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ARTICLE ADDENDUM

All biological platforms for the 
manufacture of biopharmaceutical 

proteins produce an initially turbid 
extract that must be clarified to 
avoid fouling sensitive media such as 
chromatography resins. Clarification 
is more challenging if the feed stream 
contains large amounts of dispersed 
particles, because these rapidly clog the 
filter media typically used to remove 
suspended solids. Charged polymers 
(flocculants) can increase the apparent 
size of the dispersed particles by 
aggregation, facilitating the separation 
of solids and liquids, and thus reducing 
process costs. However, many different 
factors can affect the behavior of 
flocculants, including the pH and 
conductivity of the medium, the size and 
charge distribution of the particulates, 
and the charge density and molecular 
mass of the polymer. Importantly, these 
properties can also affect the recovery of 
the target protein and the overall safety 
profile of the process. We therefore used 
a design of experiments approach to 
establish reliable predictive models that 
characterize the impact of flocculants 
during the downstream processing 
of biopharmaceutical proteins. We 
highlight strategies for the selection of 
flocculants during process optimization. 
These strategies will contribute 
to the quality by design aspects of 
process development and facilitate 
the development of safe and efficient 
downstream processes for plant-derived 
pharmaceutical proteins.

Plants have been used to produce 
recombinant pharmaceutical proteins since 
the late 1980s, but the transition from an 
experimental principle to a commercially 
competitive platform took until 2012, 
when the FDA approved ELELYSO for 
human use.1 This delay was in part due to 
the focus on upstream production benefits 
(economy, scalability, and safety) whereas 
downstream processing (DSP) received 
comparably little attention even though it 
can account for up to 80% of the overall 
production costs.2 Many strategies have 
been developed to simplify DSP, e.g., 
(1) fusing target proteins to elastin-like 
polypeptides so they can be purified by 
inverse transition cycling,3 (2) the heat 
precipitation of host cell proteins (HCPs),4 
and (3) aqueous two-phase separation.5 
However, most of these techniques require 
an upstream filtration step to clarify the 
extract. The filters are usually disposable 
to minimize the risk of contamination6 
and can therefore account for more than 
25% of the DSP costs.7 Maximizing 
the filter capacity helps to achieve cost-
effective production, and the rational 
selection of filter material is one way to 
achieve this goal, but all filters become 
rapidly exhausted when challenged with a 
heavily particulate feed stream.8

To improve filter capacity beyond 
the nominal optimum, we have recently 
tested a broad range of flocculants.9 
These high-molecular-mass polymers 
may carry strong negative charges (e.g., 
polyacrylamides) or strong positive charges 
(e.g., modified polyethylenimines) that 
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promote aggregation either by bridging10 
or the charge neutralization of dispersed 
particles (Fig.  1A).11 This aggregation 
process is known as “flocculation” 
because it increases the average apparent 
size of the dispersed particles resulting 
in the formation of flocks. Flocculants 
therefore promote the removal of solids 
using less expensive coarse filters (e.g., 
bag filters), thus improving the capacity 
of the finer filters (e.g., depth filters) 
and reducing the amount of expensive 
filter material required to achieve a feed 
stream with a certain minimum turbidity 
threshold. The effectiveness of flocculants 
depends on the nature and concentration 

of the particulates, the concentration, 
charge density and length of the polymer, 
the shear rate, and properties of the feed 
stream such as pH and ionic strength.10,12-14 
However, the choice of flocculant can also 
affect the recovery of the target proteins 
because the latter may also aggregate 
due to interactions with the charged 
polymers.15,16

The full potential of flocculation for 
cost reduction in DSP can be exploited 
by identifying the polymer which is most 
effective under the anticipated working 
conditions (e.g., a specific pH and 
conductivity). A design of experiments 
(DoE) approach is appropriate under these 

circumstances, because many different 
factors and settings can be tested with only 
moderate effort, and refined models for the 
flocculant can be established to investigate 
the robustness of the process.17 The latter 
is important because a mechanistic model 
of flocculation may be available for well-
defined model systems14 but not for 
complex feedstock. Nevertheless, insight 
into the most important mechanisms can 
be obtained if a flocculant is incorporated 
in a DoE approach as a defined 
combination of continuous parameters 
(e.g., a parameter set consisting of charge 
density and molecular mass) rather than a 
categorical factor, because the former will 

