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Intensification of chondrocytes proliferation by microcarriers and 
wave-induced mixing: Reynolds number influence on CP5 cells growth 

Kamil Wierzchowski , Aleksandra Kuźmińska , Maciej Pilarek * 

Warsaw University of Technology, Faculty of Chemical and Process Engineering, Waryńskiego 1, Warsaw 00-645, Poland   

A R T I C L E  I N F O   
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A B S T R A C T   

The growth of CP5 chondrocytes on microcarriers beads in a disposable bioreactor under various conditions of 
wave-assisted agitation has been compared and discussed. Influences of Reynolds number for liquid (ReL) and the 
kLa coefficient on intensification of the growth rate (μ) and the specific yield of biomass (Y*X/S) have been 
identified. Culture system has been established in ReadyToProcess WAVETM25 with a 2-litre flexible bag-like 
container. Cytodex 3 beads have been identified as the most suitable microcarrier fulfilled CP5 chondrocytes 
requirements. Based on simplified dimensionless correlations, the values of ReL (i.e., 510–10,208), and kLa co-
efficient (i.e., 2.83–13.55 h–1), have been both determined for various presets of the WAVE 25 system. The 
highest values of μ = 0.0129 h–1 and Y*X/S = 10.9 × 108 cells gglc

–1 have been noted for culture performed under 
wave-induced agitation characterised by ReL equalled to 5104. The results might be highly applicable in scaling- 
up, and intensifying microcarrier-engineered bioprocesses focused on adherent mammalian or human cells 
maintained in disposable bioreactors.   

1. Introduction 

Based on the specificity of animal cells they can be in vitro main-
tained as two basic morphological categories: anchorage-dependent (i.e. 
adherent) cells or free-floating (i.e. nonadherent) ones [1–3]. In the case 
of adherent cells, typically applied static (i.e. unagitated) cultures do not 
provide sufficient in vitro environment conditions for efficient propa-
gation, in general. Instead of commonly applied mechanical agitation (e. 
g. rotating stirrers) applied to induce fluid flow in classical bioreactors, 
continuously oscillating disposable bioreactor systems are suggested to 
intensify gently mixing culture system containing extremely fragile 
living cells and supporting its homogeneity. In such approaches, the 
agitation is achieved by horizontal oscillations of the disposable bag-like 
container [4]. The continuously applied rocking motion generates waves 
on the interfacial area of the two-phase (i.e. gas-liquid) culture system. 
Generated waves cause mixing and surface-aeration of culture medium, 
what finally resulted in intensified dispersion of gases, nutrients, and 
extracellularly released metabolites, in culture broth closed inside the 
disposable container [5,6]. Thus, animal cells can be in vitro maintained 
under satisfactory values of the kLa coefficient reached at low Re 
numbers [7,8]. 

Cartilage cells, i.e. chondrocytes, are responsible for stabilising the 
skeleton and connecting elements of the skeletal system. The main 
application of in vitro maintained chondrocytes is their re-implantation 
into damaged joints, which is one of the most effective ways to 
rebuild naturally degraded or injured cartilage [9,10]. Currently, new 
methods for efficient and low-cost intensified propagation of chon-
drocytes are being sought. In vitro culture systems supported with 
microcarriers, i.e. µm- or mm- beads characterised by large 
surface-to-volume ratio, allow reaching high yields of chondrocytes 
[11]. Depending on the type of microcarriers, cells grow in the mono-
layered form on the outer surface of solid beads or migrate inside pores 
of microporous beads [12]. 

The aim of the study was to identify the intensification effects of CP5 
chondrocytes proliferation on microcarrier beads observed under 
various conditions of wave-type agitation in a disposable bioreactor. 
Cytodex 3 beads have been identified as the most suitable microcarrier 
fulfilled CP5 cells requirements among three studied commercially 
available microcarriers. The influence of Reynolds number for liquid 
(ReL) and the kLa coefficient, as crucial parameters characterising the 
bioprocessing of CP5 cells in ReadyToProcess WAVETM25 system, on 
reached values of the growth rate (μ) and the specific yield of biomass 
(Y*X/S), have been identified and thoroughly discussed. 
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2. Materials and methods 

2.1. Disposable bioreactor system 

System of ReadyToProcess WAVETM25 (WAVE 25, GE Healthcare, 
US) bioreactor equipped with 2-liter CellbagTM (Cellbag, GE Healthcare, 
US) container has been used. The technical details of WAVE 25 biore-
actor or Cellbag container are available in previous reports, e.g. [8,13]. 
The wave-induced agitation was defined by two operational parameters 
of rocking motion: oscillation angle (α) and oscillation frequency (ω). 
Levels of pH and DO were independently measured by miniaturised 
optical sensors. Values of total flow rate (QG) of inlet gas mixture (gasin), 
as well as concentrations of O2 (CO2) and CO2 (CCO2) in gasin, were set, 
automatically controlled, and integrated by the control unit of WAVE 
25. 

