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Abstract: Systems of two immiscible liquid phases—aqueous phase (i.e., distilled water (dH,O) or
phosphate-buffered saline (PBS)) and liquid perfluorochemical (i.e., perfluorodecalin (PFD))—were
subjected to wave-assisted agitation, i.e., oscillatory rocked, in a disposable bag-like container in
a ReadyToProcess WAVETM25 bioreactor, to recognize oxygen transfer effects and effectivity of the
surface aeration. According to the DoE methodology, values of the volumetric liquid-side mass
transfer (kpa) coefficient for dH,O, PBS, dH,O-PFD, and PBS-PFD systems were determined for the
whole range of operating parameters of the WAVE 25 bioreactor. A significantly higher maximal value
of kpa was found for waving dH,O than for dH,O-PFD (i.e., 0.00460 s~ vs. 0.00331s71, respectively)
compared to more equal maximal values of k;a reached for PBS and PBS-PFD (0.00355s~! vs
0.00341 s~ 1, respectively). The interface development factor (f) depended on the interfacial area a,
and the enhancement factor (E'¥P), depending on ki a, was introduced to quantitatively identify
the mass transfer effects in the systems of waving two immiscible liquids. The phase of PFD was
identified as the reservoir of oxygen. Dimensional correlations were proposed for the prediction of
the kpa coefficient, in addition to the f and EPFD factors. The presented correlations, and the set of ka
values, can be directly applied to predict oxygen transfer effects reached under continuous oscillatory
rocked systems containing aqueous phase and liquid perfluorochemical.

Keywords: liquid perfluorochemical (perfluorocarbon); mass transfer; wave-assisted agitation;
disposable bag-like container; cell culture; dimensional exponential correlation methodology

1. Introduction

Synthetic liquid perfluorochemicals (PFCs; synonym: perfluorocarbons), which dis-
solve gases according to Henry’s Law, have been adopted in medicinal liquid ventilation
procedures [1,2] and bioprocess engineering. PFCs have been repeatedly applied as bio-
chemically inert liquid carriers of respiratory gases in many cell culture systems during
the past three decades [3-5]. The gas transfer rate into PFCs increases linearly with the
partial pressure of a component in the gaseous phase [6,7] in opposition to the sigmoid
dissociation curve that is characteristic of biological oxygen carriers. The lack of chemical
bonds between molecules of oxygen and PFC allows the efficient release of gas from layered
or dispersed PFCs into the aqueous phase. Due to the physicochemical properties exhibited
by liquid PFCs (i.e., immiscibility with aqueous media), some investigators recommend
using them as efficient liquid gas carriers in bioprocesses with biomass of animal or plant
cells/tissues performed in various bioreactor systems, as an additional liquid layer at the
bottom of a bioreactor vessel [8-10], or as dispersed droplets of utilized PFC [11-13] in
intensively agitated systems.

Currently, in addition to conventional stirred tank stainless steel bioreactors, dispos-
able (i.e., single-use) bioreactors are recognized as suitable equipment for developing and
scaling-up in vitro bioprocesses with animal cells maintained in both forms: suspended
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biomass and as biomass integrated with biomaterial-based constructs or microcarriers. The
main systematic difference distinguishing disposable bioreactors from typical bioreactors
is the pre-sterilized single-use container made of polymer-based multi-layer plastic, which
is applied as a flexible-in-shape bag (i.e., pillow-like shape) for preparation of individual
culture environment [14,15]. Shape and size (i.e., dimensions and volume) of the culture
bag determine the possible mechanism of agitation, which may be applied for efficient
mixing of liquid phase poured into such a pillow-shaped container.

Two independent systems of disposable bioreactors are recommended for performing
and scaling-up cultures of fragile mammalian cells. The first is a group of single-use stirred
tank bioreactors presenting similarity to conventional stirred tanks made of stainless steel
typically applied in chemical engineering [16,17]. The second group is representing by
mechanically driven oscillating systems characterized by mixing driven by sequential
horizontal raising and lowering of the culture bag fixed on the oscillating platform of the
bioreactor [18-21]. Depending on the intensity of the operational parameters (i.e., rocking
angle and rate, filling volume, and fluid properties), the liquid phase closed inside the
culture bag ripples, waves, or popples, which finally provides wave-induced mixing of the
culture medium and its surface aeration [22,23].

