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Abstract
Extensive consumption of energy drinks (ED) and alcohol mixed with energy drinks (AmED) has ORIGINAL SCIENTIFIC PAPER
become a prevalent practice among young people. Marked as enhancers of physical and
mental performance due to their high levels of stimulant ingredients, such as caffeine and
taurine, ED and AmED consumption can potentially cause adverse effects on the central
nervous system (CNS) and cardiovascular system. Despite the role of stem cells in development Hem. Ind. 00(0) 000-000 (2025)
and tissue renewal, studies examining the potential effects of consumption on these cells are
lacking. In this study, we established a 3D system based on alginate microfibers to test the
effects of bioactive compounds on human NT2/D1 embryonal carcinoma cells, a widely used
malignant counterpart of human stem cells. We also assessed the effects of simulated acute
ED and AmED consumption on the viability of pluripotent cells and evaluated the efficiency of
mass transport to the cells using mathematical modeling. The obtained results show that the
3D system enables undisturbed growth and proliferation of NT2/D1 cells and uniform
distribution of the tested compounds to all cells within the microfiber. Simulated acute ED and
AmED consumption in the 3D culture did not affect the viability of NT2/D1 cells, compared to
a 2D culture, where caffeine induced a significant, yet small, decrease in cell viability.
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1. INTRODUCTION

Energy drinks (ED) are non-alcoholic beverages widely consumed by children, adolescents, and young people [1,2]. The
major constituents of ED, caffeine and taurine, present in high concentrations, have been shown to enhance mental and
physical performance [1]. On the other hand, excessive consumption of ED can cause significant health issues, primarily in
the cardiovascular and neurological systems, raising health concerns and the necessity for regulatory guidelines addressing
the safe consumption of ED [3,4]. Consumption of ED in combination with alcohol (alcohol mixed with energy drinks -
AmED), an increasingly popular trend among adolescents, leads to altered and risk-taking behavior and makes them more
prone to intoxication than consuming ED alone [5]. Studies addressing this issue were mainly focused on the effects of ED
on mature cells of neural and cardiovascular origins [6-8]. Research, which analyzed the impact of ED constituents on
human induced pluripotent stem cell (iPSC)-derived cardiomyocytes, shed light on the potential adverse effects these
components may exert on the cardiovascular system [6]. The negative effect of caffeine and taurine, used in concentrations
labeled on ED, was also confirmed in immature oligodendrocytes and hippocampal neurons derived from PO-P1 Wistar
rats, causing a disturbance in the development capacity of oligodendrocytes and in the morphology of neurons [7]. In
addition, research on human neuronal cell line SH-SY5Y showed that major ED constituents, caffeine, taurine, and guarana,
caused the excessive removal of antioxidant species in cells, thus causing antioxidative stress, which disrupts cellular
homeostasis [8]. Despite the importance of stem cells and progenitor cells in both embryonal and adult development,
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research regarding the effects of ED on these cell types is missing. Therefore, there is a need for the development of
adequate and relevant models based on stem cells and progenitor cells.

NT2/D1 cell line, a pluripotent embryonal carcinoma (EC) cells [9], could be used to create such models since it is
considered the malignant counterpart of human embryonic stem (ES) cells [10]. Previous studies demonstrated that human
EC cells and human ES cells share significant genetic similarities. Microarray analysis identified 330 genes as highly
expressed in both cell types, particularly pluripotency-related genes such as POU5F1 (Oct4), suggesting a common
molecular basis underlying their pluripotent phenotype [11]. Additionally, it was shown that EC cells and ES cells exhibit
genetic similarities in the expression of pluripotency markers such as SSEA3, SSEA4, and Oct4, also in class 1 MHC antigens
and Thy1, reflecting their common embryonic origins [9]. EC cells, such as NT2/D1 cell line, despite originating from tumors,
offer a simplified model compared to ES cells, thus facilitating the study of the effect of diverse compounds on the deve-
lopmental mechanisms of humans without ethical concerns and providing complementary insights alongside ES cells [9].

