions in hydroxyapatite crystals.'*
This interaction leads to adsorption and eventual incorporation
of BPs into the bone matrix, contributing to their effectiveness
in treating these conditions. Recent research indicates that the
effectiveness of BPs in mineral binding is influenced not just by
the P-C-P structure but also by the R2 side chains, with
nitrogen-containing BPs like alendronate and risedronate exhi-
biting notably higher potency compared to their counterparts
without nitrogen.">** The structural composition of BPs plays
a crucial role in their interactions with hydroxyapatite, influen-
cing factors such as uptake, retention by bones, internal diffu-
sion, and release mechanisms of the drug, as revealed by
established structure-activity relationships.'™*

The challenges associated with the oral administration of
BPs, attributed to their low bioavailability and absorption
limitations in the proximal duodenum, necessitate specific
guidelines for optimal intake.'® These guidelines recommend
taking the medication at least 30 minutes before the first meal,
avoiding concomitant ingestion with food or other medications
rich in divalent cations, and maintaining an upright posture
during and after ingestion to minimize gastrointestinal side
effects."” The first adverse reaction that appears is gastrointestinal
irritation, leading to symptoms such as heartburn, esophageal
irritation, stomach pain, nausea, and difficulty swallowing.'?
Besides gastrointestinal issues, potential adverse reactions to
BPs include bisphosphonate-related osteonecrosis of the jaw,
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characterized by non-healing exposed bone in the facial region,
and an increased risk of atypical femur fractures with long-term
use, reinforcing the importance of cautious administration and
monitoring.'#2°

Considering the challenges linked to BP oral intake, novel
carriers and active substances are being sought that, when
combined, could offer a competitive and more efficient
approach in combating osteoporosis. Zeolites are versatile
biocompatible materials known for their three-dimensional
microporous structure, showcasing diverse biomedical applica-
tions such as biomolecule separation,® drug delivery,>*>*
wound dressing,>® and biosensor construction.”®*” In addition
to their documented properties as drug carriers, zeolites have
recently emerged as promising materials in bone tissue engi-
neering. Their porous structure and cation-exchange capacity
support osteoblast adhesion and growth, while their similarity
to bone mineral makes them suitable for implant coatings and
bone regeneration strategies.”* *° Zeolites have been success-
fully investigated as scaffold materials due to their porous
structure and ability to promote osteoblast adhesion, prolifera-
tion, and differentiation.>®*° They also exhibit osteoconductive
and osteoinductive properties, making them promising candi-
dates for implant coatings.”® Furthermore, in vitro studies have
confirmed their ability to enhance the proliferation and miner-
alization of pre-osteoblastic MG-63 cells, underlining their
relevance in bone tissue engineering.”® This study centers on
zeolite type X, characterized by sodalite cages, and a Si/Al ratio
between 1 to 1.5, which exhibits underexplored potential as a
drug carrier. Previous research utilized this zeolite for BP
delivery by leveraging its calcium-exchanged form, demonstrat-
ing sustained drug release over 100 hours without a burst
release effect.>! Previous studies available in the literature have
focused solely on commercial bisphosphonates (zoledronate
and risedronate) and have not extensively addressed the impact
of the molecular structure on their sorption onto the zeolite
surface.”***> Moreover, these studies did not investigate the
effect of zeolite X, either before or after drug loading, on cells,
indicating that this research area has not yet been fully
explored. Further exploration involving different API and car-
rier combinations is deemed crucial, as varying configurations
can significantly influence drug release profiles and retention
amounts, potentially broadening the scope of drug delivery
applications in areas like intravenous delivery, scaffold deliv-
ery, and implant delivery using zeolite carriers. The compounds
selected for this work, previously tested for their affinity to
hydroxyapatite (the main bone-building material), showed that
all twelve aminomethylenebisphosphonates had equal or stron-
ger affinity for hydroxyapatite compared to the control com-
pound RSD.">*?

The aim of this study is to investigate the controlled release
properties of aminomethylenebisphosphonates from a
calcium-exchanged zeolite carrier, providing insights into their
potential for sustained therapeutic applications. Additionally,
the study evaluates the sorption and release behavior of these
BPs on the zeolite carrier. New calcium zeolite drug carriers
with various BP drugs were extensively characterized and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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work attempted to determine the effect of drug structure on
sorption both experimentally and computationally. Addition-
ally, cell studies were conducted to determine the toxicity and
the effect of the carrier on the retention of drug activity.

2. Materials and methods

2.1. Materials

Sodium risedronate (RSD), tris(hydroxymethyl)Jaminomethane
(998%) (TRIS), and sodium zeolite 13X (Na-X, ~2 pm average
particle size) were obtained from Sigma-Aldrich (Steinheim,
Germany). Hydrochloric acid (36-38%), calcium chloride and
sodium chloride (99%) were obtained from POCh (Gliwice,
Poland). Each solution was prepared using ultrapure water
(Arium® Pro Ultrapure Water System, Sartorius, Géttingen,
Germany). Twelve aminomethylenebisphosphonates used in
this study (Table 1) were prepared according to the procedure
described previously."?

