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Biological Compatibility of Polyethylene Terephthalate Track Membranes:
Growth, Proliferation, and Viability of Cells in Culture Systems

This study evaluated the biocompatibility of polyethylene terephthalate track membranes (PET TMs) obtained
by heavy ion irradiation followed by chemical etching, with respect to cell growth, proliferation, and viability
in culture systems. Physical parameters of the PET TMs were determined, including Young’s modulus, ultimate
tensile strength, and contact angle. Cytotoxicity of PET TMs was studied on three cell cultures: the epithelial
line MCF7 (adenocarcinoma), fibroblast-like mouse line 3T3, and a primary culture of mesenchymal stromal
cells (MSCs) isolated from rabbit bone marrow. Cytotoxicity was assessed using two methods: extraction from
the material and the direct contact method in accordance with the Interstate Standard ISO 10993-5-2011, IDT.
The results demonstrated that neither PET TM extracts nor direct contact samples significantly affected cell
growth. The proliferation rate of MCF7 cells was 0.01531 1/h for the extract and 0.01568 1/h for direct contact,
which did not differ statistically from the control group (0.01877 1/h, p = 0.138). Microscopic analysis con-
firmed the preservation of cellular morphology: MCF7 cells retained cuboidal morphology, while 3T3 cells
exhibited a spindle-shaped morphology. Real-time cell analysis (RTCA) revealed no significant effect of the
tested samples on the cellular index (Cy), further supporting the absence of a cytotoxic effect. Visual observa-
tions of cell cultures after incubation with the studied samples also did not reveal cell confluence and morphol-
ogy changes. These findings provide important evidence for the safety of PET TMs in biomedical research and
cell culture systems, recommending them for further research in tissue engineering and regenerative medicine.

Keywords: heavy ion irradiation, chemical etching, track-etched membrane, polyethylene terephthalate, regen-
erative medicine, cytotoxicity, cell culturing, tissue engineering

Introduction

Track membranes (TMs) are thin polymer films (5-30 um in thickness) with a pore system of strictly
defined geometry. They are obtained by irradiating the polymer film with heavy ions followed by chemical
etching to form nano- and micropores [1]. The most widely used TMs are made of polyethylene terephthalate
(PET) and polycarbonate (PC). TMs have broad applications in medicine and biochemistry [2], including bi-
ological and chemical sensing [3—5], water purification [6, 7], electrophoresis [8], plasmapheresis [9], and
numerous other technological and biomedical processes. In addition, TMs are employed in cell cultivation
systems, particularly in Transwell systems [10—12]. Transwell systems (TS) are containers for cell cultivation
that enable the creation of bi- or multilayer cellular models [13] with static or dynamic movement of the culture
medium. They typically consist of two chambers: an apical chamber with a semipermeable membrane installed
at the bottom and a basolateral chamber. These systems are widely used for two-dimensional (2D) and three-
dimensional (3D) cell cultivation. In 2D culturing, membranes provide a flat surface that allows studying cell
adhesion, proliferation, and morphology. In the case of 3D culturing, TMs support multilayer co-cultivation
of different cell types, with distinct cell populations adhering to each side of the membrane as well as to the
bottom of the basolateral chamber. This setup mimics tissue—tissue interactions in vivo, which is particularly
important for tissue engineering and regenerative medicine, studies of pathological processes such as carcino-
genesis, investigations of specific cell functions, and the analysis of tissue barrier properties [13—16].

Numerous studies have utilized TS to develop in vitro models of the intestinal epithelial barrier, enabling
the investigation of absorption [17], interactions with pathogenic microorganisms [18], drug screening [19],
and evaluation of drug-induced toxicity [20]. TS have also been applied to generate artificial blood-brain bar-
rier models for studying immune cell migration into the CNS, a key feature of multiple sclerosis pathogenesis
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[21, 22]. Furthermore, these systems have been used to investigate the function of brain endothelial cells by
co-cultivating endothelial cells with astrocytes or pericytes [23, 24].