2D cell culture is the most suitable, cost-effective, and widely used approach for in vitro monitoring of cell growth and
analyzing the cell response upon drug treatment [12,13]. Despite being the effective approach for the first step in drug
screening, it has many limitations due to the absence or changed cell morphology, polarity, cell-to-cell, and cell-to-ECM
interactions present in native tissues in the human body, important for maintaining a physiologically relevant
microenvironment [13,14]. These limitations could be addressed using experimental animals as in vivo models. Although
widely used in research, significant differences between animals and humans prevent the extrapolation of results obtained
in animal models to clinical trials [15]. Studies also showed large differences between human and mouse embryonic stem
cells in morphology, tempo of differentiation, expression profiles of genes involved in the regulation of cell cycle, cell death,
differentiation, etc [15-18]. Consequently, certain stimuli, e.g, signaling molecules, compounds, that affect some biological
processes in mouse cells could have either negligible effect or the opposite effect in human cells . Therefore, 3D cell culture
models emerged as necessary to bridge the gap between two widely used approaches for drug screening - 2D cell culture
and animal models [13].These challenges are recognised by EU Directive 2010/63, which encourages the 3Rs principle
(refine, reduce and replace) to develop alternative three-dimensional (3D) models that can mimic human tissues and
disease complexity for research and drug testing [19]. NT2/D1 cells were successfully differentiated into mature neurons
in a 3D model of sphere formation [20] and alginate hydrogels [21]. Cell immobilization in alginate hydrogels shows great
potential due to the natural origin of alginate, enabling cells to grow and interact within, and allowing the exchange of
metabolites, oxygen, and stimuli between cells in fibers and the surrounding medium [22,23].

The aim of this research was to establish a 3D model system of pluripotent NT2/D1 cells immobilized in alginate
microfibers and analyze the potential effects of ED and AmED consumption on the viability of human pluripotent cells.

2. EXPERIMENTAL

2. 1. Cell culture

NT2/D1 cells, a kind gift from Prof. Peter W. Andrews (University of Sheffield, UK), were grown in Dulbecco's Modified
Eagle Medium (DMEM) High Glucose (4.5 g dm? glucose) supplemented with 10 % Fetal Bovine Serum (FBS) and Antibiotic-
Antimycotic solution (10,000 units cm™ of penicillin, 10,000 pg cm3 of streptomycin, and 25 pg cm of Amphotericin B), all
purchased from Thermo Fisher Scientific (MA, USD). Cells were maintained in cell incubators at 37 °C, 10 % CO, and high
humidity atmosphere. A 2D model system of NT2/D1 cells was maintained by propagating cells in standard adherent
culture dishes where these cells grow in a monolayer. A 3D culture system was obtained by immobilization of NT2/D1 cells
in alginate microfibers as previously described [22]. Briefly, sodium alginate (A3249, low viscosity, AppliChem, Germany)
solution (1.5 wt.%) with cells (5x10° cells cm™ alginate) was manually extruded through a blunt edge stainless steel needle
(25 gauge, Small Parts Inc., USA) into a gelling bath containing 0.18 M Ca?* ions (CaCl,-2H,0, Sigma-Aldrich, USA). After
complete gelling (15 min incubation in the gelling bath), microfibers were washed in a cell culture medium without FBS
and finally maintained in the cell culture conditions described above. Alginate microfibers were visualized by light
microscopy and diameters were measured using Leica LAS v4.12 Software. Measurements were performed in three
biological replicates, with three independent average diameter calculations for each alginate microfiber.
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2. 2. Cell recovery

Immobilized NT2/D1 cells were released by dissolving alginate microfibers in 2 % w/v sodium citrate (Na3CgHs07:2H,0,
Sigma-Aldrich, USA) solution (0.1 g of microfibers in 1 cm3 of the solution) for 10 min at 37 °C. Cell suspension was pelleted
by centrifugation at 1300 rpm for 5 min. The supernatant was discarded and the cell pellet was washed two times with the
cell culture medium. Cell number was determined using the Trypan blue exclusion test of cell viability. Retrieved cells were
cultivated in adherent culture dishes for 72 h and analyzed for viability, adhesion, and proliferative capacity.

2. 3. Cell treatments

NT2/D1 cells in 2D and 3D cell cultures were treated with the main components of energy drinks, caffeine (CAF) and
taurine (TAU), individually, together (CAF+TAU) and in combination with alcohol (CAF+TAU+EtOH); energy drink
alone (ED) or in combination with alcohol (ED+EtOH). Components were dissolved in a cell culture medium in
concentrations corresponding to their actual amounts in the energy drink, i.e. 0.32 mg cm™ caffeine and 4 mg cm3
taurine. Energy drink samples (500 mm? each) were dried in a vacuum concentrator (Concentrator 5301, Eppendorf).
Then, dry pellets were dissolved in initial volumes (500 mm3) of cell culture medium to preserve the original
concentrations of all components and pH was adjusted to 7.4 using 0.1 N NaOH/HCI [6]. Final concentrations of all
components in the cell culture medium during treatments were ten times lower than the original concentrations in
energy drinks to simulate the real consumption in vivo [6].

Ethanol, in a concentration of 20 mM, was used with caffeine and taurine or ED to simulate AmED consumption.
This concentration corresponds to the physiologically relevant blood alcohol content in adults after quick consumption
of a few drinks [24]. For treatments, NT2/D1 cells were cultured in 96-well plates, either seeded in 2D monolayer culture
(10* cells per well) or in 3D culture immobilized in alginate microfibers (cut to 1 cm in length per well). Treatment was
initiated 24 h after cell seeding in both cell culture conditions - 2D monolayer and 3D microfiber culture, and it lasted
for 24 h to simulate acute consumption, as described previously [7,25]. Untreated NT2/D1 cells were used as a control
since all components were dissolved in the cell culture medium.