2.2. Ion exchange

Ion exchange was performed on Na-X zeolite (4 g) by mixing it
with 70 ml of a 0.5 M solution of a calcium chloride for 24
hours, followed by centrifugation and repeated washing with
distilled water. This procedure was repeated three times. The
resulting material was then dried at 100 °C for 24 hours,
mirroring the preparation process outlined in the previous
publication.>?

2.3. BP sorption

The zeolite samples (20 mg) were placed in polypropylene tubes
and exposed to a solution of BPs (0.7 mM) in TRIS buffer. After
a week, the sorption level was assessed, with additional weekly
stages conducted if sorption exceeded 50%. Several BPs under-
went three sorption cycles, involving shaking with a laboratory
rotator mixer, centrifugation at 4000 rpm for 10 minutes, and
analysis of sorption through UV spectroscopy on the centri-
fuged liquid.

2.4. BP release

The zeolites containing the sorbed BPs were immersed in 5 ml
of simulated body fluid (SBF) with a pH of 7.4, prepared based
on the method outlined by Kokubo et al.’® SBF included in its
composition (grams per 1000 ml of SBF): NaCl (8.035), NaHCO3
(0.355), KCI (0.225), K,HPO,-3H,0 (0.231), Na,SO, (0.072), TRIS
(0.6112), and HCI. The amount of BPs released was measured
after different time periods up to 198 h using UV-VIS spectro-
scopy. Before each measurement, the samples were centrifuged
at 4000 rpm for 10 minutes followed by replenishing the SBF to
ensure a fresh ion supply.

A new batch of SBF was prepared weekly to ensure its
integrity and consistency throughout the experiment.*’

To further investigate the mechanisms underlying the
observed release behavior, the experimental data were fitted
to three commonly used kinetic models: pseudo-first-order
(one-phase decay), Higuchi, and Korsmeyer-Peppas. Non-
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linear regression was performed using GraphPad Prism, and
model fits were evaluated based on the coefficient of determi-
nation (R%).

2.5. Scanning electron microscopy (SEM)/energy dispersive
spectroscopy (EDS)

The scanning electron microscope VEGA3 (TESCAN, Czech
Republic) was utilized to capture images of the obtained
materials. This apparatus is also equipped with an energy dis-
persive X-ray spectroscopy (EDS) device (Bruker, UK). EDS was
employed to analyze the elemental composition of the samples.

2.6. X-ray diffractometry (XRD)

The sample was examined by X-ray diffraction using a D8 Advance
diffractometer (Bruker, UK) with a LynxEye detector. XRD mea-
surements were performed using a non-monochromatic Cu-Ko
beam in the Bragg-Brentano 0-20 geometry with a Ni filter.

2.7. Elemental analysis

The measurements were conducted using a FLASH 2000 ele-
mental analyzer. Samples, each weighing approximately 2 mg,
were placed in tin capsules and introduced into the reactor via
an autosampler, along with a precisely measured amount of
oxygen. After being combusted at temperatures ranging from
900 to 1000 °C, the resulting flue gases were carried by a helium
flow to the reactor’s secondary furnace, which was filled with
copper. The gases then passed through a water trap and into a
chromatographic column, where they were separated into
individual components. The separated gases were then
detected using a thermal conductivity detector.

2.8. UV-VIS spectroscopy

The measurements were conducted in the range of 210-400 nm
using a UV-VIS spectrophotometer (JASCO V-630, Japan) for the
determination of the compound concentration during the
sorption and release process. The quantitative assessment
was performed based on the calibration curve method at the
absorbance maximum for each BP (absorption properties of the
tested compounds are summarized in Table 2).

2.9. Density functional theory calculations

To investigate the adsorption of BP drugs in calcium-exchanged
zeolite X (CaX) on an atomistic level, density functional theory
(DFT) calculations were carried out. The structure model of CaX
used is the same as in our previous work (unit cell composition
Cay4[AlggSii040344]).*" Out of all BPs, the species BP3, BP5, BP6,
and BP7 were considered in the calculations. For each BP, a
preliminary conformational screening was done using the
conformers module of the DS BIOVIA Materials Studio suite,
using the COMPASSIII force field.*” Ten low-energy conformers
were then optimized according to the DFT protocol outlined
below. The lowest-energy conformer of each BP was inserted into
the zeolite pores and different adsorption configurations were
generated using a simulated annealing approach, which combined
the Adsorption Locator and Forcite modules of Materials Studio
and used, again, COMPASSIII parameters. From the collection of
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Table 1 Structures of bisphosphonates (BPs) used in this study
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No. Compound name Compound structure Ref.
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Table 1 (continued)
No. Compound name Compound structure Ref.
i o
H

NeNH P

BP 12 N-(1,3-Benzothiazol-2-yl)amino-methylene-1,1-bisphosphonic acid \// /OHOH 10
s P
II™oH

configurations generated in this way, eight low-energy configura-
tions were extracted and optimized using DFT.

