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CHEMICAL ENGINEERING METHODS IN
ANALYSES OF 3D CANCER CELL
CULTURES: HYDRODYNAMIC AND MASS
TRANSPORT CONSIDERATIONS

Article Highlights

¢ Chemical engineering methods provide explanations for experimental findings in 3D
cell cultures

e Shear stress levels of ~70 mPa may induce cell death in 3D glioma cell cultures

e Perfusion enhanced proliferation of C6 glioma cells in microfibers as compared to
static controls

e Perfusion is necessary for the mass transport of molecules with low diffusivities of
~10" m?s™’

Abstract
A multidisciplinary approach based on experiments and mathematical
modeling was used in biomimetic system development for three-
dimensional (3D) cultures of cancer cells. Specifically, two cancer cell lines,
human embryonic teratocarcinoma NTZ2/D1 and rat glioma C6, were
immobilized in alginate microbeads and microfibers, respectively, and
cultured under static and flow conditions in perfusion bioreactors. At the
same time, chemical engineering methods were applied to explain the
obtained results. The superficial medium velocity of 80 um s induced lower
viability of NT2/D1 cells in superficial microbead zones, implying adverse
effects of fluid shear stresses estimated as ~67 mPa. On the conirary,
similar velocity (100 um s') enhanced the proliferation of C6 glioma cells
within microfibers compared to static controls. An additional study of silver
release from nanocomposite Ag/honey/alginate microfibers under perfusion
Indicated that the medium partially flows through the hydrogel (interstitial
velocity of ~10 nm s'). Thus, a diffusion-advection-reaction model/
described the mass transport to immobilized cells within microfibers.
Substances with diffusion coefficients of ~10°-10"" n? s are sufficiently
supplied by diffusion only, while those with significantly lower diffusivities
(~10" m? s7) require additional convective transport. The present study
demonstrates the selection and contribution of chemical engineering
methods in tumor model system development.

Keywords: tumor engineering, alginate hydrogel, perfusion bioreactor,

mathematical modeling, glioma C6 cell line, embryonic teratocarcinoma
NT2/D1T cell line.

worldwide; searching for its cure is one of the most
important challenges in the 215t century (over 19 million
new cases in 2020 [1]). One of the underlying problems
is the complex and slow development of new
anticancer drugs, which traditionally rely on two-
dimensional (2D) cell cultures followed by in vivo
studies on animals. However, 2D cultures have many
limitations, including different cell morphology, polarity,
duplication time, and absence of interactions with
extracellular components [2]. Thus, 2D cell cultures fail
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to adequately simulate the complexity of the tumor
microenvironment /n vivo, which involves three-
dimensional (3D) structures and extracellular matrix
(ECM), allowing cell-cell and cell-ECM interactions
that control tumor growth and progression [3]. These
substantial interactions are absent in 2D cell cultures,
frequently leading to inconsistencies in the efficacies
of anticancer drugs observed in vitro compared to the
results obtained in clinical trials [4]. On the other hand,
animal models in preclinical trials often produce
misleading results due to native interspecies
differences [5]. Hence, there is an emerging necessity
for developing more relevant 3D /n wvifro tumor
models, which  would mimic  the  tumor
microenvironment and provide a more accurate
translation of the results to /n vivosettings. In addition,
reliable 3D /n vitro tumor models could significantly
reduce animal testing and serve as consistent
systems for investigations and development of novel
anticancer drugs.

However, transitioning from 2D to 3D cell culture
models goes hand in hand with the increase in system
complexity, which requires multidisciplinary
approaches. Applying chemical engineering principles
in developing /n vitrotumor model systems has already
shown undeniable potential. Mathematical modeling
can analyze and better understand tumor behavior in
growth, progression, and invasion [6-8]. Additionally,
model-based predictions can be used to evaluate the
effects of anticancer drugs [7-9]. One of the
approaches in tumor engineering relies on the tissue
engineering strategy based on the integrated use of
scaffolds for cell attachment and support and
biomimetic bioreactors providing efficient mass
transport and adequate physical signals [10]. In this
approach, chemical engineering principles arise as a
powerful tool for insight into the underlying phenomena
and overcoming  experimental trial-and-error
methodology in system optimization [11-14].

This work shows the potential of applying
chemical engineering principles to analyze
experimental results to gain more accurate insights
into the mechanisms occurring in our 3D in vitro
systems for cancer cell culture. Specifically, two types
of cancer cells were cultured in a biomimetic 3D
system consisting of alginate hydrogels as cell carriers
and perfusion bioreactor. Alginate was chosen due to
its biocompatibility, immunogenicity, and non-toxicity
[15]. In the presence of multivalent cations, e.g., Ca?*,
alginate solutions undergo rapid and mild gelation
forming hydrogels that can be produced in different
shapes (beads, fibers, and films) and sizes (e.g.
[16,17]). Due to its structural similarity to native ECMs
of soft tissues, alginate hydrogels have been widely
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used in wound dressings, controlled drug delivery
systems, in vitro cell cultures, and tissue engineering
[15]. In tumor engineering, alginate-based scaffolds in
different forms support cell viability and proliferation in
vitro [18] and cell conversion to more malignant /n vivo-
like phenotypes compared to 2D cultures [19-21]. /n
vivo, alginate-based scaffolds supported tumor growth
and blood vessel recruitment [19,20]. Also, this type of
cell carrier induced the formation of multicellular tumor
spheroids /n vitro [22-26] that retained high cell viability
[22], increased invasion and metastatic potential [23],
and higher expression of tumor angiogenesis biomarker
[25] than cells in 2D cultures. Furthermore, alginate-
based 3D tumor models showed increased resistance
to anticancer drugs than monolayer cultures indicating
a closer resemblance to the natural tumor environment
[20,23,25].

