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B I O P R O C E S S  DOWNSTREAM PROCESSING

Diatomaceous Earth Filtration 
Innovative Single-Use Concepts for Clarification 

of High-Density Mammalian Cell Cultures

by Tjebbe van der Meer, Benjamin Minow, Bertille Lagrange,  

Franziska Krumbein, and Francois Rolin

I
n the past decade, 

biopharmaceutical manufacturers 

have demonstrated major 

improvements in monoclonal 

antibody (MAb) production, 

exhibiting product titers frequently in 

the range of 5–10 g/L using standard 

fed-batch mammalian cell cultures (1, 
2). Increased product yields allow for 

smaller-scale production vessels. With 

2,000-L single-use bioreactors already 

commercially available, single-use 

manufacturing of biomolecules 

becomes more and more an option. 

Other recent developments in the 

biopharmaceutical industry — e.g., 

drugs for smaller indications and more 

potent drugs allowing for lower 

dosages — will further stimulate the 

demand for smaller and more f lexible 

single-use manufacturing facilities. 

Although single-use technology in 

general has matured considerably over 

the past few years, some unit 

operations (e.g., cell removal) still 

need more attention to become more 

economical and robust. High product 

titers often result from increased cell 

densities rather than increased specific 

productivities per cell, and the 

resulting solids content poses 

considerable challenges on commonly 

applied harvesting technologies. 

Currently the most prevalent single-

use harvesting technology, depth 

filters block at lower loading capacities 

with higher biomass concentrations. 

Higher contaminant concentrations 

also make depth filters more sensitive 

to batch variation, which can lead to 

50% oversizing of filter area to 

compensate for f luctuating filtration 

capacities. That drives up costs and 

increases waste. Other new 

commercially available single-use cell-

removal technologies such as 

centrifuges still lack capacity. For 

harvesting higher–cell-density 

cultures, a major technical 

breakthrough would be welcomed. 

BODY FEED FILTRATION SUCCESSFUL 
FOR PLASMA FRACTIONATION

When we looked at other industries 

that have similar process needs — 

such as the plasma fractionation 

industry — we found that they often 

use body-feed filtration for 

clarification of solutions with high 

solids content. The first use of 

diatomaceous earth (DE) as a filter 

aid in fractionation of human plasma 

was reported over five decades ago (3). 

Since then, a number of 

manufacturing processes for 

production of intravenous 

immunoglobulin (IVIG), albumin, 

and clotting factors have been 

developed based on that technology 

(4–6). Fractionation uses the principles 

of selective precipitation by pH 

adjustment, ionic strength, addition of 

alcohol, and temperature shifts. 

Precipitates are removed by depth 

filtration often in combination with 

Figure 1: Filtration principle of dynamic body-feed filtration (DBF) with diatomaceous earth (DE) 

(LEFT) and conventional filtration (RIGHT)
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diatomaceous earth, which is added as 

an aid to increase filter throughputs. 

Recently, the principles of body-feed 

filtration have been tested for 

harvesting cell cultures, with promising 

results (7). Our objective was to 

evaluate the technology as a potential 

single-use alternative to centrifuges and 

depth filters. Here we describe the 

most interesting findings we obtained 

using a number of cell lines and culture 

media, which were kindly provided by 

different biotech companies. Together 

with Rentschler Biotechnologie 

GmbH, Sartorius Stedim Biotech 

tested the optimized conditions in a 

600-L cell culture production process 

to evaluate the scalability of body-feed 

filtration technology. 

HOW BODY FEED FILTRATION WORKS 
When the concentration of solids or 

colloids is too high in turbid biological 

process fluids needing clarification, the 

filter cake forming on the surface of a 

filter becomes impermeable and blocks 

the filter (Figure 1, right). Adding 

highly porous DE creates a more 

permeable filter cake, which prevents 

blockage (Figure 1, left). 

The minimum amount of DE to 

guarantee smooth filtration depends on 

the particle concentration. Laboratory-

scale experiments with many different 

mammalian cell lines, culture media, 

and viabilities revealed a correlation 

between the wet cell weight (WCW) 

and the required amount of DE at 

constant pH (data not shown). For all 

tested cultures, the optimum DE 

concentration was in the range of 

40–50% of WCW. In all cases, the 

filter-aid ratio could be reduced 

significantly to a range of 20–30% 

when pH was lowered to pH 5. 