All DFT optimizations used the Quickstep code*® that is
integrated in the CP2K package* version 2024.1. The calcula-
tions used the dispersion-corrected B97-D3 functional.**™*” In
the Gaussian and plane wave (GPW) approach implemented in
Quickstep, and “molecularly optimized” (MOLOPT)*® basis sets
of triple-zeta quality (TZVP-MOLOPT) were employed together
with a planewave cutoff energy of 900 Ry for the finest integra-
tion grid. Goedeker-Teter-Hutter pseudopotentials devised by
Krack were used to represent core electrons.”® All atomic
coordinates were fully optimized, fixing the cell parameter of
CaX to the optimized value obtained for the guest-free system
(cubic cell, @ = 25.157 A). After optimizing a given BP@CaX
configuration, the adsorption energy was calculated by sub-
tracting the DFT total energies of CaX and BP from the total
energy of the combined system:

AEadS = EDFT(BP®CQX) — EDFT(CaX) — EDFT(BP)

For each BP, the averaged adsorption energy AE,qs was
calculated using a Boltzmann averaging (T = 298 K) over all
eight configurations, as done in earlier work.>® For the lowest-
energy configurations, the relative contribution of dispersion
interactions to the total adsorption energy was also calculated.

2.10. In vitro cytotoxicity studies

Human fibroblasts B] (ATTC CRL-2522) and osteosarcoma 143b
(ATCC CRL-8303) were purchased from LGC Standards
(Eomianki, Poland) and maintained in Eagle’s minimum essen-
tial medium (EMEM) or Dulbecco’s modified Eagle’s medium
(DMEM), respectively, supplemented with 10% (v/v) foetal
bovine serum (FBS) from Pan Biotech (Aidenbach, Germany).
For each experiment 2 x 10" cells were plated onto 96-well
plates and incubated overnight followed by 48 h or 72 h
treatment with appropriate amounts of free BPs or BPs with
zeolite carriers (final concentration of the BPs: 10-100 pM).
Similar experiments were performed using RSD and RSD with
zeolite carrier. The viability of the cells was then analysed using
a neutral red uptake test,”" as described previously. The cellular
morphology was documented with an inverted microscope
(Nikon Eclipse, Nikon, Tokyo, Japan) connected to a ProPad-5
camera (Euromex, Duiven, Netherlands).

2.11. Statistical analysis

Statistical analysis was carried out for all the obtained results.
Sorption and BP release experiments were performed as five

© 2025 The Author(s). Published by the Royal Society of Chemistry

independent repetitions and three technical repetitions if
necessary. A statistical significance of differences between the
means of the samples was determined by one-way ANOVA for
sorption and two-way ANOVA for desorption, followed by
Dunnett’s multiple comparisons test with a 5% significance
level. The calculations were performed using GraphPad Prism
v10 (GraphPad Software, LLC, San Diego, CA, USA).

For in vitro cytotoxicity studies, statistically significant dif-
ferences between the cytotoxicity of BP/RSD and BP/RSD with a
carrier were evaluated using one-way ANOVA followed by
Tukey’s post hoc test by GraphPad Prism 7.0 Software. Each
sample was analysed in three separate experiments, with 5
wells per tested concentration (n = 15).

3. Results and discussion

The compounds selected for this work had previously been
tested for their affinity to hydroxyapatite (the main bone-
building material). All twelve aminomethylenebisphosphonates
showed equal or stronger affinity for hydroxyapatite compared
to the RSD."*? This high affinity to hydroxyapatite highlights
their potential as future drugs for osteoporosis treatment,
making them suitable candidates for this study.

The sorption capacity of zeolite differed depending on which
BPs were sorbed (Fig. 1). Analyzing the sorption results for the first
week, we can distinguish two groups of compounds: those that
sorbed strongly (above 80%), i.e. BP5, BP6, BP12, and RSD, and
those that sorbed weakly (below 50%). In this group, we can also
find compounds that underwent minimal sorption, ie. BP1, BP7
and BP8 (sorption below 10%). During the first week of the
sorption process, the concentration of BPs was monitored. Initi-
ally, some solutions showed lower concentrations, indicating
higher sorption. However, the concentration gradually increased
daily, resulting in a high BP concentration after one week, reflect-
ing lower overall sorption. In none of the analyzed samples did the
concentration exceed 50%. For further studies on release, only
compounds that adsorbed more than 50% on the calcium zeolite
were selected. The results of sorption are presented in Fig. 1.

BPs from the first group underwent additional sorption with
subsequent doses of compound. BP12 maintained a consistent
sorption level in the following two weeks compared to the first
week, while BP5 exhibited a sorption level comparable to RSD
only during the first week. The remaining compounds exhib-
ited lower sorption rates. However, after three cycles, all four
BPs were sorbed at over 50%. BP12 has a benziothiazole group
instead of a pyridine ring, leading to a beneficial effect as its

Mater. Adv., 2025, 6, 5269-5285 | 5273
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Table 2 Absorption properties of the tested compounds
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only the four most strongly sorbed compounds were analyzed, the
differences remained significant, though less pronounced (F; ;¢ =