2.2. Microcarriers 

Three types of microcarrier beads vary in matrix material, surface 
properties, the diameter of beads and their surface area, and quantity in 
dry weight, which has been summarised in Table 1. All microcarriers 
have been supplied by GE Healthcare (US) as certified for cell cultures. 

Before inoculation with CP5 cells, beads of microcarriers have been 
rehydrated in Dulbecco’s phosphate-buffered saline (DPBS) containing 
Ca2+ and Mg2+, and next, they have been autoclaved at 121 ⁰C (at 1 bar 
overpressure) for 25 minutes. 

2.3. Maintaining of CP5 cells 

CP5 cells, as the certified line of the anchorage-dependent, articular 
cartilage progenitor cells of Bos taurus, have been purchased from the 
European Collection of Authenticated Cell Cultures (ECACC, UK). CP5 

cells were maintained in the mixture of:  

• 89% of Dulbecco’s Modified Eagle’s Medium (DMEM) containing 4.5 
g dm–3 of glucose,  

• 10% of inactivated fetal bovine serum (FBS),  
• 1% of antibiotic/antimycotic cocktail (PenStrep). 

All media were supplied by Thermo Fisher Scientific (US) as media 
approved for cell cultures. 

The reference culture has been performed in 25 cm2 disposable flasks 
(NEST Biotechnology, US) containing 5 cm3 of culture medium and 
incubated at 37◦C in CO2-enriched (5.0%) atmosphere in HF 90 incu-
bator (Heal Force, CN). The initial density of CP5 cells was equalled to 
0.6 × 105 cells cm–3. The triplicated reference cultures were rocked (α =
6 ◦, ω = 20 min–1) on MR-12 rocker shaker (BIOSAN, PL) for 7 days, with 
daily harvesting of samples. 

Symbols 

a surface area dry weight of microcarrier beads, m2 gmc
–1 

aLDH activity of lactate dehydrogenase, µkat dm–3 

am metabolic activity, µkat dm–3 

CCO2 CO2 concentration in the gas phase, % 
CO2 O2 concentration in the gas phase, % 
DL oxygen diffusivity in the liquid phase coefficient, m2 s–1 

dM density of microcarrier beads in culture system, g dm–3 

kLa volumetric liquid-side mass transfer coefficient, s–1 

L culture bag length, m 
ReL Reynolds number for liquid phase, - 
ReG Reynolds number for gas phase, - 
r*glc/cell specific glucose consumption rate, g h–1 cell–1 

S glucose concentration in culture medium, g dm–3 

Sc Schmidt number, - 
t time, s 
td doubling time, h 
T temperature,◦C 
QG gas flow rate, dm3 min–1 

VL volume of culture medium, dm3 

X density of CP5 cells in culture medium, cell cm–3 

Y*X/a specific yield of biomass referred to microcarrier surface 
area coefficient, cells m–2 

Y*X/S specific yield of biomass from subtract coefficient, cells gglc
–1 

Greek symbols 
α angle of oscillations, ◦

µ specific growth rate, s–1 

νL liquid phase kinematic viscosity, m2 s–1 

ω frequency of oscillations, min–1 

Subscripts 
CO2 carbon dioxide 
O2 oxygen 
2-D two-dimensional 
CHO Chinese hamster ovary cell line 
CP5 articular cartilage progenitor cell line isolated from Bos 

taurus 
DEAE N,N-diethylaminoethyl 
DPBS Dulbecco’s Phosphate-Buffered Saline 
DMEM Dulbecco’s Modified Eagle’s Medium 
DO dissolved oxygen 
ECACC European Collection of Authenticated Cell Cultures 
FBS fetal bovine serum 
HCH primary human chondrocytes 
hiHep human fibroblasts conversed to hepatocytes cell line 
hMSC human mesenchymal stem cell line 
LDH lactate dehydrogenase enzyme 
mESC mouse embryonic stem cell line 
PenStrep antibiotics mixture (of penicillin and streptomycin) 
pH decimal logarithm of the reciprocal of the hydrogen ion 

activity 
PLGA poly(lactic-co-glycolic acid) 
PSC pluripotent stem cell line 
SEM scanning electron microscope 
WAVE 25 ReadyToProcess WAVETM25 bioreactor 
Vero kidney epithelial cell line isolated from African Green 

Monkey  

Table 1 
Properties of Cytodex 1, Cytodex 3 and Cytopore 1 microcarriers.  

parameter Cytodex 1 Cytodex 3 Cytopore 1 

chemical matrix cross-linked 
dextran 

cross-linked 
dextran 

cross-linked 
cellulose 

Surface positively 
charged DEAE 

uncharged pig skin 
gelatine 

positively 
charged DEAE 

average particle 
size 

190 µm 175 µm 230 µm 

beads quantity in 
dry weight 

4.3 × 106 gmc
–1 3 × 106 gmc

–1 3 × 106 gmc
–1 

surface area dry 
weight (a) 

