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Simple Summary: Drugs used to treat cancer are most often very toxic. Taking their high doses may
adversely affect the patient’s health, as a result of which the therapy, instead of helping, harms. An
example of such a drug is 6-mercaptopurine, described in this paper. Due to these negative properties,
it is necessary to create such systems that would release the drug in a controlled manner only in the
vicinity of diseased tissues. In this work, a drug carrier was prepared that releases the drug only in
the acidic environment of cancer, due to which healthy tissues will not be exposed to it. Systems that
release the drug only in an acidic environment have not been described before and the application
potential of such a carrier is very large.

Abstract: Hydroxy double salts are layered materials that are considered to be biocompatible. For
this reason, research has been initiated on the possibility of their use in drug delivery. Despite their
use for several types of drugs, their potential for controlled release of mercaptopurine (MERC) has
not been studied. In this work, the synthesized hydroxy double salt (HDS) material was used as
a carrier for this drug for the first time. The effectiveness of HDS synthesis has been proven by
such techniques as X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) and
scanning electron microscopy (SEM). Based on the FT-IR and energy-dispersive X-ray spectroscopy
(EDS) results, the effectiveness of drug sorption was proven. The exact amount of drug retained was
determined by the UV-Vis technique. The obtained results indicate that the drug is evenly distributed
on the surface of the carrier, which is important during the controlled delivery of drugs. In the
most important stage of the research, the effectiveness of drug release in response to changes in
the pH of the environment was proven. The drug is not released into an environment that mimics
healthy human tissues. It is released only after contact with the acidic environment that usually
surrounds cancer cells. The low cellular toxicity of HDS and significant cytotoxic effect of HDS-MERC
were confirmed by in vitro studies on MCF-7 human breast and DU145 prostate cancer cell lines
and non-cancerous keratinocytes HaCaT. Interestingly, coupling with the HDS carrier increased the
cytotoxic effect of MERC towards DU145 cells. Such an “intelligent” drug carrier for mercaptopurine
has not been previously described in the literature. The obtained results indicate its great potential.

Keywords: HDS; pH-responsive carrier; 6-mercaptopurine; controlled release

1. Introduction

Hydroxy double salts (HDSs) are layered compounds consisting of two-dimensional
metal cationic nanosheets [1]. HDSs are generally stable and inert, which allows them
to be used in many fields [2]. HDSs have a broad range of applications in fields such as
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catalysis, sensing, adsorption and ion exchange [3-5]. The inertness of HDSs also affects
their increasing use in biomedical applications [2]. This material has been used as a drug,
pesticide and bioactive ions delivery system; a material with antibacterial and antifungal
properties; and as a biomolecule reservoir [2,6-8]. So far, these materials have been used as
carriers in the delivery of drugs such as mefenamic acid, 4-biphenylacetic acid, naproxen,
diclofenac, ibuprofen and valproate [2,7,8]. The use of HDS carriers has resulted in a
more controlled release of drugs under certain conditions. One of the cations that can be
used in the preparation of HDSs is zinc, and HDSs with this ion have been proven to be
biocompatible [7].

Zinc ions are involved in many processes occurring in the human body [9]. According
to the latest scientific reports, these ions have a positive effect on the osseointegration of
implants [10,11]. Additionally, zinc ions play a significant role in the treatment of lym-
phoblastic leukemia in children. Their supplementation alleviates the effects of chemother-
apy, improving the quality of life of patients [12,13]. The HDS-based drug delivery systems
described so far have only been based on intercalation. Due to the strong coordination
properties of zinc, an interesting direction for using these types of carriers is the formation
of carrier-drug complexes, which may allow for a controlled release. One example of
a drug that can be delivered in this manner is 6-mercaptopurine, which was previously
delivered from a zinc zeolite carrier [14].

6-mercaptopurine (MERC) is a drug with cytotoxic, anti-inflammatory and immuno-
suppressive properties. The way this drug works is closely related to its dose. In high doses,
it has cytotoxic and immunosuppressive effects; in small doses, it has anti-inflammatory
effects [15]. Mercaptopurine is used in the treatment of cancer. It is used, for example, as an
important agent in maintenance therapy in people with leukemia [16,17]. The limited use
of MERC in treatment is mainly due to its poor bioavailability [18]. The low bioavailability
is mainly due to the short half-life of MERC, which ranges from one to three hours. [19,20].
The disadvantages of MERC may be overcome in the future by developing appropriate
drug carriers.

Various carriers for this drug have already been described in the literature. The first
type of carrier described in the literature is based on the formation of disulfide bridges
between the drug and the carrier [21]. Gong et al. prepared a glutathione-responsive
nanoscale metal-organic framework for the intracellular delivery of MERC [22]. Talib et al.
prepared MERC-coated biotinylated carbon dot nanoparticles [23]. In both works, scientists
managed to prepare carriers that release MERC in response to glutathione. The release
of the drug in response to glutathione allows the creation of intelligent carriers; however,
if the concentration of glutathione in the cells is too low, the drug will not be released
from the surface of the carrier. Other types of metal-organic frameworks have also been
used for the delivery of MERC [24]. Kaur et al. used a carrier based on a zeolite imidazole
skeleton, in which the drug was encapsulated inside the carrier [25]. The drug was released
in response to a change in pH to acidic conditions, allowing these materials to be used to
target cancer cells. Despite such promising properties, the drug was also partially released
under neutral conditions, so a material that releases MERC only under acidic conditions
should be applied. So far, HDSs have not yet been used for this application despite their
high potential.

