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Abstract

B ecause the Lambda MINIFOR biore-
actor provides good mixing of cell 
culture, nutrients, and gases without 
any damaging hydrodynamic forces 

by using a bio-mimicking “fish-tail“ disc stirrer, it 
can be successfully applied for the cultivation of 
bacteria and yeast, insect, plant, and mammalian 
cells. However, reports on its application in mouse 
hybridoma cell culture using protein-free media is 
non-existent in the scientific literature. Therefore, 
this study describes preliminary findings of the 
Lambda MINIFOR bioreactor suitability in mouse 
hybridoma cell culture and antibody production 
using the SP2/O-Ag14-CB.Hep-1 mouse hybridoma 
cell and the PFHM-II protein-free medium as models.

Results verified 2.45 × 106 viable cells/mL as the 
highest cell concentration, 86  % as maximum cell 
viability, 0.0156/h as the exponential growth rate, 
44 h as cell population doubling time, a stable pheno-
type measured by limiting dilution after 2.5 months, 
no antibiotic and antifoam requirements, 71.4  % of 
IgG SDS-PAGE purity in the cell culture harvested 
supernatant, 38.68 ± 22.29 µg/mL, 39.23 ± 10.66 pg/
cell/day, up to 99.5  % of purity (sample measured 
by SDS-PAGE and SE-HPLC) after an IgG capture step 
based on protein A-Sepharose, a low pH incubation, 
and size-exclusion chromatography, no molecule 
aggregation, specificity for the CKTCTT epitope 
(located in the HBsAg “a” determinant), an IgG 
affinity constant equal to 1.11 × 1010 M-1, and < 78 pg 
mouse DNA/mg of IgG. 

In conclusion, this study corroborated a cumula-
tive CB.Hep-1 mAb production of 1.77 g/15 days and 
validated the usefulness of the Lambda MINIFOR 
bioreactor in mouse hybridoma cell culture in 
protein-free media for research applications.

Introduction
Mammalian cells are widely used to express a diversity 

of recombinant proteins with a glycosylation profile that 
resembles that of human proteins such as antibodies.[1-3] 
In terms of production, the huge majority of these mamma-
lian cell culture-derived antibodies are produced in stirred 
bioreactors operated in different modes like batch, 
fed-batch, continuous, or perfusion.[4-7]

Regarding this, the recombinant protein and mono-
clonal antibody (mAb) production in stirred bioreactors is 
a relatively non-complex assignment, but requires large 
culture volumes to compensate for the relatively low cell 
densities attained, which typically range between 106 and 
107 cells/mL. Only in some cases, nearly ten-fold higher cell 
densities (107–108 cells/mL) can be attained in perfusion 
cultures.[8-10] 

Although the importance of mammalian cell culture 
for large-scale antibody production is growing, the sensi-
tivity of cells toward the cultivation environment is still 
an issue of concern. For instance, in comparison to micro-
bial cells, cells that are not surrounded by a cell wall are 
much more sensitive to hydrodynamic forces and foam 
formation.[11, 12] Thus, the reactor design is important for 
allowing optimal cultivation of mammalian cells under 
stressed circumstances.

To overcome these hitches, several bioreactor designs 
have been implemented over the years.[13-15] For instance, 
membrane aeration was one of the changes introduced to 
deal with technological drawbacks of previous bioreactor 
designs; however, it did not gain acceptance. The likely 
reasons included the low gas mass transfer rates, limited 
installable volume-specific membrane surface area, scal-
ability restrictions, and membrane fouling problems.[16]

In parallel, an attractive concept was developed by 
Lambda Laboratory Instruments, the MINIFOR bioreactor. 
This small laboratory bioreactor system is designed for 
volumes ranging from 35 mL to 7 L with a new up-and-
down bio-mimicking “fish-tail” stirring disc agitation 
system to generate an efficient mixing of medium, nutri-
ents, and gases without the formation of cutting edges. 
The culture is heated by parabolic radiant heat with a gold 
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reflector beneath the fermentation vessel. Thus, there 
is no overheating of the culture at any volume, and the 
expensive double-wall vessels with thermostatic baths 
are eliminated.[17]

One concomitant problem traditionally encountered in 
classic mammalian cell fermentation processes is the foam 
formation above the liquid surface when media containing 
serum is used. Some cells stick to the foam, producing 
undesired byproducts and cell debris due to insufficient 
culture conditions in the foam. The foam formation also 
reduces gas transference in the surface of the liquid and 
thus, aeration gas flows have to be reduced to minimize 
foaming. Chemically defined and protein-free media (PFM) 
have been developed to resolve this issue. These types of 
media also offer other remarkable advantages because 
they: (1) do not contain proteins or components of biolog-
ical origin, eliminating the risk of contaminating cells with 
pathogens from biological origins; (2) exhibit much less 
batch variation with high reproducibility and consistency; 
(3) have a superior product quality control profile; and 
(4) have demonstrated consistent stability.[18-20]

For these reasons, the authors chose to assess the culti-
vation of a mouse hybridoma in the MINIFOR bioreactor 
using a PFM. 

Materials and Methods

Hybridoma Cell Generation
The SP2/0-Ag14-derived hybridoma (CB.Hep-1) was 

obtained using a Balb/c mouse immunized with the hepa-
titis  B surface antigen (HBsAg) derived from a person 
infected with the hepatitis  B virus.[21] Hybridoma cells were 
isolated and cultivated using RPMI-1640 (Gibco/Thermo 
Fisher Scientific) supplemented with 8  % fetal bovine serum 
(FBS) (Gibco/Thermo Fisher Scientific), 2 mM L-glutamine, 
1 mM sodium pyruvate, 17 mM sodium bicarbonate, and 
25 mg/L of gentamicin; and maintained at 37 °C in 5  % CO2 
atmosphere.

Hybridoma Cell Counting 
and Viability Determination

The hybridoma cell count and viability were measured 
by the trypan blue exclusion method[22] using the following 
formula:

X(v, d) = (N × D × 104)/(Nq)

Where:

Xv, Xd    = Concentration of living or dead cells, respectively
N = Number of counted cells
D = dilution
104 = Neubawer chamber factor
Nq = Number of quadrants

The total cell concentration was estimated as:
Xt = Xv + Xd and the cell viability ( %) = (Xv/Xt) × 100 

Protein-Free Media
The PFM included animal component-free PFHM-II 

(Thermo Fisher Scientific) supplemented with 1 g/L of 
Pluronic F-68® (Sigma-Aldrich), 2 mM L-glutamine, 1 mM 
pyruvate, 2.5 g/L HEPES, and phenol red. The osmolality of 
the medium was 286 mOs/kg H2O and the pH value was 7.3. 