0.44 m2 gmc
–1 0.27 m2 gmc

–1 1.10 m2 gmc
–1 

charge density 1.40-1.60 meq 
g–1 

not relevant 0.90-1.20 meq 
g–1  

K. Wierzchowski et al.                                                                                                                                                                                                                         

Po
br

an
o 

z 
ht

tp
://

re
po

.p
w

.e
du

.p
l /

 D
ow

nl
oa

de
d 

fr
om

 R
ep

os
ito

ry
 o

f W
ar

sa
w

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y 

20
23

-0
5-

24



Chemical Engineering and Processing - Process Intensification 166 (2021) 108472

3

In the case of screening for microcarrier enhancing proliferation of 
CP5 cells, the triplicated screening cultures have been performed in 25 
cm2 disposable flasks (NEST Biotechnology, US) containing 5 cm3 of 
culture medium and 5 mg of independently added: Cytodex 1, Cytodex 3 
or Cytopore 1 microcarriers. The screening cultures were incubated at 
37◦C in a CO2-enriched (5.0%) atmosphere in HF 90 incubator (Heal 
Force, CN). The initial density of CP5 cells was equalled to 0.6 × 105 

cells cm–3. Initially, the screening cultures were unagitated for 4 hours to 
support the attachment of cells to the surface of the applied micro-
carrier. Next, the screening cultures were continuously rocked (α = 6 ◦, 
ω = 20 min–1) on MR-12 rocker shaker (BIOSAN, PL) for 7 days, with 
daily harvesting of samples. 

The experimental cultures subjected to wave-induced agitation 
supported by WAVE 25 bioreactor have been performed in 2 dm3 Cell-
bag container filling with 300 cm3 of culture medium and 300 mg of 
microcarrier beads. Before inoculation, the system was stabilised to 
37◦C at rocking defined by α = 6◦ and ω = 20 min–1. DO level of the 
culture medium was equalled to 100% by its saturation with O2 from 
sterile gasin composed of pure gases: 74% N2 + 21% O2 + 5% CO2. The gas 

phase was continuously dosed with QG. Then, the oscillatory rocking of 
the system was stopped, and the experimental cultures were inoculated 
with the density of CP5 cells equalled to 0.6 × 105 cells cm–3. Next, the 
experimental cultures were unagitated for 4 hours to support the 
attachment of cells to the surface of the applied microcarrier. Finally, the 
experimental cultures were continuously oscillatory rocked for 7 days 
(with daily harvesting of samples) at various sets of the operating pa-
rameters of WAVE 25 presented in Table 2. All the experimental cultures 
performed in WAVE 25 were triplicated. 

2.4. Analytical methods 

In the case of quantitative characteristics of biomass proliferation 
and cell activity, the following parameters have been determined:  

• density of chondrocytes (X) by manually counting of CP5 cells after 
staining with 0.4% trypan blue solution (Thermo Fischer Scientific, 
US) in the Bürker-Türk hemocytometer (Brand, DE) under inverted- 
light microscope Eclipse TS100 (Nikon, JP), 

• metabolic activity of CP5 cells (am) by the resazurin-based Pres-
toBlue™ assay (Thermo Fischer Scientific, US),  

• specific glucose consumption rate (r*glc/cell) by the BioMaxima- 
glucose assay (BioMaxima, PL). 

In the case of quantitative characteristics of culture medium, the 
following parameters have been determined:  

• activity of lactate dehydrogenase enzyme leaking from damaged CP5 
cells (aLDH) by the BioMaxima-LDH assay (BioMaxima, PL),  

• DO and pH levels automatically measured by miniaturised spot-like 
chemical sensors built-in inside the bottom of the Cellbag container. 

The detailed methodologies applied for determining values of X, am, 
r*glc/cell, and aLDH are available in the previous reports, e.g. [13]. 

The morphology of CP5 cells attached to the surface of the 

microcarriers was analysed using the scanning electron microscope 
(Phenom, Phenom World, US). First, microcarriers with cells were 
incubated in 4% paraformaldehyde for 24 h at 4◦C. Next, the samples 
were washed with DPBS, and then the microcarriers were incubated in 
few ethanol solutions with increasing concentration (i.e. 50%, 60%, 
70%, 80%, 90% and 99,8%), each for 5 minutes and left to air-dry. 
Finally, the samples were coated with gold in K550X sputter coater 
(Emitech, UK) at 25 mA for 2 minutes. 

2.5. Mathematical methods 

Values of ReL and kLa, as the two key parameters quantitatively 
characterising hydrodynamic conditions of bioprocesses performed in 
WAVE 25 bioreactor operated at various sets of operational parameters 
(α and ω) have been calculated based on two correlations originally 
introduced and published previously [8]. 

Based on the values of α and ω, the values of ReL for liquid phase 
waving in Cellbag container have been calculated as follows [8]: 

ReL =
ωL2

vL
sinα (1)  

where: L is the length of the culture bag, vL is liquid phase kinematic 
viscosity. 

The values of kLa for the WAVE 25 bioreactor can be predicted based 
on the following dimensionless correlation [13]: 

kLa = 13.423 Re0.522
L Re0.664

G Sc0.572 DL

L2

[
h− 1] (2)  

where ReG is the Reynolds number for the gas phase, Sc is the Schmidt 
number for the liquid phase, and DL is the coefficient of oxygen diffu-
sivity in the liquid phase. 