2. 4. Fixation of NT2/D1 cells immobilized in alginate microfibers

NT2/D1 cells immobilized and propagated within alginate microfibers for 7 days were washed once in Phosphate
Buffered Saline (PBS) and incubated in Fixative Solution (Cell Signaling Technology, Inc., Danvers, MA, USA) for 15 min
at room temperature. After incubation, cells were rinsed two times in PBS and visually inspected using a Leica DM IL
LED Inverted Microscope (Leica Microsystems, Leica Microsystems GmbH, Germany). During fixation and washing in
PBS, alginate microfibers were disintegrated, but cell clusters remained intact.

2.5. MTT assay

Viability of NT2/D1 cells was assessed using a colorimetric MTT test. This assay measures cell viability by assessment of
the mitochondrial ability to metabolize MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) (Merck &
Co., Inc., USA). In viable, metabolically active cells, MTT is reduced into purple formazan crystals, which can be visually
confirmed by light microscopy or spectrophotometrically measured upon solubilization in DMSO (dimethyl sulfoxide) [26].
For the visual inspection of NT2/D1 cells during the 7 day propagation in alginate microfibers, cells in 3D culture were
incubated with MTT solution (MTT dissolved in cell culture medium at a concentration 0.5 mg cm?3) for 24 h, at four time
points — after 1, 2, 3 and 7 days at 37°C in cell incubator. Images were taken using a Leica DM IL LED Inverted Microscope
(Leica Microsystems, Leica Microsystems GmbH, Germany). Colorimetric measurements were performed as previously
described [26,27]. NT2/D1 cells grown in 96-well plates, in 2D and 3D cell cultures, were incubated with MTT solution (MTT
dissolved in cell culture medium at a concentration of 0.5 mg cm3) for 4 h at 37 °C in a cell incubator. After incubation, the
MTT solution was discarded, and water-insoluble formazan crystals were dissolved by incubation in DMSO for 5 min with
agitation at room temperature. Solubilization of formazan was monitored by visual inspection of the alginate microfibers
using light microscopy. Absorbances of the dissolved formazan solutions were measured at 570 nm using a microplate
reader, Tecan Infinite 200 PRO (Tecan Group Ltd., Switzerland). Statistical analysis was performed with SPSS statistical
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software package (SPSS Inc. Released 1999. SPSS for Windows, Version 10.0., USA). Cell viability was calculated and
presented as a percentage of the corresponding untreated control NT2/D1 cells (either 2D or 3D) expressed as 100 %. Data
were expressed as means = SEM (Standard Error of the Means).

2. 6. Live/dead assay

Effects of ED and AmED treatments on the viability of NT2/D1 cells in alginate microfibers were evaluated using
LIVE/DEAD™ Cell Imaging Kit (488/570) (Invitrogen, ThermoFisher Scientific, USA). Live/dead assay is based on two
distinctive characteristics of live cells - membrane integrity and intracellular esterase activity. In this two-color assay,
cells are simultaneously stained with green-fluorescent calcein-AM (indicating live cells with intracellular esterase
activity) and red-fluorescent BOBO-3 lodide (indicating dead cells that lost membrane integrity). NT2/D1 cells
immobilized in alginate microfibers were propagated for 48 h in the cell culture (24 h without treatment and 24 h
with/without treatment) and stained according to the manufacturer's instructions. Images of the stained NT2/D1 cells
immobilized in alginate microfibers were taken using a Leica TCS SP7 confocal laser-scanning microscope (Leica
Microsystems CMS GmbH, Wetzlar, Germany). Sequence of 40 cross section images (5 um each) of alginate microfibers
were analyzed. Z stacks were overlapped by Maximal intensity processing tool of LAS AF software (Leica Microsystems,
Leica Microsystems GmbH, Germany).

3. RESULTS AND DISCUSSION

3. 1. Immobilization of NT2/D1 cells in alginate microfibers

NT2/D1 cells were successfully immobilized in alginate microfibers with consistent and uniform size (average
diameter of 190 + 10 pum, Fig. 1) using manual extrusion of cell/alginate suspension (5x10° cells cm3, 1.5 % w/w alginate)
into the gelling bath containing Ca?* ions. The obtained alginate microfibers with immobilized cells were further

cultivated in standard cell culture conditions for up to 7 days.