Hybridoma Cell Weaning
The CB.Hep-1 hybridoma cells were thawed and culti-

vated in the hybridoma isolation media. The whole weaning 
experiment was performed in 75 cm2 T-flasks. Next, cells 
were sequentially weaned to growth in PFM, replacing 
25 % of the hybridoma isolation medium volume every 
24 h. Then when the isolation medium was totally replaced, 
cells were cultivated through 17 other subcultures in PFM 
prior to the assessment of cell growth in spinner flasks and 
MINIFOR bioreactor. In this adaptation study, cells were 
seeded at 5–7 % CO2 atmosphere, at 37 °C, and maintained 
between 3 × 105 and 1.2 × 106 viable cells/mL to estimate 
similitude or differences in cell viability and maximum 
viable cell density.

Hybridoma Cultivation in Spinner Flasks for 
the Characterization of Cell Culture and mAb 
Production 

The CB.Hep-1 hybridoma cells were seeded into a 25 cm2 
T-flask at a concentration of 3 × 105 cells/mL. Then, the 
culture was expanded to a 75 cm2 T-flask to produce the 
cell amount needed to inoculate a 250 mL-spinner flask. The 
PFM described above was used. The cell culture was always 
kept at 37 °C in an atmosphere between 5–7 % CO2 and the 
medium was replaced every 48 h to reach maximum viable 
cell density. Next, the supernatant was passed through a 
Sartorius 0.22 µm filter for antibody quantification. The 
cell exponential growth rate (EGR) was calculated using 
the following formulas:

Maximum EGR (per h) = µ = (Ln X2 – Ln X1)/(T2–T1)

Where X1 and X2 are the concentrations of viable cells at 
times 1 and 2, respectively, and EGR, considering all Xv and 
time values of the exponential growth phase. 

Used also for the bioreactor experiment:
Ln Xv2 = Ln XV0 + µ (T2–T0)

Where X1 and X2 are the concentrations of viable cells 
during the whole exponential growth phase.

The cell population doubling time (PDT), also used for 
bioreactor experiment, was estimated as:

PDT = Ln 2/µ or PDT = T × Ln 2/Ln (Xe/Xb)
Where: 

T= incubation time in any units
Xb = cell number at the beginning of the incubation time
Xe = cell number at the end of the incubation time

The CB.Hep-1 mAb specific production rate (SPR) in 
spinner flask was expressed as pg of CB.Hep-1 mAb per cell 
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per day. This amount was estimated by calculating the ratio 
of antibody concentration to cell concentration as follows:

SPR (pg IgG/cell/h)  =  (C2–C1)×(LnX2–LnX1)/(T2–T1)×(X2–X1)

Where:
C1 and C2 are mAb concentrations expressed as pg/mL 
at T1 and T2 respectively 
X1 and X2 are the number of living cells/mL at T1 and T2 
respectively 
T1 and T2 are times (h) at sampling points 1 and 2, 
respectively

Or (also used for bioreactor experiment):

SPR = c(IgG) = qIgG∫Xvdt

CB.Hep-1 Hybridoma Cultivation in Spinner  
Flask for Bioreactor Inoculum Preparation 

CB.Hep-1 hybridoma cells were seeded into a 25 cm2 
T-flask at a concentration of 3 × 105 cells/mL. Then the 
culture was expanded using PFM in a 75 cm2 T-flask to 
produce the cell amount needed to inoculate a 1 L spinner 
flask. The cell culture was always kept at 37 °C in an atmo-
sphere between 5–7 % CO2 and the medium was replaced 
every 48 h to reach the amount of cells needed for biore-
actor inoculation. Cells inoculated into the bioreactor were 
in the advanced exponential phase.

CB.Hep-1 Hybridoma Cultivation
The MINIFOR bioreactor (Figure 1) was inoculated with 

CB.Hep-1 hybridoma cells cultivated at 4.6 ×105 cells/mL 
using PFM. Cells were harvested from the 1 L spinner flasks 
with 92.6 % of viability and a SPR equal to 35.2 pg IgG/cells/
day. The bioreactor was first operated in fed-batch and then 
continuous mode for the last two days, and maintained at 
37 °C. All key parameters were automatically controlled, 

and ranged as follows: (1)  volume (days 0–9, 3000 mL; 
days 10–11, 5000 mL; days 12–14, 5200 mL); (2) agitation 
from 2–4 Hz; (3) number of fish tails submerged into the 
medium volume (3 or 4 at a distance of 5 cm); (4) fish tail 
hardness of 20; (5) dissolved oxygen (DO) concentration 
from 5.8–2.1 mg/mL; (6) air from 0.0–0.5 L/min; and (7) pH 
values from 6.90–6.44. The maximum replacement volume 
of fresh medium/reactor working volume/day (v/v/d) was 
0.38 during continuous operation mode. Supplying anti-
biotics, DO, antifoaming agents, CO2, base, and acid were 
not required during the experiment. The osmolality of the 
cell culture medium was always maintained in the range of 
270–320 mOs/kg H2O.

The EGR and SPR of the cells to the bioreactor were 
calculated as described earlier. To scale up from the spinner 
flask to bioreactor, several formulas were applied:

Geometric similitude: (Hb/Db) = (Hsp/Dsp)

Where:
Hb = height of medium in the bioreactor
Db = diameter of vessel of bioreactor
Hsp = height of medium in spinner flask
Dsp = diameter of vessel of spinner flask

The agitation rate:

n2 = n1 × (DI1/DI2)5/3 × [(V2/V1) × (N1/N2) × (Fc1/Fc2)]1/3

Where: 

n = speed (1 Hz  =  60 rpm)
DI = impellent diameter 
V = volume of bioreactor
N = number of impellent
Fc = geometric correlation factor

Fc =     (Ds × H)/(d2/3)

FIGURE 1.   Illustration of the Lambda MINIFOR bioreactor used 
to cultivate mouse CB.Hep-1 hybridoma cells in the PFHM-II PFM.
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Where:

Ds = diameter of vessel
H = height of medium
d = diameter of impeller

CB.Hep-1 Hybridoma Cloning
Hybridoma cells were cloned by limit dilution at 1 cell/

well. The cloning was performed with cells used at the 
beginning of the weaning experiment and also from day 13 
of cultivation in the MINIFOR bioreactor. Hybridoma isola-
tion/cultivation media was used for the initial cloning, 
and then PFM supplemented with 8 % FBS was used to 
promote the growth of clones adapted to PFM at very low 
cell density (cells from the bioreactor). After ~ 20 days, 
clone supernatants were screened against HBsAg with 
the enzyme-linked immunosorbent assay (ELISA) used to 
quantify CB.Hep-1 mAb described below.