Contrary to the cells grown in the monolayer
having unlimited access to the ingredients of the
medium, the supply of oxygen and nutrients to the cells
in 3D tumor models may become critically limited. Thus,
perfusion bioreactors have been occasionally applied to
improve mass transport to and from cultivated cells by
laminar flow of the medium at physiological velocities
directly through a scaffold with cells. The increased cell
viability and proliferation under 3D perfusion conditions
as opposed to static cultures were reported for several
cancer cell lines and cancer spheroid models [27-29].
Furthermore, 3D perfusion systems supported
structural maintenance of cancer tissue /n vitro [30-32].
Several studies reported significantly altered biological
responses to anticancer therapies of tumor cultures
grown under perfusion conditions compared to standard
2D monolayer cultures, thus suggesting 3D perfusion
systems as more relevant /n vitro models for testing
cancer sensitivity to drugs [28,29,32-34]. Still, medium
flow in perfusion systems induces hydrodynamic shear
stresses on exposed cells and scaffold surfaces,
possibly causing negative effects. For example, fluid
flow in collagen gels loaded with glioma cells induced
compaction of the gels while suppressing the migratory
activity of U87 and CNS-1 glioma cell lines
proportionally to the shear stress level and duration of
shear stress exposure [35]. Shear stresses of
magnitudes above 1Pa induced cell death in
monolayers of differentiated human neuroblastoma SH-
SY5Y cells characterized by DNA fragmentation [36]
and a monolayer of a human hepatocellular liver
carcinoma HepG2 cell line [37]. In a study of circulating
metastatic breast cancer cells (MDA-MB-231), shear
stresses of 0.5 and 2 Pa decreased viability of individual
cells and induced disaggregation of cell clusters [38].
Interestingly, based on these results and findings
published in the literature, the authors concluded that
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shear stress levels inducing death of circulating tumor
cells might, at the same time, increase the
aggressiveness of the surviving cells by fostering cell
capabilities for migration and adhesion to metastatic
sites [38]. Thus, in 3D culture systems, the flow rate
has to be optimized to provide efficient mass transport
at acceptable shear stress levels, which may vary
depending on the cell type. Therefore, chemical
engineering analysis of hydrodynamic and mass
transport conditions is the subject matter, which can
provide directions to optimize system parameters (e.g.,
flow rate, scaffold size, and geometry). In addition,
these analyses offer possibilities to identify critical
factors (e.g., shear stress, limiting nutrient or active
substance) affecting the cells in a 3D culture to
correlate the cell microenvironment with the observed
effects (e.g., cell viability, metabolic activity,
proliferation rate).

In this work, we conducted two independent
experiments using two forms of alginate hydrogels and
a perfusion bioreactor and applied chemical
engineering principles to analyze the obtained results.
In addition, a separate experimental study with
nanocomposite Ag/honey/alginate microfibers was
conducted to determine mass transport mechanisms
under perfusion. Then, hydrodynamic shear stresses
were determined, and mass transport modeling was
applied to elucidate the experimentally observed
effects of cultivation conditions on the cultured cancer
cells.

MATERIALS AND METHODS

Materials

Low viscosity sodium alginate (A3249) was
supplied from AppliChem (Germany). Two batches of
acacia honey from different suppliers (Azad.o.o., S.
Ledinci, Serbia and Venenum Apis, Smedervska
Palanka, Serbia) were used for the synthesis of silver
nanoparticles (AgNPs). Silver nitrate (AgNQOz) was
purchased from Pliva (Zagreb, Croatia). Dulbecco’s
modified Eagle’s medium (DMEM, 4.5 g dm™ glucose),
fetal bovine serum (FBS), and Penicillin-Streptomycin-
Amphotericin B solution (Pen-Strep-Ampho. B) were
supplied from Biological Industries (Israel). Calcium
chloride dihydrate (CaCl2:2H20) was provided by
Acros Organics (USA). Phosphate-buffered saline
(PBS), calcium nitrate tetrahydrate (Ca(NOz)2:4H20),
sodium citrate dihydrate (Na3CeHs07:2H20), sodium
hydroxide (NaOH), L-glutamic acid, Trypsin/EDTA,
Trypan Blue solution, and methylthiazolyldiphenyl-
tetrazolium bromide (MTT) were all purchased from
Sigma-Aldrich (USA). LIVE/DEAD™ Cell Imaging Kit
was supplied from Thermo Fisher Scientific (Waltham,

MA, USA).

Cell lines

The rat glioma cell line C6 (ATCC® CCL-107™) and
the human embryonic teratocarcinoma cell line NTERA-
2 cl.D1 (also known as NT2/D1; ATCC® CRL-1973™; a
kind gift from Prof. Peter W. Andrews, University of
Sheffield, UK) were maintained in the culture medium
(DMEM supplemented with 10% FBS, 2 mM
L- glutamine, and 1% Pen-Strep-Ampho.B). The
cultures were incubated at 37 °C in a fully humidified
atmosphere with 5% CO2 (C6 cells) or 10% CO:2
(NT2/D1 cells).

When the confluence of about 90% was reached,
cells were detached using 0.25% Trypsin /1mM EDTA.
In brief, cells in 10 cm Petri dishes were washed with
5cm?® 1xPBS, treated with 1 cm?® Trypsin /EDTA for
5min at 37 °C, after which Trypsin /EDTA was
neutralized with DMEM.