In this work, a smart drug carrier for mercaptopurine was prepared based on hydroxy
double salts. The drug was retained on the carrier surface by the coordination interaction
of mercaptopurine with the zinc ions. Due to the drug—carrier interactions, the release will
be controlled, which may allow targeted delivery of the drug to cancer cells. This study
aimed to prove that HDSs are capable of coordinating the drug on the surface and releasing
it intelligently only under the influence of the acidic environment surrounding the tumor.
The advantage of this carrier over the carriers previously described in the literature is that
the drug will not be released from its surface in a neutral environment at all, which will
protect healthy tissues, and the release will be rapidly induced under the influence of the
reduced pH that occurs in the environment of cancer cells. The material was thoroughly
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characterized both before and after drug sorption. Its ability to retain the drug and release
it in response to neutral and acidic environments was determined. This carrier should
allow the drug to be delivered to the site of action without releasing the drug to healthy
tissue. The scheme of the described studies is shown in Figure 1.
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Figure 1. The scheme of the research presented in this work.

2. Materials and Methods
2.1. Materials

Magnesium chloride (Fluka, 99%) and zinc oxide (nanopowder, Sigma-Aldrich, Darm-
stadt, Germany) were used for the synthesis of HDS. Tris (hydroxymethyl) aminomethane
(TRIS) (99.8%), sodium chloride (99%), sodium bicarbonate (99%), sodium sulfate (99%),
potassium phosphate dibasic trihydrate (99%), potassium chloride (99%), glacial acetic acid
(99%), sodium acetate trihydrate (99%), mercaptopurine, neutral red solution (3.3 g/L in
DPBS), cell culture media and reagents were purchased from Sigma-Aldrich. Hydrochloric
acid (36-38%) was purchased from Avantor Performance Chemicals (Gliwice, Poland).
These reagents were used to prepare the simulated body fluid (SBF) and acetate buffer. The
materials were used without further purification.

2.2. HDS Synthesis

During the synthesis of HDS, zinc oxide (0.5 g) and magnesium chloride (2.5 g) were
used. Both reagents were placed in 5 mL of demineralized water and mixed. The mixture
was stirred for 3 days at room temperature and the product was recovered by centrifugation.
The white powder obtained was rinsed three times with demineralized water and then left
to dry in an oven at 40 °C.

The synthesized material was named as HDS.

2.3. Mercaptopurine Sorption

Mercaptopurine sorption was initiated by introducing 75 mg of HDS into falcon
polypropylene tubes. Each tube was filled with 45 mL of mercaptopurine solution with
a concentration of 0.015 mg-ml~! (the drug was dissolved in 0.1 M TRIS-HCI buffer at
pH =7.4). The samples were shaken for one day at room temperature; then, the samples
were centrifuged. If the sample adsorbed all of the drug, it was flooded with another
portion for another 24 h. The samples were flooded 6 times.

Six repetitions were performed.

The material after drug sorption was named as HDS-MERC.
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2.4. Characterization of HDS and Modified HDS Materials

The crystallographic structure of the carrier was examined using a diffractometer D8
Advance (Bruker, Mannheim, Germany). The diffractometer was equipped with a detector
(LynxEye, Bruker, Mannheim, Germany) and a Johanson monochromator. The powder
was examined in the range of 26 from 5 to 30. Samples were measured in polymethyl
methacrylate cuvette. A\Cu Kol = 1.5406 A. The technique used to characterize the carrier
before and after drug sorption was Fourier transform infrared spectroscopy (FI-IR) analysis.
The Vertex70 (Bruker) spectrophotometer was used during the research. The materials
were tested using the ATR attachment. The drug, carrier and carrier-drug system were
all characterized in the spectral range 4000750 cm~! with a resolution of 1 cm~! and
48 scans. Scanning electron microscopy (SEM) images were recorded with the use of
scanning electron microscope VEGA 3 (TESCAN, Brno, Czech Republic). During SEM
observation, the secondary electron (SE) signals were detected. To improve the quality of
performed images, all samples were coated with a thin layer (~10 nm) of gold—palladium
alloy. The parameters of the measurement were as follows: magnification—20 and 50 kx,
working distance—15, voltage—10 kV. SEM analysis allowed the assessment of the textural
properties of the surface of the tested samples. The microscope was also equipped with an
energy-dispersive X-ray spectroscopy (EDS) aperture (Bruker) which was used to determine
the amount of sulfur. During the EDS test, a minimum of 10 measurements were made for
each sample and the results are shown as an average value. The amount of retained and
released drug was examined using UV-Vis (Shimadzu, Kyoto, Japan) spectrophotometry.
During the research for this work, a UV-2600 spectrophotometer was used. Measurements
of drug concentration were made in the range of 300400 nm (A max = 320 nm). The optical
path in the cuvette was 1 cm. Calibration curves were prepared in appropriate solvents:
during sorption in TRIS-HCI, during release in SBF or in acetate buffer.