The values of μ characterising the cell growth rate have been 
calculated as follows [14]: 

μ =
ln(X(t)) − ln(X(0))

Δt
[
h− 1] (3)  

where X(t) is the cell density at the end of the exponential growth phase, 
X(0) is the cell density at the beginning of the exponential growth phase, 
t is the time. 

Based on Eq. (3), the doubling time (td) has been calculated: 

td =
ln2
μ [h] (4) 

Values of Y*X/S describing the yield of cell growth per mass unit (i.e. 
1 g) of glucose (as substrate) have been determined by the graphical 
method (Fig. 1) according to the following equation: 

Y∗
X/S = − tgβ

[
cells gglc

− 1] (5) 

The specific yield of biomass per area of microcarrier bead surface, i. 
e. Y*X/a, has been calculated as follows: 

Y∗
X/a =

X(7) − X(1)
a dM

[
cells m− 2] (6)  

where X(7) is the cell density at 7th day of culture, X(1) is the cell density 
at 1st day of culture, a is the surface area dry weight of microcarrier 
beads (as data referentially characterised by the supplier of micro-
carrier) and dM is the density of microcarrier beads in culture system 
defined as a ratio between the mass of individually applied microcarrier 
beads and the volume of the culture system. In the case of the screening 
cultures and the bioreactor cultures, the value of dM was the same and 
equalled to 1 g dm–3 (i.e. 5 mg of beads in 5 cm3 of DMEM medium in the 
screening cultures, as well as 300 mg of beads in 300 cm3 of DMEM 
medium in the WAVE25 cultures intensified by wave-type agitation). 

Table 2 
Operating parameters of WAVE 25 bioreactor applied as conditions of CP5 cells 
cultures performed under wave-induced agitation.  

operating parameters value unit 

variables α 2, 6, 12 ◦

ω 2, 20, 40 min–1 

constants QG 0.5 dm3 min–1  

VL 0.3 dm3  

CO2 21 %  
CCO2 5 %  
T 37 ◦C  

K. Wierzchowski et al.                                                                                                                                                                                                                         
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3. Results 

3.1. Screening for microcarrier enhancing proliferation of CP5 cells 

3.1.1. μ and td 
The values of μ, td, Y*X/S and Y*X/a calculated for the small-scale 

cultures (i.e. 5 cm3) performed on laboratory rocker, and aimed for 
screening of microcarrier enhancing growth of CP5 cells, have been 
presented in Table 3. 

The highest value of μ, i.e. μ = 0.0122 h–1 (td = 56.82 h), has been 
reached for the culture performed with Cytodex 3 microcarrier beads. 
The lowest value of μ, i.e. μ = 0.0110 h–1 (td = 63.01 h), has been 
reached for culture performed with Cytodex 1 microcarrier beads, but it 
was only slightly lower than the value of μ noted for beads of Cytopore 1 
(i.e. μ = 0.0112). The level of the values of μ characterising the culture 
system with Cytodex 3 was even a bit higher than the value noted for the 
reference culture, i.e. μ = 0.0119 h–1 (td = 58.25 h). 

The highest values of both yield coefficients, i.e. Y*X/S and Y*X/a, 
equalled 6.07 × 108 cells gglc

–1 and 15.61 × 106 cells m–2, respectively, has 
been noted for the system in which CP5 chondrocytes grew on beads of 
Cytodex 3 microcarrier. 

3.1.2. aLDH in culture medium 
The values of aLDH in samples of culture media harvested from the 

screening cultures of CP5 cells individually supported with three tested 
microcarriers have been presented in Fig. 2. 

Independently of the studied culture system, the profiles of aLDH in 
culture media were similar. Only minor differences have been observed. 
Generally, the value of aLDH increased monotonically for the following 
days of all studied cultures. The threshold of aLDH detection was reached 
on the first day of the experiment. In the case of the reference culture, 
the level of 3.9 μkat dm–3 has been noted at the last time point, i.e. 7th 

day. However, the highest value of aLDH equalled to 4.2 μkat dm–3 has 
been observed on the 7th day of bioprocess supported with beads of 

Cytopore 1 (Fig. 2D). In the case of the values of aLDH noted at the final, i. 
e. 7th, day of the cultures, the lowest value, i.e. aLDH equalled to 3.6 μkat 
dm–3, has been detected in the culture supported with Cytodex 3 beads. 

3.2. Intensification of chondrocytes cultures on Cytodex 3 microcarrier in 
WAVE 25 bioreactor 

3.2.1. Hydrodynamics 
The values of ReL and kLa, have been calculated for each studied set 

of operational parameters, i.e., α and ω, which defined the wave-induced 
agitation applied in WAVE 25 bioreactor. 

The values of ReL were calculated based on Eq. (1) which has been 
originally introduced in [8]. 