Transwell analysis is traditionally used to assess the migratory and invasive activity of tumor cells. Li et
al. (2018) used TS for tumor cells’ migratory study. It was demonstrated that depletion of the active pool of
Prdx1 protein reduced the invasive and migratory capacity of colorectal cancer cells, whereas increased Prdx1
expression produced the opposite effect [25]. Using TS, Zhao et al. (2022) showed that miR-29b-3p microRNA
exerted an inhibitory effect on the proliferation, invasion, and migration of 22Rv1 prostate cancer cells [26].
TS have also been applied to investigate the impact of ICOS gene expression on the invasive potential of
hepatocellular carcinoma cells [27]. The inhibitory role of secretory cGMP-dependent protein kinase type II
(PKG II) in the migration, invasion, and proliferation of gastric cancer cells was likewise demonstrated using
TS [28]. Furthermore, Jeon et al. (2016) employed TS to study the influence of mitochondria on invasion and
migration in drug-resistant lung adenocarcinoma cells [29].

TS have been applied to study amyloidogenesis, prion transfer between cells, and the processes of amy-
loid absorption by macrophages in the presence of various amyloid neurodegenerative diseases [30—33]. In
addition, TM-based systems have been used to investigate the effect of the spatial organization of the cell
culture of fibroblast-like cells and dermal fibroblasts on the level of expression of bone remodeling mark-
ers [34] and the level of fibroblast migration [35].

Track-etched membranes have also been employed in the development of “organ-on-a-chip” systems.
Organs on chips (organ chips) are microfluidic cell culturing devices containing continuously perfused hollow
microchannels populated with living cells. This design enables simulation of physiological processes at the
tissue and organ levels, offering a potential alternative to animal experiments in the future [36]. Furthermore,
track membranes are integral components of multi-chamber microfluidic devices [37, 38].

The quantitative method of transepithelial/transendothelial electrical resistance (TEER) is widely used
for measuring the integrity of tight junction dynamics in cell culture models of endothelial and epithelial mon-
olayers. TEER values serve as reliable indicators of the integrity of cellular barriers prior to evaluating the
transport of drugs or chemicals. TEER measurements can be performed in real time without damaging the
cells. A classic TEER setup consists of a cell monolayer cultured on a semipermeable filter insert, which
separates the system into apical (upper) and basolateral (lower) compartments. For electrical measurements,
two electrodes are used: one placed in the upper compartment and the other in the lower one, separated by a
cell monolayer. In these devices, TMs serves as substrates for cell growth, forming a monolayer through which
electrical resistance is measured. They provide a controlled porous structure that promotes cell adhesion,
growth, and differentiation [38, 39].

Despite the widespread use of TS for culturing various cell lines and microfluidic devices equipped with
TMs, there is limited information in the literature regarding the influence of TM chemical composition on cell
growth and proliferation, as well as on their potential cytotoxicity.

Several studies have examined the toxicity of bisphenol A, a monomer unit of polycarbonate membranes,
and the degree of its extraction from the polymer [40—44]. These findings are relevant for evaluating the tox-
icity of polycarbonate films, as they undergo alkaline hydrolysis and are exposed to aqueous environments
during cell cultivation. In contrast, no studies have directly assessed the cytotoxicity of PET TMs. Neverthe-
less, some reports indicate that PET, in the form of nano- and microgranules, can exhibit toxic effects [45, 46].

Therefore, the present study aims to investigate the impact of the chemical composition of PET TMs on
cell growth, proliferation, and viability, with a particular focus on evaluating potential cytotoxicity. The results
obtained in this study may be utilized to assess the feasibility of applying PET TMs in regenerative medicine,
particularly as a component of implantable biological capsules carrying living cells.