2.5. Drug Release

The carrier (5 mg) after drug sorption was placed in 5 mL of simulated body fluid
(SBF) and the released amount of drug was tested after 1 h, 8 h, 1 day and 7 days using
the UV-Vis technique [14]. Due to the fact that the drug was not released, the results were
not presented.

In the presented studies, a mixed environment was chosen, so at the beginning the
carrier was placed in simulated body fluids (pH = 7.4) for 2 h imitating the pH of healthy
tissues. After this time, the carrier was centrifuged and flooded with acetate buffer (pH = 5),
which imitates the surroundings of cancer cells. After 5 min, the carrier was centrifuged
and the drug concentration in the acetate buffer was assayed using the UV-Vis technique.
After this step, the carrier was flooded with a new portion of acetate buffer and, after
another 5 min, the concentration of the drug was tested again. These steps were repeated
until all of the drug was released.

The SBF was prepared as in our previous works, and its composition is presented in
Table 1 [26]. The acetate buffer was prepared according to the available literature [27].

Table 1. Composition of the SBF used in this work (1000 mL of the SBF).

Order Reagent Amount
1 NaCl 8.035 g
2 NaHCO3 0.355 g
3 KCl 0225¢g
4 Ky;HPO,4-3H,O 0.231g
5 Nast4 0.072 g
6 TRIS 0.6112 g
7 HClI 0-5mL
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2.6. In Vitro Cytotoxicity
2.6.1. Cell Lines

Human breast cancer cell line MCF-7 was purchased from ATCC (LGC Standards,
Lomianki, Poland); human prostate cancer cells DU145 were kindly provided by Dr Vera
Knduper, School of Dentistry, Cardiff University (Cardiff, UK); and spontaneously im-
mortalized human keratinocytes HaCaT [28] were purchased from CLS Cell Lines Service
GmbH (Eppelheim, Germany). MCF-7 and DU145 cells were maintained in Eagle’s Minimal
Essential Medium (EMEM) supplemented with 10% (v/v) fetal bovine serum (FBS). HaCaT
keratinocytes were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing
10% FBS. The cells were maintained at 37 °C in a humidified atmosphere with 5% CO;.

2.6.2. Neutral Red Uptake Test

Cytotoxicity of MERC, HDS-MERC and HDS were compared in vitro using a neutral
red uptake (NRU) assay as described by Repetto et al. [29]. The cells were seeded onto
96-well plates at the density of 4 x 103 cells/well; grown overnight; and treated with
different concentrations of MERC (10 uM, 5 uM, 2.5 uM, 1.25 uM and 0.625 uM), HDS-
MERC (final concentrations of MERC in a complex: 10 uM, 5 uM, 2.5 uM, 1.25 uM and
0.625 uM) and HDS carrier (final concentrations corresponding to HDS-MERC 10 uM, 5 uM,
2.5 uM, 1.25 uM and 0.625 uM) for 72 h. Following incubation, the cells were treated with
33 pg/mL solution of neutral red dye and the morphology of the cells was documented
with an inverted microscope (Nikon Eclipse, Nikon, Tokyo, Japan) connected to an Invenio
II camera (DEltaPix, Smerum, Denmark). The cells were then rinsed with Dulbecco’s
Phosphate Buffered Saline (DPBS) and lysed with an acidified ethanol solution containing
50% v /v ethanol and 1% v/v acetic acid. The absorbance of the neutral red released from
the cells was measured at A = 540 nm using a FilterMax F5 microplate reader (Molecular
Devices, San Jose, CA, USA). The absorbance of the control cells (grown in the presence of
equal volume of the solvent) was set as 100% cellular viability and used to calculate the
percentage of viable cells in the other samples. Results are displayed as mean values from
three experiments + standard deviation (SD). Statistically significant differences between
compared samples were calculated using one-way ANOVA and Tukey’s post hoc test by
GraphPad Prism 7.0 Software.

3. Results

The X-ray diffraction results, which are presented in Figure 2, confirm the successful
synthesis of the biocompatible HDS. The results from the presented work were compared
with the results of the reference work and summarized in Table 2 [2]. As can be seen, the
results are very similar. Slight differences indicate successful HDS synthesis. The pattern
of HDS indicates both strong basal reflections (consistent with the layered structure) and
a series of non-basal reflections (due to the ordered arrangement of ions in the layers) [2].
The peaks presented in the XRD pattern do not occur in the structure of the substrates,
which proves the reaction of the substrates.