? -

&

Figure 1. Representative optica miphs of a/ginaemd;rofibers with immobilized NT2/D1 cells showing diameter
measurements. Scale bar: 100um

Morphology of NT2/D1 cells and their growth in alginate microfibers were analyzed by light microscopy (Fig. 2, Panel
A). Representative images of cells captured during the propagation have shown uniform cell distribution in microfibers,
as well as a continuous increase in cell number during the 7-day course of cultivation (Fig. 2, Panel A). In addition, cells
spontaneously form cellular aggregates and clusters of cells (large cellular aggregates) (Fig. 2, Panel A). At the first time
point, day 1, we observed a high density of single cells within microfibers (Fig. 2, Panel A, day1), while increased number
of cells during prolonged growth in alginate microfibers resulted in cell aggregation (Fig. 2, Panel A, days 2 and 3) and
the formation of cell clusters at day 7 (Fig. 2, Panel A). To confirm cellular aggregation and clustering, we performed
chemical fixation of the NT2/D1 cells after 7 days of propagation in alginate microfibers (Fig. 2, Panel B). Cell fixation
ensured the preservation of the original state, shape and structures of cellular aggregates and clusters (Fig. 2, Panel B)
and corroborate previous observation that NT2/D1 cells in alginate microfibers proliferate and establish cell-to-cell
contacts to enhance cell viability and functionality within cellular aggregates [28].

These results were also confirmed using MTT assay for visualization of viable cells within alginate fibers. As presented
in Figure 2, Panel C, the intensity of formazan dye, indicator of the presence of live cells, markedly increased during
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7 days of propagation. MTT assay also showed cell aggregations at day 2 and 3 and cell cluster formation at day 7 (Fig.
2, Panel C, Images g-i).

A Cc

day1

day2

day3

day7

Figure 2. NT2/D1 cells during a 7-day course of cells growing in alginate microfibers. Light microscopy of A) NT2/D1 cells in alginate
microfibers at indicated time points. Black arrows indicate cell aggregates at days 2 and 3 and cell clusters at day 7. Scale bar: 100 um.
B) Fixation of NT2/D1 cells after 7 day propagation showing cellular clusters (black arrowheads) in alginate microfibers. Scale bar-
50um. C) Formazan dyed NT2/D1 cells in alginate microfibers at indicated time points. Scale bar: 100 um.

We also wanted to investigate the effect of cell retrieving procedure on the viability, proliferation capacity and
adhesion potential of immobilized cells. Immobilized NT2/D1, cells were retrieved from microfibers 24 h after
immobilization, counted and seeded in adherent culture dishes for growth in 2D culture, Figure 3. Concentration of
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retrieved NT2/D1 cells was 1.5x10° cells per cm3. Compared to 5x10° cells per cm3, initially immobilized in alginate

microfibers, the observed cell loss was significant (~3 fold).

; ' B ;%-Q“'::,- , is_i. - - e -
Figure 3. Light microscopy of NT2/D1 cells retrieved from alginate microfibers and propagated in 2D cell culture for the indicated
periods of time. Scale bar-100 um

The observed result is comparable to the cell number reduction during retrieval from alginate microfiber previously
described in similar studies [29,30] and it is due to cytotoxicity of Na-citrate [31]. Sodium citrate inhibits proliferation
and induces apoptosis of hepatocellular carcinoma cells [31,32]. In addition, increased sensitivity of NT2/D1 cells to
cytotoxic agents was previously established [33]. Nevertheless, retrieved NT2/D1 cells seeded in monolayer 2D culture
retained viability, ability to attach to a culture dish surface and capacity to proliferate (compare images at day 0, day 1,
and day 2 in Figure 3).

NT2/D1 cells were previously maintained in both 2D (adherent monolayer culture) and 3D model systems
(cultivation in non-adherent conditions that promote spheres formation) [34]. That study showed remarkable
differences in NT2/D1 cells growth under 2D and 3D culturing conditions [34]. Cells in the 2D culture had 5 times higher
proliferative capacity then spheroid culture that was limited by the gradual decrease in oxygen concentration from the
periphery to the center of spheroid [34]. Hypoxic condition in the center of spheroid induced very low cell proliferation
rate in that zone [34]. Limitations in oxygen and nutrients diffusion, accumulation of metabolic waste and consequent
cell necrosis in spheroids [35,36] could be overcome using alginate 3D cell culture models. As a matter of fact, NT2/D1
cells were successfully encapsulated in alginate beads [21]. In order to create a 3D model for efficient differentiation of
NT2/D1 cells in dopaminergic neurons authors tested optimal conditions (cell density and permeability of the beads)
for encapsulation of cells in alginate beads [21].They showed that 1.0x10°% cells cm™ encapsulated in the highly
permeable alginate beads (obtained by 0.1 M CaCl, in the gelling bath) promoted high exchange between cells and
medium and consequently increased viability, proliferation, and metabolic activity of NT2/D1 cells [21]. Presented
results confirm that biocompatible, immunogenic, and non-toxic alginate hydrogels are highly suitable for supporting
the growth and propagation of human pluripotent NT2/D1 cells in a 3D environment.