Cell immobilization in alginate hydrogels

Two different independent experiments were
conducted. In Experiment 1, NT2/D1 cells were
immobilized in alginate microbeads, while in
Experiment 2, C6 cells were immobilized in alginate
microfibers. Alginate microbeads and microfibers were
produced as follows: sodium alginate powder was
dissolved in distilled water at 2% w/w and 3.5% w/w,
respectively, and the obtained solutions were sterilized
by boiling for 30 min. Before immobilization, cells were
detached using Trypsin/EDTA (as described above) and
counted using a hemocytometer.

Immobilization of NT2/D1 cells in alginate microbeads
(Experiment 1)

A suspension of NT2/D1 cells was mixed with
2% w/w sodium alginate solution to obtain final
concentrations of 1.3% w/w alginate and 1x10° cells
cm3. Alginate microbeads with the immobilized NT2/D1
cells were produced by electrostatic droplet generation
(4.3 kV electrostatic potential, 2.5 cm electrode
distance), using a blunt edge needle (28 G, Small Parts
Inc., USA), a flow rate of 25.2 cm® h”', and a gelling
solution containing Ca?* (0.18 M CaCl>-2H20), as
described previously [39]. The obtained microbeads
were left in the gelling solution for 15 min to complete
gelling and subsequently washed with the culture
medium. The microbeads were further placed into the
fresh medium and cultivated for the next 24 h under
static conditions in a humidified incubator at 10% CO:
and 37 °C.

Immobilization of rat glioma C6 cells in alginate
microfibers (Experiment 2)

A suspension of rat glioma C6 cells was mixed
213
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with 3.5 % w/w sodium alginate solution to obtain final
concentrations of 2.8 % w/w alginate and 8x10° cells
cm3. Alginate microfibers with immobilized C6 cells
were produced by manual extrusion of the obtained
suspension through a blunt edge stainless steel needle
(25 G, Small Parts Inc., USA) immersed in the gelling
solution containing Ca?* (0.18 M Ca(NOs3)2:4H20). The
resulting microfibers were left in the gelling solution for
15 min to complete gelling. After washing with the
culture medium, the microfibers were placed into the
fresh medium and cultivated for the next 8 days under
static conditions in a humidified incubator at 5% CO:
and 37 °C. Specifically, 0.5 g of microfibers were
maintained in 15 cm® medium, while 40% of the
medium was replaced every 4™ day.

Cultivation of immobilized cells in perfusion
bioreactors

Bioreactor cultivation of microbeads with immobilized
NT2/D17 cells

A perfusion bioreactor system used to cultivate
alginate microbeads with immobilized NT2/D1 cells
consisted of a chamber, two 3-way stopcocks, a
medium reservoir, and a silicone tubing loop as
described previously [40]. In the present experimental
setup, 0.5 g of wet microbeads with immobilized
NT2/D1 cells, 24 h after immobilization, was placed in
the bioreactor chamber (0.8 cm inner diameter, 1.5 cm
height) formed by a piece of silicone tubing, and the
system was filled with 11 cm?® of the culture medium.
Three perfusion systems were set up and placed in the
incubator at 37 °C and fully humidified atmosphere with
10% CO2. The flow rate of 0.25 cm® min™, which
corresponded to the superficial velocity of 80 um s,
was provided by a multichannel peristaltic pump
(Masterflex, Cole-Parmer, IL, USA) placed outside the
incubator. The static culture comprising 3 Petri dishes
with 0.5 g of wet microbeads with immobilized NT2/D1
cells in 11 cm? of the culture medium, each, served as
a control. The experiment lasted for 10 days, and 40%
of the culture medium was changed twice a week.

Bioreactor cultivation of microfibers with immobilized
C6 cells

The single-use perfusion bioreactor system “3D
Perfuse” (Innovation Center of the Faculty of
Technology and Metallurgy, Belgrade, Serbia) was
used to cultivate alginate microfibers with immobilized
rat glioma C6 cells. The system consisted of a
chamber, two 3-way stopcocks, a medium reservoir,
and a silicone tubing loop serving for gas exchange
[41]. In the present experimental setup, 0.5 g of wet
microfibers with the immobilized rat glioma C6 cells,
cultured statically for 8 days, was placed in the

214

bioreactor chamber (0.8 cm inner diameter, 4 cm height)
formed by a piece of silicone tubing and the system was
filled with 15 cm?® of the culture medium. Two perfusion
systems were set up and placed in the incubator at
37 °C and fully humidified atmosphere with 5% CO:.
The flow rate of 0.30 cm® min™', which corresponded to
the superficial velocity of 100 pm s', was provided by a
multichannel peristaltic pump (Masterflex, Cole-Parmer,
IL, USA) placed outside the incubator. The static culture
comprising 2 Petri dishes with 0.5 g of wet microfibers
with immobilized C6 cells and 15 cm?® of the culture
medium served as a control. On the 4" day of the
experiment, 40% of the culture medium was changed,
while the experiment lasted for 5 days.

Production of Ag/honey/alginate microfibers and silver
release studies

AgNPs were obtained by chemical reduction of
silver ions in aqueous solutions of two batches of honey,
as described previously [42]. In brief, honey was
dissolved in distilled water at the final concentration of
50% w/w. Then, silver nitrate was added to the solution
to achieve the final concentration of silver of 3.9 mM.
Next, 1 M NaOH was added dropwise to initiate the
reduction of Ag* ions and to increase the pH value to 9.
After achieving the desired pH value, the solution was
left in the dark for 4 days and at room temperature. Next,
the solution was mixed with the aqueous solution of
sodium alginate to achieve final concentrations of 2.8%
w/w alginate, 30% w/w honey, and 2.34 mM silver. The
composite microfibers were produced by manual
extrusion of the obtained solution into the gelling
solution, containing Ca?* (0.73 M Ca(NOs3)2-4H20),
through a blunt edge stainless steel needle (22 G, Small
Parts Inc., USA) and were left in the gelling solution for
30 min to complete gelling. Finally, composite
silver/honey/alginate microfibers were placed in distilled
water and kept in the dark at 4 °C.

