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Abstract: Acridine and its derivatives (9-chloroacridine and 9-aminoacridine) are investigated here,
supported on FAU type zeolite Y, as a delivery system of anticancer agents. FTIR/Raman spec-
troscopy and electron microscopy revealed successful drug loading on the zeolite surface, while
spectrofluorimetry was employed for drug quantification. The effects of the tested compounds on
cell viability were evaluated using in vitro methylthiazol-tetrazolium (MTT) colorimetric technique
against human colorectal carcinoma (cell line HCT-116) and MRC-5 fibroblasts. Zeolite structure
remained unchanged during homogeneous drug impregnation with achieved drug loadings in the
18-21 mg/g range. The highest drug release, in the uM concentration range, with favourable kinetics
was established for zeolite-supported 9-aminoacridine. The acridine delivery via zeolite carrier is
viewed in terms of solvation energy and zeolite adsorption sites. The cytotoxic effect of supported
acridines on HCT-116 cells reveals that the zeolite carrier improves toxicity, while the highest effi-
ciency is displayed by zeolite-impregnated 9-aminoacridine. The 9-aminoacridine delivery via zeolite
carrier favours healthy tissue preservation while accompanying increased toxicity toward cancer
cells. Cytotoxicity results are well correlated with theoretical modelling and release study, providing
promising results for applicative purposes.
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1. Introduction

Along with novel anticancer drug design emerges a question of their stability, targeted
action and favourable efficiency in specific physiological conditions [1]. Due to the often
low specificity of drug delivery, there are issues regarding required drug dosage, effective
concentration level maintenance over prolonged periods, and healthy tissue-damaging
effects. A widely accepted route to overcome these issues is a specific drug carrier platform
for sustained delivery [2—4], which diminishes the harmful effect that the drug exerts on the
healthy tissue, provides dosage control, and attains optimal concentration. In addition to
liposomes and various polymeric materials, research on delivery platforms not only focuses
on versatile structures with modular performance, but also turns towards a quest for carriers
that could boost drug performance [5]. Biocompatibility, low toxicity and documented
activity against cancer cells make zeolites perfect candidates for carriers [6,7]. The potential
of zeolites in biomedicine relies on their high specific surface with substantial functional
centres and tunable structures with different pore sizes that could accommodate a variety
of drug structures. If the drug is retained by adsorption on the surface or encapsulation
within the pores, a targeted release in the body can be accomplished [8-10].
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A readily available and medicinally noteworthy aluminosilicate, clinoptilolite, is used
as a food supplement and widely tested as a drug carrier [9]. The adsorption capacity of
clinoptilolite can be enhanced by functionalization with surfactants, to overcome its unfa-
vorable hydrophilicity [11]. A few adlayers of surfactants may enhance drug loading [4]
but, in turn, may lead to instability of the carrier system affecting prolonged release. This is
why pharmaceutical recognition of neat and well-defined synthetic zeolites expressing a
higher purity degree of crystalline products is expected in the near future. Investigation
of detailed interactions in drug/support systems is a crucial prerequisite since it enables
particular delivery design and zeolite framework selection to shield healthy cells in the
tumour proximity. For this purpose, zeolite nanocarriers with increased permeability are
tested for drug encapsulation. Results show reduced or eliminated side effects [12], with
retained treatment effectiveness despite lower dosage [13].

It is vital to design drug delivery systems to meet specific criteria for anticancer drugs
since this field is a fast-growing one where novel drug propositions are constantly emerging.

Acridine derivatives are nitrogen heterocycles with substituted parent ring structures,
exhibiting various biological activities as anticancer, anti-inflammatory, and antimicrobial
agents. Acridines can bind nucleic acids by intercalation, influencing many cell processes
or interacting with proteins [14]. Thus, acridines have been recently explored as potential
anticancer compounds [15]. Acridine derivatives induce tumour suppressor protein tran-
scriptional activity, which stabilization is governed by acridine structure [16]. This is why it
is of principal importance to study acridine core interaction with drug carriers. Along with
the acridine core, several possible, multi-substituted functional group positions are at hand
for interaction with inorganic support/drug carriers. The amino-acridines are potentially
important substances with anticancer potential [17], as their amino group enables a number
of bonding interactions, making them excellent candidates for zeolite loading.

In addition to the aforementioned amino acridines, the acridine derivatives with
potential therapeutic applications are chloroacridines. The electrochemical behaviour of
9-chloroacridine showed that a concentration of 10~/ M was the threshold for detect-
ing spontaneous intercalation with DNA [18]. Research in this area continues as new
9-aminoacridine derivatives are synthesized and tested against lung cancer and cervical
cancer lines, providing resolved potential for application in cancer treatment [19]. Acridine
derivatives, 9-anilinoacridines, are used as topoisomerase II, cancer inhibitor. In this case, a
targeted delivery is established through polymer conjugates directly in the tumour tissue
with reduced side effects and minimal exposure of the healthy tissue [20]. Another benefit of
the carrier system may be seen with acridine-loaded dendrimer supporting the blood-brain
barrier pass [21]. Computational studies point to a definite guanine-cytosine/guanine-
cytosine (GC-GC) site for 9-aminoacridine while further substitution/functionalization
shifts intercalation to the guanine-cytosine /adenine-thymine site GC-AT [22]. The retention
time of acridine derivatives at a specific site in DNA affects their biological activity, while
higher efficiency is expected at longer retention [23]. This is where the importance of the
availability of acridine derivative and its active sites for interaction with cells lies. The
accessibility may be significantly enhanced through drug dispersion over solid zeolite
carriers compared to bulk [12,24].