CB.Hep-1 mAb Purification
The bioreactor supernatant was harvested, centri-

fuged at 4800 ×g for 20 min at 4 °C and filtered by 0.22 µm. 
The filtered supernatant was applied to a Protein A 
Sepharose Fast Flow (PASFF) affinity chromatography 
column (GE Healthcare Life Sciences)[23] using 150 mM 
phosphate buffered solution (PBS), pH 8.0, as adsorption 
buffer and 100 mM citric acid, pH 3.0, as elution buffer. A 
PD-10 column (10 × 1.6 cm i.d.) (GE Healthcare Life Sciences) 
was used at a linear flow rate of 88 cm/h. Extensive wash-
ings with 150 mM PBS, pH 8.0, were done before antibody 
elution. Subsequently, an incubation of the captured 
CB.Hep-1 mAb in 100 mM citric acid, pH 3.0, at 4 °C was 
performed as a potential virus inactivation step and then 
the sample buffer was exchanged to 20 mM Tris/150 mM 
NaCl, pH 7.6, by size-exclusion chromatography (SEC) using 
Sephadex G-25 coarse in an XK 16 column (GE Healthcare 
Life Sciences) at 130 cm/h and filtered by 0.22 μm under 
sterile conditions.

Protein Quantification
The protein quantification was performed following 

the procedure described by Lowry et al.[24] The calibra-
tion curve ranged from 10–100 μg/mL and the absorbance 
was measured at 730 nm in an Ultrospec UV/Visible 
Spectrophotometer (GE Healthcare Life Sciences).

Enzyme-Linked Immunosorbent Assay 
for CB.Hep-1 mAb Quantification

Nunc MaxiSorp microtiter plates (Thermo Fisher 
Scientific) were coated with 100 μg/mL of HBsAg in carbon-
ate-bicarbonate buffer pH 9.6. After incubation, plates were 
washed. Standard and control samples were diluted in 
150 mM PBS/0.2 % of bovine serum albumin (BSA)/0.005 % 
Tween 20, pH 7.2, and incubated again for 20 min at 50 °C. 
Subsequently, wells were washed five times and incubated 
with 100 μL/well of a goat anti-mouse IgG horseradish 

peroxidase conjugate preparation for 20 min at 50 °C. Plates 
were finally washed and the reaction was revealed using 
o-Phenylenediamine (OPD) as substrate and 0.015 % H2O2 in 
citrate buffer, pH 5.0. The reaction was stopped by adding 
50 mL of 2 M H2SO4 and immediately measured at 492 nm 
using an ELISA Reader (Labsystems).

SDS-PAGE and SE-HPLC to  
Determine CB.Hep-1 mAb Purity

The identity pattern and purity of CB.Hep-1 mAb were 
determined by sodium dodecyl sulfate/polyacrylamide 
gel electrophoresis (SDS-PAGE) under reducing conditions 
following the procedure described by Laemmli.[25] The 
molecular distribution and purity of CB.Hep-1 mAb were 
also estimated by using a Shimadzu UFLC system and a 
Tosoh size-exclusion high pressure liquid chromatography 
(SE-HPLC) column TSKgel G3000PW (600 mm/57.5 mm i.d.). 
The chromatographic mobile phase was 150 mM PBS, pH 7.2 
and samples dissolved in 150 mM PBS, pH 7.2 were directly 
applied into the system. The volumetric flow rate employed 
was 500 μL/min and the absorbance was measured at 
226 nm. The applied volume of the sample was always 
100 µL, and a molecular weight marker (MWM) preparation 
was used (Bio-Rad gel filtration standard #1511901) in a 2 mL 
dilution of 150 mM PBS, pH 7.2, that was done previously.

Peptide Resin Development
Peptides CKTCTT and LYSIVSPFIPLL were manually 

synthesized on a Rapp Polymere TentaGel S–NH2 resin 
(substitution level: 0.25 mMol/g) using Fmoc/tBu strategy. 
For this purpose, amino acids with trifluoroacetic acid 
(TFA)-labile groups in side-chain were used. The removal 
of the Fmoc group was carried out with 20 % piperidine 
in N,N-Dimethylformamide and the Fmoc-amino acids 
were coupled using Oxyma pure/DIC activation. Once the 
complete peptide sequences were assembled, a side-chain 
deprotection step was performed with TFA/H2O/EDT/TIS 
(94:2.5:2.5:1 v/v). Finally, the peptide-resins were repeat-
edly washed with TFA, glacial acetic acid, Et2O, DMF, EtOH 
and H2O.[26] 

CB.Hep-1 mAb Specificity Confirmation
A peptide resin (40 mg) containing a peptide CKTCTT 