Experimental

Preparation of TMs for Working with Cell Cultures

To fabricate TMs with cylindrical pores, a high-quality polyester polyethylene terephthalate film was
used (“PJSC Chemical Plant, Vladimir, Russia, premium grade, State standard No. 24234-80) with a thickness
of 11 um. The film was irradiated with accelerated heavy ions using an IC 100 cyclotron. The irradiated
samples were then subjected to ultraviolet (UV) sensitization followed by chemical etching. Detailed pro-
duction conditions and membrane characteristics are described by Apel et al. (2021) [47]. Finally, the
resulting membranes were sterilized by autoclaving at a temperature of 121 °C and a pressure of 1 atm for
60 minutes.
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Measurement of the mechanical characteristics of TMs

The tensile mechanical properties of the investigated films were measured at room temperature using a
Shimadzu AGS-X testing machine equipped with a 50 N load cell. Rectangular samples with a width of 10 mm
and a gauge length of 35 mm were stretched at a rate of 1 mm/min. The sample thickness was measured by a
Mitutoyo litematic v1-50 thickness tester (measuring force 0.01 N). The stress and strain parameters were cal-
culated using the Trapezium X software.

Hydrophilic-Hydrophobic Properties of TMs

The degree of hydrophilicity of the polyester films and TMs was determined by measuring the contact
angle of wetting with water (8°) using the “sitting drop”” method on a DSA-100 device (KRUSS, Germany).

Scanning Electron Microscopy (SEM)

A high-resolution scanning electron microscope, FESEM SU-8020 (Hitachi, Tokyo, Japan), was used for
morphological analysis of the surface, as well as the number and diameter of pores in PET TMs. The exami-
nation was conducted in the secondary electron (SE) registration mode at an accelerating voltage of 3 kV with
a magnification of 5x10* times. Prior to examination, a 15 nm layer of platinum-palladium alloy was deposited
onto the samples by magnetron sputtering using a Quorum Q150T S system.

Cell Cultures

The cell cultures were provided by the leading researcher M.E. Krasheninnikov (Research and Educa-
tional Center “Cell Technologies”, Peoples’ Friendship University of Russia named after Patrice Lumumba,
Moscow, Russia). Linear cell cultures and primary cell culture were selected for the work: MCF7 — a line of
human epithelial cells (adenocarcinoma); 3T3 — a line of mouse embryonic immortalized fibroblasts; MSC —
mesenchymal stromal cells isolated from rabbit bone marrow. Multipotent cells with the ability to differentiate
in the adipo-, osteo- and chondrogenic direction, as well as the ability to actively proliferate. They have a
fibroblast-like, spindle-shaped morphology. All cells were tested for the absence of mycoplasma contamina-
tion prior to experiments using a chemiluminescent detection system (Servicebio, China). Rabbit MSCs were
maintained in T75 culture flasks (Sarstedt, Germany) in DMEM/F12 medium (Himedia, India) supplemented
with L-glutamine, 10 % FBS (Himedia, India), insulin 1.6 pg/ml (PanEco, Russia), FGF2 — 4 ng/ml (FGF2,
Israel), dexamethasone 2 nM (Russia), penicillin-streptomycin (PanEco, Russia), passaged every 3 days 1/5
no more than 5 passages, under conditions of +37 °C, high humidity and an atmosphere of 5 % CO,.

MCF7 and 3T3 cell cultures were maintained in T75 culture flasks (Sarstedt, Germany) in DMEM/F12
culture medium (Himedia, India) supplemented with L-glutamine, 10 % FBS (Himedia, India), and penicillin-
streptomycin (PanEco, Russia), passaged every 3 days 1/10, under conditions of +37 °C, high humidity and
5 % CO; atmosphere.