Silver release studies were performed in the same
“3D Perfuse” perfusion system comprising 0.5 g of
nanocomposite microfibers and 15 cm?® of the culture
medium in each recirculation loop. Three bioreactor
systems for each time point were kept in the incubator
at 37 °C and fully humidified atmosphere with 5% CO-
and continuously perfused at the flow rate of
0.25 cm®min™' corresponding to the superficial velocity
of 80 um s'. The experiments lasted for 1, 2, 5, and 7
days, at which time points the medium was analyzed for
silver concentration.

Analytical methods
Optical microscopy

The average microbead diameter was determined
using a DM IL LED Inverted Microscope (Leica Micro-
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systems, Germany) from measurements of at least 20
microbeads using the Leica Application Suite V4.3.0
software. Images of LIVE/DEAD assays were taken by
an Olympus BX51 Fluorescence Microscope
(Olympus, Japan). An optical microscope Olympus
Vanox (Olympus, Japan), was used for cell counting.
The optical microscope Motic BA210 (Motic, China)
connected to software for image analysis (Motic
Images Plus 2.0) was used to measure microfiber
diameters. The average microfiber diameter was
determined from at least 10 measurements.

Determination of cell density and viability

A portion of microbeads/microfibers (0.2 - 0.3 g)
was dissolved in 2% w/v sodium citrate solution at the
hydrogel to a solution mass ratio of 1:5 to determine
the number of viable cells in alginate hydrogels. Then,
100 pl of the obtained cell suspension was mixed with
100 pl of Trypan Blue solution, and the cells were
counted after 5 min using a hemocytometer and an
optical microscope. Finally, cell viability was calculated
using the ratio of the number of unstained (viable) cells
and the total cell count.

Live/Dead Staining

Cell viability in Experiment 1 was assessed by
using a LIVE/DEAD™ Cell Imaging Kit (R37601,
Thermo Fisher Scientific, USA) and staining according
to the manufacturer's protocol. The kit discriminates
live cells (green fluorescence) from dead cells (red
fluorescence). Cells were visualized using an Olympus
BX51 fluorescence microscope, a FITC filter for green
fluorescence, and a Texas Red filter for a red
fluorescence and analyzed using Cytovision 3.1
software (Applied Imaging Corporation, USA). All
images were captured by using a 20x objective. In
brief, 2-3 microbeads with immobilized NT2/D1 cells
were transferred into a tube with 50 pl of the culture
medium and mixed with the equal volume of the Live
Green/Dead Red solution. The samples were
incubated for 20 min at room temperature and then
transferred to microscope slides and immediately
imaged.

MTT assay

The MTT assay was used at the end of
Experiment 2 to assess cell viability within the
microfibers. In brief, the MTT reagent was dissolved in
PBS and then diluted to 0.5 mg cm™ with the culture
medium. Next, 0.1 g of microfibers was incubated with
1 cm?® of the MTT solution in a 24 well plate, and the
images of microfibers were taken after 15 h using an
optical microscope.

UV-vis spectroscopy

UV-visible  spectroscopy (model UV-3100,
Mapada, China) was used to investigate the presence
of AgNPs in the colloid solution and in the obtained
nanocomposite microfibers as described previously
[42].

Silver concentration

The initial silver concentration in microfibers was
determined upon microfiber (0.1 g) dissolution in 2% w/v
sodium citrate solution (3 cm?), followed by the addition
of 10 cm® of NH4OH solution (25%). The culture medium
samples were mixed with 25% NH4OH in the volume
ratio of 2:1 to oxidize potentially released AgNPs and
dissolve precipitated AgCI. At the same time, perfusion
loops and Petri dishes were rinsed with the same
alkaline solution. Finally, silver concentration in all
obtained solution samples was determined by atomic
absorption spectroscopy (AAS) using an Agilent
Technologies 240FS AA spectrophotometer (Agilent
Technologies, USA).

RESULTS AND DISCUSSION

Cultivation of alginate microbeads with immobilized
NT2/D1 cells

Microbeads with immobilized NT2/D1 cells were
obtained by electrostatic extrusion of the cell
suspension in sodium alginate (1x108 cells cm® and
1.3% w/w sodium alginate). The average diameter of
the resulting microbeads was 310 £ 20 pm, while the
immobilized cell concentration was 2.3x10° cells cm™.
The increase in the cell concentration after
immobilization could be explained by the syneresis of
alginate gel during gelation, as reported previously for
the production of nanocomposite Ag/alginate
microbeads [43,44].

NT2/D1 cells immobilized in alginate microbeads
were cultivated under continuous perfusion at the flow
rate of 0.25 cm® min™' (superficial velocity of 80 pm s™)
for 10 days. At the end of the experiment, the microbead
diameter slightly increased in the bioreactor (360 *
30 pm) and the static culture (370 £ 30 um). However, it
was impossible to accurately determine the cell
concentration within microbeads due to the adverse
effects of the alginate dissolution process by the citrate
solution. Yet, to get an insight into the cell viability, the
microbeads were stained with the LIVE/DEAD Cell
Imaging Kit, which revealed higher cell viability in the
static culture (Fig. 1a) than the bioreactor culture (Fig.
1b). Furthermore, the immobilized cells were
metabolically active in the core of microbeads in the
bioreactor while inactive in the superficial microbead
zone. These results indicate that mass transport in the
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100 um

100 pm

Figure 1. Fluorescence microscopy LIVE/DEAD Cell Imaging of NT2/D1 cells in microbeads after 10-day cultivation under a) static
conditions, b) continuous perfusion in the perfusion bioreactor (scale bar: 100 um), live cells (green), dead cells (red).

static culture and, therefore, in the bioreactor culture
was sufficient to support cell viability. On the other
hand, the adverse effects in the microbead superficial
zones in the bioreactor culture could be thus attributed
to shear stresses generated by the medium flow
through the packed bed, which negatively influenced
the cells.

