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A B S T R A C T   

Microfiltration membranes are increasingly used to retain the cells inside bioreactors while continuous harvest of 
the desired biopharmaceutical occurs in perfusion processes. One method of microfiltration is Alternating 
Tangential Flow (ATF) filtration, which involves moving the cultivation broth tangentially back and forth across 
the membrane, which results in a backwash effect that reduces fouling. In this study, fouling was investigated 
with asymmetric polysulfone hollow fibers operated in ATF mode attached to a bioreactor producing a recom
binant protein in Chinese Hamster Ovary (CHO) cells. Fouling was assessed through different approaches, 
including determination of critical flux using an improved flux-step method. Fouling was studied through 
measurements of Transmembrane Pressure (TMP), protein transmission, membrane pore size and staining of the 
membrane after operation to visualize the distribution of biological fouling inside the membrane. For critical flux 
determination, fluxes of up to 69 LMH were used without exceeding the critical flux. No sign of fouling was 
observed for the short-term (<3.5 h) critical flux experiment. However, during prolonged operation at 8.3 LMH 
the TMP jumped to 0.9–0.95 bar, indicating fouling. At this state, the protein transmission remains at the same 
high level (>88 %).   

1. Introduction 

Chinese Hamster Ovary (CHO) cells are the most common non- 
human mammalian cells used in the bioproduction of protein thera
peutics (monoclonal antibodies (mAbs), recombinant proteins and 
peptides). According to Lu et al. [1], CHO cells lines are used in the 
production of up to 70 % of the protein therapeutics that have been 
approved since 2016. These cells are preferred because of their ability to 
grow in suspension cultures without the need of adhesion surfaces, 
allowing for an easier process scale-up [2,3], and their ability to perform 
human-like post-translational modifications (PTMs) [4]. In order to 
maximize the volumetric productivity, to reduce the residence time of 
the therapeutic protein in the bioreactor (which specially are of interest 
when producing labile products), and also to allow for smaller working 
volumes, perfusion bioreactors are increasingly being used in the 
pharmaceutical industry [5]. In a perfusion process, nutrients are 
continuously added, while the product and waste products are contin
uously removed, thus allowing higher cell densities to be maintained for 
longer durations. To make a perfusion process, a cell retention device is 

needed. Although devices such as spin filters or gravity settlers are 
available, Alternating Tangential Flow (ATF) or Tangential Flow 
Filtration (TFF) filters equipped with microfiltration membranes are 
today the most preferred cell retention devices in bioreactor perfusion 
processes. Microfiltration membranes are used as these will retain the 
mammalian cells in the reactor, as the cells have a diameter of 10–20 μm 
[6]. The recombinant protein, with a diameter in nanometer-range [7], 
can easily pass through the membrane. Typically, hollow fiber mem
branes will be used for cell retention device in perfusion processes. The 
membrane is operated in either ATF filtration or TFF mode [8]. In some 
studies, ATF has provided better transmission, compared to TFF [9–11]. 
The transmission is defined as the ratio of the concentration of the 
product in the harvest stream (membrane permeate, Charvest) relative to 
the concentration of the product in the bioreactor (membrane feed, 
Cbioreactor) (Eq. (1)). 

Transmission=
Charvest

Cbioreactor
∗ 100% Eq. 1 

In ATF filtration, a diaphragm pump is used to generate an 
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alternating vacuum and pressure cycle, which in cycles will move the 
cultivation broth towards the membrane (pressure phase) and towards 
the bioreactor (exhaust phase), respectively, which is illustrated in 
Fig. 1. Therefore, the flow inside the membrane in the ATF mode will be 
reversed for each pressure-vacuum-cycle, in contrast to TFF which use a 
unidirectional flow [8,11]. It has been suggested that the alternating 
crossflow generates a backflushing effect which contribute to decreasing 
the deposition of biomaterial on the membrane [12], and thereby 
allowing for higher transmission in ATF compared to TFF [9,10]. 
Radoniqi et al. [13] has shown that the backwash effect was present at 
the outlet of the ATF filter using computational fluid dynamic modeling 
[13], meaning that the backwash effect will be more pronounced at the 
top of the filter during the pressure phase, and at the bottom of the filter 
during the exhaust phase [12]. 

Independently of which membrane operational mode is used, the 
membranes are prone to fouling [11], which can reduce the permeate 
flux and transmission, thereby reducing productivity [14]. Apart from 
the decreased productivity, a fouled membrane can also negatively 
affect the cell culture as retained waste products may be toxic for the 
cells, when present at high concentration. The influence of membrane 
fouling on the permeate flux can be seen in Eq. (2) and Eq. (3) [15,16]. 