located in the HBsAg “a” determinant contained in a 1.5 mL 
Eppendorf tube was washed with 600 µm of purified water 
for 3 min and centrifuged at 3000×g for 1 min. This step 
was repeated three times. The same washes were done 
again, but this time with 150 mM PBS, pH 7.6. Subsequently, 
the peptide resin was blocked with 1 % BSA diluted in 
150 mM PBS, pH 7.6 at 37 °C for 1 h. After this step, the tube 
containing peptide resin was centrifuged again at 3000×g 
for 1 min and incubated with 600 µm of the CB.Hep-1 mAb 
solution (1 mg/mL) for 1 h at 37 °C. The CB.Hep-1 mAb was 
solubilized in 1 % BSA diluted in 150 mM PBS, pH 7.6. After 
the incubation time, the tube containing the peptide resin 
was centrifuged again at 3000×g for 1 min and the peptide 
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resin was washed again with 150 mM PBS, pH 7.6 and centri-
fuged at 3000×g for 1 min. This step was also repeated 
three more times. It was then incubated with an anti-mouse 
alkaline phosphatase conjugate preparation dissolved in 
150 mM PBS containing 1 % BSA and 0.5 % Tween 20,  pH 
7.6, for 1 h at 37 °C. Similar washing steps were repeated 
again after incubation with the conjugate, and then 
subsequently incubated with 50 µL of 5-Bromo-4-chloro-
3-indolyl phosphate (BCIP) of a 50 mg/mL BCIP dissolved 
N, N-Dimethylformamide; dissolved in 400 µL of alkaline 
phosphate substrate solution (Tris-HCl/NaCl/MgCl2) for 
30 min at room temperature. The reaction was stopped 
by washing the peptide resin with 600 µL of H2O for 3 min. 
In this assay, peptide resin with the peptide LYSIVSPFIPLL 
from the HBsAg was used as negative control, and the blue 
color indicated a specific reaction with the CKTCTT peptide.

ELISA to Determine CB.Hep-1 
mAb Affinity Constant

The CB.Hep-1 mAb Kaff was determined by the method 
described by Betty et al.[27] Microtiter plates were coated 
with HBsAg at 1.25 µg/mL and 0.62 µg/mL and incubated 
with CB.Hep-1 mAb (from 300 ng/mL). Plates were subse-
quently incubated with a horseradish peroxidase-antibody 
conjugate, and the reaction was revealed using OPD as 
a substrate with 0.015 % H2O2 in a citrate buffer, pH 5.0. 
The reaction was stopped by adding 50 mL of 2 M H2SO4. 
The amount of antibodies adhering to the antigen on the 
plates was reflected by the enzyme product measured by 
optical density at 492 nm using an ELISA Multiskan reader 
(Labsystems/Thermo Fisher Scientific). The CB.Hep-1 mAb 
produced in ascites and in a wave-motion bioreactor was 
used as positive control.

The formula applied to estimate the affinity constant of 
CB.Hep-1 mAb was: 

Kaff = (n–1) /2 (n[Ab’]–[Ab])

Where:

n =  number of dilutions between both HBsAg covering 
concentration

Ab = 50 % of absorbance for the curve developed at 
the HBsAg covering concentration (1.25 µg/mL)

Ab = 50 % of absorbance for the curve developed at 
the HBsAg covering concentration (0.62 µg/mL)

Dot-Blot to Quantify Mouse DNA
The mouse DNA content in the CB.Hep-1 mAb puri-

fied preparation (after buffer exchange) was determined 
according to the method reported by Brown.[28] The oligo-
nucleotides used as probes were 5 -́GAAAAACGTG-3´ and 
5’-GATCCTCATTTT TCACGTTTTT-3’.

Mathematical Analysis
The Microsoft Excel program was used for processing 

the data.

Results and Discussion
Antibodies are deeply planted in diagnostics, industry, 

and disease treatments.[29-31] This success has required great 
efforts aimed at improving productivity and lowering costs 
for their manufacture. There are several well-characterized 
mammalian cell lines such as BHK-21, CHO-K1, myelomas 
(e.g., NS0), hybridomas, HeLa, McCoy, MDCK, mouse L, 
MRC-5, Namalwa, 3T3, Vero, and W1-38. Unquestionably 
though, the most successful and widely used cell lines 
for antibody production have been CHO, myeloma, and 
hybridoma cells due to the complex post-translational 
processing challenges required.[32]

Due to the many complexities of mammalian cell meta-
bolic processes, the growing antibody demand, and the 
regulatory points to be considered, the biopharmaceutical 
industry has been motivated to develop more efficient 
mammalian cell culture bioreactors and animal-derived/
component-free cell culture media.[33] These two factors 
have created a suitable environment for obtaining high cell 
densities and specific antibody production rates with good 
control over key parameters such as CO2, DO, osmolality, 
nutrient consumption, temperature, pH, growth factors, 
aeration, agitation, and medium replacement.

In order to reduce the impact of hydrodynamic forces 
on mammalian cell viability in any given bioreactor, 
compounds like Pluronic F-68 are being used. [34] The 
Lambda MINIFOR bioreactor has been chosen for our work 
because it: (1) handles a wide range of lab-scale culture 
working volumes; (2) eliminates the need for complex metal 
head plate setups; (3) allows a configuration equivalent to 
16 classical ports; (4) the autoclavable whole-glass vessels 
are single-walled; (5) has radiational heating to generate 
natural convection without stirring; (6) works with culture 
vessels of different volumes; and (7) uses a non-rotational 
mixing system based on a reciprocating up-and-down 
movement of “fish tail” stirring discs.[17]  

Nevertheless, the majority of reports in which the MINIFOR 
bioreactor has been used involve bacteria and yeast cultiva-
tion. Thus, reports on its application in mouse hybridoma cell 
culture with PFM are non-existent in the scientific literature.

CB.Hep-1 Hybridoma Culture Results
In order to assess the MINIFOR bioreactor in the culture 

of a mouse hybridoma cell in PFM, a previous characteri-
zation of CB.Hep-1 hybridoma culture using a PFHM-II PFM 
media was performed in spinner flasks. It was done because 
the vast majority of studies usually began in stationary cell 
culture studies; but since the diffusion of nutrients, DO, 
and metabolic products is very slow, this system is very 
inefficient and cannot extrapolate reliable data for further 
experiments in bioreactors. Also, in agitated systems, the 
diffusion process is more efficient. The cells receive more 
oxygen and the main gaseous metabolic products such as 
CO2 are easily removed because the environment closely 
resembles those that will be observed in stirred-tank biore-
actors. In our study, although changes in the SPR were not 
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FIGURE 2 (above). Growth curve of CB.Hep-1 hybridoma cells culti-
vated in spinner flasks using PFM: (A) concentrations of mAbs and 
viable cells, the mAb production rate and viability; and (B) viable 
cell concentration in relation to pH and dissolved oxygen values.

