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Abstract—The study investigates the physicochemical, porous/textural, and adsorptive properties, as well as the
biological activity of BEA, RHO, PAU, and FAU(Y) synthetic zeolites. The adsorption capacity of the zeolites
for oxytocin, lysozyme, and albumin—markers of low- and medium-molecular-weight pathological proteins—
was measured. The concentration-dependent effects of the zeolites on the viability of human endothelial cells
(Ea.hy926) were evaluated. At concentrations of 2.5 to 10 mg/mL, the Y zeolite was found to exhibit no pronounced
cytotoxicity. In the presence of the BEA, the cell viability decreased to 80% even at 2.5 mg/mL. The RHO and
PAU were shown to have the highest cytotoxicity and significantly inhibit the growth of human cells (down to
23-35%). The study demonstrated that only BEA and Y, among the synthetic zeolites tested, have good biomedical
potential due to their high adsorption capacity, low hemolytic activity, and low cytotoxicity.
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Researchers have recently paid increasing attention
to developing biocompatible sorbents for selective
adsorption of toxins (e.g., prions, proinflammatory
cytokines, viral and bacterial products, etc.) that
accumulate in the body in cancer, immune, infectious,
and other diseases [1]. For example, intoxication has
been found to be mainly caused by accumulation of
low-molecular-weight toxins [2]. The choice of sorbent
is of particular importance because the properties of the
material have a major effect on its selectivity towards
specific toxins and on the therapeutic benefits in general
[3]. In the cases of acute poisoning with low-molecular-
weight toxins, microporous sorbents have proven the
most effective. On the other hand, diseases accompanied
by accumulation of high-molecular-weight toxins require
meso- and macroporous materials to be used.

Thus, selective adsorbability for molecules with
specific sizes is a critical property of a medical sorbent.
Zeolites possess this sort of selectivity due to their
porosity. Zeolites have a unique porous structure: their
three-dimensional framework is riddled with pores
and channels of specific sizes, which form micro- and
mesoporous space.
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There are a number of promising medical applications
for zeolites, including development of precise drug
delivery systems with prolonged release, enterosorption,
hemosorption, and application sorption [4]. Most
published research in this field has investigated natural
zeolites (e.g., clinoptilolite and chabazite) [5-7].
Unfortunately, medical uses of zeolites have remained
very limited. This is mainly because of the pronounced
hemolytic activity and cytotoxicity of natural zeolites
such as chabazite and clinoptilolite, the extent of which
likely depends on the presence of impurity phases [8].
For example, a mineral phase in rocks might contain
smectites, quartz, chalcedony, and potassium feldspars,
in addition to zeolites [9]. It would be has been
reasonable to assume that the zeolite toxicity challenge
can be overcome by using synthetic zeolites due to their
phase purity [10]. However, available research on the
applicability of synthetic zeolites as medical sorbents
lacks reports on their effects on human cells.

Therefore, it is of undoubted importance to

investigate—in terms of adsorption activity for specific
bioactive groups and toxicity—various synthetic
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Table 1. Zeolite synthesis conditions

Synthesis conditions
Sample Formulation Template Aging time, h
temperature, °C time, h
BEA Na; [Al;Si570,5] TEAOH? 2 140 72
RHO (Na,Cs), (Hy0)44 [Al},Si35006] 18-C-6° 24 120 192
PAU (K4,Na,)76 (Hy0)700 [Al; 558152003441 TEAOH 48 120 384
Y Nasg (Hy0)p40 [AlsgSi340384] - 0 75 20

2TEAOH is tetraethylammonium hydroxide.
b 18-C-6 is crown ether.

zeolites differing in grain size, porosity, and chemical
composition.

Synthesis of zeolites with adjustable properties makes
it possible to examine the effects of zeolite type and
chemical composition on their adsorption capacity and
bioactivity. This being so, the purpose of the present study
was to synthesize BEA, RHO, PAU, and FAU(Y) zeolites
and to characterize their adsorption activity for proteins,
hemolytic activity, and cytotoxicity, as well as to assess
their applicability as safe medical sorbents.

EXPERIMENTAL

Zeolites were synthesized under hydrothermal
conditions in accordance with the procedures described
in [11, 12]. The gel preparation and synthesis conditions
are specified in Table 1. The gels crystallized in steel
autoclaves (with a filling factor of 0.7). The synthesized
zeolites were converted to hydrogen forms by substituting
alkaline cations in accordance with the procedure
described in [12], where the decationation steps included
calcination at 400—550°C to remove the organic template
from the zeolite and, thus, empty the porous space.

XRD examination was performed on a Rigaku
SmartLab 3 powder diffractometer in CukK, radiation
at 40 kV/40 mA. This diffractometer, equipped with a
semiconductor detector capable of 0D (point) and 1D
(linear) measurements, was operated in a 6—0 geometry in
a 20 range of 5°—55° with a step 0o 0.01°. The ICDD-2006
international database was used for phase identification.