J =
TMP
μ⋅Rt

Eq. 2  

Rt =Rm + Rrev + Rirrev Eq. 3  

Where J is the permeate flux, TMP is the transmembrane pressure, μ is 
the viscosity of the permeate, Rt is the total resistance of the membrane 
filtration, Rm is the inherent resistance of the membrane, Rrev is revers
ible fouling, and Rirrev is irreversible fouling which only can be removed 
through chemical cleaning. From Eq. (2) it can be seen that when the 
total resistance, due to fouling and/or cake formation, increases it will 
result in either a decrease in flux or an increase in TMP when operating 
at constant pressure and flux, respectively [15]. When fouling occurs, 
the flux will not be linearly dependent on the TMP. This point is defined 
as the critical flux and indicate the onset of fouling [16,17]. The original 
hypothesis behind critical flux theory was that when operating with a 
flux below the critical flux, fouling will not be observed in short-term 
filtrations, and therefore theoretically flux decline should not be 
observed [18]. Therefore, operating below the critical flux is favorable 
both economically and environmentally. One method to investigate the 
critical flux is to use the improved flux-step method, which was 
described by Marel et al. [19]. Here the flux is increased in steps and 

afterwards decreased in steps again. Between each step, a relaxation flux 
is applied, therefore allowing both the critical flux and reversibility of 
the fouling to be measured in a single experiment. For fluxes below the 
critical flux, the TMP will be constant throughout the step [19]. 

In this study ATF filtration was studied to understand the fouling of 
the cell retention membrane filter in mammalian cell cultivation. This 
was done by systematic analysis of the short-term membrane fouling by 
the improved flux-step method to assess the critical flux, along with 
long-term filtrations during cell cultivation. To the authors knowledge 
critical flux experiments have not been conducted on ATF filtrations 
before, however this approach is typically used for TFF processes, and 
specially also for scaling up TFF membrane filtration processes [20]. The 
fouling of the membrane was monitored by protein transmission, and by 
continuous TMP measurements during the constant flux perfusion pro
cess. To the authors knowledge, no TMP measurement, which gives 
critical information about fouling, has been published for a system 
similar to this, with the same membrane type and configuration. Addi
tionally, the fouling was characterized after the end of the cultivation by 
measuring the pore size distribution of the membrane and by staining of 
the membrane with hematoxylin and thionine. The staining will be used 
as a method to visualize the biological fouling distribution inside the 
membrane. 

2. Material and methods 

2.1. System setup 

Fouling was investigated using CHO cell cultivation broth. The 
bioreactor was connected to BioStat® B-DCU (Sartorius) fermentor. Two 
membranes were mounted on the bioreactor (see Fig. 2) but only one 
were active at a time. So, when the first membrane was fouled, the next 
membrane was used. The membranes used were BioOptimal™ MF-SL 

Fig. 1. Working Principle of Alternating Tangential Flow Filtration. The left 
figure illustrates the exhaust phase, and the right figure illustrates the pres
sure phase. 

Fig. 2. Schematic diagram of the setup for the experiments. Base, medium and 
antifoam is added. The temperature, pH, pO2, pCO2 and weight of the reactor is 
controlled. The white membrane is stand-by and will be used when the green 
membrane is fouled. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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Microfilters hollow fibers (Asahi Kasei) which are asymmetric poly
sulfone (PS) membranes with a nominal pore size of 0.4 μm [21]. The 
membrane modules were custom-made with a membrane area of 0.025 
m2. The modules have 9 fibres, the length of the fibres was 65 cm, and 
the inner radius was 0.7 mm. Before use, the membranes were washed 
with water to eliminate the 20 % ethanol preservation solution. The 
membranes were operated as inside-out hollow fibers in ATF mode. A 
diaphragm pump, controlled by XCell TM ATF System C24 controller 
(Repligen), was used to generate the alternating crossflow in the mem
brane module. An XCell ATF® 2 Stainless Steel Device (Repligen) with a 
displacement volume of 0.1 L was used and the ATF rate was set to 0.8 
L/min, corresponding to a cycle time of 7.5 s, and a shear rate of 5500 
s− 1 at the inner wall, assuming linear pipe flow and Newtonian fluid 
(calculated from Eq. (4) [22]). 

γ̇ =
8v
D

=
4Q
πr3 Eq. 4  

where v is the fluid velocity, D is the diameter of the pipe, Q is the flow 
and r is the inner diameter. For the ATF system Q can be calculated by 
the ATF rate divided by the number of fibers in the membrane. 