Mouse Hybridoma Cell Culture in a Protein-Free Medium Using a Bio-Mimicking Fish-Tail Disc Stirred Bioreactor

detected, the highest CB.Hep-1 hybridoma cell density 
reached in the spinner flask (2.2 × 106 cells/mL) was almost 
double that which was measured in T-flasks (1.2 × 106 cells/
mL), as shown in Figure 2. The highest cell density attained 
was 2.2 × 106 cells/mL, the average viability was 86.4  ±  4.5 %, 
IgG concentration was 37.9  ±  31.8 µg/mL, and the SPR was 
35.2 ± 12.7 pg/cell/day. The maximum IgG concentration 
was 96.4 µg/mL, and it was reached when the cell density 
was close to 2 × 106 cells/mL. Interestingly, the maximum 
SPR was not associated with cell division (Figure  2A). 
This observation contradicts previous reports where the 
maximum SPR has been associated with cell division of 
this hybridoma.[35] As shown in Figure 2B, the lag phase 
lasted from 3–4 days and the DO concentration ranged 
from 7.2–5.6 g/L (97.2–71.0 % of saturation), while the DO 
and pH values corresponded with the moment of the 
highest EGR (0.015/h, PDT = 45.1 h) ranging from 5.0–4.4 g/L 
(71.6–59.4 % of saturation) and 6.79–6.66 g/L, respectively. 
DO values vary between different hybridoma cell lines. 
Some researchers work with DO values close to 0.5 % of 
saturation for increased cell division and viability, and 50 % 
of saturation for increased antibody production. Others 
have reported an increased mitochondria activity at DO 
values from 2–10  %. A range of 10–70  % DO for hybridoma 
cell culture is common, and it has been demonstrated that 
90 % of DO saturation modifies the maximum EGR of the 
culture but not the cell viability and SPR.[36, 37]

The lag phase also lasted about three days with the cell 
numbers remaining constant. The extension of this phase 
was within normal range and coincided with those observed 
in the spinner flask experiment (Figure 3). Cells need time 
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to adapt to new growth conditions by means of reorga-
nizing their enzymatic molecular machinery. However, 
the arrested growth of CB.Hep-1 hybridoma cells in this 
phase of the culture was not only influenced by new culture 
conditions, but also by the relative low cell viability (92.6 %) 
reached with this PFM. Another explanation could be 
that in a bioreactor, there are cells going through various 
developmental stages of the cell-cycle (non- synchronized 
culture). Thus, there exists a number of subpopulations 
in different stages of cell growth. In other words, the lag 
phase represents the state where the cell population is 
dominated by cells in the G1 stage that are feeding and 
growing in order to multiply, although there will be cells 
that are in any of the other three cell-cycle stages.

Over time, the majority of cells progress from G1 to 
the mitosis stage where they divide and it is classified 
as the exponential or lag phase of culture growth. Cells 
enter a period of exponential growth that lasts until the 
entire growth surface is occupied or the cell concentration 
exceeds the nutritional capacity of the medium. 

In our studies, the sedimentation of cells in the bottom 
of the vessel was also observed during the lag phase where 
the agitation rate ranged from 2–3 Hz. These values were 
estimated using the formula described in the materials and 
methods section. Therefore, we strongly recommend that 
the agitation rate calculated with this formula be multi-
plied by 2 to avoid cell sedimentation and decreasing cell 
viability within this bio-mimicking, fish-tail disc-stirred 
system and disc hardness (20). Hybridoma cell sedimenta-
tion was not observed when the agitation was set at 4 Hz, 
using discs with a hardness equivalency of 20. Previous 
experiments using discs with a hardness equivalency of 10 
showed the same phenomenon (data not shown).

Results of the exponential phase of CB.Hep-1 hybridoma 
cells revealed a viable cell density of 1.5 × 106 cells/mL in five 
days, and the cell viability ranged from 76.8–75.0  %, which 
was probably a consequence of the decrease in cell viability 
during the lag phase (one day) until 55.9 %.  

In this initial exponential phase, the EGR was estimated 
in 0.0188 for PDT = 36 h (9.1 h, faster than in the spinner flask). 
These results represented a significant improvement in cell 
growth in the first five days in comparison to those observed 
in spinner flask cell culture. The average IgG concentration 
was 16.2 ± 6.7 µg/mL for a SPR = 24.71 ± 6.62 pg/cell/day. As 
the production rate was not associated to the cell growth, 
this SPR was only 70 % of the estimated spinner flask SPR.

The cell density reached 1.5 × 106 cells/mL on day 5 of 
cultivation and then a mechanical problem developed. 
A malfunctioning external pump system used to harvest 
supernatant and inoculate fresh medium provoked a drastic 
reduction of viable cell concentration (up to 279,000 cells/
mL) and cell viability (26.5 %), as shown in Figure 3A, which 
created a new one-day lag phase in the culture process.

The EGR measured in the second growth stage was 0.0156 
and the PDT was 44 h. The maximum IgG concentration 
increased significantly to ~ 70.25 µg/mL, 38.87 ± 22.29 µg/

mL, 39.23 ± 10.66 pg/cell/day. From the results mentioned 
previously, it is clear that the production of CB.Hep-1 
hybridoma cells was related to the cell growth in the 
advanced exponential and stationary phases. Therefore, 
the mAb production pattern was not strongly growth-as-
sociated for these particular culture conditions. The results 
are similar to those reported by several researchers where 
a viable cell concentration of 2 ×10⁶ cells/mL is reached in 
bioreactor batch or fed-batch culture mode.[38, 39]  

As was observed in the spinner flask experiment, the 
DO concentrations ranged from 2–4 mg/mL (28.52–7.04 % 
of saturation) at the moment of highest cell growth rate. 
However the highest mAb concentration values were 
measured at DO concentrations of 3.5– 4.0 mg/mL (71.6–
57.08 % of saturation) (Figure  3B). This coincides with 
findings reported by Reuveny et al.[40] 

For mAb producers, there are always concerns about 
the loss of culture productivity. In myeloma cell lines, 
the mechanism responsible for the disappearance of IgG 
productivity involves the loss of heavy chain expression. 
There are other myeloma cell lines where the loss of expres-
sion of both chains could occur concurrently. Hybridomas 
can also stop producing antibody, probably due to the loss 
of chromosomes containing the antibody gene loci. The 
observation of this during a log period of time is primarily 
explained by the loss of IgG gene expression in an indi-
vidual cell gaining advantages in growing capacity.[41]

Chang et al.[42] reported the cultivation of five hybridoma 
cell lines in serum-free media (SFM) for more than three 
months without losing the capacity to secrete mAbs, and 
at the same levels achieved in the presence of FBS. Similar 
experiments in other laboratories have also demonstrated 
the adaptation of established hybridoma cell lines to SFM 
without mAb production cessation.[43-45] Therefore, these 
types of studies predispose the idea that the capacity for 
antibody secretion can be lost in cell culture. In this study, 
authors analyzed the CB.Hep-1 cell population cultivated 
in PFM, in terms of the capacity of cells to express the 
CB.Hep-1 mAb molecule, and compared the status of the 
culture before the cell weaning, expansion, and the final 
day of cultivation (35 passages of 48 or 72 h, over a period 
of 2.5 months). 