Thus, this work aims to (i) prepare acridine and its derivative, a loaded on a faujasite-
type structure (FAU) zeolite, (ii) employ spectroscopic and microscopic investigation rein-
forced by theoretical calculations, (iii) conduct a drug release study, and (iv) investigate
the cytotoxicity potential of the prepared samples toward cancer cells and fibroblasts. The
selection of the zeolite framework was supported by our recent cytotoxicity study [25,26].

2. Experimental Section
2.1. Materials

Y zeolite with FAU structure (CBV 780, SiO,/Al,O3 = 80, specific surface area of
780 m?/g) was purchased from Zeolyst International and used as is. Tested bioactive
molecules are acridine (denoted as Acr, 97%, M = 179.22 g/mol, Sigma Aldrich, St. Louis,
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MI, USA) and derivatives 9-chloroacridine (9ClAcr, M = 213.662 g/mol, Sigma Aldrich) and
9-aminoacridine (INAcr, M = 194.232 g/mol, Sigma Aldrich). The impregnation solutions
were prepared in 96% ethanol (MilliporeSigma, Burlington, MA, USA).

Drug supporting procedure involved suspension preparation comprising 10 mL
of target drug (1 mM) and 100 mg of zeolite, thermostatted at a laboratory shaker at
23 °C/110 rpm (OLS Shaking Bath, Grant Instruments, Cambridge, UK) for 24 h. Suspen-
sions were centrifuged at 13,400 rpm (Minispin, Eppendorf, Hamburg, Germany). The
prepared drug-loaded zeolites are denoted as Acr/Y, 9ClAcr/Y and 9NAcr/Y, respectively.

2.2. Methods

After adsorption and centrifugation, the amount of drug remaining in the solution
was measured at the Agilent Cary Eclipse Fluorescence Spectrophotometer. An excitation
wavelength of 356 nm was chosen for Acr, 386 nm for 9C1Acr and 402 nm for 9NAcr. The
excitation aperture was 2.5 nm for Acr and 9NAcr, and 5 nm for 9ClAcr, while the emission
aperture for all measurements was set at 5 nm. Optimization of experimental conditions
due to sensitive fluorescent detection was performed with calibration curves setting at
0.999 correlation coefficients.

The Fourier transform Infrared (FTIR) spectra of samples were recorded with an 1520,
Nicolet spectrometer (Thermo Scientific, Waltham, MA, USA), in the range from 4000
to 400 cm ! with 2 cm ™! resolution employing the KBr pellet technique. Samples were
dispersed in KBr in the amount of 0.7% and 2.7 wt.%. The Raman spectra were recorded
using a DXR Raman microscope (Thermo Scientific) using the 780 nm laser, with a 24.0 mW
power output, 10x objective and 25 pm pinhole aperture. Ten exposures were made
for each spectrum with 10 s exposure time. The automatic fluorescence correction was
performed using the OMNIC software (Thermo Scientific).

Drug-loaded surface composition and morphology were tested using a Phenom ProX
microscope coupled with an energy-dispersive X-ray spectrometer (EDS) (Thermo Scien-
tific). SEM-EDS was performed at 5000, 10,000, and 20,000 x magnification by using the
highest acceleration voltage of 15 kV. Selected SEM micrographs were the best resolution
for 10,000 x magnification, while elemental maps were recorded at 20,000 x magnification.
Surface mapping required 128 passes with 10 ms dwell time per point.

To mimic the physiological environment of the colorectal carcinoma cells, a phosphate
buffer pH 7.2 was used for the drug release study. After suspending 5 mg of drug-loaded
zeolite sample in 5 mL or 10 mL of buffer solution, a leached drug quantity was recorded
within a 2 h release period. The dissolution kinetics were monitored for 5 mg/5 mL and
5 mg/10 mL suspensions within the timeframe of the cytotoxicity study, 48 h.

2.3. Theoretical Calculation

MarvinSketch (Chemaxon, Budapest, Hungary) software was used for pK calculations
of investigated acridines. MOPAC2016 computer code was used to perform semi-empirical
calculations [27]. PM7 method [28] with complete structural relaxation was carried out. The
presence of water as a solvent molecule was modelled implicitly, using the conductor-like
screening model (COSMO) method [29].

The crystal structure of FAU zeolite was adopted from the International zeolites
association [30] for modelling the interactions with acridines. The crystal structure was
described using a primitive rhombohedral unit cell to reduce the number of elements in the
model. To fit the Si/ Al ratio with one used in experiments, one Si atom was replaced by an
Al atom in each of the ring openings. The position of acridines within the zeolite network
was optimized while keeping the zeolite fixed.

2.4. Cytotoxicity Study

In vitro cytotoxicity test employed the methylthiazol tetrazolium (MTT) colorimetric
technique [31] against cell line HCT-116 (human colorectal carcinoma) and MRC-5 fibrob-
lasts, and was performed in triplicate. The cells were incubated with the medium alone or
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with a two-fold serial dilution of drug-loaded samples and pristine Y zeolite suspensions
(5 mg/mL). The cells were incubated under a CO; atmosphere (5%) for 48 h at 37 °C.
MTT was dissolved (5 mg/mL) in phosphate buffer saline having a pH of 7.2 and filtered
through a 0.22 um Millipore filter before use. The absorbance was measured at 595 nm on
Zenyth 3100 Multimode detector.

3. Results and Discussion
3.1. Morphology and Surface Elemental Maps

Agglomerated clusters were observed in micrographs of starting Y zeolite with no
clear morphological differentiation. However, a portion of cubic structures were present
(Figure 1). The structure of the Y zeolite remained unaltered with the supporting of
acridine (Acr) and its derivatives (9INAcr and 9ClAcr) homogeneously on the surface, as
witnessed by EDS mapping of nitrogen and chlorine at drug-loaded zeolites, INAcr/Y and
9ClAcr /Y, respectively.