The second technique confirming the effectiveness of HDS synthesis was FT-IR spec-
troscopy (Figure 3). In the HDS spectrum, there was a band at around 3510 cm™~?!, which
can be attributed to the vibrations of the OH groups in the layers and the water molecule
(both in the interlayer and adsorbed on the surface of the particles) [7,30]. The band at
1608 cm~! indicated the presence of water molecules. The bands confirming the presence
of the HDS structure were those at 1030 cm~! and 900 cm~! and they were assigned to the
bending of M-OH groups [7].
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Figure 2. X-ray diffraction pattern of HDS.

Table 2. Indexing of the X-ray diffraction (XRD) pattern of the obtained HDS. The results are

compared with the literature.

h k 1 2 Theta This Work 2 Theta Reference [2] Difference
0 0 3 11.0838 11.0238 0.0600

1 0 1 16.5966 16.5760 0.0206

1 0 4 22.0110 22.0506 —0.0396
0 0 6 22.3260 22.3360 —0.0100
0 1 5 24.6689 24.6976 —0.0290
1 1 0 28.1932 28.1701 0.0231

The FT-IR technique was also used to determine the effectiveness of drug sorption.
After sorption, the characteristic HDS bands at 3510 cm ™! and 900 cm~! were still visible.
This may indicate that the structure of the carrier had been preserved to some extent.
After sorption, many new bands appeared, which were attributed to the presence of
mercaptopurine in the material. The band at wavenumber 3265 cm ™! can be assigned to
N-H stretching vibrations. Bands at 2933 cm ! and 2878 cm ™! can be assigned to stretching
vibrations of the C-H. A large band at 1590 cm~! was characteristic of purines. The band
at 1450 cm~! can be attributed to the N-H stretching vibration [31]. The band at 1385 cm !
was attributed to C-N bonds [32]. The band at 1038 cm ™! in the spectrum corresponded
to C-H bending [31]. Another important band that appeared after the drug sorption stage
was the band at the wave number of about 1270 cm~!. It belonged to the vibration of the
C=S bond [33].
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Figure 3. FT-IR spectra for HDS before and after sorption of mercaptopurine (top) and spectrum for
pure drug (bottom).

SEM images of the material before and after drug sorption are presented in Figure 4.
These images are similar to those presented by Kaassis et al. [2]. HDS consists mainly
of platelets. The morphology of the materials changes slightly after the sorption of the
drug. As can be seen in Figure 4, the characteristic platelet particles that were presented
for the pure HDS material were still visible but seem slightly thinner. Importantly, no
additional structures were observed that would indicate drug precipitation outside the
carrier surface. The material loaded with the drug also did not have such clear edges as the
material without the drug. This was most likely due to a partial breakdown of the layered
material. Mercaptopurine molecules get between the layers, causing their exfoliation,
and thus reducing the size of the particles [34]. Unfortunately, we cannot compare these
observations with other papers where HDS was used as a carrier because, to the authors’
knowledge, none of the previous papers showed SEM images after drug sorption.
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Figure 4. SEM images for HDS and HDS-MERC with magnifications of 20.0 kx (top) and 50.0 kx
(bottom).

It is very important that, after sorption of the drug, the drug is distributed as evenly as
possible over the entire surface of the carrier. Even distribution has the effect of delivering
the same dose of the drug from a given amount of carrier. Uneven distribution may
contribute to the release of too high doses, and thus inducing local inflammation. In this
work, the distribution of the drug was investigated based on the distribution of sulfur ions.
These ions were chosen because they do not occur in HDS, but occur in the structure of
the drug. As can be seen in Figure 5, the ions were evenly distributed over the surface of
the entire carrier. Based on this information, it can be assumed that the drug was retained
only on the surface of the carrier, and not, for example, precipitated in a different form, as
evidenced by the visible agglomerates of sulfur ions. The obtained EDS results indicated
that the carrier contained about 1.6% sulfur, and thus about 7% mercaptopurine; however,
the exact amount of drug retained was determined using the UV-Vis technique.
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Figure 5. The distribution of sulfur ions, which determines the distribution of the drug in the carrier.

The most important stage of the research was to determine how much of the drug
could be retained and then released from potential new carriers for mercaptopurine. The
sorption results are presented in Figure 6. The prepared HDS was able to retain 52 ug of
drug per 1 mg of carrier which indicates a 5% loading efficiency. All drug carriers for MERC
described so far have similar loading levels. A similar drug loading level was obtained for
UiO-66-(SH), and amounted to 35 pg of drug per 1 mg of carrier [22]. In the case of ZIF-8
nanoparticles, the loading level was slightly higher and amounted to over 60 ng of drug
per 1 mg of carrier [25]. The amount of conjugated MERC on the surface of biotinylated
carbon dot nanoparticles was 5.71% [23].

——MERC
1.0 —— HDS-MERGC

=
©

=
o

52 ug per 1 mg of carrier

Absorbance
e
H

=
[\}

0.0
eyl T Iy YTy Ty Ty

310 320 330 340 350 360 370 380 390 400
Wavelength [nm]

Figure 6. Sorption of mercaptopurine (“MERC” means starting solution).