We also detected differences in morphology of NT2/D1 cells grown in alginate microfibers and 2D monolayer
cultures, which is in concordance with previous observations [37-39]. This result could be explained by the fact that cells
in the 3D cell culture gained a round shape, due to a single growth direction and the absence of cell attachment to the
cultureware. This is in contrast to the flattened shape of cells in a 2D monolayer, which is in agreement with results
from previous studies. [40]

3. 2. The effects of ED and AmED treatments on the viability of NT2/D1 cells in 2D and 3D model systems

In order to assess the effects of treatments on cells in 2D and 3D cell cultures, the cells were exposed for 24 h to
treatments that simulated the consumption of energy drinks and their major components (caffeine and taurine) alone
or in combination with alcohol. Experimental settings, duration and concentrations of tested compounds were in
concordance with the previously conducted studies [7,25]. Accordingly, the following treatments were applied: caffeine
(CAF); taurine (TAU); the combination of caffeine and taurine (CAF+TAU); caffeine and taurine in combination with
alcohol (CAF+TAU+EtOH); energy drink (ED); ED in combination with alcohol (ED+EtOH).
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After 24 h of treatment, microfibers in all treated groups preserved their integrity, while NT2/D1 cells preserved
their morphology compared to the untreated control (Fig. 4, Panel A). To assess the potential effects of ED and AmED
treatments on the viability of NT2/D1 cells in 2D and 3D cell cultures MTT assay was used (Fig. 4, Panel B).
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Figure 4: NT2/D1 cells immobilized in alginate microfibers cultivated for 24 h and then treated for 24 h with the indicated
treatments. A) Light microscopy of treated NT2/D1 cells in alginate microfibers. NT2-control untreated cells. Scale bar: 100 um. B)
Viability of NT2/D1 cells assessed by MTT assay. NT2/D1 cells were cultivated for 24 h in monolayer cultures (2D) or immobilized in
alginate microfibers (3D) and then exposed for 24 h to the treatments listed above. Values are normalized to the values of
corresponding controls, either 2D NT2/D1 or 3D NT2/D1, untreated cells expressed as 100 %. Data are represented as means + SEM
of three independent experiments performed in triplicate.* indicates p < 0.05. NT2-control untreated cells.

SEM - standard error of the means.

The obtained results indicate a slight difference in cell viability between 2D and 3D cell cultures in response to
treatments. The slight reduction in cell viability, although statistically nonsignificant, in response to all treatments in the
2D model system can be observed, except for caffeine, where a statistically significant but low decrease (12 %) in cell
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viability is observed (Fig. 4, Panel B). On the other hand, none of the treatments significantly affect NT2/D1 cell viability
in a 3D model system (Fig. 4, Panel B). Noticeable, although statistically insignificant, decrease in cell viability after
treatments with caffeine/taurine and ED/EtOH in 3D probably reflects the fact that the 3D cell culture had higher
deviations than 2D cultures (Fig. 4, Panel B). This is one of the well-established properties of 3D cultures, caused by the
variation in the initial culture conditions, such as cell density and distribution in the 3D matrix [41-43].

In addition, cell viability after treatments with ED and AmED was evaluated by LIVE/DEAD assay (Fig. 5).

A CAF+TAU
NT2 ~ CAF+TAU +EtOH ED+ETOH
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Experimental conditions
Figure 5. Live/dead cell viability assay of NT2/D1 cells in alginate microfibers after ED and AmED treatments. A) Representative
images of NT2/D1 cells in alginate microfibers after 24 h of indicated treatments. A representative Z stack of bright-field (BF), green
fluorescence (LIVE), and merged fluorescence (LIVE/DEAD) that was overlapped (40 cross-sections, 5 um each) by the Maximal
intensity processing tool of LAS AF Software. Scale bar: 200 um. B) Quantification of viable cells from the LIVE/DEAD assay using

ImageJ software. Values are presented as a cell viability compared to control cells, which is set to 100 %. Data are presented as
mean + SEM, * indicates p < 0.05. SEM - standard error of the means

NT2
+EtOH

Cell viability, %
(o]
CAF+TAU [

I
o
pree}
w
+
(]
L

2
‘—
+
L
<
o

g



J. P. PEJIC et al.: HUMAN PLURIPOTENT NT2/D1 CELLS IMMOBILIZED IN ALGINATE MICROFIBERS Hem. Ind. 00(0) 000-000 (2025)

This assay discriminates viable and non-viable cells using a green fluorescent dye, calcein-AM for live cells and red
fluorescent BOBO-3 lodide dye to visualize dead cells. As presented in Figure 5, Panel A, vast majority of cells entrapped
in alginate microfibers retained viability with respect to the limited and moderate mortality. Viable cells maintained
equal and uniform distribution within the microfiber (Fig. 5, Panel A). Apparently, the differences in distributions
between central and peripheral regions of the microfibers could not be distinguished (Fig. 5, Panel A). Quantification of
the LIVE/DEAD assay showed that indicated treatments did not significantly affect the NT2/D1 cell viability (Fig. 5, Panel
B). Statistically insignificant but detectable decrease in cell viability after CAF/TAU and ED treatments is probably due
to high deviations caused by the repeatability and reproducibility issues of 3D cultures [41-43].