Calculation of hydrodynamic shear stresses in the
bioreactor with the packed bed of alginate microbeads

The well-known Carman - Kozeny equation was
used to calculate the pressure drop per bed height
(Ap/H) to quantify the effects of shear stresses in the
perfusion bioreactor. This equation was recommended
for laminar flow in packed beds in a circular channel
[45] and was applied for the packed bed of alginate
microbeads as:

_ 2
_A_legouiz
H & d,

U (1)

where ¢ is the packed bed porosity, u is the fluid
viscosity, dp is the particle diameter, and U is the
superficial liquid velocity. The particle diameter value of
335 pm was used, corresponding to the average
microbead diameter in the bioreactor culture at the
beginning end of the present experiment. The bed
porosity was calculated as 0.27, considering the
microbead mass (0.5 g) and the chamber volume. The
viscosity of the cell medium was adopted as
9.4x104 Pa's [46]. At the experimental superficial
medium velocity of 80 um s, the pressure drop was
calculated as 3266 Pa m™ by applying Eq. (1). This
value was further used for calculation of the shear
stress (1) to which the microbeads were exposed as
[45]:
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where Svis the specific surface area of the particle. For
the adopted microbead diameter, S, was calculated as
1.8x10* m? m3, yielding the shear stress value of
67 mPa.

Cancer cells can be exposed to shear stresses
generated by the blood flow, which affects circulating
tumor cells, and the interstitial fluid flow in the ECM,
influencing the cells of a growing tumor [47]. Qazi et al.
[35] calculated the shear stress in brain tumors as
9 - 68 mPa based on the experimentally measured fluid
velocities previously reported. Moreover, in the same
work, it was shown that the shear stress of 55 mPa
applied for 4 h practically diminished the migratory
activity of the glioma cell line U87 and highly
suppressed that of the CNS-1 glioma cell line. Still, it
did not affect the U251 glioma cell line. At the same
time, the adverse effects of the applied shear stress on
the cell viability were not observed [35]. However, the
calculated shear stress value in the present study is on
the upper limit of the reported physiological range.
Furthermore, it was constantly applied for 10 days, so
it could be assumed that observed cell death in
microbead superficial zones is caused by the applied
shear stress.

Cultivation of alginate microfibers with immobilized rat
glioma C6 cells
Microfibers (440 + 40 pm in diameter) with

immobilized rat glioma C6 cells were obtained by
manual extrusion of the cell suspension in sodium
alginate. The cell concentration was 2.5x108 cells cm™
24 h after immobilization, significantly lower than the
initial concentration in the suspension due to the cell
loss in the foam formed during the mixing and extrusion
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of the suspension. The obtained microfibers were then
cultured in culture dishes under static conditions for
8 days, after which period the cell concentration was
determined as 1.5x108 cells cm™. The decrease in cell
concentration might be caused by microfiber swelling to
the average diameter of 540 £ 50 pm or might be the
result of some adverse effects of cultivation conditions.

The microfibers were cultured in perfusion
bioreactors for the next 5 days, parallel with static
cultures that served as a control. The microfiber
diameters did not further change significantly as
compared to the starting value, being 570 + 120 um and
520 + 100 pm under perfusion and static conditions,
respectively. On the contrary, cell counting at the end
of the experiment has shown that the applied flow rate
of 0.30 cm® min"' (superficial velocity of 100 pm s™)
enhanced cell proliferation vyielding the cell
concentration of 8.8x108 cells cm™. On the other hand,
the cell concentration in microfibers cultivated under
static  conditions just slightly increased to
1.7x108 cells cm?® compared to the initial cell
concentration (ie., 1.5x10° cells cm™®). It should be
noted that cell viability was ~100% in both cultures. The
MTT assay applied directly to the microfibers further

a)

LT g N

confirmed high cell viability and metabolic activity (Fig.
2).

Although the cells stayed viable and metabolically
active in both cultures (Fig. 2), cell proliferation was
enhanced only under continuous medium flow, which in
this case induced positive effects on the cells. It should
be noted that the direct comparison of these results with
Experiment 1 is not possible due to differences in the
cell type, hydrogel form, and medium flow rate.
However, a comparison of the results obtained in the
static and bioreactor cultures in Experiment 2 implies
that the static culture was mass transfer limited
regarding some nutrient or bioactive molecule.
Therefore, two hypotheses for limiting substances were
tested, namely: i) oxygen, as usually considered, a rate-
limiting factor for the proliferation of cancer cells (e.g.,
[48,49]), and ii) a larger bioactive molecule (e.g.,
proteins, hormones, or growth factors) present in FBS
that could trigger the cell proliferation if efficiently
supplied (as under perfusion). In the second case,
transferrin was selected as a model molecule due to its
significant role in the metabolism of cancer cells as a
transporter of iron, possibly facilitating cell proliferation
[50].