LOW PH PRECIPITATION IMPROVES 
CLARIFICATION RESULTS

Performance differences between 

acidified (pH 4.3–5.5) and neutral cell 

culture fluids for other cell-removal 

technologies such as microfiltration (4) 

and depth filtration (5) can be 

explained by precipitation of smaller 

particles at lower pH levels. The 

solubility of cell debris and negatively 

charged impurities such as DNA and 

host-cell proteins (6) decrease along 

with pH. Figure 2 shows the mean 

particle-size distribution for three 

different cell-free cell culture 

supernatants at neutral pH (green line) 

and after the pH of those cultures was 

lowered to pH 5 (red line). Lowering 

the pH leads to formation of bigger 

particles and makes the typical 

submicron particles (<1 μm) present at 

pH 7.0 completely disappear. 

Therefore, body-feed filtration would 

clearly benefit from lowered pH.

In addition to the significantly 

reduced filter-aid concentration, all 

tested acidified cell culture 

supernatants showed much clearer 

filtrates than their neutral 

counterparts (Figure 3). When we 

analyzed the particle-size distribution 

of neutral body-feed filtrates, we 

detected only small particles 

(<0.4 μm). Filtration with a 0.2-μm 

membrane barely reduced those 

turbidity values, indicating that very 

small particles are mainly responsible 

for the higher turbidity values of the 

neutral body-feed filtrations.

The absence of smaller particles in 

acidified culture supernatants probably 

is also the reason for higher filtration 

capacities at constant filter-aid 

concentrations. We assume that small 

particles deposit in the pores of DE 

particles, lowering the permeability 

and filtration capacity of the DE 

overall. By increasing the filter-aid 

concentration, we could increase its 

capacity for retaining small particles 

without losing the required cake 

permeability. 

Significant reduction of filter-aid 

consumption at low pH is promising 

Figure 3: Turbidity measurement of the DBF 

filtrates at pH 7.0 and pH 5.0 for 10 different 

cell cultivations with an initial turbidity of 

2,396–3,235 NTU 
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Figure 2: Mean particle-size distribution of cell-free Chinese hamster ovary (CHO) culture 

supernatants from three different harvest days determined at different pH values; green curve = pH 

7.0, red curve = pH 5.0; measurement performed using a Mastersizer 2000 system (Malvern 

Instruments)
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Figure 4: Mean residual DNA amount after DE 

filtration at pH 5.0 for 10 different cell culture 

supernatants, expressed in percentage of initial 

DNA concentration at pH 7.0, measured in the 

cell free supernatant; initial concentrations 

were 475–730 ppm (DNA quantitation with 

PicoGreen assay from Life Technologies). 
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Photo 1: Scanning electron microscopy (SEM) 

shows the porous structure of Celpure 300 

diatomaceous earth (magnitude 1,000 times).
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from both economical and handling 

points of view. Another important 

economical factor to consider is the 

recovery rate at lower pH levels. 

Although most antibodies are stable at 

acidic conditions (9), in some cases 

low-pH precipitation of cell culture 

f luid will lower recovery rates, most 

likely due to coprecipitation of the 

antibody (6). However, some authors 

have described that lowering the pH 

value influenced overall antibody 

recovery positively by preventing 

enzymatic reduction of the product 

(10, 11). In all our laboratory-scale 

body-feed tests at low pH, we 

achieved a recovery rate >85% (data 

not shown).

POSITIVE IMPACT ON RESIDUAL DNA 
AND HOST-CELL PROTEIN LOAD 
With the low-pH precipitation and 

subsequent retention of contaminants 

by body-feed filtration, we 

accomplished a significant reduction 

of DNA in the primary recovery step 

from our cell culture runs. Figure 4 

shows the mean residual DNA content 

of 10 different body-feed filtrates after 

low-pH precipitation at pH 5.0. We 

first measured the initial DNA 

content in the neutral, cell-free 

supernatant of each cell culture at pH 

7.0. After a low-pH precipitation step 

followed by DE filtration, DNA 

content in the cell culture supernatants 

was reduced by 65%. 

PILOT-SCALE TEST RESULTS 
At Rentschler Biotechnologie, we 

performed tests at pilot production 

scale to evaluate the applicability of 

DBF technology for manufacturing 

purposes (12). In total, 1,000 L of a 

high–cell-density (17.6 × 106 cells/mL, 

95% viability) Chinese hamster ovary 

(CHO) cell fed-batch culture were 

available for the depth-filtration and 

body-feed filtration runs. In the 

largest single run, we subjected 600 L 

to body-feed filtration at pH 5.0. 

WCW on that day was 8%. 

For the scale-up experiment, we 

installed seven process-scale modules 

with a total filtration area of 1.61 m2 

in a universal stainless steel holder. 