Even when a large amount of the drug is retained in the carrier, the most important
step is its release. The lack of the drug release disqualifies the material from potential use.
The material prepared in this work was supposed to act as an “intelligent” drug-releasing
carrier under the influence of the acidic environment that surrounds many types of cancer
cells. The drug release results are shown in Figure 7. For the first two hours, the release
process was carried out in a neutral pH environment imitating healthy body cells. As can
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be seen, under these conditions the drug was not released. The release occurred only after
the pH of the environment was changed to acidic. After changing the environment, there
was a large release of the drug in the first 5 min starting from the pH change (33% of the
released drug). After 10 min, the amount of the drug released was over 60%, and 90% of
the drug release was achieved after as short as 25 min. Such a rapid release in an acidic
environment and no release in a neutral environment testifies to the very high potential of
the presented material. In a way, the carrier has a protective function for the drug and does
not allow it to be released anywhere other than potential cancer cells.

F-N
o
[

Drug release [ug/mg of carrier]
N
o

o
[

HDS-MERC :

pH =7.2 1 =pH=5

o

v L
50 100 150
Time [minutes]

v
200 250

Figure 7. Total release of mercaptopurine from the HDS under the influence of SBF and after 120 min
under the influence of acetate buffer. The red dotted line indicates the pH change.

Comparing our material to those known by us and presented in the literature, it can
be concluded that the material presented in this work has a greater application potential. A
pH-responsive carrier was prepared, for example, by Mosavi et al. [24]. In those studies, it
was possible to obtain a drug carrier (NMOEF-5 coated with chitosan) that released higher
doses under the influence of an acidic environment, but the release was longer than in the
presented work. In addition, this carrier also released certain doses of the drug in a neutral
pH environment, which undoubtedly shows the advantage of the material presented in
this work. A similar situation was found in the work prepared by Kaur et al. [25]. The use
of ZIF-8 as a carrier affected faster release in an acidic environment, but the release was not
instantaneous as in this work. This material also released some doses of the drug in the SBF
environment. The material presented in this paper also has an advantage over materials
that are based on glutathione-induced release because its amount may often be insufficient
in cancer cells to release mercaptopurine [35]. In the case of the presented material, it works
only under the influence of pH, so it does not depend on the concentration of glutathione.

The influence of the HDS-MERC on the viability of cancer cells was then tested
in vitro and compared with the cytotoxic activities of MERC and HDS alone. For this
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study, we chose human breast cancer cell line MCF-7, as we have previously shown its
sensitivity to MERC treatment (ICsy = 1.97 & 0.51 uM) [14]; human prostate cancer cell
line DU145, which is sensitive to treatment with other purine analogs [36]; and HaCaT
keratinocytes as a noncancerous cellular model. As shown in Figure 8a—c, HDS was not
cytotoxic for any of the tested cell lines up to the concentration of 5 UM, whereas both
MERC and HDS-MERC showed significant cytotoxicity from 0.625 uM (for DU145) or
1.25 uM (for HaCaT and MCEF-7). For HaCaT and MCF-7 cell lines, we did not observe
significant differences in the cytotoxic effect between MERC and HDS-MERC within the
tested concentration range. For DU145 cells, the cytotoxic effect of HDS-MERC at low
concentrations (0.625 puM and 1.25 pM) was significantly higher in comparison with
MERC. Moreover, at 1.25 uM, the percentage of viable DU145 cells was significantly lower
than in the control, the noncancerous keratinocytes (34.92 £ 6.14% versus 76.40 £ 8.95%)
(Figure 8d). The differences in the number of viable cells and cellular morphology between
MERC and HDS-MERC treated cells were also observed microscopically (Figure 9). Cell-
line-specific differences in the response to HDS-MERC and MERC treatment more likely
resulted from the different metabolisms of HDS-MERC and the unique microenvironment
created by various types of cancer and noncancerous cells.
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Figure 8. Comparison of the in vitro toxicity of MERC, HDS-MERC and HDS towards human ker-
atinocytes HaCaT (a), DU145 prostate cancer cells (b) and MCF-7 breast cancer cells (c) following 72 h
treatment; graphs show mean values from three independent experiments with five replicates & SD;
histogram in (d) presents cellular viability following 72 h treatment with 1.25 uM of MERC, HDS-
MERC and HDS to emphasize enhanced cytotoxic effect of HDS-MERC for DU145 cells; n = 3,

*3%%

p < 0.001, ns—not significant.
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HaCaT Keratinocytes MCEF-7 Breast Cancer DU145 Prostate Cancer

n

HDS-MERC MERC control

HDS

Figure 9. Morphology of HaCaT, MCF-7 and DU145 cells treated for 72 h with 1.25 uM MERC, HDS-
MERC and HDS or appropriate solvent (control cells); neutral red staining; pictures are representative
for three experiments; magnification 40, scale bar = 100 pm.