A pump from the BioStat® B-DCU setup was applied on the permeate 
side to draw broth from the membrane feed to the permeate side of the 
membrane. For both membranes, three pressure transmitters were 
mounted. The pressure transmitter used to measure the pressure on the 
permeate side was PREPS-N-038 (Pendotech) while the pressure trans
mitters on the feed side of the membrane were PREPS-N-5-5 (Pendo
tech). All pressure transmitters were connected to an LCO-i100 
controller (Levitronix GmbH Switzerland) for data collection. The 
pressure transmitters were used without further calibration than ob
tained from the manufacturer. During the critical flux experiments the 
pressure was collected at least every 0.3 s, while the pressure during the 
rest of the cultivation time was collected each 5 s. 

2.2. Perfusion culture 

CHO cells producing a recombinant protein with a molecular weight 
of approximately 60 kDa were used for this study. The growth medium 
used was chemical defined. The seed train was started from a working 
cell bank ampoule from Novo Nordisk. The cells were thawed and 
transferred to shake flasks of increasing volume for one week in an 
incubator and were afterwards transferred to the bioreactor. The 
working volume, harvest rate and bleed rate were gravimetrically 
controlled, and the working volume was kept constant. The general 
operation conditions (e.g. flux, setpoints for pH, pCO2, pO2, tempera
ture) were selected based on a process characterization study that 
investigated the impact of the main process parameters on product titer 
and quality. The ranges of the parameters investigated were established 
based both on previous process knowledge and capacity at the 
manufacturing site. The harvest was started on day 3 with a flux of 4.3 
LMH and was increased to 8.3 LMH on day 4. A pulsed bleed was applied 
10 min each hour in order to maintain a high viability throughout the 
cultivation. The pH was controlled by addition of CO2 gas through the 
ring sparger, and addition of 10 % Na2CO3. The pCO2 was controlled by 
addition of air through the ring sparger. Dissolved oxygen was 
controlled through addition of O2 through the microsparger. HyClone, 
10 % ADCF Antifoam solution (Cytiva) was added when needed in order 
to reduce foam levels to a few centimeters. The pH and pCO2 were 
monitored continuously inline and monitored offline once per day. 
Based on offline measurement the pH was recalibrated when deviating 
more than 0.05, and the pCO2 probe was recalibrated when deviating 
more than 10 mmHg. Dissolved oxygen was only measured inline and 
was therefore not recalibrated. 

2.3. Critical flux 

The experiment was conducted in two replicates, referred to as Exp 1 
and Exp 2 in the rest of this manuscript. Critical flux experiments were 
conducted using an improved flux-step method [19]. This method has 
earlier been applied for TFF setups, but will in this manuscript be 
applied for the ATF setup. In the current study, the flux was gradually 
increased in steps and are afterwards lowered in steps again. The steps 
were kept for 1.5–15 min, and have fluxes of approximately 0.5, 1, 2, 5, 
10, 20, 40 and 69 LMH. Between each flux step a relaxation flux of 0.1 
LMH was kept for 3–5 min. For each replicate experiment, two indi
vidual critical flux experiments were conducted. The first critical flux 
experiment was conducted in the cell culture medium before inocula
tion, while the second experiment was conducted when the cell density 
approached a maximum. All critical flux experiments were conducted on 
clean membranes which have not been used before. For each step the 
average, maximum and minimum TMP was calculated. For the critical 
flux experiments the flux was manually adjusted using an external 
peristaltic pump (Watson-Marlow) to control the permeate flow. The 
TMP was calculated using Eq. (5), where P1 and P2 are the inlet and 
outlet pressure of the membrane, and P3 is the pressure on the permeate 
side of the membrane, as illustrated in Fig. 2. 