9NAcr/Y

9ClAcf/Y

Figure 1. SEM micrographs (at 10,000 ) of supported acridines and pristine Y zeolite with an EDX
elemental map of nitrogen for INAcr/Y and chlorine for 9ClAcr/Y sample (at 20,000 x).

The Acr precursor and derived drug, INAcr and 9ClAcr (Figure S1) loadings were
determined to be (17.9 £ 0.4) mg for Acr and moderately higher for (18.7 £ 0.5) mg for
9NAcr and (21.4 & 0.5) mg for 9ClAcr samples per g Y zeolite.

3.2. Spectral Analysis

To investigate the extent of the Acr and its derivatives interaction with Y zeolite, FTIR
and Raman spectral analysis of post-loading (impregnated) and pristine zeolite samples
were performed. For comparison, in Figures 2 and 3, the spectra of Acr, 9ClAcr and 9NAcr
of evaporated solutions used for impregnation are provided, too.
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Flanigen described the classification of the infrared active zeolite vibrations as in-
ternal/external tetrahedral modes [32]. All vibrations of the Y zeolite are seen (without
the change in bands positions and intensity ratio) in the Acr/Y, 9NAcr/Y and 9ClAcr/Y
spectra, which confirms that drug impregnation leaves no change in the Y zeolite structure
(Figure 2). Due to the low loadings of acridine and its derivatives in the samples, their
bands are hardly distinguished in the FTIR spectra of the impregnated samples. This can
be overcome, to some extent, by recording overdosed KBr discs (with a higher percentage
of the sample mixed with KBr), Figure 2b.
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A skeletal C-C stretching vibrations of benzene and pyridine units in Acr could be
seen in the 1625-1475 region, while the remaining bands are ascribed to C-H vibrations [33].
The most intense acridine band, not overlapped with the zeolite bands, at about 732 cm~1,
corresponds to C-H out-of-plane bending vibration, and it is visible in the spectrum of the
impregnated zeolite sample Acr/Y, but it is shifted by 10 cm ! towards higher wavenum-
bers. On the other hand, the bands of 9N Acr remain unaffected after impregnation on Y
zeolite. 9ClAcr bands are not visible in the spectrum of 9ClAcr /Y, although EDS analysis
confirmed the presence of homogeneously dispersed chlorine in this sample (Figure 1). The
underlying cause is the overlapping of the most intense 9ClAcr vibrations by zeolite bands.

Stronger interaction of adsorbate molecules with zeolite carrier, evident for the sample
Acr/Y, may induce alteration in charge distribution of molecule targeted for release from
drug carrier. Due to the absence of strong interaction, retention of 9NAcr in its pristine
form may allow its release as an unaltered structure.

Owing to the fact that Y zeolite has a moderate number of bands in the Raman
spectrum, this method allows inspection of a number of acridine bands, which are free
of overlapping with the zeolite bands (Figure 3). The spectrum of zeolite Y distinguishes
vibrations at about 500 cm~! and 300 cm !, which are, respectively, attributed to the four-
and six-membered rings (T-O-T, T = Al or Si) [34]. In all impregnated samples, these bands
remain unchanged.

The Raman bands of acridine observed at 1556, 1478 and 1401 cm ! are assigned to the
ring stretching /v(C-C) modes, while in-plane C-H bending vibrations can be seen around
1010 cm~!. Skeletal vibrations/C-C bending is positioned below 800 cm~! [35].

Raman spectra of Acr supported on zeolite exhibit band shifts towards higher wavenum-
bers in comparison to Acr band positions. The shortening of the bond indicates a tighter
binding of Acr itself on Y zeolite relative to acridine derivatives. On the other hand, INAcr
vibrations attain their positions upon loading onto zeolite.

From the aspect of prolonged drug release, it is beneficial to deliver unaltered drug
molecules. Due to the intense 9ClAcr fluorescence, the Raman signal after software fluores-
cence correction is weak, and its bands are not visible in the spectrum of the 9ClAcr/Y.

3.3. Release Study

The drug release was performed in phosphate (pH 7.2) buffer solution with different
loadings to test delivery performance within a 2 h period (Figure 4a). Delivered quantities
rise in the Acr/Y-9ClAcr/Y-9NAcr/Y line. The notable result suggests that the concentra-
tion of the drug released is mainly independent of whether the experiment is performed in
a1l mg/mL or 0.5 mg/mL solid/liquid ratio, which indicates a steady release of the drug
into available volume. This finding is associated with an even distribution of supported
acridines, thus released quantity increases accordingly, providing the same released con-
centration. Sustained release is in line with the acridines’ limited water solubility and a
higher extent of interaction with solvent molecules in a larger volume.

A three-dimensional tetrahedral zeolite framework allows each oxygen atom to be
shared with two tetrahedra; thus, -5i-O-Si- network would be neutral. Each Si replacement
with Al in the zeolite induces partial negative charges in the framework resulting in
protonated -Si-OH-Al- groups that act as H-donor in hydrogen bonding. The distinct
behaviour of drug-loaded zeolites in release tests can be explained by structural differences
of tested acridines and respective pKa values. Acr acts as a weak base with a conjugate
acid pKa value of 6.15. At pH, over its pKa (experiment pH = 7.2) the loss of hydrogen
in the majority of the pyridine rings results in Acr partial release, while a substantial
quantity remains attached to zeolite by hydrogen bonding with bridging hydroxyls in
the zeolite. The slightly larger released amount of 9ClAcr, compared to Acr, stems from
Cl-induced charge redistribution that disturbs the deprotonated pyridine nitrogen-zeolite
interaction witnessed for pristine Acr precursor. Both Acr and 9ClAcr have one hydrogen
bonding site and a topological polar surface area of 12.9 A2 which account for their similar
behaviour [36].
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Figure 4. (a) A drug release quantification with respect to suspension solid/liquid ratios within
a 2 h period, (b) the 48 h kinetics of the tested drugs release process within 1 mg/mL, and
(c) 0.5 mg/mL loadings.

