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AbstrAct
Specific equations describing the behavior of cell growth, substrate use and product formation in stirred tank fer-
mentors and cell bank-scale perfusion cultures (30 L working volume) were developed from basic mass balance 
equations.  A third-order polynomial equation was statistically fitted to the restricted cell passage through the screen 
[0] obtained from experimentally run data to model the behavior of the culture with time, since a clear description of 
the hydrodynamics of the system has not yet been developed. The results of the simulation of the operation process 
with the VisSim software application using these equations agreed with the experimental data available. The model 
was used to analyze the influence of cell concentration, specific growth rate and specific product formation rate on 
the process during years 2000 and 2001, comparing the results obtained for both periods.
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resuMen
Modelación de la cinética de crecimiento del cultivo en perfusión de células de mamíferos. Partiendo de las 
ecuaciones básicas del balance de masa, se llegó a las ecuaciones particulares que describen el comportamiento 
del crecimiento celular, del consumo de sustrato y de la formación de producto en los fermentadores de tanque 
agitado y cultivo en perfusión a escala de banco (30 L de volumen de trabajo). En función de los datos reales de las 
corridas, se desarrolló el ajuste estadístico de un polinomio de tercer orden, al factor de paso de las células a través 
de la membrana del filtro rotatorio (spinfilter [0]), para describir su comportamiento en función del tiempo, ya que 
no se tiene una idea clara del comportamiento hidrodinámico del sistema, el cual será desarrollado en trabajos 
futuros. Con las ecuaciones desarrolladas y utilizando el programa VisSim, se simuló el proceso de operación, y se 
obtuvo una semejanza con los datos reales. En dicho modelo se analizaron la influencia de la concentración celular, 
la velocidad de crecimiento específica y la velocidad de formación específica de producto, durante el proceso, en 
los años 2000 y 2001; y se compararon ambos años.

Palabras clave: Cultivo en perfusión, filtro rotatorio, células de mamíferos, cinética de crecimiento

Introduction
Although a variety of culture formats can be applied 
for the growth and propagation of mammalian cells 
in vitro, the main alternatives in use are batch, fed-
batch, continuous, biomass-recycle continuous [1, 
2] and perfusion [3] cultures. Perfusion cultures, 
equipped with a device for cell retention such as a 
spinfilter, can potentially reach very high cell den-
sities [4, 5]. However, no growth models have been 
derived for perfusion cultures and no clear defini-
tions of the stages of their growth kinetics are avai-
lable.  It is therefore essential to develop equations 
describing the growth kinetics of perfusion cultures, 
and to validate them through computer-aided simu-
lation [6].

Materials and methods

Materials

Bioreactor 
A 41 L (30 L working volume) fermentor was used, 
with a diameter of 0.27 m, a height of 0.7164 m, an 
effective height of 0.52 m and a propeller-type im-

pellent with a diameter of 0.088 m, manufactured by 
CHEMAP AG (CMF 400) [6]. 

Spin filters 
The 41 L bioreactors use cylindrical stainless steel 
spin filters (CHEMAP AG) with a diameter of 0.088 
m and a height of 0.152 m, fitted with a stainless steel 
20 μm pore diameter mesh [6]. 

Cell line 
The work was done with the NSO/H7 host cell line [6]. 

Culture medium 
A protein-free culture medium was employed through-
out the study [6].

Methods

Perfusion culture 
The medium was injected into the fermentor using a 
peristaltic pump (Watson Marlow 504 U), a constant 
level was later maintained with a controller having a 
Watson Marlow 504 U peristaltic pump that suctions 
the product through the top of the spinfilter [6].
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VisSim simulation software
VisSim is a software application that simulates equa-
tions, developed by Visual Solutions. It is available 
for the MS/Windows and UNIX/X platforms [6].

Statistical software
The modelation of factor θ was performed with Statis-
tica for Windows version 4.3 (Stat Soft) [6].

results and discussion

Derivation of material balance equations
In order to develop a mathematical model for the be-
havior of a fermentor operated by perfusion, the exis-
tence of three growth stages must be considered for 
this setting [6, 7]: 1) exponential growth at the non-
stationary state (E1); 2) exponential growth at a conti-
nuous flow in a non-stationary state (E2); and limited 
growth at a continuous flow in a stationary state (E3) 
(Figure 1).