TMP=
P1 + P2

2
− P3 Eq. 5  

2.4. Samples analyses 

Samples were collected once daily from both the harvest and 
bioreactor. For the bioreactor sample the pH and pCO2 were checked 
offline using a Rapid Point 500e (Siemens Healthineers) while viable cell 
density (VCD), viability and cell diameter were monitored with Cedex 
HiRes (Roche). The bioreactor sample was then centrifuged at 2432×g 
for 100 s in a Sigma 2–6 Compact Centrifuge. The supernatant was then 
analyzed for cultivation metabolites using using a Bioprofile 100 Plus 
(Nova Biomedicals) for Exp 1, and using Nova Bioprofile Flex2 (Nova 
Biomedicals) for Exp 2. For the harvest sample, the harvest pump was 
turned off, and the harvest sample was collected from the harvest bag via 
the harvest line. The harvest bag was kept at 4 ◦C and replaced each 
third day. The harvest and bioreactor samples were filtered through a 
PVDF 0.22 μm syringe filter and stored at − 20 ◦C until concentration 
measurements of the recombinant protein. The concentration of the 
recombinant protein was analyzed both for harvest and bioreactor ma
terial using a High-Performance Liquid Chromatography (HPLC)- 
method based on an affinity column that binds the produced recombi
nant protein. The HPLC samples were analyzed using a e2695 Separa
tion module from Waters with a 2474 FLR Detector. The transmission 
was calculated according to Eq. (1). 

2.5. Staining 

In order to visualize the biological fouling distribution inside the 
membrane, different dyes were used. The membranes were stained with 
Mayer’ Hematoxylin Solution (Sigma) and 1.3 % Thionine, respectively. 
Hematoxylin stain nucleic acids blue, and thereby the cell nuclei will be 
stained blue [23]. Thionine is a basic dye, which binds to nucleic acids 
[24]. Initially, approximately 2 cm of a clean and a fouled membrane 
from close to the harvest line was cut. Each piece was then sectioned into 
two pieces; one for hematoxylin stain and one for thionine stain. For the 
thionine samples, the membrane pieces were placed in the thionine 
staining solution for approximately 4 min. Afterwards the excess dye 
was removed by putting the fiber into a water bath. The thioine-stained 
and the none-stained membrane pieces were embedded in OCT 
Mounting media (VWR chemicals) and was afterwards sectioned by 
freezing microtome (Leica CM3050 S Cryostat) in sections of 5 μm. The 
sections were collected on SuperFrost®, Microscope Slides (VWR). 
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Afterwards the none-stained membrane slices were stained with hema
toxylin stain. The staining was applied with incubation time of 5 min, 
and afterwards followed by rinsing with water. Both the hematoxylin 
and thionine samples were afterwards analyzed with Olympus BX 43 
microscope. 

2.6. Pore size distribution 

The nominal pore size of the membrane is indicated by the manu
facturer to be 0.4 μm [21], however, analysis of the pore size distribu
tion of a clean and fouled membrane was carried out in order to 
quantitatively measure fouling impact on pore size. The pore size of the 
membranes was measured using Porolux 1000™ porometer with the 
measuring mode full porometry and using the step method. The gas used 
was N2, while the wetting liquid was Porefil™. The measurement is 
based on calculations which assume shape factor of 0.715. The pressure 
was varied between 0 and 2 bar, and 20 measurements were made for 
the wet curve and 7 measurements for the dry curve. A cut of approxi
mately 10 cm of the membrane was used for this analysis, and the end of 
the fiber was closed with two-component epoxy. 

3. Results 

3.1. Cell culture 

The viability, defined as the percentage of living cells of the total 
cells, and VCD can be seen in Fig. 3 for both Exp 1 and Exp 2. The VCD 
increases until day 8, and afterwards a steady state is kept. The average 
cell diameter can be seen in Fig. 4, for both Exp 1 and Exp 2. The cell 
parameters, including viability, VCD and average cell diameter were 
quite similar for both experiments. For Exp 1 the bleed was, due to a 
mistake, started after 109 h instead of the planned 96 h, which partly 
explains the difference in VCD measured on day 5. The measured me
tabolites were quite similar for Exp 1 and Exp 2 (data not shown). 

3.2. Short-term fouling potential 

The short-term fouling potential was investigated using the 
improved flux-step method for critical flux determination. The critical 
flux experiment at high cell density, corresponding to close to maximal 
VCD, was conducted after 8.7 days for Exp 1 and after 7.9 days for Exp 2. 
The results for the critical flux experiments can be seen in Fig. 5. The 
TMP values shown in Fig. 5 are relative to the smallest TMP measured 
for that experiment. In Fig. 5 only the relative minimum, maximum and 
average TMP is plotted for each flux step, however it should be noted 
that for each step the wave pressure curves had similar frequency, 
amplitude, crest and trough in all the period for each flux step. This 
applies to all the pressure transmitters. An example of the pressure 
curves for the complete flux step of 69 LMH, for Exp 2, can be seen in 