Compound Jomax Emax Amax £max

44.27, p < 0.0001 for the second week and F; ;6 = 18.98, p <
RSD 262 3143 : :
BP1 a4 11646 3155 4320 0.0001 for the t.hll‘d week).. When .the total sorption over three
BP2 243 10480 311 5817 weeks was considered, statistical differences among compounds
BP3 246 9166 310.5 4331 were also confirmed (F; ;6 = 26.21, p < 0.0001). Post hoc analyses
BP4 246 13611 323 5371 : , : : — indi
BPS 246 9097 g €046 u'sm'g' Dunne.tt s multiple compar}sons test (¢ = 0.05) indicated
BP6 254 14526 325.5 1257 significant differences for the main compound effect. Most BPs
BP7 256 15623 323.5 2594 exhibited significantly different sorption profiles compared to the
BPS 254 17954 323.5 2949 i
BPY o1 13634 314 1297 st.andard compound RSD..However, BP5 show.ed no significant
BP10 256 12,857 317 2914 difference from RSD only in the first week, while BP6 and BP12
BP11 241.5 16229 344 5566 sorbed at comparably high levels throughout the study, with BP12
BP12 224 21680 280 11463

sorption onto the zeolite carrier was achieved at a higher level
compared to RSD. BP5 and BP6, containing iodine and two
methyl groups, respectively, within the pyridine ring, exhibited
a high level of sorption for these compounds. The compounds
that were sorbed to the lowest extent contained bromine and
chlorine in their structure.

The sorption of twelve BPs (BP1 to BP12) and RSD on calcium
zeolite was evaluated using a one-way ANOVA. The results demon-
strated significant differences among the tested compounds,
confirming that the type of BP significantly influenced the sorp-
tion percentage. During the first week, statistical analysis revealed
a highly significant effect of compound type on sorption values
(Fi2,42 = 1559, p < 0.0001). In the second and third weeks, when

consistently maintaining the same sorption level in each week.
The results of sorption were further validated using EDS,
which characterized the zeolite both before and after drug
sorption. The purpose of the measurement was to determine
whether phosphorus ions, which indicate the presence of
drugs, were present in the tested samples. Only samples BP5,
BP6, BP12 and RSD showed significant amounts of phosphorus
(Table 3) which confirmed the presence of phosphorus in the
samples, indicating successful drug retention by the zeolite
carrier. There is more of it on the surfaces of RSD and BP12
than on the surfaces of BP5 and BP6. Importantly, for the BP12
sample, the repeatability of the results is very low. It can be
assumed that the drug is not evenly distributed throughout the
zeolite carrier. The higher phosphorus content detected by EDS
for RSD and BP12 compared to BP5 and BP6, despite similar

®) Second week of sorption

Py

*EEE
a) First week of sorption 100+
Ra s 80
xen R
P : 60
o
o ! 2 d .
P 1 £ 409 Total sorption
EEE ”n 20 -
EEx
rerx 0- warx
e BP5 BP6 BP12 RSD 100+
cane o . ) 80
Aioz Third week of sorption 9
” g 60
N
s 2 404
= 100 > 53
=4
S 50 20+
5 80 T
3 = -
» g
2
5
o :,g,- 40
20
0

BP5 BP6 BP12 RSD

Fig. 1 Sorption of bisphosphonates (BPs) on the zeolite carrier over time. Sorption experiments were conducted over consecutive weeks. In the first
week (a), all BPs (BP1-BP12) and risedronate (RSD) were tested. Only four compounds (BP5, BP6, BP12, and RSD) exhibited sorption above 50%.
Consequently, only these four compounds were further analyzed in the second (b) and third (c) weeks by adding another portion of BPs to the system. In
panel (d), the total sorption over three weeks was calculated by summing the values from all measurement points. Data are presented as mean + SE (N =
5). A one-way ANOVA was conducted to examine differences in sorption values, followed by Dunnett's multiple comparisons test (¢ = 0.05). Statistically
significant differences are indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Table 3 Phosphorus content in the tested materials determined on the
basis of EDS results

Compound Phosphorus content [at%]
CaX 0

RSD 3.36 £ 0.59
BP1 0

BP2 0

BP3 0

BP4 0

BP5 0.85 £ 0.45
BP6 0.20 £ 0.09
BP7 0

BP8 0

BP9 0

BP10 0

BP11 0

BP12 3.49 + 6.59

sorption efficiencies, may result from differences in surface
coverage or layer thickness. While RSD and BP12 likely form
more compact or homogeneous layers on the zeolite surface,
BP5 and BP6 may create thinner or more dispersed layers,
leading to a weaker phosphorus signal in EDS analysis.

SEM images were also taken for the materials that retained
the drug and are presented in Fig. 2 and ESL{ Fig. S1-S4.
All materials show structures characteristic of zeolite. In the

Fig. 2 SEM photos of the tested materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 X-ray diffraction (XRD) patterns of calcium-exchanged zeolite
(CaX, black) and CaX after BP12 loading (blue).

case of the BP12 material, additional structures can be noticed.
These are elongated, hexagonal crystals that indicate that the
drug is not only retained on the carrier but also creates metal-
organic structures.”® The hexagonal morphology rules out the
possibility that these are larger zeolite particles, as the zeolite
framework is cubic and does not crystallize in a hexagonal
form. This explains the lack of reproducibility of the results in
EDS analysis and may have a significant impact on the drug
release profile.