Cytotoxicity

Cytotoxicity testing was performed in accordance with the Interstate Standard ISO 10993-5-2011, “med-
ical devices. evaluation of the biological effect of medical devices”. Part 5. Cytotoxicity studies: in vitro meth-
ods” [48]. In accordance with the Interstate Standard, the studies were performed on: 1) an extract from the
material; 2) on the material itself (direct contact method). Phosphate buffered saline (PBS) with normal pH
(7.2) and physiological osmolarity was selected as the eluent. In the control group, a 1:1 mixture of PBS and
culture medium was applied. In the extract group, the extract was added in a 1:1 PBS solution with the culture
medium. In the direct contact group, PET TMs were placed directly into the culture, with a 1:1 PBS-to-culture
medium mixture added. Two methods, described below, were employed to assess cytotoxicity.

Extract Preparation

Extracts were prepared under conditions of 121 °C and 1 atm for 1 hour. PET TM samples at 1.6 +
0.2 mg/cm? were immersed in sterile phosphate-buffered saline (PBS, pH 7.2; PanEco, Russia). The final ma-
terial-to-solution ratio was 1.6 = 0.2 mg/ml.

Preparation of Test Samples

Metal punches with a diameter of 10 mm and an area of 0.79 cm? were used to prepare PET TM samples
for direct contact. The material was cut on a silicone substrate and subsequently sterilized in PBS under the
specified conditions in a volume of 1 cm? per 1 ml of solution.
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Cytotoxicity (Imaging)

Imaging was chosen as the primary method for assessing cytotoxicity, using automated inverted micros-
copy with photo and video recording under continuous culture conditions (37 °C, 5 % CO,, and high humid-
ity). MCF7 and 3T3 cell cultures were seeded into 24-well plates (10,000 cells/cm?; well surface area = 2 cm?)
according to Table 1. After 24 h, the test samples were introduced, and cultivation was continued for an addi-
tional 3 days. The criterion for cytotoxicity was a significant difference in confluency (a characteristic of the
area occupied by the cell culture during cultivation) at the end of the experiment (a difference of more than
20 % confluency) for samples with a weak cytotoxic effect or a visible change in morphology for samples with
a pronounced cytotoxic effect (growth arrest, cell death, balling and detachment).

Real-Time Cellular Cytotoxicity Assay (RTCA)

The real-time cellular assay (RTCA) is a non-invasive method based on continuous measurement of cel-
lular impedance. This approach employs gold microelectrodes embedded in the bottom of a microtiter plate
well to monitor resistance to electron flow in a conductive solution. When adherent cells attach to the elec-
trodes, they impede the flow of current, which is quantified by the dimensionless parameter Cell Index (C)),
where C; = (resistance at time n — resistance in the absence of cells) / nominal resistance value. An increase
in C; over time reflects cell proliferation, eventually plateauing at 100 % confluence. Introducing an apoptosis
inducer or cytotoxic substance decreases C; to zero, reflecting the detachment of cells from the well bottom.
Thus, the RTCA method provides quantitative data on cell number, their proliferation, size/shape, and quality
of attachment to the substrate; C; is a cell index based on the measurement of cellular impedance during cell
culture growth, the change in which is interrelated with proliferation, CPE, cytostatic effect or cytotoxicity.

RTCA was chosen as an additional method for determining cytotoxicity. For this purpose, cMSCs were
seeded at a density of 10,000 cells/cm? (well area 0.32 cm?) into 16-well E-plates equipped with gold electrodes
to measure the cellular index (C;). After that, the onset of the active growth phase was expected, and materials
were added in accordance with Table 2. Cultivation was carried out until a plateau was reached. For the nega-
tive control, a 0.2 % SDS solution 1:1 to the culture medium was added to the control well after reaching the
plateau. To normalize the effect of the extract or PET TM on C;, background subtraction was performed during
post-processing of the data, with negative values set to zero.

The criterion for cytotoxicity was a statistically significant difference in the k coefficient (C;, 1/h) for
samples with a weak cytotoxic effect, or a low C; value after reaching a plateau (<50 % of the maximum) as a
result of adding the test substance, for samples with a pronounced cytotoxic effect.