Figure 2. Optical micrographs of MTT-stained microfibers cultivated for 13 days in total: a) under static conditions, b) under static
conditions for 8 days followed by 5 days under continuous perfusion (scale bar: 200 um). Dark dots indicate purple formazan crystals
formed by enzymatic reduction of the tetrazolium dye MTT in viable cells.

Mathematical modeling of mass transport in the fibrous
bed bioreactor

Mass transport without consumption

Mathematical modeling of mass transport in the
fibrous bed bioreactor was founded on the assumption
that the internal transport through the microfibers is
rate-limiting and that the external mass transfer
resistance to the microfiber surfaces is negligible. In
addition, based on the observation of the effects of the
medium flow on NT2/D1 cells within alginate

microbeads in Experiment 1 and the previous modeling
studies of the silver release from the nanocomposite
Ag/alginate microbeads [44], it was assumed that a
small fraction of the medium flow is passing through the
microfibers, thus increasing the internal mass transport
rate compared to diffusion only, present in the static
culture. Therefore, the experiments were performed
with Ag/honey/alginate microfibers to determine silver
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release mechanisms and the interstitial flow through
the microfibers under continuous perfusion. The same
approach was conducted in the previous silver release
study from the packed bed of Ag/alginate microbeads
[44]. In brief, the produced Ag/honey/alginate
microfibers using two batches of honey had statistically
similar diameters (average 670 £ 140 pum) and silver
concentrations (average 2.9 + 0.4 mM) as determined
by AAS. At the same time, the presence of AgNPs was
confirmed by UV-vis spectroscopy (Fig. 1S,
Supplementary material). Furthermore, over 7 days
under perfusion at the superficial velocity of 80 pm s,
silver release deviated from Fick’s law of diffusion and
was modeled by a diffusion-advection equation.
Specifically, the nanocomposite microfiber bed was
modeled as a compact hydrogel cylinder, 3 cm in length
(based on experimental measurements of the bed
height). It was assumed that the AgNP oxidation is
faster than the mass transport of silver species through
the hydrogel so that the change of silver concentration,
s, in the cylindrical hydrogel over time is described by
the diffusion-advection equation in the axial direction,
X.

2
ac, _D{ﬁ csj_uacs -

ot Ox? OX
where Ds is the apparent silver diffusion coefficient (of
AgNPs, Ag* and formed AgCLX*"- species) in the
alginate hydrogel adopted as 2.1x10'®* m? s [51] and
u is the medium velocity through the hydrogel. Silver
concentration in the medium, csm, at each time point is
calculated then as:

c, = \Y (CSO - <Cs >)
\Y,

m
where csois the initial silver concentration in microfibers
(2.9x10° mol dm? as the average measured
concentration), <c¢s> is the average silver concentration
in the hydrogel, Vis the hydrogel volume (calculated as
0.49 cm?® based on the microfiber mass and the alginate
density of 1020 kg m™ [51]), and V, is the medium
volume (15 cm3). A negligible silver concentration in the
medium compared to that in the hydrogel was assumed
so that the inlet silver concentration was set to 0. The
Neumann boundary condition was set at the outlet
boundary. The modeling approach is summarized in
the Supplementary material. The numerical solution of
the model equations yielded the predictions that agreed
well with the experimentally measured silver
concentrations in the culture medium (Fig. 3). It should
be noted that large error bars at later days of silver
release are due to higher AgCl deposition in the system
at these times, inducing scattering of experimentally
measured data. The medium interstitial velocity through
the hydrogel was predicted to be 10.2 nm s, which
agrees with the previously determined value of
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(4)

4.6 nm s through Ag/alginate microbeads in a packed
bed [44].
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Figure 3. Released silver concentration from
Ag/honey/alginate microfibers (csm) as a function of time (t)
under perfusion: experimental data (symbols) and modeling

results (lines) (data represent the average of n=3).

Mass transport in the cell culture with the consumption
term

Based on the obtained modeling results of silver

release from packed beds of Ag/honey/alginate
microfibers under perfusion, mass transport models
were set to describe the transport of active substances
within a single microfiber under cell culture conditions.
Specifically, a model based on diffusion, advection, and
reaction was set up to determine the concentration
levels of different substances throughout a single
microfiber under perfusion conditions. In contrast, a
diffusion-reaction model was formulated to describe
mass transport within a microfiber under static
conditions. In both cases, the following assumptions
were made:

1. the cylindrical geometry of the microfiber;

2. the constant microfiber diameter;

3. the constant consumption rate of the modeled
substance per cell (zero-order chemical
reaction);

4. the constant concentration of the modeled
substance in the medium and thus at the
microfiber surface;

5. mass transport only along the radial direction.

Therefore, the mass transport within a microfiber

in the bioreactor culture was described by the diffusion-
advection-reaction equation:

oc Do, oc oc

= () -u——-p (5)
o0 ror or or

where D is the diffusion coefficient of the modeled
substance, ris the radial coordinate from the microfiber
center, g is the consumption rate of the substance per
cell, p is the cell concentration per the microfiber
volume, and v is the interstitial medium velocity within
the microfiber in the radial direction.
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The same equation describes the mass transport
within a microfiber under static conditions with the
omitted advective term:

oc Do, dc
= (r—)-p (6)
ot ror  or

Initial and boundary conditions

Initial conditions depended on the modeled
substance. In the case of oxygen, the initial
concentration at time ¢#= 0 is uniform throughout the
entire microfiber and is equal to the medium
concentration, ¢

t=0 0<r<R c=c, (7)

where R is the microfiber radius. In the case of
transferrin or other limiting substance present in the cell
medium, the initial concentration in the microfiber is
equal to zero that is:

t=0 0<r<R c=0 8)

The symmetry boundary condition was set along
the microfiber axis that is:

dc
dr
At the outer microfiber boundary, a constant

concentration equal to that in the medium (c») was
assumed:

r=0 0 9)

r=R c=c, (10)

Numerical solution

Partial differential equations (5) and (6) were
solved numerically. The second concentration
derivative was solved using the centered finite
difference method, while for the first concentration
derivative, the forward finite difference and backward
finite difference methods were used.