On the other hand, the highest 9N Acr release from loaded zeolite can point to the
deciding effect of the amino groups, present along with pyridine nitrogens, resulting in one
donor and two hydrogen bonding acceptor sites. The calculated pK value for 9NAcr is 9.3
for the pyridine nitrogen, while amino nitrogen is deprotonated over the entire pH range,
retaining NH2 structure [29]. In addition, a topological polar surface area of 38.9 A? [36]
enhances solvation and 9NAcr release, reaching up to 7 uM within 48 h (Figure 4a).

To acquire a definite release profile for investigated drugs, prolonged kinetics was
monitored, confirming steady release (Figure 4b,c). The drug release profile from the
9NAcr/Y sample may be successfully fitted using a Korsmeyer—Peppas (KP) model with
a correlation factor above 0.99 (Figure 5). Fitted parameters of release are exponent
n =0.224 £ 0.008, pointing to drug diffusion as the primary release mechanism, expected
for non-swellable matrices, and often seen for zeolite carriers [3]. The rate constant is
k=0.061 £ 0.002 h — 0.024.

16
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Figure 5. The drug release from the 9INAcr/Y sample fitting was performed using a Korsmeyer—
Peppas model.
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3.4. Optimization of Acridines and Zeolite Interactions

Theoretical analysis and molecular optimisation with and without solvent effects are
performed to estimate acridine charge distribution in detail (Figure 6) and orientation
within zeolite pores (Figure 7).

Electrostatic potential maps / solvent effect excluded

Electrostatic potential maps / solvent effect included

Figure 6. Acridine electrostatic potential maps with and without solvent effect.

@)

(b)

Figure 7. Optimized (a) Acr and (b) 9NAcr orientation within zeolite pores (left) and magnified view
on the ring opening (right). Zeolite: O—red; Si—blue; Al—light blue (large spheres), INAcr/Acr:
C—brown; N—light blue (small spheres); H—white.
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There is a significant influence of aqueous surroundings on the electron distribution
map of acridines. This is especially pronounced for 9N Acr, where the rise in the positive
outer surface charge is concentrated on the amino group (Figure 6). The presence of solvent
lowers the heat of formation for all molecules. The estimated value of solvation energy is
—15.8 kcal/mol, —8.7 kcal /mol, and —6.3 kcal/mol for 9ClAcr, Acr, and 9NAcr, respectively
(Table S1). System stabilization energy due to the presence of solvent is calculated to be
approximately —0.4 eV for Acr and 9ClAcr and rises to around —1 eV for 9NAcr (Table S1),
indicating its high hydrating affinity.

Calculations show that the charge distribution governs drug positioning within zeolite
openings. Acr orientation (Figure 7a) is less centered and is positioned more toward the
zeolite scaffold, with the pyridine core as the predominant center of interaction with the
zeolite framework. In contrast, 9NAcr is positioned in the center of the zeolite pore, as
the amino group of 9NAcr (Figure 7b) favours hydrogen bonding interaction with zeolite
sites. This may support drug diffusion (Figure 5) as a release mechanism due to favourable
orientation inside zeolite pores. The computed binding energy of acridines with Y zeolite
is —55 kcal/mol for the Acr/Y system and —58 kcal/mol for 9NAcr/Y. Differences in
calculated adsorption energies are negligible, in line with the comparable adsorption
capacities for all tested molecules (18-21 mg/g). As INAcr is more energetically stabilized
within the hydration sphere, its dissolution from the zeolite carrier (where it is partially
desolvated and centered inside the pore opening) is more pronounced than for Acr and
9ClAcr molecules, as witnessed in the release experiment (Figure 4a).

3.5. Cytotoxicity of Supported Acridines

Finally, the cytotoxic effects of drugs released from the zeolites on the HCT-116 cancer
cell line and MRC-5 fibroblasts were examined (Figure 8).
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Figure 8. Cytotoxicity testing of selected supported acridines, Y zeolite and Acr on (a) HCT-116 cell
line and (b) MRC-5 fibroblasts.

Prepared drug-loaded zeolite suspensions were tested in terms of their toxicity to-
ward cancer cells (Figure 8a). A continuously decreasing dependence of cell viability on
suspension concentration for all samples is recorded. Within the 48 h incubation period, we
have witnessed Y zeolite boosting the cytotoxicity of Acr, as a drug itself exhibits relatively
low toxicity toward cancer cells. However, supported Acr/Y remains less active than
pristine Y zeolite over the tested concentration range. The zeolite-supported amino and
chloro-derivatives impose higher toxicity than the Acr/Y sample. This may be anticipated
considering the low release of Acr from zeolite at pH 7.2.
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The highest cytotoxic impact, up to 5 mg/mL, is witnessed for INAcr/Y, delivering
up to 7 uM concentration in 0.5-1 mg/mL suspensions (Figure 8a). This concentration fits
well with previous findings documenting the anticancer activity of 9-acridinyl amino acid
derivatives in the targeted uM range—IC50 was 6 uM for the lung carcinoma cell line [15].
Guo et al. investigated the HCT-116 cell line and p110g protein suppression by INAcr
treatment. Different 9Acr doses and treatment periods led to downregulation of protein
expression even at 4-8 h post-treatment time with a threshold at 5 uM 9Acr [37], which
corresponds to our cytotoxicity findings. Similarly, acriflavine may also be incorporated
along with 5-Fluorouracil chemotherapeutics for colorectal carcinoma treatment to boost ef-
ficiency [38]; either alone or combined, these compounds require 7.4-11.6 uM concentration
to reach IC50 value.