In the initial cloning plate, 28 clones (29.1 %) grew and 
recognized the HBsAg, for a 100 % positive reaction against 
HBsAg, whereas results from the plate corresponding 
with cells cloned from the bioreactor cell population also 
showed 100 % positive reaction against HBsAg in all wells 
containing growing clones (51.1 %). Therefore, this result 
coincides with those reported by Chang et al.[42] and allows 
the conclusion that the CB.Hep-1 hybridoma cell line is 
stable during at least 2.5 months under the cell culture 
conditions studied.

The overall analysis of the productivity evidenced that, 
in 15 days of culture, the cumulative geometric cell and IgG 
amounts reached 6.5 × 107 cells and 1.77 g of IgG, respec-
tively. The progression in the number of cells (slope: 4 × 109) 
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positively correlated with the progression of IgG produc-
tion (slope: 103.72) with a correlation factor of R2 = 0.996 
(Figure 3C). Then the average IgG production in the cell 
culture harvested supernatant was 118 mg/day. However, 
the cumulative IgG production in the last three days of the 
culture was 355 mg/day/5200 mL. Therefore, the cumulative 
mAb yield was higher, yet stable in the continuous culture. 
As a result, the MINIFOR bioreactor will be able to produce 
~ 15 g of CB.Hep-1 mAb in the harvested supernatant in 
three months using the PFHM-II PFM as culture medium 
and continuous mode (from 13 days). 

Results of CB.Hep-1 mAb Purification from 
Supernatant Produced in the MINIFOR Bioreactor

The first step in the mAb purification process of mamma-
lian cell culture supernatants is generally the removal 
of cells and cell debris (clarification) to yield a material 
appropriate for subsequent downstream processes. An 
affinity chromatography (capture) step typically comes 
next, followed by a combination of ion-exchange chroma-
tography (IEC) (polishing) steps to eliminate or reduce the 
levels of host cell DNA and mAb aggregates. Finally, a SEC or 
diafiltration step is conducted to concentrate the molecular 
material and buffer exchange.[46, 47] These steps provide 
additional viral and host cell protein/DNA clearance. In 
addition, to achieve sufficient viral clearance, a low pH 
incubation following affinity chromatography is, in general, 
included in the purification processes.[48] The majority of 
mAb purification processes include a protein  A-based 
capture step, which usually results in a purity of > 90 % 
with >70 % recovery. 

In this study, we followed the standard downstream 
process described above. The harvested supernatant was 
centrifuged and then 0.22 µm-filtered before purification 
by PASFF affinity chromatography. As expected, 97 % of the 
product was recovered after centrifugation and filtration, 
which was likely a consequence of the relative low cell 
density (2.45 × 106 cells/mL) reached with the bioreactor 
process. In the capture step, 85.6 % CB.Hep-1 mAb was 
recovered. This is comparable to other reports, and most 
likely a consequence of the cultivation in PFM.[49, 50] 

As it has been demonstrated, mAb production tech-
nology is enhanced by the complete removal of animal 
serum from culture media (e.g., reduced adventitious agent 
risks). But also, the elimination of FBS from hybridoma cell 
culture media provides enormous technical benefits, such 
as the easier purification of mAb from culture superna-
tants. However, in this study, SDS-PAGE revealed a lower 
than normal CB.Hep-1 mAb purity (71.4 %) in the harvested 
supernatant (Figure 4), which does not coincide with others 
reports.[49]  Nevertheless, this degree of purity is several 
times higher than that of CB.Hep-1 mAb derived from 
ascites (with respect to other proteins and lipids), which is 
the purification starting sample in the process designed to 
obtain this mAb for vaccine manufacturing.[51, 52] 

This finding was also corroborated by SE-HPLC where a 

wide fraction was detected from 15–22 min, corresponding 
with the molecular weight of gamma globulin and oval-
bumin (Figures 5A and B). The authors speculate that this 
somewhat low purity was due to the number of dead cells 
provoked by the mechanical failure touched on earlier and 
shown in Figure 3A. The malfunction involved an external 
pump connected to the bioreactor used for extraction of 
supernatant from the bioreactor vessel. Cell sedimenta-
tion was observed at the low agitation rates (2.0–3.5 Hz) 
and lower cell viability than expected (86–90 % for both 
spinner flask and bioreactor). Therefore, with about 15 % 
dead cells in the bioreactor supernatant, the extra protein 
contaminants could have an impact. 

Subsequently, the SDS-PAGE biochemical characteri-
zation of the CB.Hep-1 mAb purified from the harvested 
supernatant by PASFF, incubation at low pH, and SEC step 
to exchange the buffer evidenced no differences in purity 
as compared to the molecule purified from ascites (96.1 %) 
and the wave-motion bioreactor (97.1 %). The purity of the 
CB.Hep-1 mAb sample purified from bioreactor supernatant 
was 99.5 %. All sample patterns corresponded with the typical 
gamma globulin identity pattern obtained under reducing 
conditions (a heavy and a light chain band) (Figure 4).