The new and original bioprocessing concept enhances mass transfer effects inside
the disposable culture bag by supplementing the waving culture system with a continu-
ous layer of PFC-based oxygen carrier poured at the bottom of the disposable container.
Accordingly, the primary aim of the study was to quantitatively recognize the oxygen
transfer effects that occur under conditions of wave-assisted agitation in the system of
aqueous phase supported with the perfluorinated gas carrier, which both were waved in
a 2.0 liter disposable culture bag of a ReadyToProcess WAVE™ 25 bioreactor (WAVE 25;
Citiva, formerly GE Healthcare, US).

Pre-sterilized distilled water (dH,O) and phosphate-buffered saline (PBS) were used as
two independent aqueous phases, and pre-sterilized perfluorodecalin (PFD) was examined
as a liquid PFC-based oxygen carrier. The detailed influences of operational parameters,
such as angle («) and frequency (w) of oscillations, in addition to volumetric gas flow
through a culture vessel (Qg), on oxygen mass transfer effects, were identified according
to a methodology based on Design of Experiments (DoE). Furthermore, values of the
volumetric liquid-side mass transfer coefficient (kpa) obtained independently in dH,O-
PFD and PBS-PFD systems were also determined and mutually compared. Finally, the
correlations predicting the relation of values of the kya coefficient and presets of operation
parameters in WAVE 25 for both of the studied aqueous phase-PFD systems were initially
introduced.

2. Materials and Methods
2.1. Setup of Disposable Bioreactor Supporting Continuous Wave-Assisted Agitation

A ReadyToProcess WAVE™25 bioreactor system (WAVE 25, Citiva, formerly GE Health-
care, US) equipped with a 2.0 L disposable culture bag (Cellbag; Citiva, US) was used in
the experiments. For online measurements of the value of dissolved oxygen (DO) in the
aqueous phase, the miniaturized optical (i.e., spectrophotometric) single-use DO sensor
integrated within the WAVE 25 system was used. The value of DO was measured with a
sampling frequency of 1 Hz. The signals from the DO sensor were transferred by optical
fiber to the central bioreactor control unit (CBCU, Citiva, US), which automatically inte-
grated the signals and collected data from the DO sensor. All experiments were performed
at 37 °C.

2.2. Operating Parameters of WAVE 25 System

Based on one of our previously published reports [22], the following operating pa-
rameters of WAVE 25 were taken into consideration as factors that significantly influence
oxygen transfer effects in the studied system:
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e «and w, which commonly characterize the vertical movements of the Cellbag fixed
to the rocking tray of WAVE 25, i.e., the parameters directly associated with waves
mechanically generated on liquids inside the Cellbag;

e  Qg, which characterizes the gaseous phase flowing over the liquid phases in the
Cellbag during continuous wave-assisted agitation.

2.3. Composition of Liquid Phases and Gas Mixture

dH,O or PBS were independently used as aqueous phases. PFD, as an equimolar
mixture of cis/trans isomers of PFD with >99% purity (abcr GmbH, DE), was applied as
an additional liquid phase. Before each experiment, the Cellbag system containing two
immiscible liquid phases, i.e., dH,O-PFD and PBS-PFD, was aseptically deoxygenated in
a continuously operating WAVE 25 by introducing pure N, into the disposable container
until total removal of O, from both contacting liquid phases, which finally resulted in
aqueous phase characterized by DO equal to the value of 0%.

In all experiments, a gas mixture containing 21% pure O, and 79% pure N, was
applied for the oxygenation of the studied systems. CBCU provided automatic mixing of
the defined gas mixture with specified partial pressures of O, (poz) and Ny (pn2) before
introducing it into the Cellbag.

2.4. DoE

All experiments were planned and evaluated with STATISTICA Data Miner 13.0
(StatSoft, PL). The Box-Behnken design (BBD) employing three levels of varied factors (i.e.,
operating parameters) was applied to minimize the number of experimental runs required.
The set of the operating parameters recognized as independent factors and employed in
the DoE-aided experiments is presented in Table 1. This represents the whole spectrum of
operational parameter values that are accessible (and strictly defined) by the manufacturer
of WAVE 25.

Table 1. Values of the operating parameters are recognized as independent factors employed in
DoE-aided analysis based on BBD.