Figure 1. Effect of flocculants on turbidity and particle size distribution. (A) Charged polymers (red) initially bind to particles of opposite charge (black) 
in a coiled state (I). Depending on the relaxation time tR, adsorption time tA, and collision time tC, the polymer can then either interact with a second 
particle to form bridges (II) if the polymer extends beyond the inverse Debye length (green dashed line, κ-1) or adopt an expanded conformation (III) 
and neutralize the surface charges of the particle.10,14 (B) The selective use of different flocculants, e.g., according to the conductivity of the feed stream, 
facilitates a constantly low bag filtrate turbidity (area hatched in green) over a wide parameter range (data for pH 8.0, 30 min incubation, 4 g L-1 polymer 
concentration). Error bars indicate standard deviation of the model prediction. (C) Some polymers may induce flocculation and yield a clear supernatant, 
but if these flocks are fragile, they will be disrupted by filtration and the clarified extract will remain turbid (Praestol 822 BS). The initial homogenate 
turbidity is indicated by the dotted line. Error bars indicate standard deviation, n ⩾ 3. (D) Before filtration, particles in the flocculated extract (solid blue) 
are generally larger (~3200 µm) than those in the untreated controls (solid green, ~2500 µm). After bag filtration, the polymer-free extract still contains 
large amounts of particulates in the 0.5-10 µm range (dashed green), whereas the flocculated sample (dashed blue) contains only a small fraction of 
particles in the 10-µm range. The majority of the dispersed particles in the filtered, flocculated samples were ~15 nm in diameter (the approximate size 
of antibodies and ribulose-1,5-bisphosphate carboxylase oxygenase oligomers).
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yield additional information about the 
flocculant properties that affect particle 
aggregation. This information can then be 
used to select additional flocculants with 
relevant properties that were not included 
in the initial screen because time and/or 
resources were limited. We have used this 
approach to screen a total of 23 different 
polymers under varying pH, conductivity, 
incubation time, and temperature 
conditions and modeled their impact on 
turbidity and filter capacity.9 Among the 
initial set of 18 flocculants (Table  1), 
only one (the modified polyethylenimine 
“Polymin P”, BASF) achieved a significant 
reduction in turbidity after bag filtration 
and an increase in the capacity of the 
subsequent depth filter.

The DoE-based models also revealed 
that the effectiveness of a polymer changes 
under varying process conditions (e.g., pH 

and conductivity) or when applied in a set 
of processes conducted under different 
conditions (e.g., different products or 
expression platforms). The simplest way 
to adapt to these situations is to adjust 
the flocculant concentration but this 
may not be sufficient in every case, as 
we observed when testing Polymin P 
at high conductivity (Fig.  1B). Hence, 
the selection of a set of polymers with 
complementary flocculation properties 
can be more expedient and complies 
with the principles of quality by design.18 
We established such a flocculant set by 
selecting five new candidates (Table  1) 
based on the properties of Polymin 
P, which we anticipated would have a 
positive effect on flock formation based 
on our predictive models. The three 
polymers with the greatest similarity to 
Polymin P in terms of charge density and 

size accordingly achieved the anticipated 
increase in depth filter capacity. The 
resulting set of polymers can now be 
used to (1) induce flocculation in various 
feed streams with different properties 
(e.g., pH and conductivity) because they 
have complementary high performance 
windows in terms of particle flocculation 
(e.g., Polymin P and Catiofast VSH, 
Fig.  1B) and (2) to replace one another 
if necessary because of technical or 
regulatory issues (e.g., Polymin P and 
Lupasol PS, data not shown).

Settling experiments are often used to 
assess flocculation and the effectiveness 
of a polymer.19 However, the results can 
be misleading if filters are used instead 
of settling tanks during the final process, 
e.g., to accelerate clarification. This is 
because certain polymers (e.g., Praestol 
822 BS) can form aggregates that exhibit 

Table 1. Flocculants used to precipitate particulates from crude tobacco extracts prior to depth filtration. The best performers are shown in bold

Flocculant Chemistry [-] Charge [-] Charge density [meq g-1]

Initial flocculant set

Praestol 2350 Polyacrylamide anionic 6.9

Praestol 2610 Polyacrylamide anionic 1.4

Praestol 2640 Polyacrylamide anionic 5.5

Praestol 822 BS Polyacrylamide cationic 1.0

Praestol 851 BC Polyacrylamide cationic 1.2

Praestol 855 BS Polyacrylamide cationic 2.8

Praestol 859 BS Polyacrylamide cationic 4.6

Lupamin 9095 Polyvinylamine cationic 12.0

Magnafloc LT 37 Polydiallyldimethylammonium chloride cationic 4.7

Magnafloc LT 38 Polydiallyldimethylammonium chloride cationic 4.7

Polymin P Modified polyethylenimine cationic 13.0

Polymin SK Modified polyethylenimine cationic 6.5

Polymin VT Modified polyethylenimine cationic 3.2

Sedipur CL 950 Polyamine cationic 7.0

Sedipur CL 951 Polyamine cationic 7.6

ZETAG 7587 Polyacrylamide cationic 4.5

pDADMAC 0.8MDa Polydiallyldimethylammonium chloride cationic 6.1

pDADMAC 1.5MDa Polydiallyldimethylammonium chloride cationic 6.1

Flocculants selected based on Polymin P properties

Lupasol PS Modified polyethylenimine cationic 19.0

Catiofast GM Modified polyethylenimine cationic 11.0

Paragas Modified polyethylenimine cationic 14.0

Catiofast VSH Polyvinylformamide cationic 7.5

ZETAG 7109 Dimethylaminoethyl acrylate methylchloride cationic 5.5
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promising settling behavior but are 
sensitive to pumping and filtration, which 
can reduce the effective flock size due 
to shear stress. The resulting aggregates 
are smaller and may pass through the 
filter, thus counteracting the anticipated 
improvement in downstream filter 
capacity or reducing the ability of the 
corresponding filter to clarify the feed 
stream (Fig.  1C). Shear stress can also 
be a problem during the initial mixing of 
the polymer and feed stream. Although 
some degree of mixing is essential to bring 
the flocculant in contact with dispersed 
particles, prolonged mixing can result in 

the irreversible disruption of flocks or a 
reduction in the average flock size, again 
affecting the performance of downstream 
filters.