Model parameters

The microfiber diameter was set to 540 um, which
is the average value of all measured microfiber
diameters before and after the static and bioreactor
cultures.

The interstitial velocity of the culture medium
within the microfiber under perfusion conditions (u) was
adopted as 10.2 nm s based on the experimental and
mathematical modeling studies of silver release from
nanocomposite Ag/alginate microfibers. The cell
density in microfibers was set to the initial value of
1.5x106 cells cm3.

Modeling of oxygen transport

The oxygen diffusion coefficient was set to
D=1.79x10° m? s™! as reported in the literature for the
3 wt.% alginate hydrogel [52], while a oxygen

concentration in the culture medium was adopted as
0.18 mol m=[53]. The oxygen consumption rate per cell
for the C6 rat glioma cell line was reported to be
12 x 10" mol cell"' s™' [54].

Oxygen concentration profiles upon reaching a
steady-state in both cultures are plotted as a function of
the normalized radial distance concerning the
microfiber radius (Fig. 4).

180 -
179.95 4

179.9 4 4
— static

/ perfusion

¢, mmol m-3
hY

179.85 4 s

179.8 + T T T T \

¥R

Figure 4. Oxygen concentration (c) profiles as functions of the
normalized radial distance within a microfiber (1/R) upon
reaching the steady-state under static and continuous
perfusion conditions at the initial cell density of 1.5x10°
cells cnr? (R is the microfiber radius, r/R=0 designates the
microfiber central axis, while r/R=1 designates the microfiber
outer surface).

In both cultures, the steady-state is reached
almost immediately (after 73 s and 63 s in the static and
bioreactor cultures, respectively) with the oxygen
concentration in the center of the microfiber of 99.9%
with respect to that in the culture medium. Thus, the
modeling results imply efficient mass transport under
both culture conditions, with diffusion being sufficient to
fulfill the oxygen needs of the cells immobilized in
alginate microfibers at the investigated density without
any hypoxic regions. We have further modeled oxygen
diffusion within microfibers with the final experimental
cell density of 8.8x10°% cells cm? reached in the
bioreactor culture only, and still transport by diffusion
would be sufficient without visible effects of additional
advective transport. In this case, the steady-state would
be reached after 82 s in static and 78 s in bioreactor
cultures, with the oxygen concentration in the
microfiber center of 99.4% with regard to that in the
medium in both cultures.

Thus, it could be assumed that static conditions
could efficiently support the supply of gases and small
molecules with diffusion coefficients of ~10° m? s™' to
the cells immobilized in alginate microfibers at the
investigated cell density range up to ~9x10° cells cm™,
Furthermore, the effects of advective mass transport, in
this case, are negligible. Hence, the reason for
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increased cell proliferation under medium flow
conditions could be sought in the transport of a larger
molecule.

Modeling of transferrin transport

FBS is a complex natural product containing
many various nutritional and bioactive components,
including numerous types of proteins. Albumin is the
most  abundant protein in bovine  serum,
comprising 60-67% of total proteins, while transferrin is
found at a fairly constant concentration ranging from
1.37 to 3.72 mg cm® [55]. Transferrin was reported to
play a significant role in the metabolism of cancer cells
[50]. Moreover, the transferrin receptor 1 was found to
participate in the regulation of glioma cell physiology,
where the resulting iron accumulation and reactive
oxygen species (ROS) formation facilitate the
proliferation of these cells [50]. Therefore, we have
assumed that the mass transport of transferrin may be
an important parameter in 3D glioma cell cultures.

Transferrin serves as a transporter of iron to cells
and, after internalization, is exocytosed back to the
medium. The overall consumption rate of transferrin per
cell was reported to be 2.6x10% mol cell' s [56].
Furthermore, the diffusion coefficient of transferrin in
agarose gels was reported as 5.3x10™"" m? s [57].
Finally, taking into account an average transferrin
concentration in FBS of 2.5 mg cm™ diluted 10-fold in
the culture medium, the transferrin medium
concentration was adopted for modeling purposes as
¢m=3.1x10" mol m,

Numerical solution of Egs. (5) and (6) yielded the
steady-state in static and bioreactor cultures after
36.2and 35.7 min, respectively, reaching the
transferrin concentration in the microfiber center of
99.98% with respect to that in the culture medium.
Figure 5 shows transferrin concentration profiles in
microfibers after 10 min in both cultures to illustrate
slight differences in the transport rates before reaching
the steady-state.

Based on the obtained results, it can be
concluded that similarly as in the case of oxygen, the
static conditions provide efficient transport of
transferrin. Thus, the impact of advection on mass
transport rates is negligible. Still, it should be noted that
the transferrin molecule could interact with COO-
groups [58], which are also present in alginate polymer
chains. Therefore, these groups may be hindering the
transferrin diffusion through the alginate hydrogel
yielding a lower diffusion coefficient than the value used
for mathematical modeling in this study. Moreover,
alginate was used in a study of the controlled release of
lactoferrin [59], a molecule with a similar sequence and
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structure as transferrin, and coordinates iron identically
[60]. In specific, when lactoferrin was adsorbed onto
calcium phosphate nanoparticles further covered with
chitosan and alginate layers, the /n vitrorelease in PBS
lasted over 10 h [59], implying a significantly lower
release rate with the apparent diffusion coefficient of
about 107%-102° m? s™",
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Figure 5. Predicted transferrin concentration (c) profiles as
functions of the normalized radial distance within a microfiber
(r/R) after 10 min under static and continuous perfusion
conditions (R is the microfiber radius, r/R=0 designates the
microfiber central axis, while r/R=1 designates the microfiber
outer surface).