The obtained results suggest that 24 h treatments that simulate ED and AmED consumption in both 2D and 3D cell
culture models did not affect the viability of pluripotent NT2/D1 cells. In the case of treatments with ED components,
caffeine induced a 12 % decrease in cell viability in the 2D model, while in the 3D model, the effect on NT2/D1 viability
was non-detectable. We speculate that the alginate 3D system may provide a protective microenvironment for pluripo-
tent cells with respect to the 2D monolayer culture. It has been shown previously that alginate oligosaccharides showed
antioxidant and neuroprotective effects on NT2-derived mature neurons against H,0,-induced neurotoxicity [44]. The
same protective effects were described in chromium-induced brain damage in rats and H,0,-induced senescence in
HI9C2 cardiomyocytes [45,46].

Effects of ED and AmED were extensively investigated in correlation with mental health and behavioral control in
human volunteers and animal models [47,48]. Considering that ED and AmED primarily affect the CNS and
cardiovascular system, physiological effects were mostly examined in animal models, animal primary cell cultures, and
mature cells from these two organic systems [7,47,49,50]. Investigations of the effects of ED and AmED on pluripotent
cells, stem cells and induced pluripotent stem cells (iPSc) are missing. Further studies should be focused on the effects
of ED and AmED on the populations of stem cells and progenitor cells since consumption has increased among children,
adolescents (vulnerable groups with ongoing neurodevelopment) and young people (potential association of ED intake
before and during pregnancy with health risks) [4,7]. These results show, for the first time, that NT2/D1 cells immobilized
in alginate microfibers represent a valuable 3D model system for studying the potential cytotoxic effects of bioactive
compounds, components of food and beverages, on the pluripotent cells.

3. 3. Mathematical modeling of mass transport in 3D cell culture

In order to assess the efficiency of substance transport, specifically caffeine, taurine, and ethanol, within alginate
microfibers, and to evaluate whether the hydrogel imposes any mass transport limitations, which could contribute to
its protective effects, mathematical modeling was applied. Namely, the aim was to adopt a diffusion-reaction mass
transport model previously developed [22] to predict concentration profiles of caffeine, taurine and ethanol within the
single microfiber under cell culture conditions. Briefly, the model was based on the assumption that the external mass
transfer resistance on the microfiber surface could be neglected and that the mass transport within the microfibers was
the rate-limiting factor. Additionally, the following assumptions were made [22]: 1) the microfiber is cylindrical; 2) the
diameter of the microfiber is constant; 3) the modeled substance is consumed at a constant rate per cell, following a
zero-order chemical reaction; 4) the concentration of the modeled substance in the medium, and consequently at the
microfiber surface, is constant; 5) mass transport occurs solely in the radial direction. Hence, the internal mass transport
through the microfiber was described by the subsequent diffusion-reaction equation [22]:

oc DO ( 6cj

—=——|r—|-pq (1)

ot ror\ or
where D represents the diffusion coefficient of the modeled substance, r denotes the radial coordinate from the center
of the microfiber, q is the consumption rate of the substance per cell and p indicates the cell concentration per unit
volume of the microfiber.

Solution of the partial differential Equation (1) was achieved numerically, by using the ‘pdepe’ function in MATLAB
R2018a programming platform (MathWorks Inc.) [51].
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3. 3. 1. Initial and boundary conditions

For all three modeled substances (caffeine, taurine and ethanol), the starting concentration in the microfiber was
equal to zero, giving the following initial condition, Equation (2):

t=0 0<r<R «¢=0 (2)
where R is the radius of the microfiber.

In accordance with the assumption about cylindrical geometry of the microfibers, the symmetry boundary condition
was set along the microfiber axis, Equation (3):

r=0 %o (3)

or

A constant concentration, equal to that in the medium (cn), was assumed at the outer boundary of the microfiber,
Equation (4):

r=R C=Cm (4)

3. 3. 2. Model parameters

The diameter of the microfibers was specified as 190 um, based on the average value obtained from at least 15
diameter measurements. The cell concentration per unit volume was specified as 5x10° cells cm?3, based on the initial
cell density.