4. Conclusions

In this work, the effectiveness of preparing the HDS material was proven. This
material was used as a carrier for the anticancer drug mercaptopurine. Several techniques
confirmed the effectiveness of the drug sorption. The FI-IR analysis showed that after the
sorption of the drug, characteristic bands from the carrier were still visible, while SEM
images showed that the carrier partially degrades. The change in the particle size of the
carrier was most likely due to its exfoliation under the influence of the drug. The drug was
evenly distributed on the surface of the carrier, which is important during controlled drug
delivery. The prepared carrier may be loaded with the drug in a ratio of 5% to the weight
of the carrier. The drug release results indicate that the carrier is an ideal candidate for
pH-responsive drug release. The drug is not released at neutral pH, which is an advantage
over the carriers used so far. In addition, during contact with an acidic environment
(imitating tumor tissues), the drug was released almost immediately, which proves its
very high potential. Very rapid release affects the delivery of a very large dose to the site
affected by cancer. Materials with such a controlled release, to the authors’ knowledge,
have not been described in the literature so far. HDS has not been used as a mercaptopurine
carrier before, so the results obtained in this work indicate a new direction for using these
prospective biocompatible materials. In vitro studies comparing the cytotoxicity of HDS-
MERC with MERC confirmed that coupling with HDS might increase the toxic effect of
the drug towards cancer cells, as shown for the DU145 human prostate cancer cell line.
However, the enhanced cytotoxicity of HDS-MERC complexes seems to depend on the
type of cells and therefore requires further investigation focusing on specific types of cancer
cells and their metabolism of the HDS-coupled drug. In the next stages of research, we
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plan to focus on preparing a formulation that could be administered intravenously during
in vivo tests.

Author Contributions: Conceptualization, M.S. and M.].; methodology, M.S. and M.].; validation,
M.S., M.R,, AP, K.G.-B. and PL,; formal analysis, M.S.; investigation, M.S., M.]., M.R., A.P, K.G.-B.
and P.L.; resources, A.P.; writing—original draft preparation, M.S.; writing—review and editing, M.].
and A.V,; visualization, M.S.; supervision, A.V.; funding acquisition, A.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by grant number 0614/SBAD/1562 for the development of
research potential for “Young Scientists” at the Faculty of Mechanical Engineering of the Poznari
University of Technology.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Chen, Y,; Yuan, S;; Li, Y;; Ma, Y.; Zhang, C.; Zhang, M.; Mao, Q.; Luo, Y.; Zhao, J. Pre-programed hydroxy double salt templates for
room-temperature controlled synthesis of mixed-metal zeolitic imidazolate frameworks. J. Mater. Chem. A 2021, 9, 18557-18563.
[CrossRef]

Kaassis, A.Y.A.; Wei, M.; Williams, G.R. New biocompatible hydroxy double salts and their drug delivery properties. |. Mater.
Chem. B. 2016, 4, 5789-5793. [CrossRef]

Li, A; Mu, X,; Li, T.; Wen, H.; Li, W.; Li, Y.; Wang, B. Formation of porous Cu hydroxy double salt nanoflowers derived
from metal-organic frameworks with efficient peroxidase-like activity for label-free detection of glucose. Nanoscale 2018, 10,
11948-11954. [CrossRef]

Hara, T.; Fujita, N.; Ichikuni, N.; Wilson, K.; Lee, A.F.; Shimazu, S. Efficient 1,4-Addition of Enones and Boronic Acids Catalyzed
by a Ni-Zn Hydroxyl Double Salt-Intercalated Anionic Rhodium(III) Complex. ACS Catal. 2014, 4, 4040-4046. [CrossRef]

Lu, J.; Xu, C,; Tian, Z,; Lu, J.; Lin, Y;; Shi, Z. Green emission and Ag+ sensing of hydroxy double salt supported gold nanoclusters.
Nanoscale 2016, 8, 5120-5125. [CrossRef]

Majoni, S.; Hossenlopp, ].M. Controlled Release Kinetics in Hydroxy Double Salts: Effect of Host Anion Structure. Adv. Phys.
Chem. 2014, 2014, €710487. [CrossRef]

Kaassis, A.Y.A.; Al-Jamal, W.T,; Strimaite, M.; Severic, M.; Williams, G.R. Biocompatible hydroxy double salts as delivery matrices
for non-steroidal anti-inflammatory and anti-epileptic drugs. Appl. Clay Sci. 2022, 221, 106456. [CrossRef]

Richardson-Chong, S.5.D.; Patel, R.; Williams, G.R. Intercalation and Controlled Release of Bioactive Ions Using a Hydroxy
Double Salt. Ind. Eng. Chem. Res. 2012, 51, 2913-2921. [CrossRef]

Plum, L.M.; Rink, L.; Haase, H. The essential toxin: Impact of zinc on human health. Int. |. Env. Res. Public Health 2010, 7,
1342-1365. [CrossRef]

Su, Y,; Cockerill, I.; Wang, Y.; Qin, Y.-X.; Chang, L.; Zheng, Y.; Zhu, D. Zinc-Based Biomaterials for Regeneration and Therapy.
Trends Biotechnol. 2019, 37, 428-441. [CrossRef]

Ceylan, M.N.; Akdas, S.; Yazihan, N. Is Zinc an Important Trace Element on Bone-Related Diseases and Complications? A
Meta-analysis and Systematic Review from Serum Level, Dietary Intake, and Supplementation Aspects. Biol. Trace Elem. Res.
2021, 199, 535-549. [CrossRef]