Fig. S - 1. Further Fig. S – 2 in the supplementary material contains 
graphs that shows the flux and the average TMP shown in Fig. 5 with a 
properly scaled axis for the average TMP. In Fig. 5 it should be noticed 
that the critical flux experiment for Exp 1 in cell culture medium 
(Fig. 5a) was conducted with ATF rate of 0.4 L/min in contrast to 5b, 5c 
and 5d, which was conducted with ATF rate 0.8 L/min. Further it should 
be observed that the maximal flux in the same experiment (Fig. 5a) was 
lower compared to the rest of the critical flux experiments seen in Fig. 5. 
It was decided to increase the maximal flux for the rest of the experi
ments as only a very limited increase in TMP was observed at the 
maximal flux of 38.5 LMH, as seen in Fig. 5a. For Fig. 5b, c and 5d the 
maximal rotation speed of the external pump was therefore used to 
achieve a flux of approximately 69 LMH for the maximal flux step. For 
Fig. 5d the difference on the maximal and minimal TMP is larger 
compared to Fig. 5a, b, and 5c, and therefore the scale on the secondary 
y-axis is also different compared to Fig. 5a, b, and 5c. However, similar 
trend with increasing pressure for increasing flux is seen in for this 
experiment (see Fig. S – 2). The large difference in minimum and 
maximum TMP observed in Fig. 5d is a result of the pressure in this 
experiment being collected on 2 different consoles, and therefore there 
was a slightly difference in timing for the collected pressure data. As the 
pressure measurements were collected each 0.3 s, the alternating pres
sure curves were easily identified and therefore it was possible to 
manual shift the curves, so they overlap as good as possible. However, 
there will still be a very small difference, resulting in some points that 
are not completely aligned. The manually alignment was conducted for 
each flux step by shifting rows, without deletion of datapoints. An 
example of raw data (from time between 95 and 105 min in Fig. 5c) and 
the manually shifted data can be seen in Fig. S - 1. 

Another way to visualize the data from the short-term fouling (Fig. 5) 
is to correlate the flux and the average TMP. For fluxes above 5 LMH, a 
linear correlation was found (R2 > 0.85). The permeability in LMH/bar, 
corresponding to the slope for the linear regression of the flux against 
the average TMP is illustrated in Fig. 6. For the full dataset for all flux 
steps, see Fig. S - 3. As there is linear relationship between TMP and flux, 
the critical flux has not been exceeded, and the short-term fouling po
tential is therefore low. The critical flux experiments at high cell density 
have a lower permeability (Fig. 6) compared to critical flux experiments 
conducted with cell culture medium, indicating increased viscosity or an 
effect on the boundary layer which impedes the flux when filtering the 
cell cultivation broth. 

3.3. Long-term fouling filtration 

The long-term fouling was investigated using TMP and transmission 
measurements. The average TMP, calculated for each 2 h, can be seen in 
Fig. 7a and b for Exp 1 and Exp 2 respectively. 

The concentration of the recombinant protein in the bioreactor and 
harvest was measured using HPLC. For both the bioreactor and the 

Fig. 3. Viable Cell Density and viability for experiment 1 and 2.  
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harvest sample, the concentration of the recombinant protein was in the 
mg/L range. From the concentrations the transmission of the recombi
nant protein can be calculated using Eq. (1). The transmission for Exp 1 
and Exp 2 are shown in Fig. 8. Here it can be seen that transmission 
remains constant between 88 and 97 % when looking at the transmission 
for day 7.5 and forward. For both Exp 1 and Exp 2, the transmission and 
harvest concentration seem lower than expected on day 7. To investigate 
the reproducibility of the protein concentration measurements, some 
samples were measured and similar results were obtained thus con
firming the reproducibility. From both a biological and filtration point of 
view, no explanation for the sudden drop in transmission can be found as 
no active change was made to the system. It could possibly be explained 

by wrong handling or analysis of samples. No explanation can be found 
in the metabolic data (data not shown), where metabolites are as ex
pected. If making linear interpretation for the concentration in both 
harvest and bioreactor, based on the sample at day 6 and 8, the trans
mission on day 7 can be recalculated to 94 % and 82 % for Exp 1 and Exp 
2. The lower transmission for day 4 is likely due to being close to the 
quantification level for the HPLC-method. 

3.4. Membrane autopsy 

After operation the pore size of the membrane was measured. For a 
clean membrane the dominating pore size was 0.30 μm which 

Fig. 4. Average cell diameter for experiment 1 and 2.  