The first stage comprises the growth period befo-
re feeding the perfusion flow into the fermentor. The 
time required for this adaptive phase is very short, 
since the cells are under optimal conditions for their 
exponential propagation after inoculation. The second 
stage encompasses the period under perfusion flow, 
when the growth shows exponential kinetics before 
reaching the stationary phase. The third stage is a sta-
tionary growth period under perfusion flow. In theory, 
the duration of the first two stages is much shorter 
than the third stage. 

Equations describing the growth kinetics  
of perfusion cultures
The analysis of growth kinetics for the first stage of 
the culture is similar to that usually applied to batch 
cultures, using the general mass balance equation for 
these systems [6]: 

θ: Restricted cell passage through the screen
F: Exchange flow (L/h).
Xs: Biomass concentration in the spinfilter (g/L). 
α: specific death rate (h-1).
Factor θ can be defined as the fraction of the cells 

entering the spinfilter [6]:

FpXo + µXV = 0(F + Fp)X - 0XsF + V dX  + αXVdt (1)

Where:
Fp: Perfusion flow (L/h).
Xo: Biomass concentration in the bioreactor (g/L).
µ: specific growth rate (h-1).
X: Biomass concentration in the bioreactor (g/L).
V: Volume of the bioreactor

lnX

t0

E1 E3E2

t1 t2 t3 t4 t

Figure 1. Illustration of the growth stages of a perfusion 
culture.

0 = Xs
X (2)

Since Xs and X change with time, θ = F(t)

Exponential growth in non-stationary state
Since a) there is no biomass input or output, b) the 
death rate is negligible when compared to the growth 
rate, and c) at the beginning of the operation the num-
ber of cells entering the filter equals the number of 
cells exiting the filter and therefore the mesh of the 
spinfilter is clean, the following was obtained:

µMAX X= dX
dt

X= Xoe µMAX t
(3)

Where:
µMAX: Maximum specific growth rate (h-1)
Which is identical to the equation for batch cultu-

res [1]. 

Exponential growth at continuous flow in non-
stationary state
In the second stage, according to the literature [3, 
6], perfusion flow begins and the system continues 
growing exponentially due to the availability of subs-
trate for cell growth at the maximum specific growth 
rate. Starting from equation (1) and with:

µXV = 0(F + Fp)X - 0XsF + V dx 
dt (4)

In this stage the filter mesh is partially clogged due 
to cell growth and the deposition of cell debris on the 
surface of the filter, thereby decreasing exchange flow 
(F) until it becomes negligible in relationship to the 
perfusion flow (Fp). At the same time, growth conti-
nues to follow exponential kinetics and the death rate 
(α) is negligible in relationship to the specific growth 
rate (µ = µMAX ) [6].

Fp Fp, Xs

Xs, FX, (Fp + F)

X

Figura 2. Representación esquemática de un biorreactor en 
perfusión. F: flujo de intercambio (L/h); Fp: flujo de perfusión; 
Xs: concentración de biomasa en el filtro rotatorio (g/L). 
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Therefore, the equation can be reduced to: Substrate balance:

= µMAX X - 0DXdx 
dt (5)

Where: 
D: Dilution rate (h-1).
Upon solving this separable differential equation, 

the following is obtained:

X(t)= Xoe{µMAX t - D ∫   0(t)dt}t

0 (6)

For the substrate:

F0S0 = FS+  d(VS)
dt -  µXV

YX/S
(7)

Where:
Fo: Starting exchange flow (L/h).
So: Starting substrate concentration (g/L).
S: Substrate concentration (g/L).
Yx/s: Biomass/substrate yield.

= D(S0 - S)dS 
dt -  µMAX X

YX/S
(8)

Solving this first-order differential equation yields:

S(t) = S0 - (1 - e-Dt) X(t) - e-Dt
X(t) - X0 

YX/S

µMAX 
DYX/S

(9)

For the product, using the equation:

FpP0 + µXVYP/S = (Fp + F)X + V dP
dt (10)

= µMAX XYP/X - DPdS 
dt (11)

Where: 
Po: Starting product concentration (g/L).
Yp/s: Product/biomass yield
P: Product concentration (g/L).

Applying first-order differential equations:

P(t) = (1 - e-Dt) X(t) + YP/X (X(t) - X0 ) e
-Dt

YP/X µMAX
D (12)

Limited growth at continuous flow in stationary 
state 
During the final growth stage, after a large increase 
in substrate utilization due to the high cell densities 
reached by the culture, nutrient availability becomes 
a rate-limiting factor. This in turn leads to changes in 
specific growth and death rates that stabilize cell con-
centration at a stationary value with a magnitude that 
depends on substrate flow, and where growth, cell loss 
and death rates reach compensatory values.