Consolo, L.Z.Z.; Melnikov, P.; Cénsolo, EZ.; Nascimento, V.A ; Pontes, ].C.D.V. Zinc supplementation in children and adolescents
with acute leukemia. Eur. J. Clin. Nutr. 2013, 67, 1056-1059. [CrossRef]

Eby, G.A. Treatment of acute lymphocytic leukemia using zinc adjuvant with chemotherapy and radiation—A case history and
hypothesis. Med. Hypotheses 2005, 64, 1124-1126. [CrossRef]

Jakubowski, M.; Kucinska, M.; Ratajczak, M.; Pokora, M.; Murias, M.; Voelkel, A.; Sandomierski, M. Zinc forms of faujasite
zeolites as a drug delivery system for 6-mercaptopurine. Microporous Mesoporous Mater. 2022, 343, 112194. [CrossRef]

Polifka, J.E.; Friedman, ].M. Teratogen update: Azathioprine and 6-mercaptopurine. Teratology 2002, 65, 240-261. [CrossRef]
Bhatia, S.; Landier, W.; Shangguan, M.; Hageman, L.; Schaible, A.N.; Carter, A.R.; Hanby, C.L.; Leisenring, W.; Yasui, Y.; Kornegay,
N.M.; et al. Nonadherence to Oral Mercaptopurine and Risk of Relapse in Hispanic and Non-Hispanic White Children with
Acute Lymphoblastic Leukemia: A Report from the Children’s Oncology Group. J. Clin. Oncol. 2012, 30, 2094-2101. [CrossRef]
Bokkerink, J.PM.; Stet, E.H.; De Abreu, R.A.; Damen, EJ.M.; Hulscher, T.W.; Bakker, M.A.H.; Van Baal, ]J.A. 6-Mercaptopurine:
Cytotoxicity and biochemical pharmacology in human malignant T-lymphoblasts. Biochem. Pharmacol. 1993, 45, 1455-1463.
[CrossRef]


https://doi.org/10.1039/D1TA02814F
https://doi.org/10.1039/C6TB01108J
https://doi.org/10.1039/C8NR02832J
https://doi.org/10.1021/cs501267h
https://doi.org/10.1039/C5NR07029E
https://doi.org/10.1155/2014/710487
https://doi.org/10.1016/j.clay.2022.106456
https://doi.org/10.1021/ie202036y
https://doi.org/10.3390/ijerph7041342
https://doi.org/10.1016/j.tibtech.2018.10.009
https://doi.org/10.1007/s12011-020-02193-w
https://doi.org/10.1038/ejcn.2013.146
https://doi.org/10.1016/j.mehy.2004.12.019
https://doi.org/10.1016/j.micromeso.2022.112194
https://doi.org/10.1002/tera.10043
https://doi.org/10.1200/JCO.2011.38.9924
https://doi.org/10.1016/0006-2952(93)90045-X

Cancers 2023, 15, 5670 14 of 14

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

Zacchigna, M.; Cateni, F; Di Luca, G.; Drioli, S. A simple method for the preparation of PEG-6-mercaptopurine for oral
administration. Bioorg. Med. Chem. Lett. 2007, 17, 6607—-6609. [CrossRef]

Podsiadlo, P; Sinani, V.A.; Bahng, ].H.; Kam, N.W.S.; Lee, ].; Kotov, N.A. Gold Nanoparticles Enhance the Anti-Leukemia Action
of a 6-Mercaptopurine Chemotherapeutic Agent. Langmuir 2008, 24, 568-574. [CrossRef]

Wang, J.-R.; Yu, X.; Zhou, C.; Lin, Y.; Chen, C.; Pan, G.; Mei, X. Improving the dissolution and bioavailability of 6-mercaptopurine
via co-crystallization with isonicotinamide. Bioorg. Med. Chem. Lett. 2015, 25, 1036-1039. [CrossRef]

Qiu, J.; Cheng, R.; Zhang, J.; Sun, H.; Deng, C.; Meng, E; Zhong, Z. Glutathione-Sensitive Hyaluronic Acid-Mercaptopurine
Prodrug Linked via Carbonyl Vinyl Sulfide: A Robust and CD44-Targeted Nanomedicine for Leukemia. Biomacromolecules 2017,
18, 3207-3214. [CrossRef]

Gong, M.; Yang, ].; Li, Y; Gu, J. Glutathione-responsive nanoscale MOFs for effective intracellular delivery of the anticancer drug
6-mercaptopurine. Chem. Commun. 2020, 56, 6448—6451. [CrossRef]

Talib, A.B.; Mohammed, M.H. Preparation, characterization and preliminary cytotoxic evaluation of 6-mercaptopurine-coated
biotinylated carbon dots nanoparticles as a drug delivery system. Mater. Today Proc. 2021, 80, 2327-2333. [CrossRef]