Fig. 5. Critical flux experiments. The graphs showing the flux (left y-axis) and the relative minimum, maximum, and average TMP (right y-axis) against the time for 
each experiment. a) Exp 1, membrane 1, in cell culture medium, ATF rate = 0.4 L/min b) Exp 1, membrane 2 at high cell density, ATF rate = 0.8 L/min c) Exp 2, 
membrane 1, in cell culture medium, ATF rate = 0.8 L/min d) Exp 2, membrane 2 at high cell density, ATF rate = 0.8 L/min. 
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constitutes for 94 % of the total pore area, while for the fouled mem
brane 2 from Exp 2 it was 0.26 μm and 79 %. The full results from the 
porosity measurement can be found in Fig. S – 4. The lower dominating 
pore size for the used membrane is an indication of fouling. It should be 
noted that this is a single determination, and only a small section of the 
membrane. 

Besides the quantitative pore size measurement, a qualitative 
determination of fouling was carried out using staining of the mem
branes. The hematoxylin stain can be seen in Fig. 9, while the thionine 
stain can be seen in Fig. 10. From Fig. 9a, it can be seen that an unused 
membrane does not contain any particulate cellular matter, as there is 
very little staining observed, while it is clear that the used membrane 
contain significant amounts of cellular material indicated by the positive 
hematoxylin stain, which can be seen Fig. 9b. A zoom (Fig. 9c) high
lights that intact cell, indicated with the intense blue color as the cell 

nucleus, only are located in the upper layer of the membrane. For the 
thionine stain it was seen that an unused membrane (Fig. 10a) shows a 
very limited amount of intense stained flake-like structures, while the 
rest of the membrane did not absorb the staining. In Fig. 10 b it is clear 
that the different areas in the membrane (indicated by arrows) are 
stained with different intensity, indicating different amount and/or type 
of fouling. 

4. Discussion 

By enhancing the understanding of the fouling process in a perfusion 
cell culture process it could be possible to increase the productivity, e.g., 
by increased transmission of the protein through the membrane, 
changing the flux or by prolonging the operational time of the mem
brane. The increased productivity will lead to both economic and 
environmental benefits. Retainment of inhibitory factors by the mem
brane could potentially have a negative impact on the cell culture. 
Hence, understanding fouling mechanisms would also be valuable from 
a biological perspective as well. 

4.1. Short-term effects 

The manufacturer of the membrane indicate that the water perme
ability is ≥ 21.000 LMH/bar at 25 ◦C. This corresponds well with the 
permeability for filtration in cell culture medium which was 20.852 
LMH/bar for Exp 1 and 21.981 LMH/bar for Exp 2 (Fig. 6), while the 
permeability for the high cell density experiments (Fig. 6) are lower 
(10.697 LMH/bar for Exp 1 and 10.050 LMH/bar for Exp 2, see Fig. 6), 
which indicate an increased viscosity and/or resistance from fouling or 
concentration polarization. The linear trend for flux versus the average 

Fig. 6. Permeability for each experiment, based on linear regression for flux 
versus TMP for flux >5 LMH measured during the critical flux experiments in 
cell culture medium and at high cell density. 

Fig. 7. a) Average transmembrane pressure (TMP) calculated for each 2 h for Exp 1, and b) average TMP for Exp 2.  

Fig. 8. Transmission. The yellow part indicates that membrane 1 is used for both Exp 1 and Exp 2, for the orange part membrane 1 is used for Exp 1, while membrane 
2 is used for Exp 2, and for the blue part membrane 2 is used both for Exp 1 and Exp 2. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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TMP for both cell culture medium and high cell density (Fig. S - 3) 
indicate that the critical flux has not been exceeded. This is further 
supported by that the average TMP was constant throughout all the 
period for each flux step (complete data not shown, an example for 
complete data for the critical flux step of 69 LMH in Fig. 5d is shown in 
Fig. S - 1). For all the critical flux experiments, both in cell culture 
medium and at high cell density, only reversible fouling was observed as 
the average TMP for each flux step was similar for both the step-up and 
the step-down periods (Fig. S - 7). For cell culture medium this could be 
expected as the cell culture medium is sterile filtered before the critical 
flux testing, and therefore most of potentially fouling components 
should have been removed. For high cell density similar trend is 
observed, which however is more unexpected as e.g. cells, cell debris, 
and antifoam would be expected to contribute to fouling. However, 
there is not observed any significant fouling from these in the flux step 
experiments. 