Considering the third stage as a stationary process, 
biomass balance (starting from equation (1)) can be 
reduced to:

= µX - αX - 0DX = 0dx 
dt

µ - α= 0D
µ*= 0D

(13)

Where:
α: Specific death rate (h-1).
A: Total filtration area (m2).
µ*: Resulting specific growth rate (h-1).

= D(S0 - S)dS 
dt -  µX

YX/S
 = 0

D(S0 - S) = µX
YX/S

(14)

DP = µXYP/X (15)

YX/S = S0 - S

α
DX + 0 (16)

Product balance:

Finally, the biomass/substrate yield for the system 
was defined as:

The productivity of the perfusion culture (g/Lh) 
is defined following the same logic applied to con-
tinuous culture [1], where cell productivity in this 
system:

p = PD (18)

p = 0DX (17)

And productivity for the product:

The whole derivation of these kinetic equations has 
taken into account neither the influence of the spin 
rate of the spinfilter, nor its area [6-8], nor the shear 
forces it exerts on the cells [9, 10]:

=  F 
sVc =   F  

εA (19)

Vg = Ørs (20)

Where:
Vc: Centrifugal speed (m/s).
s: Available area for cell passage through the mem-

brane (m2).
ε: Membrane porosity. 

Where: 
Vg: Sedimentation speed (m/s).
Ø: g/h to m/s conversion factor
rs: Sedimentation flow (g/h)

Statistical modelation of 0
Taking data from several runs, 0 was calculated in 
order to plot it against time (Figure 3), using a po-
lynomial fit.

The fit showed that the fraction of cells entering 
the spinfilter through the mesh (0) at the beginning 
of perfusion started from a maximum value at the 

Table 1. Polynomial coefficients for 0 in 30 L fermentors

Statistical 
non-linear 
estimation

Model: v4 = b1 + b2*v3 + b3*v3**2 + b4*v3**3            (θ 30 L, sta) 
Variable: Theta             Fit: (OBS -  PRED)**2 
Final fit: 0.033814766     R = 0.98216       Analysis of Variance: 96.464%

N = 41 B1 B2 B3 B4

0.00000 0.00001 0.00607 0.03573P: level

13.24919 -5.28021 2.911095 -2.1796t  (24)

0.06625 0.0013 0.000008 0.00000Standard error

0.87782 -0.00688 0.000022 0.00000Estimate
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beginning and progressively decreased with time, as 
described in the literature [3].

Simulation 
Using the balances above, it is possible to obtain equa-
tions describing the behavior of the 41 L bioreactor:

= VDdMp 
dt (21)

= VDPdAcMam 
dt (22)

θ = (0.8778195) + (-0.006877774)* time + 
(2.239901e-5)* time 2 + (-3.033904e-8)* time 3 (23)

Where:
qp: utilization rate (g/h).

Where:
Mp: Accumulated volume mass (L/h).

Model: v4 = b1 + b2*v3 + b3*v3**2 + b4*v3**3

y = (0.8778195) + (-0.006877774)*x + 2.239901e - 005)*x**2 + (-3.033904e - 008)*x**3
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Figure 3. Behavior of the polynomial fit of θ against time.

= µMAX X - θDXdX 
dt

= qpX - DPdP 
dt

(5)

(11a)

Where:
AcMan: antibody concentration (g/L).
And the behavior of θ was:

• For 30 L

• For runs during year 2000 
µ = 0.03 for Xv ≤ Xv max (7.68 x 106 cells/mL), where 
Xv is the cell concentration and Xv max, the maximum 
cell concentration.
µ = 0.005 for Xv ≥ Xv max

• For runs during year 2001  
µ = 0.035 for Xv ≤ Xv max = 24 x 106 cells/mL
no εso µ = 0.005 for Xv ≥ Xv max

The equations for the models were programmed 
into VisSim, obtaining the predicted curves for cell 
growth, AcM concentration, accumulated product and 
perfused medium under the influence of the following 
variables: starting cell concentration, maximum cell 
concentration, maximum specific cell growth rate, mi-
nimum specific cell growth rate, and specific product 
formation rate.