Value of Parameter Employed in BBD

Range of Parameter

Factor Accessible in WAVE 25 -1 0 (Centre) +1 Unit
(Minimal) (Maximal)
% 2-12 2 7 12 [°]
-1

w 0.033-0.667 0.033 0.350 0.667 [s
Qg 017 x 107°-1.67 x 10™° 017 x107° 092 x107° 167 x10° [m3s1]

2.5. Determination of the kya Coefficient

The scheme of the experimental system is introduced in Figure 1. The disposable
Cellbag contained liquid phases, i.e., 0.3 dm® dH,O or PBS and 0.15 dm? PFD, and the gas
mixture flowed over the aqueous phase with the volumetric flow Qg. The Cellbag was
subjected to oscillatory-driven wave-induced agitation at defined values of &« and w. The
oxygen transfer in the system between gas and liquid phases was a non-steady process
of oxygen absorption from the gas mixture into the aqueous phase and from the aqueous
phase into PFD. Due to the negligibility of the slight amount of oxygen absorbed in the
aqueous phase, constant values of Qg and po;y (at both inlet and outlet of the bag-like
container) may be assumed. Similarly, the constant value of liquid phase volumes may be
assumed according to the negligibility of the vaporization of distilled water in the culture
bag and the perfect mixing of the liquid phases.
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Figure 1. The scheme of non-steady-state oxygen absorption from the gas mixture into liquid phases
of the studied system subjected to oscillatory-driven wave-induced agitation in the Cellbag container.

The kya coefficient was determined based on the oxygen balance in the aqueous phase:
dep x dt™t = kpa x (¢; —cp) (1)

The graphical interpretation of Equation (1), in the form of the directly proportional
relationship between the derivative dcp, x dt~! and the driving force (i.e., the difference
cf — cr), simplifies the determination of the ki a coefficient, as presented in Figure 2.
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0.0004-

0.0002— A

de, x dt' [mol m3 5]

I ' | ' | '
0 0.05 0.1 0.15 0.2
. ¥ ) -3
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Figure 2. Graphical method for determination of the k; a coefficient.

3. Results

Based on the DoE-aided analysis introduced in Table 1, three operational parameters,
ie., a, w and Qg, were introduced in the BBD, as previously recognized parameters
influencing significantly on oxygen transfer the studied systems. In total, 104 runs of
experiments (i.e., 23 typical runs with three extra center point runs for four different
studied systems) are presented in Table 2, as the BBD devised to recognize the influence of
operating parameters on the values of the ky a coefficient obtained for the studied systems
under wave-induced mixing. According to this, kpa values were determined for the
minimal, center, and maximal values (i.e., introduced in BBD as —1, 0, and +1, respectively)
of a, w, and Qg, for four independent systems: dH,O (i.e., kL agn,0), PBS (i.e., kLapgs),
dH,O supplemented with PFD (i.e., ky.aqp,0—prp), and PBS supplemented with PFD (i.e.,
krapps—prD)-
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Table 2. Variable levels were introduced to the BBD with three operation parameters (¢, w, Qg) to
determine the ky.a coefficient for four independently studied gas-liquid(s) systems.

Variable Levels kpa Characterized Gas-Liquid(s) Systems

Run

kragu,o kLagu,0-PFD krapgs kLaps—pPFD
o w Qc [s~1] [s~1] [s71] [s—1
1 -1 0 -1 0.00055 0.00027 0.00056 0.00023
2 -1 0 0 0.00255 0.00036 0.00186 0.00030
3 -1 0 1 0.00319 0.00030 0.00101 0.00029
4 -1 1 -1 0.00058 0.00044 0.00057 0.00035
5 -1 1 0 0.00308 0.00073 0.00139 0.00079
6 -1 1 1 0.00458 0.00081 0.00156 0.00079
7 0 -1 -1 0.00048 0.00017 0.00041 0.00010
8 0 -1 0 0.00131 0.00013 0.00057 0.00010
9 0 -1 1 0.00150 0.00013 0.00102 0.00016
10 0 0 -1 0.00061 0.00051 0.00055 0.00050
11 0 0 0 0.00282 0.00107 0.00173 0.00108
12 0 0 1 0.00460 0.00126 0.00311 0.00092
13 0 1 -1 0.00057 0.00054 0.00057 0.00053
14 0 1 0 0.00285 0.00200 0.00178 0.00162
15 0 1 1 0.00456 0.00331 0.00325 0.00254
16 1 -1 -1 0.00032 0.00048 0.00028 0.00015
17 1 -1 0 0.00165 0.00017 0.00139 0.00018
18 1 -1 1 0.00184 0.00015 0.00176 0.00019
19 1 0 0 0.00279 0.00145 0.00203 0.00141
20 1 0 1 0.00432 0.00167 0.00160 0.00173
21 1 1 -1 0.00061 0.00057 0.00058 0.00051
22 1 1 0 0.00292 0.00251 0.00260 0.00228
23 1 1 1 0.00382 0.00295 0.00355 0.00341
24 0 0 0 0.00300 0.00094 0.00191 0.00107
25 0 0 0 0.00298 0.00138 0.00271 0.00101
26 0 0 0 0.00363 0.00153 0.00270 0.00098

As is commonly known, the kj a coefficient consists of two factors: the liquid side mass
transfer coefficient (kp) and the interfacial area of mass transfer (a). The ki, values can be
approximated by the Higby penetration mass transfer model [20,23], which the following
equation can represent:

kp =2 x (DL x 1 x 7_1)0'5 ()

where: Dy is coefficient of oxygen diffusivity in liquid phase (i.e,, D =3.06 x 1079 m? s~ 1)
and T is contact time [s].