As all the cultures were performed under the constant value of QG 
equalled to 0.5 dm3 min–1 (please see Table 2), the values of the kLa 
coefficient have been predicted based on the simplified form of Eq. (2) 
originally introduced in [13]: 

kLa = 8.57 × 10− 2 Re0.522
L

[
h− 1] (7) 

The list of data summarising values of α and ω (i.e. the operational 
parameters of WAVE 25 defining conditions of wave-induced agitation), 
and the values of ReL and kLa, correlated with given α-and-ω pairs have 
been presented in Table 4. 

The highest value of ReL, i.e. 10,208, have been calculated for the 
flow of waving culture medium in Cellbag at α and ω equalled 6◦ and 40 
min–1, respectively. A very similar value of ReL, i.e. 10,152, charac-
terised waving at α equalled to 12◦, and ω equalled to 20 min–1. Thus, it 
was clearly seen that very similar values of ReL could be obtained for two 
independent sets of α-and-ω pairs. The lowest value of ReL was estimated 
for oscillations defined by 6◦ and 2 min–1, and it was the only one case of 
wavy flow of culture medium characterised by ReL below the value of 
1000. 

The highest values of the kLa coefficient exceeding the level of 13 h–1 

have been predicted for the same α-and-ω pairs supporting the level of 
ReL over the value of 10,000. The lowest value of kLa, i.e. kLa less than 3 
h–1, characterised waving at α and ω equalled to 6◦ and 2 min–1, 
respectively. 

3.2.2. DO and pH profiles 
The profiles of DO and pH for all cultures performed in WAVE 25 

have been summarised in Fig. 3. 
In all cultures performed in WAVE 25 (Fig. 3A–E), regardless of 

reached ReL value, the level of DO constantly retained its maximal value, 
i.e., 100%, for a whole period of 7 days. 

In the case of the pH level, the cultures performed in WAVE 25 
(Fig. 3A–E) were characterised by a monotonical decrease in the level of 
pH up to pH equalled to ca. 7.1, which is still in the range of optimal 
values of pH level preferred by CP5 cells. 

3.2.3. Proliferation of CP5 cells on beads of Cytodex 3 
The values of μ, td, Y*X/S and Y*X/a characterising proliferation of 

CP5 cells on beads of Cytodex 3 in the studied culture systems have been 
summarised in Table 5. 

The highest value of μ, i.e., μ = 0.0129 h–1 (td = 53.73 h), has been 
noted for the culture performed in WAVE 25 at ReL equalled to 5104 (α 
= 6◦ and ω = 20 min–1). The lowest value of μ, i.e. μ equalled to 0.0106 
h–1 (td = 65.39 h), has been reached for the culture performed at the 
wavy flow of the culture medium characterised by ReL equalled to 
10,152. 

The highest values of both yield coefficients, i.e. Y*X/S and Y*X/a 
equalled 10.90 × 108 cells gglc

–1 and 31.21 × 108 cells m–2, respectively, 
have been noted for conditions of wave-induced agitation characterised 
by ReL equalled to 5104. Almost the same values of Y*X/S and Y*X/a 
coefficients (i.e. 13% lower and 14% lower, then for ReL equalled to 
5104) has been obtained for wave-induced agitation characterised by 

Fig. 1. Exemplary determination of Y*X/S value by the graphical method 
applied for the culture of CP5 cells performed in WAVE 25 operated at α = 6◦

and ω = 20 min–1. 

Table 3 
Values of μ, td, Y*X/S and Y*X/a characterise the growth of CP5 cells in the 
reference culture and on various microcarriers.  

culture conditions µ 
[h–1] 

td 

[h] 
Y*X/S 

[108 cells gglc
–1 ] 

Y*X/a 

[106 cells m–2] 

reference culture 0.0119 58.25 5.82 - 
Cytodex 1 0.0110 63.10 4.68 7.57 
Cytodex 3 0.0122 56.82 6.07 15.61 
Cytopore 1 0.0112 61.89 4.96 3.18  
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ReL equalled to 10,208. The lowest value of Y*X/S and Y*X/a coefficients 
equalled to 5.60 × 108 cells gglc

–1 and 13.73 × 106 cells m–2, respectively, 
has been reached for the culture performed at agitation characterised by 
ReL equalled to 10,152, which was over 2-times lower than the value 
obtained for waving characterised by ReL equalled to 5104. 

The SEM observations have been performed to identify the 
morphology of CP5 chondrocytes overgrowing beads of Cytodex 3 
microcarrier (Fig. 4). 

Conditioned beads of Cytodex 3 microcarrier were characterised by 
regular rounded shape, and they were not covered by any cells before 
the inoculation (Fig. 4A). During the culture, CP5 chondrocytes adhered 
onto the surface of beads and grew in classic monolayered form 
(Fig. 4B). In the case of cultures performed in WAVE 25 under waving 
characterised by ReL equalled to 5104, the Cytodex 3 beads were entirely 
covered by CP5 chondrocytes, which tended to grow in even multi- 
layered forms (Fig. 4C). 