The anticancer activity of acridines has recently been summarized in [39]. The action of
acridine derivatives may interrupt DNA synthesis by intercalating in DNA thus inhibiting
topoisomerase II/1 [40]. Wang et al. reported that acridine derivatives stabilize p53 and
induce p53-related cell apoptosis [16]. Moreover, amino acridines exert cytotoxic and
antiangiogenic actions through the modulation of radical oxygen species and cytokine
levels [17].

The aluminium in the zeolite framework enables its ion-exchange properties, which,
in turn, enable interfering with intracellular pathways causing cytotoxicity /necrosis [41].
Moreover, the formation of phagosome witnessed for FAU type zeolite used for the treat-
ment of cancer cells is especially pronounced for this zeotype in comparison to other
frameworks. Since phagosome formation is regarded as the initiation of cell death [42], this
may be a reasonable explanation of zeolite cytotoxic action.

The cytotoxic effect of supported acridines on HCT-116 cells reveals that the zeolite car-
rier improves toxicity towards cancer cells. The synergetic effect of both potent components,
drug and selected zeolite, support add to the performance witnessed for each component.

To test whether supported acridines exert a favourable action on fibroblasts, a com-
parison of selected results is given in Figure 8b. Interestingly, findings suggest that Acr
derivatives on Y zeolite allow higher fibroblasts viability in contrast to Acr/Y at low drug
loadings, opposite to relations seen for cancer cells. Contrary to supported drugs tested in
cell medium, the 9NAcr(l) supernatant solution stands out as the most cytotoxic formula-
tion among tested compounds. This is the reason why its impregnation on the solid carrier
may be beneficial to healthy tissue while adequately affecting cancer cells viability.

4. Conclusions

A systematic investigation comprising spectral, microscopic, theoretical and cytotoxic
evaluation of the zeolite Y utilisation in supporting and release of acridines (Acr, 9-ClAcr
and 9-NAcr) is performed.

The highest Acr loading reached 17.9 mg/g, while for 9-ClAcr and 9-NAcr, the retained
quantity was 21.4 mg/g and 18.7 mg/g, respectively. Supporting acridines on zeolite
did not induce morphological changes in zeolite, while EDS elemental maps confirm
their even distribution. After the drug loading onto zeolite, their steady release was
monitored in the 48 h timeframe. Regardless of the selected suspension loadings, 9-NAcr
showed the best release efficiency, with a maximum concentration of 6.9 uM. In the case
of Acr and 9-ClAcr, slightly lower delivered quantities were detected due to the lower
extent of hydrogen bonding. Insight into interactions in the delivery system was finally
resolved by molecular optimization in an aqueous environment. The presence of solvent
lowers the heat of formation for all acridines estimating the value of solvation energy to
—15.8 kcal/mol, —8.7 kcal/mol, and —6.3 kcal /mol for 9ClAcr, Acr, and 9NAcr, respectively.
The proposed mechanism revolves around the amino group hydrogen bonding potential
of 9-NAcr, not seen with Acr and 9-ClAcr, accounting for its highest stability and release
quantity. Spectroscopic analysis documented band shifting towards higher wavenumbers
for Acr relative to its amino derivatives. This beneficial finding supports unaltered acridine
derivatives release from the zeolite carrier.



J. Funct. Biomater. 2023, 14,173 11 of 13

The novel drug delivery system released necessary cytotoxic drug concentrations in
the uM range. Cytotoxicity investigation was in line with the confirmed steady release of
the supported drugs in the 48 h period. The cytotoxic effect of supported acridines on HCT-
116 cells reveals that the zeolite carrier improves toxicity towards cancer cells. In the range
of concentrations up to 5 mg/mL, the highest efficiency was shown by zeolite-impregnated
9-NAcr. On the contrary, acridine derivatives on Y zeolite induce higher fibroblast viability
than Acr. The deciding result is reflected in supported vs. liquid drug toxicity. While
testing in the fibroblast cells medium, the 9-NAcr solution stands out as the most cytotoxic
formulation among tested drugs. Consequently, 9-NAcr delivery via zeolite carrier favours
healthy tissue preservation while accompanying increased toxicity toward cancer cells.

The obtained results resolve the benefits of a zeolite-supporting procedure for acri-
dine and its derivatives in cancer treatment, with particular attention drawn to 9-NAcr
performance and potential for further testing.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jfb14030173 /51, Figure S1: MolView presentation and assessment of acridines
dimensions; Table S1: Solvation enthalpy for tested acridines calculated from heat of formation with and
without solvation sphere.

Author Contributions: Conceptualization, A.J.L.; software, B.N.V,; validation, V.D.; formal analysis, A.J.
and AJ.L.; investigation, M.R., AJ., AJ.L., A.A, N.G. and D.B.-B.; resources, A.A.,].R. and V.D,; data
curation, M.R. and A.J.; writing—original draft preparation, D.B.-B. and M.M.-R.; writing—review and
editing, N.G., D.B.-B. and M.M.-R; visualization, B.N.V. and M.M.-R.; supervision, M.M.-R. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science, Technological Development and
Innovation of Republic of Serbia (no. 451-03-47/2023-01/200146, 451-03-47/2023-01/200111 and
451-03-47/2023-01/200161) and grant for collaboration with JINR Dubna (JINR-Serbia_P12).