4.2. Long-term effects 

The long-term effect of fouling can be seen from the increasing TMP 
in Fig. 7. To the authors knowledge no TMP measurement has been 
published in a system similar to this with same the membrane type and 
configuration, and therefore it is difficult to compare with previous 
studies. A study have previously measured TMP during their cultivation 
with hollow fibers in TFF mode, however their conditions are not 
comparable to the parameters used in this study [25]. Another study has 
measured the TMP, but have however not published how the TMP de
velops over time in their ATF perfusion process [26]. In the current 

study, very similar TMP profiles were observed for the two replicates. 
For both experiments, membrane 2 was exposed to a significant amount 
of fouling which causes an increase in TMP to 0.9–0.95 bar at the end of 
the experiment, and that the permeate pump was unable to reach the 
harvest rate setpoint. From Fig. 7 it can be seen that the operational time 
of the membranes were 5.9 days and 2.9 days for membrane 1 and 2 
respectively for Exp 1, while it were 5.0 days and 3.8 days for Exp 2, 
when taking into account that the harvest was first started on day 3. 
Here it should also be kept in mind that the first day for membrane 1 was 
with half of the flux compared to the rest of the days, and therefore the 
membrane was less stressed in this period. It should further be noted that 
the end TMP for membrane 1 was significantly lower compared to 
membrane 2 for both experiments, meaning that that the operational 
time of membrane 1 could have been extended before reaching the same 
degree of fouling as seen for membrane 2. Another way to compare the 
membrane performance is with the filter capacity in relation to filtered 
volume per membrane area (Fig. S – 8). Here it was seen that for both 
Exp 1 and Exp 2 the filter capacity was larger for membrane 1 compared 
to membrane 2. This would in general be expected as membrane 2 is 
more stressed compared to membrane 1. Some parameters which are 
suggested to influence this is that the average flux is larger, there is more 
antifoam added, a higher protein concentration, higher VCD and likely 
also higher amount of cell debris, all factors that potentially could 
contribute to fouling. Further, the aggregate rate, meaning the per
centage of counted cells that are present in aggregates increases from 
approximately 5 % to 36–50 % from the start of the cultivation to the 
end of the cultivation (data measured with Cedex HiRes, not shown in 
this manuscript), which potentially also influence the fouling 

Fig. 9. Hematoxylin staining of membranes and analyzed by light microscope. a) Unused membrane filter, 100x b) Membrane 2 from Exp 2, 100x. C) Membrane 2 
from Exp 2, 400x. 

Fig. 10. Thionine staining of membranes and analyzed by light microscope. a) Unused membrane filter, 100x b) Membrane 2 from Exp 2, 100x. The red arrows 
indicate different regions of the membrane with different staining intensity. c) Membrane 2 from Exp 2, 400x. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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mechanism. In this study the accumulated amount of viable retained 
cells, calculated as the VCD times the harvest volume for different 
timesteps, does not directly correlate with the increase in TMP (data not 
shown in this manuscript). This indicated that the amount of viable 
retained cells, indirectly influenced by the VCD, alone cannot explain 
the difference in filter capacity for the membranes used in this study. 
The complexity of the fouling in this system is also highlighted by the 
fact that the filter capacity (Fig. S – 8) for membrane 1 and membrane 2 
for Exp 1 were very different, while the filter capacity for membrane 1 
and membrane 2 in Exp 2 were more similar, even though for both ex
periments the measured values, including bleed rate, harvest rate, me
tabolites, VCD, viability, average cell diameter and transmission, were 
quite similar. Therefore, it is expected that a more complex combination 
of the biological parameters is involved in the fouling mechanism, which 
is not fully understood yet. 

As described, no irreversible fouling was observed in the critical flux 
experiments, however irreversible fouling was observed in the long- 
term-effects. When sampling from the harvest line, the harvest pump 
was turned off, and therefore the TMP was briefly lowered while the 
ATF-crossflow was still running, thereby possibly removing reversible 
fouling. However, there was not a clear effect from this when looking at 
the average pressure 30 min before and after sampling (see Fig. S - 6). It 
should however be kept in mind that the TMP was only lowered for 
approximately 1 min, so the effect of sweeping away reversible fouling 
could perhaps be seen if the lower TMP, and ATF-crossflow was kept for 
a longer duration. While the observed long-term fouling in this study 
was irreversible, another study investigating fouling with mammalian 
cells in a TFF-setup [25] suggested that approximately 75 % of the 
fouling observed in their 5-day experiment was reversible, however the 
conditions used in that study are not comparable to the conditions in the 
current study. In relation to transmission, no sign of fouling was 
observed as the transmission remains above 88 % even though the TMP 
increased, and ultimately the flux also declined slightly in the last hours 
of the cultivation. Importantly, the transmission is calculated from a 
harvest sample taken from the harvest bag. The concentration of the 
recombinant protein in the harvest bag would likely be lower than if the 
sample was taken directly from the harvest line, due to dilution with 
harvest from the earlier days, with a lower recombinant protein con
centration, due to the lower VCD in the earlier days.). Based on this the 
actual transmission of the protein through the membrane would there
fore be expected to be even higher than the transmission measured and 
shown in this study. A possible explanation for the high transmission is 
the asymmetric structure of the membrane. It has been suggested that it 
can be beneficial to have a thin secondary membrane, which can lead to 
higher stable transmission and flux [27]. When the open structured side 
of the membrane is facing the membrane feed stream it is suggested that 
the fouling layer formed inside the porous pore structure, will be less 
dense compared to if it was formed above the membrane surface [28]. 