3.2.4. Metabolic activity of CP5 chondrocytes: activity of intracellular 
oxidoreductases and glucose consumption rate 

Metabolic activity of CP5 chondrocytes was monitored daily, based 

on a determination of values of two independent parameters: am, as 
parameter quantitatively characterising the activity of intracellular ox-
idoreductases, and r*glc/cell, as the parameter which characterising the 
average glucose consumption by a single cell. The values of am and r*glc/ 

cell characterising metabolism of CP5 cells maintained in the studied 
culture system have been presented in Fig. 5. 

The significant increases in values of am have been observed after the 
3rd day of bioprocess (Fig. 5A–E) in all cultures performed in the WAVE 
25 system, regardless of the Re number. The highest value of am (i.e. am 
= 4.3 μkat dm–3) has been noted for wave-induced agitation charac-
terised by ReL equalled to 5104 (i.e. α = 6◦ and ω = 20 min–1), on the 7th 

day of such culture (Fig. 5C). Almost the same level of am has been 
reached for culture characterised by ReL equalled to 510 (α = 6◦, ω = 2 
min–1) (Fig. 5A). Other cultures (i.e. Fig. 5B, D and E) have been char-
acterised by markedly lower maximal values of am, i.e. not exceeding the 
value of ca. 3 μkat dm–3, also reached on the 7th day of these 
bioprocesses. 

The highest values of r*glc/cell exceeding the level of 2.5 × 10–8 g h–1 

cell–1, have been reached at the 1st and the 2nd days of waving culture 
performed at ReL equalled to 1704 (i.e. at α = 2◦ and ω = 20 min–1) 
(Fig. 5B). Regardless of waving conditions, a common feature was the 
stabilisation of r*glc/cell value at the constant level of r*glc/cell equalled to 
the value of 0.7 × 10–8 g h–1 cell–1 for the last three days of the 
experiments. 

3.2.5. Activity of LDH leaked from cells into the culture medium 
The values of aLDH determined in samples of culture media harvested 

from cultures of CP5 chondrocytes maintained under wave-induced 
agitation have been presented in Fig. 6. 

In all cases of the waving conditions supported by the WAVE 25 
bioreactor, the profiles of aLDH for the following time points of each 
experimental culture of CP5 chondrocytes were similar (Fig. 6A–E). The 
highest value of aLDH equalled to 6.6 μkat dm–3, has been reached for the 

Fig. 2. Profiles of aLDH characterising culture media harvested from screening cultures of CP5 cells: the reference culture (A) and the cultures individually supported 
with tested microcarriers (B–D). 

Table 4 
Correlated values of the operational parameters of WAVE 25 (i.e. α and ω), ReL 
and kLa, which characterised cultures of CP5 cells on Cytodex 3 microcarrier.  

α 
[◦] 

ω 
[min–1] 

ReL 

[-] 
kLa 
[h–1] 

6 2 510 2.83  
20 5104 9.43  
40 10,208 13.55 

2 20 1704 5.32 
6  5104 9.43 
12  10,152 13.51  
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culture characterised by ReL equalled to 10,208 (i.e. at α = 6◦ and ω = 40 
min–1) on the 7th day (Fig. 6E). 

4. Discussion 

Three different microcarriers (please see Table 1) have been 
considered for screening the most suitable microcarrier intensifying 
proliferation of CP5 chondrocytes. The differences basically originated 
from the type of cross-linked biopolymer-based matrix (i.e. dextran in 
Cytodex 1 and Cytodex 3 vs cellulose in Cytopore 1), as well as from the 
surface coating layer (i.e. uncharged protein-based layer from pigskin 
gelatin in Cytodex 3 vs positively charged layer of DEAE in Cytodex 1 

and Cytopore 1). 
In the case of anchorage-dependent cells, as CP5 chondrocytes 

exhibit specificity to the surface onto which they adhere, the compara-
tive analysis of biomass yield based only on Y*X/S may lead to wrong 
conclusions. Y*X/S is commonly applied to compare the proliferation of 
microorganisms [15] and nonadherent animal cells [13] because this 
parameter describes the yield of cell growth per mass of substrate 
assimilated by cells. However, to fully recognise the individual effects of 
three tested microcarriers exhibited on CP5 chondrocytes proliferation, 
the values of Y*X/a, as the specific yield of biomass referred to the area of 
microcarrier bead surface, should be compared. 

The relatively similar levels of μ and td noted for the screening cul-
tures (please see Table 3) have not entitled to an unequivocal selection 
of beads type. Also, the differences in obtained values of Y*X/S were 
minor. However, in the case of Y*X/a values obtained for the three tested 
microcarriers, the differences were even more than significant. The 
value of Y*X/a characterising proliferation of CP5 cells on Cytodex 3 was 
over 2-times higher than the value obtained for Cytodex 1, and even 
more 5-times higher than those noted for Cytopore 1. Such analysis al-
lows drawing a well-established conclusion that CP5 chondrocytes 
exhibited the highest affinity to the surface of Cytodex 3 beads among 
three tested microcarriers. 