Data Availability Statement: Data are contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Tiwari, G.; Tiwari, R.; Bannerjee, S.; Bhati, L.; Pandey, S.; Pandey, P.,; Sriwastawa, B. Drug Delivery Systems: An Updated Review.
Int. J. Pharm. Investig. 2012, 2, 2. [CrossRef] [PubMed]

2. Krajisnik, D.; Dakovi¢, A.; Milojevié, M.; Malenovié, A.; Kragovi¢, M.; Bajuk-Bogdanovi¢, D.; Dondur, V.; Mili¢, J. Properties of
Diclofenac Sodium Sorption onto Natural Zeolite Modified with Cetylpyridinium Chloride. Colloids Surf. B Biointerfaces 2011,
83, 165-172. [CrossRef] [PubMed]

3.  Krajisnik, D.; Milojevi¢, M.; Malenovi¢, A.A.; Dakovié¢, A.; Ibri¢, S.; Savi¢, S.S.; Dondur, V.; Matijasevi¢, S.; Radulovi¢, A;
Daniels, R.; et al. Cationic Surfactants-Modified Natural Zeolites: Improvement of the Excipients Functionality. Drug Dev. Ind.
Pharm. 2010, 36, 1215-1224. [CrossRef] [PubMed]

4. Krajisnik, D.; Dakovi¢, A.; Malenovi¢, A.; Milojevi¢-Raki¢, M.; Dondur, V.; Radulovi¢, 7.; Mili¢, J.; Radulovi¢, Z.; Mili¢, J. Investigation
of Adsorption and Release of Diclofenac Sodium by Modified Zeolites Composites. Appl. Clay Sci. 2013, 83-84, 322-326. [CrossRef]

5. Senapati, S.; Mahanta, A K.; Kumar, S.; Maiti, P. Controlled Drug Delivery Vehicles for Cancer Treatment and Their Performance.
Signal Transduct. Target. Ther. 2018, 3, 7. [CrossRef]

6.  Mijailovi¢, N.R,; Nedi¢ Vasiljevi¢, B.; Rankovi¢, M.; Milanovi¢, V.; Uskokovié-Markovi¢, S. Environmental and Pharmacokinetic
Aspects of Zeolite/Pharmaceuticals Systems—Two Facets of Adsorption Ability. Catalysts 2022, 12, 837. [CrossRef]

7. Borovcanin, M.M,; Vesi¢, K.; Arsenijevi¢, D.; Milojevi¢-Raki¢, M.; Mijailovi¢, N.R.; Jovanovic, LP. Targeting Underlying Inflamma-
tion in Carcinoma Is Essential for the Resolution of Depressiveness. Cells 2023, 12, 710. [CrossRef]

8. Khodadadi Yazdi, M.; Zarrintaj, P.; Hosseiniamoli, H.; Mashhadzadeh, A.H.; Saeb, M.R.; Ramsey, ].D.; Ganjali, M.R.; Mozafari, M.
Zeolites for Theranostic Applications. |. Mater. Chem. B 2020, 8, 5992-6012. [CrossRef]

9. Servatan, M.; Zarrintaj, P; Mahmodi, G.; Kim, S.-J.; Ganjali, M.R.; Saeb, M.R.; Mozafari, M. Zeolites in Drug Delivery: Progress,
Challenges and Opportunities. Drug Discov. Today 2020, 25, 642-656. [CrossRef]

10. Purnomo; Setyarini, PH.; Sulistyaningsih, D. Zeolite-Based Biomaterials for Biomedical Application: A Review. In AIP Conference

Proceedings; AIP Publishing LLC: Melville, NY, USA, 2018; p. 030013.


https://www.mdpi.com/article/10.3390/jfb14030173/s1
https://www.mdpi.com/article/10.3390/jfb14030173/s1
http://doi.org/10.4103/2230-973X.96920
http://www.ncbi.nlm.nih.gov/pubmed/23071954
http://doi.org/10.1016/j.colsurfb.2010.11.024
http://www.ncbi.nlm.nih.gov/pubmed/21134730
http://doi.org/10.3109/03639041003695121
http://www.ncbi.nlm.nih.gov/pubmed/20367087
http://doi.org/10.1016/j.clay.2013.08.011
http://doi.org/10.1038/s41392-017-0004-3
http://doi.org/10.3390/catal12080837
http://doi.org/10.3390/cells12050710
http://doi.org/10.1039/D0TB00719F
http://doi.org/10.1016/j.drudis.2020.02.005

J. Funct. Biomater. 2023, 14,173 12 of 13

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

Nezamzadeh-Ejhieh, A.; Tavakoli-Ghinani, S. Effect of a Nano-Sized Natural Clinoptilolite Modified by the Hexadecyltrimethyl
Ammonium Surfactant on Cephalexin Drug Delivery. Comptes Rendus Chim. 2014, 17, 49-61. [CrossRef]

Amorim, R.; Vilaga, N.; Martinho, O.; Reis, R.M.; Sardo, M.; Rocha, ].; Fonseca, A.M.; Baltazar, F.; Neves, I.C. Zeolite Structures
Loading with an Anticancer Compound as Drug Delivery Systems. J. Phys. Chem. C 2012, 116, 25642-25650. [CrossRef]
Paradee, N.; Sirivat, A. Encapsulation of Folic Acid in Zeolite Y for Controlled Release via Electric Field. Mol. Pharm. 2016,
13, 155-162. [CrossRef] [PubMed]