The morphology of the synthesized samples was
examined by scanning electron microscopy (SEM) on a
VEGA3 TESCAN instrument. The samples were prepared
using carbon film deposition.

The specific surface area and pore volume were
measured by low-temperature nitrogen adsorption on a

PETROLEUM CHEMISTRY Vol. 63 No. 7 2023

Quantachrome NOVA 1200e instrument using NOVAWin
software. The Langmuir model and the Halsey #-method
were used to evaluate the specific surface area and
external surface area of the zeolites, respectively.

The cation-exchange capacity (CEC) of the samples
was determined by ion exchange with hexamine cobalt
[Co(NH;)4]**. Samples weighing 250 mg were dispersed
in 15 mL of a 0.05 M hexamine cobalt chloride solution.
The suspension was stirred for 2 h and centrifuged.
The CEC was evaluated as the difference between
the stock solution and zeolite-containing equilibrium
solutions. The concentrations were determined by UV
absorption spectroscopy using a LEKISS2109UV UV
spectrophotometer based on the absorption band with
a maximum at A, = 473 nm. For each sample, the
CEC was determined as the arithmetic mean of five
independent measurements.

To characterize the adsorption activity of the synthetic
zeolites, we used a number of substances that simulated
pathological proteins (specifically, oxytocin, albumin,
and lysozyme). These substances served as markers for
low-molecular-weight and medium-molecular-weight
toxic proteins. The main characteristics of the marker
proteins are presented in Table 2. Oxytocin (10 IU/mL,
BioFarmGarant, Russia) was used as a marker for low-
molecular-weight toxins, and lysozyme (chicken egg
protein, Roche) and albumin (lyophilized bovine serum
albumin, pH = 7, Biowest) as markers for medium-
molecular-weight toxins.

The adsorption capacity of the BEA, RHO, PAU, and
Y zeolites was measured spectrophotometrically. Zeolite
samples weighing 20-25 mg were added to 20 mL of
oxytocin, lysozyme, or albumin in a synthetic biofluid
[16] that simulated a multicomponent physiological
environment. This solution was treated under stirring for
20 h until an adsorption equilibrium was reached. The
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Table 2. Main characteristics of marker proteins

Marker Functionality Mg, Da Diameter, nm Protein content
Oxytocin Peptide hormone 1007 [13] 0.1 10 IU/mL
Chicken egg lysozyme Enzyme 14300 [14] 3.5 95%
Bovine serum albumin (BSA) Transport protein 66500 [15] 7.1 100%

samples were then centrifuged three times, and, using a
Shimadzu UV-2600/2700 spectrophotometer (Shimadzu
Europa GmbH), the optical density was measured at
wavelengths corresponding to the maximum absorbance
for the specific marker (i.e., oxytocin, lysozyme, or
albumin). The concentration was derived from this
optical density using a respective calibration curve. The
maximum absorbance corresponded to wavelengths of
231 nm for oxytocin, 278 nm for albumin, and 272 nm
for lysozyme.

The adsorption capacity was calculated by the formula:

(G-
q= m >

where C is the initial concentration of the tested protein
in the solution (mg/L); C, is the equilibrium concentration
of the tested protein in the solution (mg/L); V is the
solution volume (L); and m is the sample weight (g).

The hemolytic activity' of the synthetic zeolites
was assessed for human erythrocytes using a hemolysis
test [17]. See our previous studies [18] for a detailed
description of this examination method. The zeolite
content in the samples ranged from 0.3 to 10 mg/mL.
The hemolytic activity was evaluated as a percent
of the reference value, based on three independent
experiments with three parallel samples being taken in
each experiment. The amount of hemoglobin released
from the destroyed erythrocytes was determined from the
optical density measurements. The resultant statistics are
illustrated in Fig. 4.

The cytotoxic effects of the tested synthetic zeolites on
eukaryotic cells were evaluated using an MTT assay”. The

! The hemolytic activity is the ability to induce hemolysis, i.e. to
destroy red blood cells, leading to the release of hemoglobin into
the cell environment.

2 MTT assay is a colorimetric assay for assessing cell metabolic
activity.

adhesive culture of human endothelial cells, Ea.hy926,
was used in the experiments. The solution prepared in
plate cells was analyzed by evaluating the fluorescence
intensity, a parameter measured on a Gemini EM plate
reader (Molecular Devices, USA) at a wavelength of
590 nm with excitation at 560 nm at 37°C. Experimental
data were collected using the Molecular Devices SoftMax
Pro 5.2 software package. Three or four independent
experiments were carried out, two experimental and
two reference samples in each. The percentage of viable
eukaryotic cells at zeolite concentrations of 2.5, 5.0, and
10 mg/mL was derived from the fluorescence intensity
measured.