In this study the cultivation time was shorter compared to other 
typical studies in this field [8,29–31]. In this study the experiment was 
terminated due to the fouled membrane, since the targeted harvest rate 
could not be maintained. Similar fouling phenomena with the same 
membrane and cell line has been seen in manufacturing scale, and 
thereby verify results shown in this manuscript. A factor that likely in
fluences the fast fouling of the membrane is that a flux of 8.3 LMH has 
been used in this study. This is very high compared to typical flux values 
reported in this area which is 2–3 LMH [8]. Due to limitations in the 
experimental setup, a very high crossflow, and therefore a high shear 
rate of 5500 s− 1 has been used. This likely also influence the membrane 
filtration process, as is has been shown that shear, induced by a peri
staltic pump, increase the cell lysis, which partly contributes to lower 
transmission [11]. Another factor that can contribute to fouling is 
deposited antifoam micelles and cells on the membrane, which was 
investigated by Kelly et al. [32]. For the current study the exact amount 
of antifoam has not been monitored for Exp 1 but for Exp 2 the amount 
of added antifoam was 24 mL for the cultivation (the dosing profile can 

be seen in Fig. S - 5). 

4.3. Staining 

The stained membranes (Figs. 9 and 10) showed that intact cells 
were only located in the very inner layer of the membrane at the lumen 
side of the fiber. The staining also revealed that other compounds were 
stained in the depth of the membrane. Here different regions were 
stained with different intensity indicating different type and/or amount 
of fouling. Another study [27], working with CHO cells and the same 
type of membrane, BioOptimal MF-SL microfiltration membrane, in 
TFF-mode observed, using confocal laser scanning microscopy and 
staining, that an large amount of DNA and protein was in the depth of 
approximately 50 μm from the membrane surface, while the outer 
membrane layer did not have DNA but had some protein. It was indi
cated that intact cells can be found in upper 50 μm layer where both 
protein and DNA is present – this is different from the current study 
where intact cells are only seen in the very upper layer of the membrane, 
and are therefore not present in the depth of the membrane. Another 
study [33] using CHO-cells in an ATF perfusion process did not observe 
any distinct cells on the membrane surface using SEM but suggested that 
it is possible that these were flushed away before fixing with glutaral
dehyde. The results in the current study indicate that fouling occurs 
across the depth of membrane, however the exact fouling components 
remain unknown. A possible method to investigate this further is to use 
other staining techniques, e.g. a general protein stain, or a stain specific 
for the produced recombinant protein, or possibly quantitative methods 
like Energy-dispersive X-ray spectroscopy (EDX). 

5. Conclusion 

In this study fouling was investigated in a reverse asymmetric hollow 
fiber membrane. CHO cell containing cultivation broth was used as 
membrane feed solution, and the membrane was operated in ATF-mode. 
Fluxes of up to 69 LMH was used in critical flux experiments, without 
exceeding the critical flux. No irreversible fouling was observed for the 
critical flux experiments, and further it was observed that a higher 
resistance and/or viscosity was present when filtering the cell contain
ing cultivation broth compared to cell culture medium. When operating 
at a prolonged time at a flux of 8.3 LMH significant fouling was 
observed. When the TMP reached 0.9–0.95 bar, the permeate pump was 
not able to reach the harvest setpoint due to fouling, and the flux 
therefore started to decline. The transmission for the recombinant pro
tein was not observed to decrease despite the large amount of membrane 
fouling. The fouling of the membrane was quantified by pore size 
measurements, where the dominating pore size of a clean and a fouled 
membrane was 0.30 μm and 0.26 μm, respectively, indicating fouling. 
Further, fouling was proven by staining of the membrane. Here all the 
depth of the membrane was stained, however with different intensity 
indicating different amount and/or type of fouling. Intact cells were only 
observed in the very upper layer of the membrane facing the cultivation 
broth (feed solution). 
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