3. 3. 3. Modeling of caffeine transport

The caffeine diffusion coefficient was adopted as 5.01x107 cm? s, as reported in literature for caffeine diffusion in
anionic hydrogels [52], while the caffeine concentration in the culture medium was 0.16 mol m after treatment with
either pure caffeine or the energy drink. It should be noted that in this study, NT2/D1 cells were used as in vitro models
of embryonic neurogenesis and formation of different neuronal phenotypes, and it is well known that caffeine binds to
the adenosine receptors of neurons and glial cells, as an antagonist, while it is metabolized in hepatocytes [53].
Therefore, the consumption term in Equation (1) was omitted. The mathematical model was solved using a spatial step
size of Ar=0.96 um and a time step of At =0.25s.

The modeling results showed that the steady state was reached after 343 s with the caffeine concentration in the
microfiber center reaching the concentration in the culture medium. This result implies efficient mass transport of
caffeine throughout the whole microfiber under culture conditions.

3. 3. 4. Modeling of taurine transport

The taurine diffusion coefficient was adopted as 5.1x10° cm? s, as reported in literature for glucose [54]. Glucose
(M =180.16 g mol?) is a small, polar molecule, with similar molecular weight to that of taurine (M=125.14 g mol). The
taurine concentration in the culture medium was 3.2 mol m™ after treatment with either pure taurine or the energy
drink. Additionally, the taurine consumption rate per cell for SF-295 human glioblastoma cell line, the most similar cell
line with NT2/D1 cells, was reported to be 0.150 fmol cell* h'* (the mean value of two measurements: 0.097 and
0.203 fmol cell* h'l, taken from Supplement Database_S1, Jain et al. [55]. It is important to note that the assumption of
a constant concentration of taurine in the medium was based on calculations demonstrating that the time required for
complete consumption of taurine by the cells was vastly longer than the duration of the experiment, and thus the
consumption was negligible within the experimental timeframe. The mathematical model was solved using a spatial
step size of Ar=0.96 um and a time step of At =0.25 s. The taurine concentration profile was plotted as a function of
normalized radial distance (Fig. 6).

The simulation demonstrates that the steady state is reached after 33 s with the taurine concentration in the center
of the microfiber practically reaching the value of taurine concentration in the culture medium. Further modeling of
taurine transport, taking into account the experimental setup and the 24-hour exposure period, demonstrated that
after 24 h, the taurine concentration throughout the entire microfiber remained equal to that in the surrounding
medium.
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Figure 6: Taurine concentration is represented in relation to the normalized radial distance within a microfiber (r/R) at steady state
(R represents the microfiber radius, r/R=0 indicates the central axis of the microfiber and r/R=1 indicates its outer surface).

3. 3. 5. Modeling of ethanol transport

For modeling of ethanol transport through the alginate microfibers, the diffusion coefficient was set to 9.6x10® cm?s?, as
reported in literature for ethanol in 2 wt.% alginate hydrogel [54]. The ethanol concentration was 20 mol m?3 in the culture
medium after addition of ethanol in the combination with caffeine and taurine, as well as in the combination with the
energy drink. On the other hand, there is a significant lack of literature data regarding ethanol consumption by stem cells.
Therefore, we adopted the highest calculated value of consumption rate of oxygen by human mesenchymal stem cells
(hMSC) as 0.012 pmol 10 cells h?, reported in literature [56]. As in the case of taurine, the assumption of a constant
ethanol concentration in the medium was based on calculations demonstrating that the time required for complete
consumption by the cells was significantly longer than the duration of the experiment. The mathematical model was
solved using a spatial step size of Ar=0.96 um and a time step of At = 0.25 s. The ethanol concentration profile in the
microfiber was plotted as a function of normalized radial distance (Fig. 7).
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Figure 7: The profile of ethanol concentration is represented in relation to the normalized radial distance within a microfiber (r/R) at
a steady state (R represents the microfiber radius, r/R=0 indicates the central axis of the microfiber and r/R=1 indicates its outer
surface)
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The ethanol concentration in the center of the microfiber reaches that in the medium in only 22 s, demonstrating
highly efficient transport of ethanol throughout the whole microfiber. The steady state is achieved almost immediately,
with the ethanol concentration in the centre of the microfiber equal to that in the culture medium. Upon modeling
ethanol transport over a 24-hour period, it was found that the concentration within the microfiber closely matched that
of the surrounding medium.

Overall, the modeling results demonstrated efficient mass transport of all three investigated substances within the
3D cell culture model. The model supported growth and proliferation of pluripotent NT2/D1 cells making it possible to
mimic the certain behavior and structure characteristics of cells in vivo - round shaped single cells that form 3D
aggregates with efficient supply of nutrients and active molecules throughout the microfibers. This 3D model could be
used for the evaluation of substance effects on individual cells at the beginning of cultivation, as well as on cell
aggregates at day 2, and on multilayered cell cluster at day 7. It is anticipated that cellular responses to a given substance
may differ between single cells and those within aggregates, highlighting the importance of considering cell organization
during experimental data analysis. In contrast to 2D models, 3D models provide gradients of nutrients, oxygen,
metabolites, and tested compounds to cells which make them more accurate and physiologically relevant [57].