The formation of new crystalline structures was also con-
firmed using X-ray diffraction (XRD) (Fig. 3). A comparison of
the material before drug sorption (CaX) and after sorption
(BP12) clearly indicates the formation of additional crystalline
phases (Fig. 4). In the case of BP12, several additional diffrac-
tion peaks are visible, clearly suggesting that the drug is not
only present on the surface of the zeolite but also exists as a
separate, crystallized structure. These results are consistent
with the SEM analysis and indicate the presence of an addi-
tional crystalline phase for this compound.

Another technique used to characterize the material was
elemental analysis (Table 4). On this basis, it was also possible
to confirm that the most drug was retained by BP12, and the
least by BP6, and these results are consistent with the UV and
EDS analysis.

The DFT calculations considered two BPs that are strongly
adsorbed in the zeolite (BP5 and BP6) and two others for which
adsorption is negligible (BP3 and BP7). We note that pairs of
BPs are structurally similar: BP5 differs from BP3 by one
additional methyl group and BP6 and BP7 differ only in the
halogen substituent (BP6: iodine; BP7: bromine). The averaged
adsorption energies are tabulated in Table 5, together with the
relative contribution of dispersion interactions. Even though
the AE,q4s values computed for the strongly adsorbed BPs are
somewhat more negative than for the non-adsorbed ones, it is
more noteworthy that all adsorption energies fall in a relatively
narrow interval of about 30 k] mol ", varying from —366 for

Mater. Adv,, 2025, 6, 5269-5285 | 5275
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Fig. 4 Left: DFT-optimized lowest-energy configuration of BP6 in CaX. For clarity, the zeolite framework is displayed using grey tetrahedra, Ca>* cations
are shown as green spheres. Ca---O bonds are highlighted with arrows, hydrogen bonds are shown as light black lines. Projection along [110]. Right:
Zoomed-in view of the local environment of BP6, emphasizing close contacts to framework atoms. The Ca- - -O and hydrogen bond distances are given in A.

Table 4 Elemental analysis of carriers before and after drug sorption [wt%]

Compound N% C%

CaX 0 0.04 + 0.01
RSD 3.46 £ 0.54 12.71 £ 1.63
BP5 3.86 £+ 0.20 11.91 £+ 1.18
BP6 3.54 + 0.05 11.40 £ 0.10
BP12 4.78 £ 0.04 13.99 £ 0.11

BP3 to —398 kJ mol ' for BP6. In particular, the adsorption
energies of BP5 and BP7 fall very closely together, despite their
qualitatively different adsorption behaviour. Thus, it has to be
concluded that the observed, intricate differences in adsorption
energy should not be overinterpreted, especially when consid-
ering the simplifications that are being made in the DFT
calculations (for example, the neglect of water co-adsorption).
We can primarily infer from these calculations that the strength
of the host-guest interactions that is reflected in the adsorption
energy does not, on its own, determine which BPs are adsorbed
by the zeolite. It seems more likely that the experimentally
observed differences in the adsorption behaviour of different
BPs are the result of a complex interplay of factors that may
include diffusion limitations, surface effects, and pore block-
age by competitive water adsorption.

Dispersion interactions play an important role in stabilising
the adsorbed BP molecules in the zeolite pores, with the relative
contribution of dispersion interactions to the total adsorption
energy varying from 0.45 to 0.55. Interestingly, this contribution is
reduced for those two species that are strongly adsorbed by CaX,
BP5 and BP6. This is a rather surprising observation, as the

Table 5 DFT results: Boltzmann-weighted adsorption energies and rela-
tive contribution of dispersion interactions (AE,qs) to the adsorption
energy of the lowest-energy configuration

AEacls [kJ mOlil] AE(:Iisp/AEads

BP3 —366 0.53
BP5 —389 0.48
BP6 —398 0.45
BP7 —385 0.55
5276 | Mater. Adv., 2025, 6, 5269-5285

presence of the additional methyl group on BP5 and of the heavier
iodine substituent on BP6 should generally tend to increase the
contribution of dispersion in comparison to BP3 and BP7, respec-
tively. In order to understand contributing factors beyond disper-
sion for a representative case, the lowest-energy configuration of
BP6 adsorbed in CaX was visualized and analyzed in more detail.
As is visible in the left panel of Fig. 4, the two phosphonic acid
groups of the BP6 molecule interact with two Ca>" cations on one
side of the supercage (highlighted by arrows). The remaining part
of the molecule protrudes across the supercage. The distances
between the Ca®" cations and the nearest BP6 oxygen atoms are on
the order of 2.3 A, somewhat shorter than the sum of ionic radii of
2.35 A,%® and thus indicative of a strong electrostatic interaction
(Fig. 4, right panel). Besides, there are two fairly short hydrogen
bonds from OH groups of BP6 to framework oxygen atoms (black
lines in Fig. 4). Although the lowest-energy configurations of BP3,
BP5, and BP7 adsorbed in CaX differ in some respects, they all
include two short Ca: - -O bonds (on the order of 2.3 A) and at least
two hydrogen bonds to framework oxygen atoms. This shows that,
besides ubiquitous dispersion interactions, strong electrostatic
interactions with the Ca®" cations and hydrogen bonds contribute
to the stabilization of the BP molecules in the zeolite pores.