SE-HPLC is a technique in which molecules in solution 
are separated by their size with a minimal elution volume. 
In certain cases it is feasible to determine the approximate 

FIGURE 4.  SDS-PAGE analysis under reducing conditions. The 
results were used to assess the purity of CB.Hep-1 mAb produced 
in PFM with the Lambda MINIFOR bioreactor.
Lane 1: CB.Hep-1 mAb purified from ascites (96.1%, control). 
Lane 2: CB.Hep-1 mAb purified from wave-type bioreactor super-
natant (97.1%, control). 
Lane 3: CB.Hep-1 mAb purified from MINIFOR bioreactor super-
natant (99.9%). 
Lane 4: CB.Hep-1 hybridoma cell supernatant produced in the 
MINIFOR bioreactor (71.4%). 
Lane 5: MWM (albumin, 67 kDa; ribonuclease, 43.7 kDa; carbonic 
anhydrase, 29 kDa; and blue dextran, 20 kDa).
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molecular weight of compounds. That is why SE-HPLC was 
used in this study to analyze the aggregate level of CB.Hep-1 
mAb and estimate the purity of the molecule. Firstly, to 
corroborate the status of the column and make a correlation 
between the protein size and residence time, a Bio-Rad gel 
filtration protein molecular weight standard was applied. 
Results evidenced the following correlation: thyroglobulin: 
670 kDa, 12 min; bovine gamma globulin: 158 kDa, 16.5 min; 
ovalbumin: 44 kDa, 18 min; horse myoglobulin: 17 kDa, 
21 min; and vitamin B12: 1.3 kDa, 24.8 min (Figure 5A). Then 
the system was challenged with three consecutive appli-
cations of one harvested supernatant sample to analyze 
the variability of the technique. Results were as follows: 
fraction 1: 11.46, 11.46, and 11.45 min; fraction 2: 19.40, 
19.41, and 19.42 min; fraction 3: 23.32, 23.32, and 23.31 
min;  fraction 4: 24.53, 24.52, and 24.50 min; and fraction 5: 
27.68, 27.67, and 27.05 min. The coefficient of variation 
estimated for each fraction was: fraction 1 = 0.05 %, frac-
tion 2 = 0.03 %, fraction 3 = 0.024 %, fraction 4 = 0.062 %, and 

fraction 5 = 1.31 %, which is extremely low for this kind of 
technique, corroborating its high repeatability and preci-
sion (Figure 5B).

After corroboration, different samples of the fermen-
tation and purification processes were applied to the 
columns. As observed in Figure 5C, there were four small 
fractions that cell culture media and cell culture super-
natant have in common (fractions at 19.5, 23.5, 24.5, and 
27 min). All fractions showed a molecular size above vitamin 
B12 (1.3 kDa, 24.8 min) (Figure 5A). Regarding this, about 
500 amino acids have been identified (although only 20 
appear in the genetic code). The size of amino acids ranged 
from 89–204 Da (alanine-tryptophan). The average size 
of an amino acid is 100 Da, which puts into question the 
true nature of PFM — perhaps it might be more accurate 
to denominate it as “SFM” with its very low polypeptide 
content.

In the case of the 19.5 min residence time fraction, it 
appears to be better represented in the cell culture super-

natant and corresponded 
with a molecular size range 
of 44–150 kDa. Something 
similar was obser ved in 
the SDS-PAGE performed 
under reducing conditions 
(Figure  4),  corroborating 
the relative low purity of the 
CB.Hep-1 mAb in the cell 
culture harvested superna-
tant. The nature of this fraction 
characterized according to 
the SDS-PAGE evidenced that 
there are several light protein 
bands around the heavy chain 

FIGURE 5. Molecular homoge-
neity and purity of the CB.Hep-1 
mAb estimated by SE-HPLC. 
(A)  1:  MWM (thyroglobulin 
(670 kDa); 2:  bovine gamma 
globulin (158 kDa); 3: ovalbumin 
(44 kDa); 4: horse myoglobu-
lin (17 kDa); and 5: vitamin B12 
(1.3 kDa). (B) Three replicas of the 
same sample of MINIFOR biore-
actor supernatant. 1–5 shown 
above. (C) Black: CB.Hep-1 mAb 
purified from ascites (control, 
98.8 %); Pink: CB.Hep-1 mAb 
purified from wave-type bioreac-
tor supernatant (control, 99.2 %); 
Green: CB.Hep-1 mAb purified 
from MINIFOR bioreactor super-
natant (99.5 %); Brown: MINIFOR 
bioreactor supernatant; and 
Blue: PFM containing PFHM-II.
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 B
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of the mAb and above the albumin size.     
The other three samples corresponded with CB.Hep-1 

mAb purified from the MINIFOR bioreactor, and the 
controls (ascites, and the wave-motion bioreactor). In all 
cases the purity was higher than 98.8 %, demonstrating 
the extremely high purity of the CB.Hep-1 mAb produced 
by these three different methods. It coincides with several 
reports on the production of mAbs in bioreactors using 
SFM and PFM.[53] 

In addition, no aggregation of the mAb was detected. 
Authors point out that in the case of CB.Hep-1 mAb, no 
aggregation of the molecule has been observed in several 
studies.[54] Aggregation of purified CB.Hep-1 mAb has only 
been observed at concentrations higher than 7 mg/mL 
in 20 mM Tris/150 mM NaCl, pH 7.2–7.6, but never in cell 
culture supernatants. That is why there was no need to 
introduce IEC designed for aggregate elimination into 
the purification process. In addition, the application of 
this mAb in the immunopurification of HBsAg for vaccine 
purposes neither justifies the inclusion of this type of 
chromatography in the further large-scale CB.Hep-1 mAb 
purification process, because any imperceptible amount of 
aggregates that could be eluted from the immunosorbents 
will be eliminated in the subsequent downstream process 
for HBsAg purification.[55]

Despite the cell cloning results, which demonstrated the 
capacity of the antibody to recognize the HBsAg, a meticu-
lous study of mAb specificity was also performed. For this, 
the specificity of CB.Hep-1 mAb was measured after the 
mAb incubation at low pH and buffer exchange by SEC. This 
test was done facing CB.Hep-1 mAb molecule against resins 
containing peptides CKTCTT and LYSIVSPFIPLL. As it is well-
known, the HBsAg is antigenically complex, containing at 
least three distinct determinants. All HBsAg contain the 
“a” determinant. But HBsAg also contain either the “d” or 
“y” determinants, or either the “w” or “r” determinants. 
Thus, there are four major antigenic types of HBsAg, adw, 
ayw, adr, and ayr. The HBsAg “a” determinant is encoded 
by amino acid residues from 124–147 within the major 
hydrophilic loop of HBsAg (amino acids 101–164). This 
determinant is the major immune target for antibodies 
either used for immuno-prophylaxis or in assays for detec-
tion of HBsAg.[56-58] In that sense, the amino acids CKTCTT 
correspond with amino acids 121–126, while the amino 
acids LYSIVSPFIPLL correspond with amino acids located 
outside of the HBsAg “a” determinant.