Mosavi, S.H.; Zare-Dorabei, R. Synthesis of NMOF-5 Using Microwave and Coating with Chitosan: A Smart Biocompatible
pH-Responsive Nanocarrier for 6-Mercaptopurine Release on MCF-7 Cell Lines. ACS Biomater. Sci. Eng. 2022, 8, 2477-2488.
[CrossRef]

Kaur, H.; Mohanta, G.C.; Gupta, V.; Kukkar, D.; Tyagi, S. Synthesis and characterization of ZIF-8 nanoparticles for controlled
release of 6-mercaptopurine drug. J. Drug Deliv. Sci. Technol. 2017, 41, 106-112. [CrossRef]

Sandomierski, M.; Jakubowski, M.; Ratajczak, M.; Voelkel, A. Zeolitic Imidazolate Framework-8 (ZIF-8) modified titanium alloy
for controlled release of drugs for osteoporosis. Sci. Rep. 2022, 12, 9103. [CrossRef]

Solutions, S. Common Buffers, Media, and Stock Solutions; John and Wiley and Sons: Hoboken, NJ, USA, 2001. [CrossRef]
Boukamp, P,; Petrussevska, R.T.; Breitkreutz, D.; Hornung, J.; Markham, A.; Fusenig, N.E. Normal keratinization in a sponta-
neously immortalized aneuploid human keratinocyte cell line. J. Cell Biol. 1988, 106, 761-771. [CrossRef]

Repetto, G.; Del Peso, A.; Zurita, ].L. Neutral red uptake assay for the estimation of cell viability / cytotoxicity. Nat. Protoc. 2008, 3,
1125-1131. [CrossRef]

Jin, M,; Li, W,; Spillane, D.E.M.; Geraldes, C.EG.C.; Williams, G.R.; Bligh, S.W.A. Hydroxy double salts intercalated with Mn(II)
complexes as potential contrast agents. Solid State Sci. 2016, 53, 9-16. [CrossRef]

Viudez, A.J.; Maduefio, R; Pineda, T.; Blazquez, M. Stabilization of Gold Nanoparticles by 6-Mercaptopurine Monolayers. Effects
of the Solvent Properties. J. Phys. Chem. B 2006, 110, 17840-17847. [CrossRef]

Kumar, G.P; Sanganal, J.S.; Phani, A.R.; Manohara, C.; Tripathi, S.M.; Raghavendra, H.L.; Janardhana, P.B.; Amaresha, S.;
Swamy, K.B.; Prasad, R.G.S.V. Anti-cancerous efficacy and pharmacokinetics of 6-mercaptopurine loaded chitosan nanoparticles.
Pharmacol. Res. 2015, 100, 47-57. [CrossRef]

Sirivat, A.; Paradee, N. Facile synthesis of gelatin-coated Fe304 nanoparticle: Effect of pH in single-step co-precipitation for
cancer drug loading. Mater. Des. 2019, 181, 107942. [CrossRef]

Song, F.; Hu, X. Exfoliation of layered double hydroxides for enhanced oxygen evolution catalysis. Nat. Commun. 2014, 5, 4477.
[CrossRef]

Liao, J.; Peng, H.; Wei, X; Song, Y, Liu, C,; Li, D, Yin, Y, Xiong, X.; Zheng, H.;, Wang, Q. A bio-responsive 6-
mercaptopurine/doxorubicin based “Click Chemistry” polymeric prodrug for cancer therapy. Mater. Sci. Eng. C 2020,
108, 110461. [CrossRef]

Laera, L.; Guaragnella, N.; Giannattasio, S.; Moro, L. 6-Thioguanine and Its Analogs Promote Apoptosis of Castration-Resistant
Prostate Cancer Cells in a BRCA2-Dependent Manner. Cancers 2019, 11, 945. [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.


https://doi.org/10.1016/j.bmcl.2007.09.064
https://doi.org/10.1021/la702782k
https://doi.org/10.1016/j.bmcl.2015.01.022
https://doi.org/10.1021/acs.biomac.7b00846
https://doi.org/10.1039/D0CC02872J
https://doi.org/10.1016/j.matpr.2021.06.341
https://doi.org/10.1021/acsbiomaterials.2c00068
https://doi.org/10.1016/j.jddst.2017.07.004
https://doi.org/10.1038/s41598-022-13187-0
https://doi.org/10.1002/0471142905.hga02ds26
https://doi.org/10.1083/jcb.106.3.761
https://doi.org/10.1038/nprot.2008.75
https://doi.org/10.1016/j.solidstatesciences.2015.12.024
https://doi.org/10.1021/jp062165l
https://doi.org/10.1016/j.phrs.2015.07.025
https://doi.org/10.1016/j.matdes.2019.107942
https://doi.org/10.1038/ncomms5477
https://doi.org/10.1016/j.msec.2019.110461
https://doi.org/10.3390/cancers11070945

	Introduction 
	Materials and Methods 
	Materials 
	HDS Synthesis 
	Mercaptopurine Sorption 
	Characterization of HDS and Modified HDS Materials 
	Drug Release 
	In Vitro Cytotoxicity 
	Cell Lines 
	Neutral Red Uptake Test 


	Results 
	Conclusions 
	References