Based on the values of the kpa coefficient determined for dH,O and PBS presented
in Table 2, and values of ki, coefficient calculated from Equation (2), the value of a can be
simply estimated from the following equation:

a=kpaxk ! (3)

The values of a estimated from Equation (3) represent the real interface for oxygen
transfer from the gas phase into the liquid phase, which can be compared with the physical
interfacial area (a’) estimated for non-mixed conditions. For example, based on the real
geometry of the Cellbag, which contained 0.3 dm? of liquid phase (please see Figure 1), the
value of a’ can be calculated from the following equation:

a=Fx V! (4)

where: F is the interfacial area between gas and liquid (i.e., 0.043 m?), and V| is the volume
of the liquid phase (i.e., 3 x 107* m3).
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To analyze the influence of operating parameters that characterize oscillatory-driven
wave-type agitation in WAVE 25, i.e., « and w, on the value of 4, the interface development
factor (f) was proposed. The values of f for both studied aqueous phases of dH,O and PBS
were calculated from the following equation:

fam,0 = dam,0 x a' )

frps = apps x a1 (6)

Moreover, to quantitatively analyze the influence of PFD supplementation on the
level of the ki a coefficient obtained in the studied two-liquid systems (i.e., dH,O-PFD and
PBS-PFD), the enhancement factors Eqpol TP and EppstFP were introduced as follows:

PFD -1

Egtr0 = kraan,o-pep X kLagp,o ()
PFD 1

Epgs = krapps—prp X kpapgg 8)

analogously to enhancement factors for CO, absorption with chemical reaction and without
chemical reaction previously defined by DeCoursey [24].

The values of four originally introduced factors—f4m,0, fpas, Egg?o and EpfE—
calculated for all runs of the evaluated BBD are shown in Table 3.

Table 3. The values of the interface development factors—fqp,0 ,fpBs —and the enhancement factors

— EEIF{?O' Ell:g]s? — calculated for all runs of the evaluated BBD.

Variable Levels Factors Characterized Gas-Liquid(s) Systems

fun famo  fes  Eiio  ERR
o w Qc [-] [-] [-] [-]

1 -1 0 -1 1.953 2.205 0.492 0.403
2 -1 0 0 3.876 3.129 0.140 0.163
3 -1 0 1 3.605 1.259 0.093 0.287
4 -1 1 -1 2.072 2237 0.756 0.623
5 -1 1 0 4.687 2.338 0.237 0.572
6 -1 1 1 5.165 1.953 0177 0.508
7 0 -1 -1 1.725 1.623 0.345 0.243
8 0 -1 0 1.986 0.963 0.100 0.180
9 0 -1 1 1.693 1.269 0.087 0.153
10 0 0 -1 2.181 2172 0.841 0.914
11 0 0 0 4.294 2.904 0.378 0.628
12 0 0 1 5.194 3.878 0.274 0.295
13 0 1 -1 2.022 2.259 0.951 0.932
14 0 1 0 4.332 3.002 0.701 0.910
15 0 1 1 5.147 4.061 0.725 0.780
16 1 -1 -1 1.140 1.097 1.496 0.550
17 1 -1 0 2.506 2.343 0.105 0.128
18 1 -1 1 2.078 2192 0.083 0.108
19 1 0 0 4.252 3.419 0.520 0.696
20 1 0 1 4.874 2.001 0.386 1.080
21 1 1 -1 2.161 2.281 0.945 0.875
22 1 1 0 4.438 4.373 0.861 0.879
23 1 1 1 4.313 4.432 0.773 0.961
24 0 0 0 4.569 3.208 0.314 0.560
25 0 0 0 4.526 4.569 0.463 0.373
26 0 0 0 5.520 4.550 0.421 0.362

The values of ESFI?O and EPED estimated for the present systems reached values smaller
than 1.0. It appears that supplementation of the aqueous phase with PFD resulted in lower
values of the kp a coefficient than ki a noted for pure aqueous phases. A similar relationship
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was observed previously by Ju [25] for the emulsion system of water and perfluorocarbon.
Ju [25] reported smaller values of ki a coefficient for water-perfluorocarbon emulsions than
for the perfluorocarbon-free system.