Therefore, we have checked the effects of a
decreased diffusion coefficient in the investigated
cultures in the next step. Figure 6 shows the modeling
results of transferrin transport with the diffusion
coefficient of D= 1x10""* m? s, In this case, advection
is the dominant mass transport mechanism in the
bioreactor culture. The transferrin concentration within
the alginate microfiber in static cultures stayed
approximately constant over 5 days due to the
approximately equal diffusion and consumption rates
(Fig. 6b). On the contrary, the transferrin concentrations
in the microfiber in the bioreactor culture almost
reached that existing in the medium after 7 h (Fig 6a).
The obtained results suggest that the transferrin supply
in static cultures may have been insufficient, leading to
slow proliferation. In contrast, the advective transport
compensated for slow diffusion in the bioreactor
cultures. However, it is also possible that the transferrin
apparent diffusion coefficient is between the values
used in the present study and that a different substance
with similar transport properties influenced the cell
proliferation in our experiment. The modeling results
indicate that substances with lower diffusion
coefficients (D~107"® m? s") are transported very slowly
under static conditions so that the convective mass
transfer is necessary for efficient delivery.
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Figure 6. Predicted transferrin concentration (c) profiles with a decreased diffusion coefficient of D = 1x10°" n? s as functions of the
normalized radial distance within a microfiber (1/R) under static and continuous perfusion condiitions. a) after 7 hours, b) after 5 days of
cultivation (R is the microfiber radius, r/R=0 designates the microfiber central axis, while r/R=1 designates the microfiber outer surface).

CONCLUSION

In this work, two independent 3D cultures of
different cancer cells were preliminary experimentally
investigated while chemical engineering methods were
used to analyze and interpret the obtained results. In
Experiment 1, continuous superficial velocity of
80 um s™! was indicated as unfavorable for survival of
cancer cells NT2/D1 in alginate microbead superficial
zones. Application of the Carman-Kozeny equation
yielded the shear stress of 67 mPa, equal to the upper
reported physiological level. In Experiment 2, the
superficial velocity of 100 pm s' enhanced the
proliferation of glioma cancer cells C6 immobilized in
alginate microfibers compared to the static control
culture. A simple mass transport model within
microfibers indicated that the substances with
diffusivities of ~10°-10""" m2 s™" are sufficiently supplied
by diffusion only. In contrast, for the substances with
significantly lower diffusivites (~10"° m? s7),
convective transport is necessary for the efficient
provision to the immobilized cells. Although the results
of Experiments 1 and 2 could not be directly compared,
applying chemical engineering methods provided an
estimation of certain culture parameters (ie.,
hydrodynamic shear stress level and mass transport
mechanisms and rates) that could have induced the
observed results indicating future directions for the
culture system optimization.
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NAUCNI RAD

HEMIJSKO-INZENJERSKE METODE U ANALIZI
3D KULTURA MALIGNIH CELIJA: RAZMATRANJE
HIDRODINAMIKE | PRENOSA MASE

U ovom radu, primenjen je multidisciplinarni pristup baziran na eksperimentima i
matematickom modelovanju za razvoj trodimenzionainih (3D) kultura malignih celjja.
Naime, dve celijjske linijje, celjje embrionalnog humanog teratokarcinoma NT2/D1 i celjje
glioma pacova C6, imobilisane su u alginatne mikrocCestice odnosno alginatna
mikroviakna, | gajene u statickim i u uslovima kontinualnog protoka u protocnim
bioreaktorima pri cemu su hemifsko-inZenjerski principi primenjeni u analizi dobifenih
rezultata. Povrsinska brzina medjjuma za gajenje celjja od 80 um s je dovela do manje
vijabilnosti NT2/D1 celjja u povrsinskim zonama mikrocestica Sto je ukazalo na negativne
efekte hidrodinamickih smicajnih napona Cija je proracunata vrednost iznosila ~67 mPa.
Sa druge strane, sliéna vrednost povrsinske brzine (100 um s’) je uticala na povecanje
proliferacije C6 glioma celjja unutar mikroviakana u odnosu na kontrolu u statickim
uslovima. Dodatna studjja otpustanja srebra iz nanokompozitnih Ag/alginatnih
mikroviakana sa medom u uslovima protoka je pokazala da medjjum delimicno prolazi
kroz sama viakna (intersticijalnom brzinom od ~10 nm s”). Prema tome, za opisivanje
prenosa mase do imobilisanih celjja unutar mikroviakana primenjen je model difuzije sa
advekcijom i reakcjjom. Pokazano je da je difuzija dovoljan mehanizam prenosa za
supstance sa koeficijentima difuzjje reda velicine ~10°-107" n? s, dok je za dopremanje
supstanci sa znacajno manjim vrednostima koeficijenta difuzije (~10"° m? s') potreban
dodatni advektivni transport. Ovaj rad ilustruje nacin izbora i doprinos hemijsko-
InZenjerskih metoda u razvoju in vitro modela tumora.

Kljuéne reci: inZenjerstvo tumora, alginatni hidrogel, protocni bloreaktor,

matematicko modelovanje, C6 celjjska linjja glioma, celijska linjja embrionalnog
humanog teratokarcinoma NT2/D1.
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