The scaling-up of Cytodex 3-supported cultures from 5 cm3 to 300 
cm3 allows to intensify the values of both yield coefficients, i.e. Y*X/S 

Fig. 3. The profiles of DO and pH for cultures of CP5 cells on Cytodex 3 beads performed in WAVE 25 at various values of ReL, characterising the flow of waving 
culture medium (A–E). 

Table 5 
Values of μ, td, Y*X/S and Y*X/a characterising the efficiency of CP5 cells growth 
on beads of Cytodex 3 in cultures performed in WAVE 25.  

ReL 

[-] 
µ 
[h–1] 

td 

[h] 
Y*X/S 

[108 cells gglc
–1 ] 

Y*X/a 

[106 cells m–2] 

510 0.0112 61.89 6.07 16.85 
1704 0.0108 64.18 5.23 17.13 
5104 0.0129 53.73 10.90 31.01 
10,152 0.0106 65.39 5.60 13.73 
10,208 0.0123 56.35 9.43 26.52  

Fig. 4. SEM images of Cytodex 3 beads occupied by CP5 chondrocytes (sample harvested from the culture performed in WAVE 25 bioreactor at ReL equalled to 
5104): “empty” bead of conditioned microcarrier prior inoculation (A), beads colonised by CP5 chondrocytes on the 3rd day (B) and the 7th day (C) of culture. 
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and Y*X/a, which has been reported in Tables 3 and 5. The highest values 
of Y*X/S and Y*X/a noted for the wave-type agitation characterised by 
ReL equalled to 5104, i.e. Y*X/S and Y*X/a equalled to 10.90 × 108 cells 
gglc

–1 and 31.01 × 106 cells m–2, respectively, was even 2-times higher, 
than the values of corresponding coefficients reported for the 5 cm3 

screening system supported with beads of Cytodex 3, i.e. Y*X/S and Y*X/a 
equalled to 6.07 × 108 cells gglc

–1 and 15.61 × 106 cells m–2, respectively. 
The level of aLDH is commonly recognised as simple to detect quan-

titatively parameter identifying the negative influence of culture con-
ditions on cultured cells [16]. The value of aLDH represents the 
enzymatic activity of LDH leaked out from cells with the injured cell 

membrane, noted in the culture medium in which the cells are main-
tained [17]. High values of aLDH are correlated with the negative in-
fluence of culture conditions on the cells – low values of aLDH indicate 
cell-friendly conditions, i.e. the lack of negative influence of culture 
conditions. In the case of the 5 cm3-scale cultures varying in type of 
applied microcarrier beads, the aLDH values determined in the samples of 
culture medium harvested from cultures supported with Cytodex 3 were 
lower than the aLDH values noted for culture systems with Cytodex 1 and 
Cytopore 1 microcarriers, what has been presented in Fig. 2. Although 
the differences in the level of aLDH presented in Fig. 2 were not spec-
tacular, but for the same time points of compared cultures 

Fig. 5. Values of am and r*glc/cell characterising metabolism of CP5 cells maintained in WAVE 25 at various values of ReL (A–E).  

Fig. 6. Values of aLDH determined in samples of culture media harvested from cultures of CP5 cells maintained under waving conditions in WAVE 25 at various 
ReL (A–E). 
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independently supported with beads of Cytodex 1, Cytodex 3 and 
Cytopore, preferent low values of enzymatic activity of LDH which 
leaked from CP5 cells adhered to Cytodex 3 have been revealed. Such 
effect additionally confirms the applicability of Cytodex 3 as the suitable 
beads to developing in vitro systems for microcarrier-based enhancing 
proliferation of CP5 chondrocytes. 

To thoroughly discuss the quantitative parameters which charac-
terising microcarrier-supported proliferation of CP5 cells in the current 
study, the comparison of previously published data on various adherent 
mammalian cells maintained in systems supported with beads of Cyto-
dex 1, Cytodex 2 and Cytopore 1 microcarriers have been presented in 
Table 6. 

In the case of microcarrier-supported proliferation of CP5 cells on 
Cytodex 3 beads performed under wave-assisted agitation in WAVE 25 
bioreactor presented in the current study, the value of µ equalled to 
0.013 h–1 has been obtained. Based on data summarised in Table 6, this 
value of µ may be recognised as the highest value of µ if compared to 
previously reported literature data characterising microcarrier- 
supported proliferation of chondrocytes on Cytodex 3 (i.e. µ equalled 
to 0.010 h–1 noted for HCH chondrocytes [24] and µ equalled to 0.002 
h–1 noted for differentiated from hMSC chondrocytes [26]) and Cytodex 
1 (i.e. µ equalled to 0.007 h–1 noted for porcine primary chondrocytes 
[18], and µ equalled to 0.009 h–1 noted for HCH chondrocytes [19]). In 
the case of chondrocytes cultured on microcarriers of other types, i.e. 
beads non applied in our study, the slightly lower values of µ (i.e. µ 
equalled to 0.011 h–1) has been reported for mESC-differentiated 

chondrocytes proliferated on CultiSpher S microcarriers [31]. In com-
parison to results of our cultures performed in WAVE 25, the values of μ 
for the proliferation of human primary chondrocytes on CultiSpher G 
[32], as well as bovine primary chondrocytes on PLGA beads [33] were 
significantly lower because previously reported μ equalled to ca. 0.003 
h–1 in both cases. Unfortunately, compared to other types of mammalian 
cells, the level of µ reached in the current study was more than 6 times 
lower than the value of µ reported for intensively proliferated mESC 
stem cells [28] cultured on Cytodex 3, i.e. µ equalled to 0.081 h–1. 
However, due to fundamental differences in the phenotype of chon-
drocytes which distinguish such type of biomass from other mammalian 
cells, the direct comparison of the reached values of µ are somewhat 
ineligible and might lead to wrong conclusions. 