Retinoic acid induced neural differentiation of NT2/D1 cells in 2D culture is a widely used model of human
neurogenesis [58]. After four weeks of induction NT2/D1 cells differentiate into mature neurons and astrocytes [58]. In
addition, NT2/D1 cells encapsulation in alginate microbeads enabled low-rate spontaneous dopaminergic neuronal
differentiation in a 3-week period [21]. Our future goal will be to establish 3D culture of alginate microfibers for 4 weeks
long RA-induced neural differentiation of NT2/D1 cells to test the effects of acute and chronic consumption of ED and
AmED on different stages of human neurogenesis.

4. CONCLUSION

In this study, we established a 3D model of human pluripotent NT2/D1 cells immobilized in alginate microfibers. The
immobilized NT2/D1 cells preserved viability, proliferative capacity and potential to form aggregates during a 7-day
course of propagation. To validate the 3D NT2/D1 cell model system for bioactive compounds testing, we performed
mathematical modeling of mass transport in the 3D cell cultures. Obtained results showed that all tested compounds
were uniformly distributed to all cells inside the microfiber, similar to the uniform distribution of compounds to cells
growing in a monolayer. Acute 24-hour treatment with ED and the contained compounds, alone or in combination with
alcohol, did not affect the viability of immobilized NT2/D1 cells in the 3D model. Correlation with the same treatments
in 2D culture showed differences in the effect of caffeine on cell viability. The caffeine treatment resulted in a low but
statistically significant decrease in cell viability of 12 % in 2D monolayer culture. NT2/D1 cells immobilized in alginate
microfibers represent a potential 3D platform for testing the effects of different compounds from food and beverages
on human pluripotent cells.
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Jelena Lj. Peji¢t, Milena C. Milivojevié?, Marija L. Schwirtlich?, Jelena S. Petrovié¢?3, Jasmina J. Stojkovska?,
Milena J. Stevanovi¢**® i Marija M. Mojsin®

LUniverzitet u Beogradu, Institut za molekularnu genetiku i geneti¢ko inZenjerstvo, Beograd, Srbija
2Univerzitet u Beogradu, Tehnolosko-metalurski fakultet, Beograd, Srbija

3Inovacioni centar Tehnolosko-metalurskog fakulteta, Beograd, Srbija

4Univerzitet u Beogradu, Bioloski fakultet, Beograd, Srbija

>Srpska akademija nauka i umetnosti, Beograd, Srbija

(Naucni rad)

Izvod Klju¢ne reci: humane embrionalne
Ucestala konzumacija energetskih pic¢a (engl. energy drinks-ED) i njihova kombinacija sa karcinomske celije; alginatni hidrogel;
alkoholom (engl. energy drinks mixed with alcohol-AmED) postala je rastucdi trend medu Celijska  vijabilnost; prenos mase;
mladim ljudima. Proklamovano povecanje psihickih i fizickih performansi usled konzumiranja energetska pica; kofein

ED, koji u svom sastavu sadrzZe visoke doze stimulativnih sastojka - kofeina i taurina, moze
dovesti do neZeljenih posledica, prvenstveno na funkcije centralnog nervnog sistema (CNS) i
kardiovaskularnog sistema. Uprkos klju€noj ulozi u razvi¢u i adultnoj homeostazi, istraZivanja
o potencijalnom efektu konzumacije ED i AmED na maticne i progenitorske celije su
malobrojne. U radu je predstavljena optimizacija 3D model sistema na bazi alginatnih
mikrovlakana za testiranje uticaja bioaktivnih jedinjenja na humane NT2/D1 embrionalne
karcinomske ¢elije, Siroko koriséeni model sistem kao pandan humanim mati¢nim celijama.
Ispitan je uticaj akutne konzumacije ED i AmED na vijabilnost ovih éelija i uz pomo¢
matematickog modelovanja evaluirana je efikasnost prenosa mase ispitivanih komponenti
do imobilisanih ¢elija. Dobijeni rezultati pokazuju da ovaj model sistem omogucava
optimalan rast i proliferaciju NT2/D1 pluripotentnih ¢elija i uniformnu distribuciju ispitivanih
komponenti kroz alginatna mikrovlakna. Simulirana akutna konzumacija ED i AmED nije
uticala na vijabilnost NT2/D1 ¢elija u 3D sistemu, za razliku od 2D modela gde je kofein doveo
do malog ali statisticki zna¢ajnog pada vijabilnosti.
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