Statistical Analysis

Data processing was performed in Excel (Microsoft, USA). Statistical analysis was performed in
GraphPad Prism version 9.5.1 (USA). To compare the growth rate between groups, a mathematical model of
exponential growth with a plateau was applied

y=y,—(y, -y )xe",

where y, is the maximum Cj, yo is the initial C;, and £ is the growth rate of C; 1/h.

The acceptability of the calculated models was assessed using the R? coefficient. Differences in growth
rate (k, 1/h) between the study groups were assessed using the F criterion. The data on the graph are given as
the mean = standard deviation (SD). Statistical significance was accepted at p <0.05.

Results and Discussion

Characteristics of TM Surface Morphology

Porosity and pore diameter were determined from scanning electron microscopy (SEM) micro-
graphs (Fig. 1). The characteristics of TMs are presented in Table 3.

Physical Properties of TMs

In this study, the hydrophobic-hydrophilic and mechanical properties of PET TMs were investigated (Ta-
ble 4). In addition, based on a comprehensive literature review, values for the zeta potential and surface charge
of these membranes are presented. The isoelectric point (pl) of PET TMs generally lies between 3.5 and 4
[49], indicating that under physiological conditions (pH = 7.0), they carry a net negative charge. This is con-
sistent with the findings of Sabbatovskii et al. (2012), who reported that PET TMs with a pore diameter of 25
nm exhibit a zeta potential of approximately —27 mV (pore density ~2 x 10° pores/cm?, measured in 0.25 M
KCl solution). Furthermore, the same study demonstrated that membranes with pore diameters ranging from
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13 to 80 nm consistently possess a negative surface charge, with surface charge density (o) values on the order
of (1-100) x 10* C/m? under varying electrolyte concentrations [50]. The observed negative values of zeta
potential and surface charge have been attributed to the presence of carboxyl functional groups on the mem-
brane surface [51]. Importantly, the magnitude of the surface zeta potential, and thus the surface charge density
of PET TMs, can be strongly influenced by parameters such as membrane pore size, the pH of the surrounding
medium, and ionic strength of the solution [52, 53]. Taken together, the negative zeta potential and associated
surface charge characteristics facilitate favorable electrostatic interactions between PET TM surfaces and cel-
lular membranes, thereby promoting enhanced cell adhesion on the PET TM substrate [54, 55].

The contact angle was found to range from 67° to 75°, indicating that PET TMs possess moderately
hydrophilic properties. This degree of wettability is considered optimal for efficient cell adhesion to the poly-
mer surface, as demonstrated for mouse fibroblast cell lines [56] and HUVEC cells [57]. Such wettability
provides a balance between adhesive and repulsive interfacial forces, thereby enhancing cellular attachment.
Moreover, a surface contact angle of approximately 70° was reported to promote increased migration of HU-
VECs [57]. Similarly, Margel et al. (1993) demonstrated using canine endothelial cells that contact angle val-
ues within this range correspond to high levels of adhesion and proliferative activity [58].

Substrates with varying mechanical properties are used for culturing different cell lines [59]. In this study,
the Young’s modulus of the PET TMs was determined to be 2871 £+ 157 MPa. Materials with stiffness com-
parable to that of TM (~3 GPa) used in the present study have been previously employed to investigate the
behavior of vascular smooth muscle cells, endothelial cells, and chondrogenic cells, demonstrating the rele-
vance of high-stiffness substrates in modulating cellular responses [60—62].

Therefore, PET TMs physical properties enable its effective application in cell biology research and tissue
engineering by providing optimal conditions for cell adhesion, migration, and proliferation.

Sterilization of PET TM

After autoclaving at 121 °C for 1 h, PET TMs showed no visible changes in shape, remained intact, and
retained their transparency. These observations confirm the suitability of this sterilization method for subse-
quent sample preparation.