The relationships between values of the f factor calculated for dH,O and PBS, and
various values of « and w, are graphically presented in Figure 3. It was found that the
obtained values of both f4p1,0 and fpgs monotonically increased for higher values of « and
w. Additionally, the observed relationships between the experimentally determined values
of fgn,0 against & and w (Figure 3A,B) revealed very similar effects to predicted values of
fres (Figure 3C,D).

— A é +—B °
.
*
3= kR
— —
- ° i
%2— %2— °
S S
1= 1—
0 T T T T T T o T T T T 1
) 2 4 6 8 10 12 O 0.1 02 03 0.4 0.5 0.6 0.7
o [°] o [s"]
+—~C =D
3 . 3 .
i @ i o
i i
& 2 ) &2
£t oy .
1— 1
0 T T | T | T 0 T T T T 1
0 2 4 10 12 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

6 8
a [7] o [s7]

Figure 3. Graphical relationships between values of the f factor characterizing both studied aqueous
phases calculated for various values of « and w evaluated in the BBD: fgp,0 (A,B) and fpgs (C,D).

The relationships between values of the EFFP factor calculated for dH,O and PBS, and

various values of «, w, and Qg are graphically presented in Figure 4. In the case of the

influence of & and w, the values of EEIF-I?O and ELED increased monotonically according to

the increase in these operating parameters. Otherwise, it was observed that the increase in
the value of Qg resulted in a monotonical decrease in the noted values of both EEEIE’O and

EFED. Furthermore, the presented relationships between the values of ESEIE;O calculated

for various values of «, w, and Qg, shown in Figure 4A-C, revealed very similar effects,
resulting from the values of Eggg, which are presented in Figure 4D-F.
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Figure 4. Graphical relationships between values of the EPFP factor characterizing both studied aqueous phases calculated
for various values of &, w, and Qg evaluated in the BBD: Eg{go (A-C) and Egg]sj (D-F).

4. Discussion

To date, liquid PFC-based oxygen carriers have been repeatedly applied in prototyped
culture systems varying in the volume of vessels, i.e., from ca. 1.0 cm?® to 100 cm3. Some
examples of two-liquid culture systems that integrated immiscible aqueous phases of
culture media and liquid PFC in the forms of dispersed droplets or continuous layers are
briefly presented in Table 4. More examples have been frequently discussed, for example,
in a number of previously published reviews [4,5,26].

Table 4. Examples of two-liquid culture systems integrating immiscible aqueous culture media and
dispersed or layered liquid PFCs.

Type of Two Total

Liquids System Volume Vessel Biomass Reference
500 cm® TubeSpin Crypthecodinium
3 p yp
Dispersion of 100 em disposable bioreactor cohnii 271
PFC i _ 3
C in aqueous 5 cmd T=75 (150 em”) flasks on g o s 28]
phase rocking platform
2 emd 6-wells dl.sposable plates, RINmSF p-cells [29]
static culture
1.0 cm?® cylindrical well 3T3-L1 and
3 y ,
0.3 cm static culture SV-T2 cells [30]
300 cm? Erlenmeyer Nicotiana
3 y
100 cm flasks on orbital shaker tabacum BY-2 [10]
3 .
Contacting 35 em? 250 cm Erlfznmeyer hairy roots Qf [31]
continuous flasks on orbital shaker Taxus x media
layers of PFC 3 emd 6-/24-wells disposable meilelrlf:llf nmal [8]
and aqueous om plates, static culture Y
phase stem cells
2 em? 24-wells d%sposable plates, C2C12 cells [32]
static culture
3 . .
1.5 em? 1.5 cm” centrifuging B16 cells [9]

tubes, static cultures

From the perspective of mass transfer characteristics, systems of two liquids containing
aqueous phase and liquid PFC have not been thoroughly described, probably due to the
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lack of simply-applied practical methods of measuring respiratory gas levels, i.e., O, and
COy, in the liquid phase of PFD. Additionally, the rarely available literature data focused
on such issues may be interpreted as incoherent.