5. Conclusions 

The complete results of the cultures of articular cartilage progenitor 
CP5 chondrocytes on Cytodex 3 microcarrier beads performed under 
various values of ReL characterising conditions of wave-assisted agita-
tion supported by WAVE 25 bioreactor have been compared in details 
and widely discussed. The results of our experiments have confirmed the 
feasibility and intensification benefits of the wave-type agitation pro-
vided by oscillatory rocking motion in high cell density cultures of 
adherent cells supported with microcarrier beads. The proliferation of 
CP5 cells was significantly more robust in the 300 cm3 bioreactor cul-
tures than in the 5 cm3 screening cultures. This has been proved by 

Table 6 
The comparison of previously published data on various adherent mammalian cells in vitro cultured in various systems supported with beads of Cytodex 1, Cytodex 3, 
Cytopore 1 and others microcarriers.  

Microcarrier Cell line Microcarriers density 
[g dm–3] 

VL 

[dm3] 
µ  
[h–1] 

td  

[h] 
References 

Cytodex 1 Porcine 
primary chondrocytes 

10 0.05 0.007 92.64 [18]  

HCH (chondrocytes) 4 0.05 0.009 77.02 [19]  
Vero  
(kidney cells) 

3 1 0.035 19.80 [20]  

Vero 
(kidney cells) 

3 0.2 0.022 31.51 [21]  

PSC  
(stem cells) 

3 0.1 0.009 77.02 [22]  

hMSC 
(stem cells) 

1.85 0.25 0.018 38.51 [23]  

CP5 (chondrocytes) 1 0.05 0.011 63.01 Current study 
Cytodex 3 hMSC 

(chondrocytes differentiated from stem cells) 
8 0.5 0.002 336.00 [24]  

Vero 
(kidney cells) 

3 1 0.052 13.33 [20]  

hMSC 
(stem cells) 

3 0.25 0.026 26.66 [23]  

PSC 
(stem cells) 

3 0.25 0.015 46.21 [22]  

Vero 
(kidney cells) 

3 0.2 0.022 31.51 [21]  

hiHep (hepatocytes) 3 0.13 0.011 63.01 [25]  
HCH (chondrocytes) 3 0.09 0.010 70.32 [26]  
CP5 (chondrocytes) 1 0.3 0.013 53.32 Current study  
hMSC 
(stem cells) 

1 0.05 0.023 30.14 [27]  

CP5 (chondrocytes) 1 0.005 0.012 56.82 Current study  
mESC 
(stem cells) 

0.5 0.1 0.081 8.56 [28] 

Cytopore 1 hiHep (hepatocytes) 3 0.13 0.007 99.02 [25]  
Vero 
(kidney cells) 

3 0.1 0.014 49.51 [29]  

CHO 
(ovary cells) 

1 0.1 0.030 23.10 [30]  

CP5 (chondrocytes) 1 0.05 0.011 61.89 Current study 
CultiSpher S mESC 

(chondrocytes differentiated from stem cells) 
1 0.1 0.011 65.02 [31] 

CultiSpher G human primary chondrocytes 1 0.05 0.003 240.00 [32] 
PLGA beads bovine primary chondrocytes 2 0.01 0.003 231.17 [33]  
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significantly higher values of Y*X/S and Y*X/a noted for the cultures 
performed in disposable WAVE 25 bioreactor if compared to values 
noted for the small-scale screening cultures. In the 5 cm3 screening 
cultures, CP5 chondrocytes exhibited the highest affinity to the surface 
of Cytodex 3 beads, among three tested microcarriers varying in basic 
properties, i.e. Cytodex 1, Cytodex 3 and Cytopore 1. The highest yield 
of CP5 chondrocytes proliferation on beads of Cytodex 3 represented by 
the maximal values of μ equalled 0.0129 h–1, Y*X/S equalled 10.90 × 108 

cells gglc
–1 , as well as Y*X/a equalled 31.21 × 108 cells m–2, have been 

reached for the culture performed in WAVE 25 under wave-induced 
agitation characterised by ReL equalled to 5,104 (α = 6◦ and ω = 20 
min–1). We strongly believe that the investigations performed in the 
study are cognitively justified, and they can be applied to scaling-up and 
intensification of any bioprocess supported with beads of Cytodex 3 
microcarrier and focused on any mammalian anchorage-dependent 
cells. 
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