Study results demonstrated the specificity of CB.Hep-1 
mAb by the resin containing the peptide CKTCTT, corrob-
orating that culturing CB.Hep-1 hybridoma in the MINIFOR 
bioreactor produced the CB.Hep-1 mAb without modifi-
cations in the determinant complementary regions of the 
mAb antigen recognition site (Figure 6). 

Once the exact specificity of CB.Hep-1 mAb produced 
in the MINIFOR bioreactor was demonstrated, another test 
to measure the mAb affinity constant by the HBsAg was 
performed. This data is of a notable importance because 

this parameter has an enormous influence on the efficiency 
of the immunopurification chromatography used to purify 
the HBsAg, and probably can be even more affected than 
the mAb specificity itself. 

Results were equivalent once more with those expected 
and measured in previous studies (ascites = 1.67 × 109 M-1, 
wave-motion bioreactor = 1.87 × 1010 M-1, MINIFOR biore-
actor = 1.17 × 1010 M-1), demonstrating that the cultivation 
of CB.Hep-1 hybridoma cells in the MINIFOR bioreactor did 
not modify the specificity nor the affinity constant of the 
mAb molecule produced (Figure 7).

Differences detected in the comparison with CB.Hep-1 
mAb produced by ascites can be explained by the fact 
that the IgG preparation could also have small portions of 
endogenous IgG from the mouse. Nevertheless, it cannot 
be considered as critical by the inter-assay coefficient 
of variation of the method used to measure the affinity 
constant and the repetition of the epitope in the HBsAg 
particle (70–100 fold), and it does not have an implication 
in the immunopurification chromatography either. In any 
case, these values are considered as high affinity constant 
values and thus would require the same drastic elution 
conditions of the HBsAg from the immunoaffinity chroma-
tography columns, which is also disfavored by the repeated 
presence of epitope CKTCTT in the antigen particle.

Finally, mammalian cell culture-derived biotechnolog-
ical products have risks associated with host cell substrate 
DNA. Regulatory authorities have proposed probing for 
oncogenes using DNA hybridization assays, or have set 
rigorous restrictions for host cell DNA contamination, 
requiring orders of magnitude reduction from bioreac-
tor-harvested supernatant to the purified molecule. If any 
amounts (oncogene or host DNA) are present, specific 
nucleic acid removal steps during purification have to be 
introduced. Therefore, for safety reasons, the FDA recom-
mends a mammalian host cell substrate DNA level in the 
final product < 100 pg/dose. Nevertheless, the risk of 
inducing tumors by injection is based on theory and not 
on any experimental evidence.

In addition, DNA must also be removed because it can 

FIGURE 6. Results of the CB.Hep-1 mAb specificity test performed 
with HBsAg peptides covalently coupled to resin. (A) amino acid 
sequence of the peptide F16P32 CKTCTT; and (B) amino acid 
sequence of the peptide F16P33 LYSIVSPFIPLL (negative control). 
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increase the viscosity of the feed stream as well as interfere 
with subsequent chromatographic steps. For instance, as it 
was mentioned earlier, cell culture clarification processes, 
centrifugation or tangential flow filtration, are primarily 
used prior to affinity chromatography. Both technologies 
operate under high shear force conditions and can increase 

cell disruption, resulting in increased contamination by 
DNA that can be carried through the purification steps.  
Besides, a common problem with protein A resins used 
as a capture step is the non-specific binding of impuri-
ties such as DNA and other cell culture-derived impurities 
depending on the composition of harvested cell culture 

FIGURE 7. Illustrations of the ELISA curves performed to determine the association constant of the CB.Hep-1 
mAb directed against the HBsAg. (A) CB.Hep-1 mAb purified from ascites supernatant; (B) CB.Hep-1 mAb purified 
from wave-type bioreactor supernatant; and (C) CB.Hep-1 mAb purified from MINIFOR bioreactor supernatant. 
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fluid, column loading, and washing conditions.
 In this study, the hybridoma cell DNA was estimated by 

a hybridization detection assay using specific oligonucle-
otides for mouse DNA in the MINIFOR bioreactor-harvested 
supernatant and in the purified sample. Results allowed 

Mouse Hybridoma Cell Culture in a Protein-Free Medium Using a Bio-Mimicking Fish-Tail Disc Stirred Bioreactor

FIGURE 8. Results of mouse DNA content quantified by hybrid-
ization assay using supernatant harvested from the MINIFOR 
bioreactor and other CB.Hep-1 mAb purified preparations. 
Lanes 1–9: mouse DNA standard curve (1 ng–3.9 pg); Lane 10: 
MINIFOR bioreactor-harvested supernatant; Lane 11: BSA (nega-
tive control); Lane 12: CB.Hep-1 mAb purified from MINIFOR 
bioreactor-harvested supernatant; Lane 13: CB.Hep-1 mAb puri-
fied from wave-type bioreactor-harvested supernatant (control); 
and Lane 14: CB.Hep-1 mAb purified from ascites (control).  

corroborating a hybridoma DNA level equal to 1 µg DNA/
mg IgG in the harvested supernatant and < 78 pg/mg of IgG 
in the purified sample (Figure 8). It represented a reduction 
factor equivalent to 12,820 times and a DNA contamina-
tion level 22 % below the approved level by regulatory 
agencies. Therefore, there should not be any risks in the 
scale-up process if the conditions described in this study 
can be repeated.

Conclusions
The viable cell concentration reached in the MINIFOR 

bioreactor was in the range of the cell concentration 
attained by other bioreactor and culture conditions. The 
mouse CB.Hep-1 mAb molecule produced by the MINIFOR 
bioreactor in PFM was biochemically similar to CB.Hep-1 
mAb produced by ascites and wave-motion bioreactor 
in terms of purity, specificity, affinity constant, and host 
DNA content. Therefore, this study corroborated a cumu-
lative CB.Hep-1 mAb production of 1.77 g over 15 days 
and/or validated the usefulness of the MINIFOR bioreactor 
in mouse hybridoma cell culture with PFM for research 
applications.
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