The physical absorption of oxygen in aqueous media has been studied by measuring
the values of kra as the overall liquid-side mass transfer coefficient. Therefore, the mass
transfer rate without chemical reaction was investigated. Both PBS and dH;,O are recom-
mended media to investigate the physical absorption of oxygen, including in single-use
bioreactors, and such systems are also suitable for practical approximation of culture con-
ditions [33]. To widen the applicability of the results presented in the current study, all
experiments were performed at 37 °C (fc), according to the physiological requirements
of most certified lines of mammalian cells, which are commonly in vitro cultured in sub-
merged forms in disposable bioreactor systems. Such an assumption allowed comparison
of the results reported in the present study with the data obtained for a range of in vitro
cultures of isolated mammalian cells performed in a WAVE 25 system equipped with a
Cellbag.

In our opinion, to fully recognize the oxygen transfer phenomena that occurred in the
rocked system of two immiscible liquids, i.e., aqueous phase and liquid perfluorochemical,
we propose the introduction of two factors: f, dependent on a; and E'*P, dependent on ki a.
These factors, i.e., f and EPFP, are not typically applied in bioprocess engineering. However,
analysis of their values obtained in the studied system facilitated the understanding of
observed relationships between the level of the obtained k; a coefficient and operational
parameters, i.e., @ and w, defining conditions of wave-assisted agitation.

In the case of the f factor, the dimensional exponential correlation methodology was
proposed to generalize the obtained values of f that can possibly be obtained under wave-
assisted agitation conditions, and not only those restricted to the WAVE 25 bioreactor. Two
similar forms of dimensional exponential correlations, which depend only on « and w,
for both studied aqueous phases, i.e., dH,O (Equation (9)) and PBS (Equation (10)), were
proposed with the following forms:

faro = 8.588 x w®? x (sina)**° ©)

fops = 8.066 x w3 x (sina)**7 10)

According to the multidimensional regression analysis, the values of all constants
refining Equations (9) and (10) were found. The parity plots are shown in Figure 5 in order
to verify the correctness of both correlations. As can be easily seen, the values of fq,0 and
frps factors were predicted with the relative error at similar values, i.e., 23-24%, by the
correlations (9) and (10).

A +24% 1B

+23%

LI
- -18%

o9 e -24%

fano [-] correlation
i

Jos [-] correlation
i
*
L ]

I |
1 2 3 X 4 5 6 0 1 2 3, 4
faso [-] experimental Jeps [-] experimental

| | |
5 6

Figure 5. Parity plots of the f values predicted by dimensional correlations for dH,O (A) and PBS
(B), i.e., based on Equations (9) and (10), respectively.
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Similarly, in the case of the EPFD factor, the dimensional exponential correlation
methodology was proposed for the generalized estimation of the values of E'P that can
possibly be obtained under various conditions of wave-assisted agitation for a broader
range of operating parameter values than those presented in Table 3. Two similar forms
of dimensional exponential correlations, which analogously depend on three operational
parameters that significantly influence the k; 2 level under wave-assisted agitation, i.e., «,
w, and Qg, for both studied aqueous phases independently supplemented with PFD, i.e.,
for EXTP S (Equation (11)) and ELED (Equation (12)), were proposed in the following forms:

dH,0
ERFD. = 0.185 x 6% (sina)018 Q0169 a1
EBED — 0.195 x @9 x (sina)®18 x Q0169 12

with the values of all constants found according to the multidimensional regression analy-
sis.

The parity plots are shown in Figure 6 to verify the correctness of both introduced
dimensional correlations. As can be easily seen, the values of E(I;IFEO and E};gls) factors were
predicted by the correlations (11) and (12) with the relative errors of 15-17% and 23-26%,

respectively.
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Figure 6. Parity plots of the E factor values predicted by dimensional correlations: EEEBO (A) and

EEESD (B), i.e., based on Equations (11) and (12), respectively.

Moreover, in the case of the EEEIDO and Egg? factors, it is worth noting that all levels
2

of both factor values that were calculated and presented in Table 3 were less than 1. These
indicate that the addition of PFD reduced the values of the kp a coefficient in comparison
to values reached for aqueous phases (i.e., dH,O or PBS) without PFD supplementation.
Supposedly, supplementation of the studied systems with PFD hypothetically induced
the changes in hydrodynamics inside the disposable bag-like container. The worsening
of mass transfer in the two liquid systems was observed. This may be caused by the
limitation of circulation in liquid phases at the interface of contacting immiscible dH,O
(or PBS) and PFD due to decreases in the local liquid velocity. Such a phenomenon might
indicate that the investigated liquid phase was not mixed properly and that the oxygen
transfer rate was limited in the total volume of the liquid phase. The waving two-liquid
system containing aqueous phase (as the upper liquid phase) and PFD (as the lower liquid
phase) is characterized by different hydrodynamics than the waving individual aqueous
phase, i.e., dH,O or PBS, without PFD. We hypothesize that in the case of PFD presence in
the studied systems, the circulation of the aqueous phase was significantly less intensive.
Similarly, the surface of the aqueous phase was renewed less intensively. These two effects
may be interpreted as phenomena that have a strong negative influence on the kya values
reached for the waving two liquid phase dH,O-PFD and PBS-PFD systems compared to