Sebestik, ], Safatik, M.; Stibor, L.; Hlavacek, J. Acridin-9-Y1 Exchange: A Proposal for the Action of Some 9-Aminoacridine Drugs.
Biopolymers 2006, 84, 605-614. [CrossRef] [PubMed]

Rupar, J.; Dobrici¢, V.; Grahovac, J.; Radulovig, S.; Skok, 7. Tlas, J.; Aleksié, M.; Brborig, J.; Cudina, O. Synthesis and Evaluation of
Anticancer Activity of New 9-Acridinyl Amino Acid Derivatives. RSC Med. Chem. 2020, 11, 378-386. [CrossRef]

Wang, W.; Ho, W.C.; Dicker, D.T.; MacKinnon, C.; Winkler, J.D.; Marmorstein, R.; El-Deiry, W.S. Acridine Derivatives Activate P53
and Induce Tumor Cell Death through Bax. Cancer Biol. Ther. 2005, 4, 893-898. [CrossRef] [PubMed]

Mangueira, V.M.; de Sousa, T.K.G.; Batista, T.M.; de Abrantes, R.A.; Moura, A.P.G; Ferreira, R.C.; de Almeida, R.N.; Braga, RM.;
Leite, EC.; Medeiros, K.C.d.P; et al. A 9-Aminoacridine Derivative Induces Growth Inhibition of Ehrlich Ascites Carcinoma Cells
and Antinociceptive Effect in Mice. Front. Pharmacol. 2022, 13, 963736. [CrossRef]

Rupar, J.; Aleksi¢, M.M.; Dobrici¢, V.; Brborig, J.; Cudina, O. An Electrochemical Study of 9-Chloroacridine Redox Behavior and
Its Interaction with Double-Stranded DNA. Bioelectrochemistry 2020, 135, 107579. [CrossRef]

Kumar, P; Kumar, R.; Prasad, D.N. Synthesis and Anticancer Study of 9-Aminoacridine Derivatives. Arab. . Chem. 2013, 6, 79-85.
[CrossRef]

Sedlacek, O.; Hruby, M.; Studenovsky, M.; Vétvi¢ka, D.; Svoboda, J.; Katikovd, D.; Kovat, J.; Ulbrich, K. Polymer Conjugates of
Acridine-Type Anticancer Drugs with PH-Controlled Activation. Bioorg. Med. Chem. 2012, 20, 4056—4063. [CrossRef]

Zhang, H.; Gerson, T.; Varney, M.L.; Singh, R.K.; Vinogradov, S.V. Multifunctional Peptide-PEG Intercalating Conjugates:
Programmatic of Gene Delivery to the Blood-Brain Barrier. Pharm. Res. 2010, 27, 2528-2543. [CrossRef]

Jezek, ].; Hlavacek, J.; Sebestik, J. Biomedical Applications of Acridines; Progress in Drug Research; Springer International Publishing:
Cham, Switzerland, 2017; Volume 72, ISBN 978-3-319-63952-9.

Denny, W. Chemotherapeutic Effects of Acridine Derivatives. Med. Chem. Rev. Online 2004, 1, 257-266. [CrossRef]

Szegedi, A Popova, M.; Trendafilova, L; Trif, L.; Mihaly, J.; Makk, J.; Mavrodinova, V. Bicomponent Drug Formulation for
Simultaneous Release of Ag and Sulfadiazine Supported on Nanosized Zeolite Beta. Nano-Struct. Nano-Objects 2020, 24, 100562.
[CrossRef]

Jevremovi¢, A.; Stanojkovi¢, A.; Arsenijevi¢, D.; Arsenijevi¢, A.; Arzumanyan, G.; Mamatkulov, K.; Petrovi¢, J.; Nedi¢ Vasiljevi¢, B.;
Bajuk-Bogdanovi¢, D.; Milojevi¢-Raki¢, M. Mitigating Toxicity of Acetamiprid Removal Techniques—Fe Modified Zeolites in
Focus. |. Hazard. Mater. 2022, 436, 129226. [CrossRef] [PubMed]

Jevremovi¢, A.; BoZinovi¢, N.; Arsenijevi¢, D.; Marmakov, S.; Nedi¢ Vasiljevi¢, B.; Uskokovié-Markovié, S.; Bajuk-Bogdanovi¢, D.;
Milojevi¢-Raki¢, M. Modulation of Cytotoxicity by Consecutive Adsorption of Tannic Acid and Pesticides on Surfactant Function-
alized Zeolites. Environ. Sci. Process. Impacts 2020, 22, 2199-2211. [CrossRef]

MOPAC2016, ] J.P. Stewart, Stewart Computational Chemistry: Colorado Springs, CO, USA. Available online: http://openmopac.
net/ (accessed on 15 December 2022).

Stewart, J.J.P. Optimization of Parameters for Semiempirical Methods VI: More Modifications to the NDDO Approximations and
Re-Optimization of Parameters. |. Mol. Model. 2013, 19, 1-32. [CrossRef]

Klamt, A.; Schiitirmann, G. COSMO: A New Approach to Dielectric Screening in Solvents with Explicit Expressions for the
Screening Energy and Its Gradient. J. Chem. Soc. Perkin Trans. 1993, 2, 799-805. [CrossRef]

Database of Zeolite Structures, Structure Commission of the International Zeolite Association Database of Zeolite Structures.
Available online: http://www.iza-structure.org/databases (accessed on 15 December 2022).