The filter cassettes consist of two 

polyethylene filter plates, which retain 

the DE and biomass (Figure 6). 

In total, we added 12 kg of 

Cellpure C300 DE to the 600-L bulk 

harvest. Prefilled DE bags were 

connected with a dust-free adapter to a 

mixing bag for fast and safe DE 

transfer. Just five minutes of gentle 

mixing was sufficient to dissolve that 

DE powder in the cell suspension. 

Before filtration, we adjusted the pH 

of the resulting mixture to a final level 

of 5.0 and gently mixed it for two 

hours at 140 rpm. 

Pressure increased steadily during 

filtration (Figure 7, left). We 

terminated filtration when the pressure 

reached 1.3 bar and the crude harvest 

had been filtered. During the entire 

filtration process, the system 

maintained a high and stable flux 

slightly above 300 L/m2/h. Overall, a 

capacity of 311 L/m2 was achieved. We 

monitored a very low turbidity of 5–8 

NTU (Figure 7, left) in the clarified 

harvest stream during filtration. 

After neutralization, pool 3 (the 

final pool) exhibited a turbidity of 

41 NTU (Figure 7, right), which was 

considerably higher than turbidity had 

been during filtration. Inadequate 

dosing of the neutralization buffer 

probably had resulted in local pH 

excursions and caused the turbidity 

increase in that final pool. In a small-

scale parallel test, the turbidity 

increase was prevented through more 

gentle neutralization of the filtrate 

pool. To improve that neutralization 

step, an integrated ready-to-use 

process skid is under development that 

will enable controlled inline pH 

adjustment and prevent overshooting. 

We found IgG1 recovery to be 

acceptably high at 85% (Figure 7, 

right). In the future, an optimized 

neutralization procedure and larger 

postfiltration f lush should further 

improve MAb recovery. We monitored 

contaminants such as a host-cell 

protein and DNA throughout the 

process. In the final pool (after buffer 

f lush and neutralization), those levels 

Figure 5: Schematic representation of pilot-scale body-feed filtration
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Figure 6: (TOP) 3-D illustration of commercial 

DBF process-scale module holder; (CENTER) a 

drawing of one single-use DBF module; 

(BOTTOM) flow path inside one module indicates 

in red the feed flow and in green the filtrate 

flow path; dotted lines indicate the filter plates. 

Feed

Filtrate

Ca
ke

 S
pa

ce

Ca
ke

 S
pa

ce



SUPPLEMENT28 BioProcess International  12(8)s SEPTEMBER 2014

were reduced from 841 to 629 mg/mL

and 13.8 to 5.0 μg/mL, respectively.

CONCLUDING REMARKS

Our aim was to demonstrate the

universal applicability of a new single-

use harvest method for mammalian

cell culture, suitable even for high–

cell-density cultures. Tests using crude

harvests from different cell lines and

culture conditions allowed us to

determine the optimal concentration

of DE as a filter aid in relation to

WCW, which is an easily accessible

process specific for cell removal and

harvest processing. With respect to

process economics, the 50% reduction

of filter aid required with low-pH

filtrations is promising.

Generally, the pilot-scale results

confirmed our findings from DBF

filtration trials at laboratory scale:

Reducing pH to 5.0 after addition of

DE to crude cell-culture supernatant

gives the best performance in terms of

filtration capacity, f lux, and

contaminant removal.

The applicable f lux rate of DBF

technology is very advantageous. A

600-L harvest was processed within

only an hour of filtration using just

seven modules. A module holder

allows arrangement of a maximum 33

modules, so we estimate that a harvest

volume of ~3,000 L could be filtered

in the same time.

In conclusion, this method allows

effective clarification of high–cell-

density, crude cell culture harvests in a

single-use set up at large scale.

Economically and competitively, it can

replace centrifugation, which is

currently the method of choice for

large-scale cell removal. Even very

dense crude cell harvests could be

clarified quickly at high flow rates.

Moreover, this method has the

additional benefit of efficiently reducing

contaminants in a single step.

Scalability — one of the most

important requirements in bioprocessing

— is easily attainable following a

generally linear approach with very

consistent process performance.
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Figure 7: Results of DE body-feed scale-up experiment at reduced pH (5.0) with seven filter modules; filtration performance (LEFT), pressure (bar), and

flux (L/m2) as well as the course of turbidity during filtration; recovery of IgG1, blue columns (RIGHT) measured from crude harvest and harvest pool

without buffer flush (pool 1), with buffer flush (pool 2), and after neutralization of harvest fluid (pool 3)
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