Energies 2021, 14, 4381

11 of 15

waving dH,O or PBS without PFD. Therefore, a decrease in the value of the kpa coefficient
will not disturb oxygenation if oxygen is still available in a liquid PFD-based reservoir.
Thus, all of this might hypothetically explain the values lower than 1, estimated for both
1D and ELEL.

The correlations for Eqoof TP and Epgs'tP introduced by Equations (11) and (12),
respectively, are very similar in their forms. Only the value of the absolute term varied
in proposed correlations, which may result from different values of the oxygen diffusion
coefficient estimated for dH,O and PBS, i.e., 3.06 x 1072 m? s~ vs. 2.50 x 1077 m?
s 1, respectively [34]. The exact values of the other constants refining both discussed
dimensional correlations (i.e., Equations (11) and (12)) allowed us to hypothesize that the
hydrodynamics of wave-type mixing concerning both studied systems of two liquids—
aqueous phase (i.e., dH,O or PBS) and PFD—were identical.

In our opinion, characterization of mass transfer effects based on such atypical factors
as EPFP may be challenging or problematic to interpret and further discuss, due to the
lack of available data in the literature concerning processes of aeration/oxygenation or
mixing of two-liquid systems integrating immiscible aqueous phase and PFD. Correlations
for predicting the kpa values are significantly more appreciated and applicable due to
commonly known quantitative characteristics of aeration conditions described by the ki a
coefficient. Thus, in the case of the considered aqueous phases not supported with PFD,
the dimensional exponential correlation methodology may also be applied for estimation
of the values of the kya coefficient that can be possibly obtained under various conditions
of wave-assisted agitation defined by « and w, and gas-phase flow characterized by Qg, as
follows:

0.594 % (

kpagr,o = 10.379 x w sina )443 x QU592 13)

kpapps = 7.503 x w®>%* x (sina)0'443 % Q%.592 (14)

Therefore, to verify the correctness of dimensional correlations for predicting the
values of the kpagp,0 and ki apps coefficients, the parity plots are presented in Figure 7.
Values of kyagn,0 and kpapps were predicted by the correlations (13) and (14) with similar
relative error values not higher than 31% and 28%, respectively.
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Figure 7. Parity plots of the values of kj aqp1,0 (A) and ky apgs (B), predicted by dimensional correla-
tions (13) and (14), respectively.

Finally, based on the above-presented correlations on the kja coefficients and the
E factors, i.e., Equations (11)—(14), respectively, dimension exponential correlation for
prediction of values of the kp a coefficient that can possibly be obtained in two-liquid systems
containing aqueous phase and PFD (i.e., dH,O-PFD and PBS-PFD) waving according to
the operational parameters in WAVE 25, were proposed in the following forms:

1.263 x (

PFD : 0.626 0.422
kLadeoprD = kLadHZO X EdHQO =1.920 x w Sli’lﬂl) X QG (15)
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_ PFD _ 1.263 . 10.626 0422
krapss—prp = krapgs X Epps  ~ = 1.853 x w X (sina) X Qg *““kLapBs—PFD (16)
= kpapps x EpRS = 1.920 x w!263 x (sina)*0% x Q2422

The parity plots are shown in Figure 8. The values of ki agp1,0—prp and kpapps—prp
were predicted with the relative errors of 23-31% and 27-34%, respectively.
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Figure 8. Parity plots of the values of k a411,0—prp (A) and k1 apgs—_prp (B), predicted by dimensional
correlations (15) and (16), respectively.

The dimensional correlations (15) and (16) summarize the quantitative characterization
of oxygen transfer effects in two-liquid systems of aqueous phase (i.e., dH,O or PBS-
buffer) containing PFD applied as the gas carrier, and mixed under conditions of wave-
assisted agitation performed in a bag-like disposable container (e.g., Cellbag) of a single-use
bioreactor.