Cytotoxicity

Culturing MCF7 and 3T3 cells with the extracts of the tested samples, as well as under direct contact
conditions, revealed no effect on the growth rate of the cell cultures (Fig. 2 a, b). MCF7 cells exposed to both
extract and direct contact retained their cuboidal, epithelial-like morphology. The samples did not affect cell
proliferation, and no differences in confluence were observed at the end of the experiment. Thus, no cytotoxic
effect on MCF7 cells was detected. Similarly, 3T3 cells maintained their elongated, fibroblast-like morphology
under both conditions. The samples did not affect proliferation, and no cytotoxic effect on 3T3 cells was de-
tected.

The RTCA method and measurement of the cellular index C; on the culture of cMSC cells also showed
no significant effect on the rate of cell proliferation (Table 5, Fig. 3 a, b). For comparison, to induce a pro-
nounced cytotoxic response, sodium dodecyl sulfate (SDS) was added to the control group 164 h after the start
of cultivation. This treatment, which disrupts cell membranes, causes detachment from the culture surface, and
releases cellular proteins, DNA, lipids, and other components into the medium, led to a sharp decline in C..

It was noted that the studied samples slightly reduced the maximum value of the cellular index C;. The
growth rate of C; in the groups (coefficient k) of extract, direct contact, and control was 0.01531, 0.01568, and
0.01877 per hour, respectively. There was no statistically significant difference in the coefficient k& between
the groups (p value = 0.138).

Table 1
Scheme for adding samples and cell cultures to a 24-well plate
1 2 3 4 5 6
A — — MCF7, Extract 1:1 MCF7, Direct contact 3T3, Extract 1:1 3T3, Direct contact
B — — MCF7, Extract 1:1 MCF7, Direct contact 3T3, Extract 1:1 3T3, Direct contact
C — — MCF7, Extract 1:1 MCF7, Direct contact 3T3, Extract 1:1 3T3, Direct contact
D — — MCF7, Control MCF7, Control 3T3, Control 3T3, Control
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Table 2
Scheme of adding samples and cell cultures to a 16-well e-plate
No. 1 2

A MSC, Extract 1:1 MSC, Extract 1:1

B MSC, Extract 1:1 MSC, Extract 1:1

C MSC, Extract 1:1 MSC, Direct contact

D MSC, Direct contact MSC, Direct contact

E MSC, Direct contact MSC, Direct contact

F MSC, Control MSC, Control

G MSC, Control Direct contact

H Extract 1:1 PBS
Table 3

Characteristics of TM obtained by SEM
PET TM Thickness, um Pore density, cm? Pore diameter, nm Porosity, %
10.8+0.3 (8+£0.7) x10° 2545 3.68+0,21
Table 4
Physical properties of PET TM
Parameter Young’s modulus, £ (MPa) Ultimate strength, og (MPa) | Contact angle, 6° (side A/ side B)
Value 2871+157 71+£5 67.31+1.97 / 75.02+1.40
Table 5
Results of mathematical modeling of rabbit MSC cell culture growth (Ci)
Parameters Extract 1:1 Direct contact Control p value, (F [DFn, DFd])
k (1/h) 0.01540,003 0.016+0,002 0.019+0,002 0.138 (1.986 [2, 693])
R? 0.89 0.96 0.97

Figure 1. SEM micrographs of the PET TM surface
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Conclusions

The cytotoxicity of PET TM was assessed using two methods on three cell cultures (the epithelial line
MCF7, the 3T3 fibroblast-like line, and primary rabbit MSC BM culture) in accordance with the Interstate
standard ISO 10993-5-2011, IDT, medical devices. Evaluation of the biological effect of medical devices, Part
5, cytotoxicity studies: in vitro methods. The results demonstrated that PET TM samples did not affect cell
cultures, the proliferation rate and cell morphology. The cytotoxicity assessment confirmed that PET TM sam-
ples are non-cytotoxic. Based on these findings, PET TMs can be recommended for further biomedical re-
search, including their application in tissue-engineered constructs and for the encapsulation of cellular prepa-
rations intended for long-term therapeutic use.
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