Marks, D.C.; Belov, L.; Davey, M.W.; Davey, R.A.; Kidman, A.D. The MTT Cell Viability Assay for Cytotoxicity Testing in
Multidrug-Resistant Human Leukemic Cells. Leuk. Res. 1992, 16, 1165-1173. [CrossRef]

Flanigen, E.M.; Khatami, H.; Szymanski, H.A. Infrared Structural Studies of Zeolite Frameworks. Adv. Chem. 1974, 101, 201-229.
Acheson, R M. The Infrared Spectra of Acridines. In Chemistry of Heterocyclic Compounds: Acridines, Volume 9, 2nd ed.; Wiley-
Interscience: Hoboken, NJ, USA, 2008; pp. 665-685.

Yu, Y,; Xiong, G.; Li, C.; Xiao, E-S.S. Characterization of Aluminosilicate Zeolites by UV Raman Spectroscopy. Microporous
Mesoporous Mater. 2001, 46, 23-34. [CrossRef]

Butler, C.A.; Cooney, R.P. Normal Coordinate Analysis and MNDO Calculations: Assignment of the Vibrational Spectrum of
Acridine. J. Raman Spectrosc. 1993, 24, 199-205. [CrossRef]

National Center for Biotechnology Information. PubChem Compound Summary; National Center for Biotechnology Information:
Bethesda, MD, USA, 2021.

Guo, C.; Gasparian, A.V,; Zhuang, Z.; Bosykh, D.A.; Komar, A.A.; Gudkov, A.V,; Gurova, K. V 9-Aminoacridine-Based Anticancer
Drugs Target the PI3K/AKT/MTOR, NF-KB and P53 Pathways. Oncogene 2009, 28, 1151-1161. [CrossRef] [PubMed]

Zargar, P,; Ghani, E.; Mashayekhi, F.; Ramezani, A.; Eftekhar, E. Acriflavine Enhances the Antitumor Activity of the Chemothera-
peutic Drug 5-fluorouracil in Colorectal Cancer Cells. Oncol. Lett. 2018, 15, 10084-10090. [CrossRef] [PubMed]


http://doi.org/10.1016/j.crci.2013.07.009
http://doi.org/10.1021/jp3093868
http://doi.org/10.1021/acs.molpharmaceut.5b00592
http://www.ncbi.nlm.nih.gov/pubmed/26561875
http://doi.org/10.1002/bip.20590
http://www.ncbi.nlm.nih.gov/pubmed/16933221
http://doi.org/10.1039/C9MD00597H
http://doi.org/10.4161/cbt.4.8.2134
http://www.ncbi.nlm.nih.gov/pubmed/16177561
http://doi.org/10.3389/fphar.2022.963736
http://doi.org/10.1016/j.bioelechem.2020.107579
http://doi.org/10.1016/j.arabjc.2012.04.039
http://doi.org/10.1016/j.bmc.2012.05.007
http://doi.org/10.1007/s11095-010-0256-x
http://doi.org/10.2174/1567203043401923
http://doi.org/10.1016/j.nanoso.2020.100562
http://doi.org/10.1016/j.jhazmat.2022.129226
http://www.ncbi.nlm.nih.gov/pubmed/35739746
http://doi.org/10.1039/D0EM00251H
http://openmopac.net/
http://openmopac.net/
http://doi.org/10.1007/s00894-012-1667-x
http://doi.org/10.1039/P29930000799
http://www.iza-structure.org/databases
http://doi.org/10.1016/0145-2126(92)90114-M
http://doi.org/10.1016/S1387-1811(01)00271-2
http://doi.org/10.1002/jrs.1250240404
http://doi.org/10.1038/onc.2008.460
http://www.ncbi.nlm.nih.gov/pubmed/19137016
http://doi.org/10.3892/ol.2018.8569
http://www.ncbi.nlm.nih.gov/pubmed/29928378

J. Funct. Biomater. 2023, 14,173 13 of 13

39.

40.
41.

42.

Varakumar, P.; Rajagopal, K.; Aparna, B.; Raman, K.; Byran, G.; Gongalves Lima, C.M.; Rashid, S.; Nafady, M.H.; Emran, T.B,;
Wybraniec, S. Acridine as an Anti-Tumour Agent: A Critical Review. Molecules 2022, 28, 193. [CrossRef] [PubMed]

Denny, W.; Baguley, B. Dual Topoisomerase I/1I Inhibitors in Cancer Therapy. Curr. Top. Med. Chem. 2003, 3, 339-353. [CrossRef]
Yu, S.-H.; Kumar, M.; Kim, IL.W,; Rimer, ].D.; Kim, T.-J. A Comparative Analysis of In Vitro Toxicity of Synthetic Zeolites on
IMR-90 Human Lung Fibroblast Cells. Molecules 2021, 26, 3194. [CrossRef] [PubMed]

Troulinaki, K.; Tavernarakis, N. Endocytosis and Intracellular Trafficking Contribute to Necrotic Neurodegeneration in C. elegans.
EMBO J. 2012, 31, 654—666. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/molecules28010193
http://www.ncbi.nlm.nih.gov/pubmed/36615391
http://doi.org/10.2174/1568026033452555
http://doi.org/10.3390/molecules26113194
http://www.ncbi.nlm.nih.gov/pubmed/34073510
http://doi.org/10.1038/emboj.2011.447

	Introduction 
	Experimental Section 
	Materials 
	Methods 
	Theoretical Calculation 
	Cytotoxicity Study 

	Results and Discussion 
	Morphology and Surface Elemental Maps 
	Spectral Analysis 
	Release Study 
	Optimization of Acridines and Zeolite Interactions 
	Cytotoxicity of Supported Acridines 

	Conclusions 
	References