The most effective flocculants change 
the particle size distribution (Fig.  1D), 
which means that the filter area and 
retention rating must be adapted to match 
the new feed stream conditions to achieve 
optimal filter capacity and clarification. 
Generally, the addition of polymers will 
favor the use of wider filter pores because 
the dispersed particle size increases 
following the addition of flocculants 
(Fig. 2A).

Flocculants may bind preferentially to 
certain other molecules including HCPs 
(Fig.  2B), DNA20 and contaminating 
virus particles,21,22 resulting in their 
selective removal and thus improving 
the purification performance and safety 
profile of the process. However, the 
polymers themselves must also be removed 
during DSP to comply with regulatory 
guidelines.23 Because of their molecular 
structure and degree of polymerization, 
it is challenging to detect flocculants 
using spectroscopic methods or enzymatic 
assays. This can make it difficult to detect 
residual flocculants in the product. For 

Figure 2. Effect of flocculants on filter capacity, HCPs and chromatography. (A) In the absence of flocculants, depth filters with a fine first layer (PDF4, 
3 µm) achieved higher capacities, whereas no significant difference was achieved by adding flocculants before passing the feed stream through filters 
with a coarser first layer (PDH4, 8 µm). Error bars indicate standard deviation, n ⩾ 3. (B) The HCP composition of a tobacco extract changes according 
to the pH, conductivity and presence of flocculant. The addition of 2 g L-1 Polymin P (+) results in a visible reduction in the abundance of some HCPs 
compared with polymer-free samples (–) specifically at pH 4.0 and 15 mS cm-1 (orange arrows). A characteristic smear < 10 kDa is present in all samples 
containing the polymer (red arrow). The extraction efficacy for certain HCPs changes with the buffer pH (black arrows), e.g., a 10-kDa protein is extracted 
at pH 6.0 but not 7.0 whereas a 50-kDa protein is extracted at pH 8.0 but not 6.0. Here, the potential target proteins (green arrows) have molecular 
masses of 27 kDa (DsRed) and 49.5/23 kDa (monoclonal antibody 2G12 heavy and light chain, respectively). In tobacco extracts, the antibody heavy 
chain band is superimposed on the of ribulose-1,5-bisphosphate carboxylase oxygenase large subunit. (C) Polymin P is present after depth filtration and 
bound to chromatography ligands with the opposing charge (SP and CM) in a 1-mL column, resulting in a significant pressure increase during sample 
loading at 1 mL min-1. Note: the pressure curves of Q FF and Capto Adhere overlap
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example, we compared a 1 g L-1 buffered 
solution of Polymin P with a reference 
buffer and found no difference in the 
absorbance spectra in the range 300-1000 
nm, but we observed a characteristic band 
below 10 kDa that correlated with the 
polymer concentration on SDS-PAGE 
gels stained with Coomassie brilliant 
blue (Fig.  2B). The inability to detect 
polymers is particularly worrying if the 
selected flocculant is toxic. We therefore 
preferentially selected flocculants used in 
water-treatment processes (e.g., Lupasol 
PS) or those approved by the FDA for 
contact with foods (e.g., Polymin P) 
to minimize the risks associated with 
non-detection.

Charged flocculants can also affect 
downstream purification steps where 
charge is used as the separative principle. 
Ion exchange chromatography is 
particularly susceptible to the presence of 
polymers carrying the opposing charge 
to the resin because the interaction can 
rapidly increase the back pressure and 

thus block the column, as we observed 
for extracts containing Polymin P applied 
to SP Sepharose HP and CM Sepharose 
FF, but not Q Sepharose FF or Capto 
Adhere (Fig. 2C). Therefore, the decision 
to use flocculants during DSP should 
always take into account the anticipated 
chromatographic purification strategy for 
the target protein, especially the initial 
capture step. If this step does not rely 
on a ligand with the opposite charge to 
that of the polymer, flocculants can be 
incorporated in the process because they 
will be discarded with the flow through 
thus eliminating the risk to subsequent 
operations.

Flocculants therefore provide a 
powerful, cost-effective solution for the 
development of efficient clarification steps 
during the production of plant-derived 
biopharmaceutical proteins and may be 
applied to other production systems as 
well. They can help to reduce the costs 
of filter consumables but they must be 
integrated carefully with new or existing 

processes in order to fulfill expectations 
and comply with regulatory guidelines. 
The latter point should be addressed 
thoroughly by establishing reliable models 
that can predict the impact of a polymer 
on critical process parameters, ideally 
demonstrating the absence of negative 
effects on the critical quality attributes 
of target proteins. The DoE approach is a 
valuable tool for the development of such 
models.
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