RESULTS AND DISCUSSION

The XRD patterns (Figs. la—1d) clearly show
reflections typical of BEA, RHO, PAU, and Y zeolites,
respectively, as well as the high purity and crystallinity
of the zeolite samples prepared.

The SEM images were used to identify the sizes and
morphology of the zeolite samples (Fig. 2).

All the zeolites were spherical in shape and had a fairly
uniform size distribution of crystals (Figs. 2a—2d). The
BEA, RHO, and PAU had a grain size of 200-300 nm.
Figure 2d clearly shows the Y zeolite as 400-900 nm
spheres with distinct crystalline outlines that consisted
of aggregated disordered nanoparticles.

Figure 3 provides the low-temperature nitrogen
adsorption/desorption isotherms of the BEA, RHO, PAU,
and Y samples. Their porous properties are presented in
Table 3.

Table 3 presents the specific surface area and the CEC
determined by ion exchange with a hexamine cobalt
solution.

The N, adsorption isotherms of the PAU sample are
IUPAC type 1, typical of microporous materials. The
isotherms of BEA, RHO, and Y, with their hysteresis
loops, are attributed to type IV and indicate the presence
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Fig. 1. XRD patterns: (a) BEA; (b) PAU; (c) RHO; and (d) Y. (A) Line diagrams of BEA, PAU, RHO, and Y references, respectively.

of both micropores and mesopores (Fig. 3d). The RHO
isotherm (Fig. 3b) shows only an adsorption curve above
P/P, = 0.35 because over this range it intersects with
the desorption curve. Given the microporosity of the
zeolites, it was physically meaningless to evaluate the
specific surface area (S) or pore size distribution for these
samples. Nonetheless, for the purpose of rough estimation

and comparative assessment of the samples under study,
these parameters were determined (see Table 3).

The specific surface areas of the samples indicated
in Table 3 were calculated using the Langmuir model,
i.e. with due account of the contribution of micropores.
The total pore volume was derived from the adsorption
capacity at a near-saturation point. PAU is an ultra-

Table 3. Specific surface area, porosity, and CEC of zeolite samples

Sample BEA Y RHO PAU
S, m?/g 892 569 967 -
Sexp Mg 373 98 42 151
Vpores cm’/g 0.317 0.202 0.344 -
CEC, mg EQ/100 g 12+1 6+1 6.1+0.3 3.0+0.5

PETROLEUM CHEMISTRY Vol. 63 No. 7 2023
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Fig. 2. SEM micrographs: (a) BEA; (b) PAU; (¢c) RHO; and (d) Y.

microporous material [ 19]. Bearing in mind its theoretical
pore size (0.360 nm) and the nitrogen molecule size
(0.364 nm), it is fair to state that low-temperature nitrogen
adsorption is inapplicable for measuring the porous
properties of this zeolite type. For PAU, therefore, only
the external surface area (S.,,) can be used.

Table 4 presents the adsorption capacity of the studied
zeolites for oxytocin, lysozyme, and albumin. Given that
adsorption occurs on zeolite surfaces, it was important to

Table 4. Adsorption capacity of zeolite samples

find a correlation between the specific surface area and
the adsorption capacity per 1 m? of the surface. Knowing
that the sizes of the proteins exceeded those of the zeolite
pore openings, it was safe to assume that the adsorption
occurred on the external surfaces.

The data obtained suggest that the Y and BEA zeolites
are exceptional for their high adsorption capacity. The
BEA exhibited high adsorption capacity for all the
model proteins: 50.0 mg/g for albumin, 48.3 mg/g for

Adsorption capacity (g)
Sample oxytocin lysozyme albumin
mg/g pg/m? mg/g ug/m? mg/g pg/m?
H-BEA 50.9+4.2 136.5 48.3£3.1 129.4 50.0+6.0 134.0
H-Y 50.5+0.4 515.3 20.7+0.4 211.2 0 0
H-RHO 26.4+£2.4 628.6 20,2+0,2 481.0 0 0
H-PAU 19+0.9 125.8 28.5+0.1 188.7 0 0

PETROLEUM CHEMISTRY Vol. 63 No. 7 2023
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Fig. 3. Low-temperature nitrogen adsorption/desorption isotherms: (a) BEA; (b) PAU; (¢) RHO; and (d) Y.

lysozyme, and 50.9 mg/g for oxytocin. This indicates
a lack of selectivity in this zeolite type. In contrast,
the Y zeolite proved to be selective towards low-
molecular-weight proteins. Despite its relatively high
adsorption capacity for oxytocin and lysozyme (50.5 and
20.7 mg/g, respectively), this sample did not adsorb the
larger albumin molecules. On the other hand, the RHO and
Y were superior in adsorption capacity for oxytocin and
lysozyme per 1 m? surface, although the BEA’s external
surface area noticeably exceeded that of the RHO and Y.
It is further worth noting that larger protein molecules
corresponded to lower adsorption capacity of the zeolites,
thus confirming that adsorption occurred on the external
surfaces. The difference in the adsorptive properties of
BEA and Y can be explained by their different porosity
and texture. The larger values of external surface area,
primary and secondary porosity, and CEC were likely

PETROLEUM CHEMISTRY Vol. 63 No. 7 2023

responsible for the BEA ability to adsorb molecules with
various molecular weights. The ultra-microporosity of
RHO and PAU suggests that protein molecules adsorbed
only on the external surfaces of these zeolites. Thus, it
was demonstrated that the adsorption of proteins on the
zeolites primarily depended on the external surface area.