Behavior of real and simulated values for runs 
from years 2000 and 2001
The simulation of the year 2000 runs was performed 
under the following conditions: Starting cell concen-
tration (Xv0) of 2 x 105 cells/mL, maximum cell con-
centration (Xv max) of 7.68 x 106 cells/mL, maximum 
specific cell growth rate (µ max) of 0.03 h-1, minimum 
specific cell growth rate (µ min) of 0.005 h-1, specific 
product formation rate (qp) of 5 x 10-7 µg/(106 cells*h); 
using the model for theta in 30 L.

The efficiency of the model was examined by com-
paring the real and simulated data (Figures 4 and 5); 
reaching the following conclusions:

Comparing the simulated and actual data from year 
2000, it can be observed that the model describes ade-
quately the behavior of the examined variables up to 
the start of cell death. The disparity of the simulated 
growth curve at the end of the fermentation when 
compared to the real data arises from the fact that the 
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model does not represent the stage of cell death, and 
therefore the increase in filter retention results in ex-
ponential growth of the cells. The difference in growth 
curves from the start of the simulation to time = 100 h, 
on the other hand, can be explained based on the cell 
concentration inoculated into the bioreactor. Since the 
actual cell concentration was higher than that used in 
the simulation, it does not represent the stage of death, 
and therefore as a consequence of the increased filter 
retention, the cells begin to growth exponentially, as 
described in other works [6, 11-15].

Taking into account the slopes of the curves, it can 
be said that the simulated model has a larger specific 
growth rate.

The simulation of the runs from year 2001 used the 
following conditions: starting cell concentration (Xv0) 
of 2 x 105 cells/mL, maximum cell concentration (Xv 
max) of 24 x 106 cells/mL, maximum specific cell 
growth rate (µ max) of 0.035 h-1, minimum specific 
cell growth rate (µ min) of 0.005 h-1 and specific pro-
duct formation rate (qp) of 5 x 10-7 µg/(106 cells*h), 
using the model for theta in 30 L.

Performing a similar analysis to that described abo-
ve but using the data from year 2001 (Figures 6 and 
7), comparing simulated and actual curves, it can be 
concluded that there is a marked difference between 
specific growth rates. Evidently, the specific death rate 
influences significantly the outcome of kinetic proces-
ses, and therefore it is necessary to have a reliable 
numerical estimate of this variable for a more accurate 
fit of the model, as described in the literature [6, 11-
15]. This effect carries over to the concentration of the 
product and, therefore, the accumulated product, but 
not to the perfused medium, which remains constant.

Limitations
The model does not take into account the influence 
of the spin rate of the spinfilter or the filtration area/
fermentor volume ratio. It also fails to consider the in-
fluence of hydrodynamic processes on the culture. Re-
garding the restriction factor for the passage of cells 
through the membrane of the spinfilter, a statistic, non 
phenomenological polynomial fit was used. Oxygen 
utilization by the culture was not balanced.

conclusions
The derivation of mathematical equations describing 
cell behavior in perfusion fermentors, together with a 
statistical model fitting the observed behavior of cell 
passage through the mesh of the spinfilter on the 30 
L bioreactor, allowed the implementation of a Vis-
Sim module to simulate the fermentation runs. This 
module was used to show that the variables have a 
marked influence on the perfusion system. Compa-
ring simulated and actual data from year 2000, it was 
demonstrated that the model describes adequately the 
behavior of the variables until the moment in which 
cells start to die. The behavior of the simulated cur-
ve at the end of the run arises from the fact that the 

model does not take into account the stage of dea-
th, and therefore when filter retention increases, the 
cells start to grow exponentially. The difference in 
growth curves from time 0 to 100 h can be justified 
by the lower cellular concentration inoculated into 
the bioreactor under simulated conditions. A similar 
analysis was performed on data from year 2001, and 
the comparison of actual and simulated data revealed 
a large disparity in specific growth rates. Evidently, 
the specific death rate has a large influence on the 
outcome of kinetic processes, and therefore a reliable 
numerical estimate of this variable is necessary for 
a more accurate fit of the model, as described in the 
literature [6, 11-15]. This effect carries over to the 
concentration of the product and, therefore, the ac-
cumulated product, but not to the perfused medium, 
which remains constant.
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Figure 6. Comparison of the parameters obtained from the simulation and the actual data for cell 
and AcM concentration, year 2001. (        ) Simulated Xv; (        ) Real Xv; (       ) Simulated Mab; 
(        ) Real Mab.
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