While sorption provides crucial information about the
drug’s interaction with the carrier, investigating desorption is
equally important for evaluating the release profile, which is
key to the material’s potential for controlled drug delivery. The
cumulative release of RSD and three BPs (BP5, BP6, BP12) from
a calcium zeolite carrier in SBF is presented in Fig. 5. A two-way
ANOVA was conducted to examine the effects of BP type and
time on the cumulative release values. The results showed
significant main effects for both the compound type (Fss07 =
2857, p < 0.001), and the time period (Fzg9s07 = 134.3, p <
0.001), as well as significant interaction effects (Fy17 507 = 17.60,
p < 0.001). Dunnett’s multiple comparisons test with a sig-
nificance level of 0.05 indicated significant differences for the
main compound effect. The test showed that there were sig-
nificant differences between RSD and BP6 (p < 0.001) and
between RSD and BP12 (p < 0.001), but there was no signifi-
cant difference between RSD and BP5 (p = 0.972).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Desorption of the BPs from the calcium zeolite carrier. The value
presented as a percentage represents the percentage of the released
compound calculated relative to the adsorbed amount. BP12 showed the
highest cumulative release (~40%), characterized by a burst release phase
in the first 12 h, likely due to surface crystallite desorption. In contrast, BP5
and RSD exhibited more gradual release profiles (~20% and ~ 18%, respec-
tively), while BP6 displayed minimal release (~17%) and plateaued early.
Data are presented as mean + SD (N = 5), with the dotted lines representing
the standard error of the mean. A two-way ANOVA was conducted to
examine the effects of BP type and time on the cumulative release values.
Dunnett's multiple comparisons test with a significance level of 0.05
indicated significant differences for the main compound. Detailed statistical
analysis and post hoc comparisons are provided in the text.

The analysis revealed significant main effects for both BP
type and time, as well as a significant interaction effect. The
obtained results indicate that the type of BP has a significant
impact on the cumulative release. The BP12 release profile
suggests a less sustained release, with a more pronounced
initial release followed by a tapering off. This could lead to a
rapid achievement of therapeutic levels but might require more
frequent dosing or result in less prolonged efficacy. This release
profile results from the fact that there are two types of struc-
tures in the BP12 material. The first is the organometallic
structure, which can be seen in SEM photos, and the second
is the carrier-ion-drug system. The presence of elongated
hexagonal crystals observed in SEM images of the BP12-
loaded material suggests the formation of secondary drug
aggregates or organometallic crystalline phases outside the
zeolite framework. This structural phenomenon is likely
responsible for the burst release observed in the initial phase
of the release profile, as these crystalline domains may desorb
more readily or dissolve faster than molecules adsorbed within
the zeolite pores. This hypothesis was further supported by
XRD analysis, which revealed additional diffraction peaks in
the BP12-loaded sample. The release profile of the remaining
three BPs suggests a sustained release mechanism, with a
gradual increase over the duration of the experiment. This
can be beneficial for maintaining therapeutic levels over an
extended period. Similar to risedronate, BP5’s moderate release
is also suitable for sustained release applications. With the
lowest release rate, BP6 may be beneficial where even slower
and more prolonged drug release is required. The slower
release of BP6 as compared to BP5 goes hand in hand with a
(somewhat) more negative DFT adsorption energy (Table 5).
This indicates that the stronger interaction of BP6 with the
zeolites slows down guest molecule diffusion, thereby reducing
the release rate. Tuning the strength of host-guest interactions,
for example, through cation exchange may therefore enable a
modulation of the release behavior. Moreover, since only a

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Table 6 R? values for pseudo-first-order, Higuchi, and Korsmeyer—Pep-
pas models fitted to the release profiles of bisphosphonates

Pseudo-first- Higuchi Korsmeyer—
Compound order (R%) model (R%) Peppas (R?)
RSD 0.9355 0.7255 0.8082
BP5 0.8184 0.6693 0.7647
BP6 0.9272 — 0.65
BP12 0.9634 0.257 0.6782

“ The Higuchi model did not fit the BP6 data (R*> negative), and is
therefore omitted.

fraction of the adsorbed BPs was released during the experi-
mental period, the system shows promise for extended or
sustained delivery beyond the time frame of this study.

The kinetic profiles indicate that release behavior is
structure-dependent (Table 6). Among the tested compounds,
BP12 exhibited a strong fit to the pseudo-first-order model (R* =
0.96), which is consistent with its faster and less controlled
release, possibly due to partial crystallization. In contrast, BPs
such as BP5 and RSD showed Fickian diffusion behavior (n <
0.45 in the Korsmeyer-Peppas model), suggesting controlled
release from within the zeolite structure.”® These differences
underline the role of molecular structure in determining drug-
carrier interactions.