The hemolytic activity of the tested samples for human
erythrocytes is illustrated in Fig. 4.

These curves clearly show that, even at concentrations
as low as 0.6 mg/mL, the RHO and PAU exhibited
pronounced hemolytic activity (5.1 and 10.1%,
respectively), and that the maximum hemolysis for these
zeolites amounted to 37.9 and 40.7%, respectively. The
BEA’s hemolytic activity was negligible until its content
reached 2.5 mg/mL. The hemolysis of the Y zeolite did
not reach above 6% over the entire range of its content
in the suspension (0.3—10 mg/mL).
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Fig. 4. Hemolytic activity of zeolite samples for human
erythrocytes: (/) PAU; (2) RHO; (3) BEA; and (4) Y.

In general, the cytotoxicity assay results correlate with
the hemolytic activity (Fig. 5). Special attention should
be drawn to the Y zeolite: the Ea.hy926 cell viability
remained high (almost 100%) over the zeolite content
range of 0.3—10 mg/mL. In the presence of BEA, the
cell viability was 80% even at 2.5 mg/g, not to mention
its abrupt drop to 27% at 5 mg/g. The RHO and PAU
exhibited similar cytotoxicity: over the entire range of
0.3—-10 mg/mL, they significantly inhibited the growth of
human Ea.hy926 cells (Fig. 5). It is reasonable to assume
that RHO and PAU are unfeasible as medical sorbents.

The low cytotoxicity of the Y sample can be explained
by the fact that it was synthesized in the absence of
organic structure-directing agents (toxic templates).
Following the same reasoning, the addition of organic
templates (crown ether and TEAOH) during the synthesis
ofthe RHO and PAU, respectively, was critical to the high
toxicity of these zeolites. Although the organic template
was removed by calcination to prepare the decationated
zeolites, its residues may still have been present.

The high cytotoxicity of the RHO and PAU may also
be caused by their large grain size (2—3 pum compared to
200-300 nm in the BEA). Therefore, although TEAOH
was likewise added as an organic template to synthesize
the BEA, its toxicity was markedly lower than that of the
RHO and PAU. This assumption corroborates well with
our prior studies [18].
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Fig. 5. Cytotoxicity of zeolite samples against human
endothelial Ea.hy926 cells: (/) Y; (2) RHO; (3) PAU; and
(4) BEA.

Summarizing the data obtained, we clearly see a
correlation between the grain size and cytotoxicity of
the zeolites at low concentrations. Importantly, this
correlation only makes sense for the zeolites synthesized
with the addition of organic templates, specifically BEA,
RHO, and PAU. Their cytotoxicity increases with the
grain size in the following order: BEA <RHO <PAU. It
is fair to posit that Ea.hy926 cells, capable of capturing
microparticles, absorb zeolites, and this disturbs the
metabolic activity of these cells. This capability also
explains the higher cytotoxicity of the BEA at higher
concentrations. Given that among all the tested zeolites,
BEA had the smallest grain size (about 300 nm), a larger
number of its particles can contact the cell, thus logically
increasing its toxic effect compared to the other zeolites.

CONCLUSIONS

The hemolysis and cytotoxicity assay data suggest
that Y and BEA are the least toxic of the zeolites under
study. However, the BEA exhibited no pronounced
cytotoxicity against blood erythrocytes or Ea.hy926 cells
until its concentration exceeded 2.5 mg/g; in contrast,
the Y zeolite proved to be low-toxic over the entire
concentration range of 0.3 to 10 mg/mL. The BEA zeolite
was distinguished by a well-developed specific surface
area, a significant micropore volume, and high adsorption
capacity for low- and medium-molecular-weight model
toxins. The data strongly suggest that the Y zeolite would

PETROLEUM CHEMISTRY Vol. 63 No. 7 2023
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be totally safe for humans and selective: it demonstrated
an ability to effectively adsorb only low-molecular-
weight proteins. These two zeolite types are very likely
applicable as medical sorbents. Given their simultaneous
high adsorption activity for protein components of a
synthetic biofluid, these zeolites are promising sorbents
for separation of biomolecules in affinity chromatography.
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