5. Conclusions

Oxygen transfer effects in an aqueous and liquid perfluorochemical system subjected
to wave-assisted agitation in a disposable bag-like container fixed in a single-use bioreactor
were recognized and discussed in detail. Two originally introduced factors—f, dependent
on a; and EFFP, dependent on kj a—facilitated the quantitative identification of the mass
transfer effects in the system of two contacted immiscible liquids: dH,O or PBS and PFD,
continuously subjected to oscillatory-driven wave-assisted agitation in a Cellbag fixed in a
WAVE 25 bioreactor. The results presented in the study can be concluded as follows:

e Lower levels of the kpa coefficient noted for PBS-containing systems, i.e., PBS and
PBS-PFD than for systems with dH;0O, i.e., dH,O and dH,O-PFD, resulted from the
lower value of oxygen diffusion coefficient for dH,O if compared to PBS (i.e., 3.06 x
1079 m2 s ! vs. 250 x 1077 m? s~ !, respectively);

e  The values of # and w had monotonically increased influence on the value of the f
factor;

e  The values of both EPFDO and ELED factors increased monotonically according to the
increase in & and w, but the increase in the value of Qg resulted in a monotonical
decrease in values of both EEH o and EPBS ;

e  Supplementation of dH,O with PFD caused the significant decrease in values of the
kpa coefficient reached in the system of dH;O-PFD in comparison to the ki a values
reached for pure dH,O, which resulted in values of EgH o and EPED of less than 1.0
for the majority of the studied variants;

e  The waving two-liquid system containing aqueous phase (as the upper liquid phase)
and PFD (as the lower liquid phase) is characterized by different hydrodynamics than
that of the waving individual aqueous phase, i.e., dH,O or PBS, without PFD;
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e The dimensional correlations proposed for prediction of ki a coefficient, in addition
to f and EFFP factors, well fitted the experimental results with satisfactory levels of
the relative errors; thus, they can be applied to predict the conditions of oxygen trans-
fer effects reached under continuous wave-assisted agitation of systems containing
aqueous phase and liquid PFC;

e  Lower kpa values noted for PFD-supplemented systems may indicate hypoxia con-
ditions affecting biomass maintained in the cell culture systems containing liquid
PFC.
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List of Symbols

a interfacial area of mass transfer (m~1)

44,0 interfacial area of mass transfer for distilled water (m~1)

apgs interfacial area of mass transfer for phosphate-buffered saline (m~1)

a’ physical interfacial area estimated for non-mixed conditions (m~1)

crL, molar concentration of oxygen dissolved in the liquid phase (mol m~2)

o equilibrium concentration of oxygen dissolved in the liquid phase (mol m~3)
Dy coefficient of oxygen diffusivity in the liquid phase (m? s~1)

EPFD enhancement factor (-)

Egllil?o enhancement factor for distilled water and perfluorodecalin (-)

EFED enhancement factor for phosphate-buffered saline and perfluorodecalin (-)
F interfacial area between gas and liquid phases (m?)

f interface development factor (-)

fanm,0 interface development factor for distilled water (-)

fres interface development factor for phosphate-buffered saline (-)

\% volume of the liquid phase (m?)

ki, liquid-side mass transfer coefficient C)

kra volumetric liquid-side mass transfer coefficient (s71)

kraam,o volumetric liquid-side mass transfer coefficient for distilled water (s~1)

kragu,o—ppp  volumetric liquid-side mass transfer coefficient for distilled water
and perfluorodecalin (s™hH

krapes volumetric liquid-side mass transfer coefficient for phosphate-buffered saline (s
k1.apBs—_pPrD volumetric liquid-side mass transfer coefficient for phosphate-buffered saline
and perfluorodecalin (s™hH
PN2 nitrogen partial pressure in the gas phase (Pa)
Po2 oxygen partial pressure in the gas phase (Pa)
t time (s)
tc temperature (°C)

Qc volumetric gas flow thought bag-like container (m? s~1)
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Greek Symbols

o angle of oscillations (°)
T contact time (s)
w frequency of oscillations (s~1)

Abbreviations

BBD Box-Behnken design

BTC-tet mouse pancreatic islet 3-cell line
Bl6 mouse skin melanoma cell line
CBCU central bioreactor control unit
C2C12 mouse myoblast cell line

dH,O sterilized distilled water

DO dissolved oxygen

DoE Design of Experiment

N, nitrogen

O, oxygen

PBS phosphate-buffered saline

PFC perfluorochemical

PFD perfluorodecalin

RINmM5F rat pancreatic islet 3-cell line

SV-T2 mouse embryonic fibroblast cell line
WAVE 25  ReadyToProcess WAVE™25 bioreactor
3T3-L1 primary mouse embryonic fibroblast cell line
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