In our previous study,*® experiments were conducted invol-
ving the exposure of L. paracasei to different BPs, revealing a
notable impact on the assessed parameters. The obtained
results indicate that a close correlation exists between altera-
tions in cell membrane permeability and cell surface hydro-
phobicity, both of which are intricately linked to the toxicity
levels of the compounds under scrutiny. Cell growth was
significantly inhibited in the presence of BP9 and BP12. This
indicates that these compounds have the strongest negative
effect on the bacterial cells. The rest of the BPs, especially BP1
and BP5, can be considered as relatively mild compounds that
do not disturb the beneficial bacterial cells. These findings
suggest that the reduced cytotoxicity of BP5 and BP6 after
zeolite immobilization may support their safety in clinical
applications involving prolonged exposure, such as implant
coatings. In contrast, the retained activity of BP12, even when
loaded on the carrier, could be beneficial in settings where
localized antimicrobial or anti-inflammatory action is desir-
able. The distinct release profiles and selective cytotoxic effects
highlight the potential to tailor bisphosphonate-zeolite sys-
tems for different therapeutic contexts.

The next stage of the research was to determine the influ-
ence of the carrier on the biological properties of active sub-
stances — BPs. None of the tested drugs in a concentration
range from 10-100 puM were significantly cytotoxic for fibro-
blasts in vitro (viability >50%) (Fig. 6(a), (c), (e) and (g)). The
addition of a carrier has a significant influence on the proper-
ties of all active substances. For all substances it can be seen
that the addition of a carrier reduces their cytotoxic properties
towards fibroblasts (Fig. 6(a), (c), (e) and (g)). It is important
that the carrier influences the reduction of drug cytotoxicity to
health cells, so this should be considered a great advantage.
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Fig. 6 Comparison of the in vitro cytotoxicity of free BPs and BPs with zeolite carriers against human fibroblasts and 143b osteosarcoma cells. Panels (a,
c, e, g) show results for fibroblasts, and (b, d, f, h) for 143b cells, for BP5, BP6, BP12 and RSD, respectively. Bars represent mean viability + SD of cells
treated for 48 h or 72 h with 10—-100 pM of the indicated compound. ***p < 0.001; **p < 0.01; *p < 0.05.

Many studies show that BPs exhibit antitumor activity. This is
because they have the ability to inhibit key enzymatic pathways,
such as the mevalonate pathway. This pathway is suppressed due
to the ability of the BPs to inhibit farnesyl pyrophosphate
synthase. Additionally, the BPs possess antiangiogenic properties,
which hinder tumor development. Moreover, as mentioned in the
introduction, BPs are used in cancer therapies as agents prevent-
ing bone metastases. Therefore, their ability to kill cancer cells
remains crucial for effective therapy.> >’

5278 | Mater. Adv., 2025, 6, 5269-5285

As can be seen RSD showed significant cytotoxicity to the
osteosarcoma 143b cell line at all tested concentrations, espe-
cially following 72 h treatment (cellular viability <50%)
(Fig. 6(g)). The cytotoxicity of RSD towards osteosarcoma cells
is consistent with previous literature reports.*®*° Additionally,
in the case of risedronate loaded onto a carrier, increased
cytotoxicity against 143b cells can be observed after 72 hours
of cell culture compared to risedronate without a carrier,
particularly at lower concentrations of 10 uM and 20 uM

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Comparison of fibroblast and 143b osteosarcoma cell morphology, treated with free BP5 and BP5 with zeolite carrier for 72 h. Neutral red
staining; pictures are representative for three experiments; magnification 40x, scale bar = 100 pm.

(Fig. 6(g)). BP6 and BP12 were also significantly cytotoxic,
especially following 72 h exposure to the drugs at 50 uM and
100 pM (Fig. 6(d) and (f)). The cytotoxic effect of BP5 was less
pronounced (Fig. 6(b)).

Adding the zeolite carrier to BP5 and BP6 eliminated the
drug’s cytotoxic effects on osteosarcoma 143b cells at all tested
concentrations (Fig. 6(b) and (d)). For BP6 this can be related to
the very small amount of BPs released during the analysis. For
BP5 this is most likely related to the lower cytotoxicity of the
compound itself. In respect of BP12 the addition of the zeolite
carrier also decreased the cytotoxicity of the drug but the toxic
effect at 100 uM was still significant, reducing the percentage of
viable cells to ca. 50% (Fig. 6(f)). This observation aligns with
the release data, which showed the highest initial release
from this material. Based on the obtained results, it can be

© 2025 The Author(s). Published by the Royal Society of Chemistry

concluded that the material with the highest potential is CaX
loaded with RSD. This is because, in the presence of the carrier,
it demonstrated high biocompatibility with healthy cells and
significant cytotoxicity against osteosarcoma cells, even at low
concentrations (10 pM and 20 uM). The second material with
high potential is the material loaded with BP12. Unfortunately,
BP5 and BP6 lose their ability to kill osteosarcoma cells in the
presence of the carrier, which makes their practical application
impossible. The remaining obtained materials, in addition to
their application as drug carriers for osteoporosis treatment,
can be used for the preparation of scaffolds with anti-cancer
properties, as well as personalized zeolite-coated titanium
implants that prevent cancer recurrence after bone resection.
Analysis of cell morphology after treatment with the tested
compounds for 48 hours (ESL Fig. S5-S8) and 72 hours (Fig. 7-10)

Mater. Adv,, 2025, 6, 5269-5285 | 5279
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Fig. 8 Comparison of fibroblast and 143b osteosarcoma cell morphology, treated with free BP6 and BP6 with zeolite carrier for 72 h. Neutral red
staining; pictures are representative for three experiments; magnification 40x, scale bar = 100 pm.

confirmed the results of the cytotoxicity assay. The combination of
BP5 and BP6 with zeolites resulted in the loss of their anti-cancer
potential (Fig. 7, 8 and Fig. S5, S6, ESIt). In the case of BP12 (Fig. 9
and Fig. S7, ESIf), the combination of the drug with a zeolite
carrier reduced its anti-cancer activity but at 100 uM a significant
reduction in viable cells was still noticeable. Combination of RSD
with the zeolite carrier did not affect its anti-cancer effect but
significantly increased the number of viable fibroblasts (Fig. 10
and Fig. S8, ESIY).

4. Conclusions

This study provides new insights into the sorption and release
behavior of aminomethylenebisphosphonates using a calcium-
exchanged zeolite carrier. In contrast to earlier work> focusing

5280 | Mater. Adv., 2025, 6, 5269-5285

solely on commercial drugs, we evaluated a set of structurally
novel BPs, using RSD as a reference. The extended sorption
protocol (three weekly cycles) ensured high reproducibility and
system equilibration. Our findings reveal that subtle structural
variations between compounds can result in distinct binding
interactions and release kinetics. This comparative structure—
function analysis, supported by kinetic modeling, highlights the
importance of molecular design in optimizing drug-carrier sys-
tems and represents a significant step forward in the development
of targeted delivery platforms for bone-active compounds.

The zeolite carrier demonstrated a high sorption capacity for
certain BPs, with BP5, BP6, BP12, and RSD showing sorption
levels above 80% during the first week. This indicates strong
interactions between these BPs and the zeolite carrier, facilitat-
ing effective drug loading. Different BPs exhibited distinct
sorption and release profiles. BP12 showed the highest sorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Comparison of fibroblast and 143b osteosarcoma cell morphology, treated with free BP12 and BP12 with zeolite carrier for 72 h. Neutral red
staining; pictures are representative for three experiments; magnification 40x, scale bar = 100 pm.

levels, likely due to the presence of a benziothiazole group,
which enhanced its affinity for the zeolite carrier. SEM analysis
revealed the presence of large crystalline structures in BP12,
suggesting that, in addition to adsorption onto the carrier, the
drug also forms separate crystalline deposits. This variability in
drug distribution could account for the pronounced differences
in phosphorus content detected via EDS and may significantly
influence the release profile of BP12. The BPs containing iodine
and methyl groups (BP5 and BP6) also exhibited high sorption,
while those with bromine and chlorine showed lower sorption
levels. The release profiles of risedronate, BP5, and BP6 indi-
cated a sustained release mechanism, with gradual desorption
over time. The sustained release of RSD and BP5 makes them
suitable candidates for long-term management of conditions
like osteoporosis, where maintaining steady drug levels is

© 2025 The Author(s). Published by the Royal Society of Chemistry

crucial. Controlled release is beneficial for maintaining ther-
apeutic levels over extended periods, reducing the need for
frequent dosing. The BP6, with the slowest release rate, may be
advantageous in scenarios requiring extremely prolonged drug
delivery. BP12, however, exhibited a more pronounced initial
release followed by a tapering off, suggesting that it may be
suitable for applications requiring a rapid therapeutic onset,
but might necessitate more frequent dosing. Additionally, only
a portion of the adsorbed BPs was released during the study
period, indicating the potential for further prolonged drug
release over an extended duration.

The computational modeling (DFT) provided insights into
the adsorption mechanisms, highlighting the contributions of
electrostatic interactions, hydrogen bonding, and dispersion
forces in stabilizing the adsorbed molecules. The stronger
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interaction with BP6 as compared to BP5 might be responsible
for the slower release of BP6. Beyond this, the differences in
adsorption energy were too subtle to fully explain the large
differences in sorption behavior among several BPs. This
suggests that other factors, such as diffusion limitations and
surface effects, may also play significant roles. The addition of a
zeolite carrier reduced the cytotoxicity towards fibroblasts,
while RSD and BP12 retained strong activity against osteosar-
coma 143b cells, making them promising candidates for tar-
geted therapies. In contrast, BP5 and BP6 lost their cytotoxic
effects in cancer cells, limiting their potential application.

In conclusion, the use of calcium-exchanged zeolite carriers for
aminomethylenebisphosphonates offers promising potential for
controlled and sustained drug release, with significant impli-
cations for the treatment of osteoporosis and other related

5282 | Mater. Adv,, 2025, 6, 5269-5285

conditions. Additionally, their selective cytotoxic effects open
new possibilities for their application in cancer therapy, particu-
larly in osteosarcoma treatment. Further research is warranted to
explore the full scope of these carriers in diverse biomedical
applications. It should be emphasized that the presented results
are merely a proof of concept, and these studies require further
continuation. The release profiles may be influenced by various
factors such as a change in process scale, altered particle size, the
formation of layers on implant surfaces, or incorporation as part
of scaffolds. However, the results obtained so far are promising.
The key aspects—namely controlled release and the reduction of
cytotoxicity—confirmed in this study even after scaling up or
applying the material in a specific context, should remain
unchanged and clearly demonstrate the novelty and innovative-
ness of the presented materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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