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Abstract 

Downstream processing of food enzymes can be improved by integrating solid-liquid separation and 
primary capture into the single unit operation of expanded bed adsorption. Ion exchange adsorption of the 
target enzyme directly from unclarified broth has the potential to increase product yield and reduce 
process times while lowering capital investment and consumable requirements. Lysed fermentation broth 
was diluted and applied to anion-exchange expanded bed adsorption. The targeted intracellular enzyme 
was eluted purified and concentrated. Residence time distribution analysis as a function of linear velocity 
and viscosity measured hydrodynamic behavior of resin inside the column. Dynamic binding capacity 
over ten consecutive purification cycles averaged 5249 Enzyme specific units/mL_media (± 17%) and no 
negative trend was observed for up to ten consecutive purifications. Contrarily, a change in hydrodynamic 
behavior was observed, as resin expansion necessitated higher linear velocities with increasing number 
of purification cycles. Efficiency of resin regeneration was established via total ionic capacity and dynamic 
binding capacity of BSA. Scaling up the process strategy to pilot scale (i.d. 10 cm) produced results 
consistent with those from lab scale, processing 9.5 L of broth in about 100 minutes. 

Keywords: expanded bed adsorption, downstream processing, food enzyme, hydrodynamics, process strategy 

 
 

1. Introduction 

A large percentage of production costs of 
biotechnological products is due to downstream 
processing (1, 2). The nature of the target 
molecules often demands a speedy separation 
from enzymes present in the fermentation broth 
and the intended use may demand a high purity 
(3). Rather than isolating and concentrating the 
product with unspecific methods first, yield loss 
and process times can be reduced significantly 
when solid-liquid separation and specific capture 

are integrated in an early single unit step (2). The 
combination of selective absorbance and the 
removal of cells and cell particles from target 
enzymes is realized in expanded bed adsorption 
EBA processes. Sedimentation of functional resin 
beads against an upward flow of unclarified broth 
allows for target molecule adsorption, following 
principles of most adsorptive chromatography 
methods, while biomass is removed from the 
voidage of the stationary phase with the 
convective flow of the mobile phase. Just as any 
chromatographic method, EBA aims to establish 
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little axial dispersion and multiple stages of 
equilibria along the column, which can be 
described and analyzed with methods known from 
traditional packed beds (4). Therefore the typical 
and well known chromatography limitations such 
as adsorption kinetics, diffusion and fluid flow are 
among the limiting factors of EBA. Further and 
more EBA specific limitations arise through resin 
sedimentation velocity as well as the presence of 
biomass and macromolecules in the mobile phase 
(5). While diffusion paths are best kept short with 
small bead diameters to encourage mass transfer, 
small diameters reduce particle sedimentation 
velocity, which in turn lengthens process time. 
Through interaction with the resin, biomass may 
influence the residence time distribution in the 
column as well as block resin surfaces and pores 
(6, 7).  

Integration of EBA into the purification cycle of 
a food enzyme was performed on the example of 
an enzyme produced by DSM through 
fermentation. The intracellular enzyme is 
temperature and pH sensitive with a pI of around 5, 
therefore anion exchange and a neutral pH were 
chosen for purification. Cells were autolyzed with a 
lysing agent and the lysate diluted with water prior 
to EBA application. Success of the purification 
strategy was measured by assessing product yield 
and purity as well as process time, reproducibility 
and buffer consumption. Operating parameters 
were adapted by performing residence time 
distribution analysis to minimize the height 
equivalent to a theoretical plate and axial 
dispersion. The efficiency of resin regeneration 
was evaluated after several purifications from 
broth via total ionic capacity and bovine serum 
albumin dynamic binding capacity measurement. 
Further the influence of broth age on purification 
performance was investigated. Finally the process 
was scaled up from lab to pilot scale and 
purification performances compared. 

By combining anion exchange resin in a 
chromatographic step and simultaneous removal 
of biomass, a quick, efficient and near quantitative 
recovery of the target molecule was aimed for. 

2. Material and Methods 

EBA equipment, column and adsorbent 

Pilot and lab scale EBA columns were 
produced by Upfront Chromatography (Denmark) 
with 10 cm and 2 cm diameter respectively. The 
columns were operated with Äkta 
Purifier/Bioprocess in lab/pilot scale (both GE 
Healthcare, USA). Mobile phase was removed 
1-2 cm above the expanded resin with external 
pumps (Watson Marlow 505U/624U for lab/pilot) 
and reintroduced into the Äkta for UV (280 nm), 
pH and conductivity measurement. All eluted 
fractions were weighed for mass balance 
determination. Lab scale Äkta was attached to an 
automatic fractionation system (Frac 950, GE 
Healthcare), fractionating 35 mL samples; pilot 
scale fractionation was handled manually. 
Adsorbent used was Rhobust Fastline Q (Upfront, 
DK), agarose beads (mean diameter 143 µm, 
2.5 g mL-1 <  < 3.5 g mL-1) with tungsten cores 
and quaternary ammonium as functional group.  

Buffers 

Buffers were prepared in Schott bottles or 
plastic barrels (10-50 L) by dissolving respective 
ingredients in about 90% of final volume in 
demineralized water under continuous stirring. KCl 
(VWR) and H3PO4 (DSM internal prep.) were 
added according to pH and conductivity 
measurements, K2HPO4 (Merck) according to 
buffer specification. Finally, vessels were filled to 
the final volume, all volumes were measured via 
weight. For the equilibration and wash buffer EWB 

 mM  K2HPO4 were solved and pH and 
conductivity set to pH  and  mS cm-1. Bovine 
serum albumin (BSA) (Sigma Aldrich, USA) was 
dissolved in EWB for dynamic binding capacity 
measurements. Elution buffer for target enzyme 
contained 1.2*  mM K2HPO4 (pH , 2.5*  mS cm-

1). BSA was eluted in a similar buffer, but with a 
conductivity of 10*  mS cm-1. The regeneration 
cycle featured use of four different buffers (  M 
NaCl; 2*  M NaCl;  M NaOH & 2*  M NaCl;  M 
NaOH; all VWR). The system and the resin were 
stored in between experiments in 0.01*  M NaOH. 
Broth was diluted to a conductivity of  mS cm-1 
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with demineralized water and continuously stirred 
during application. For UPLC-SEC analysis 1 M 
phosphate buffer (DSM internal prep.) was diluted 
1:10 in MilliQ® and filtered in a 0.45 µm vacuum 
filter (Nalgene, USA).  

Resin expansion as function of viscosity and 
velocity 

Behavior of suspended resin in the EBA 
column with changes in velocity and viscosity of 
the mobile phase was predicted by the 
Richardson-Zaki equation (eq. 1) (8). 

=  1 
  
The terminal settling velocity ut was calculated 

according to equation 2 and the voidage of the 
bed with equation 3, with an assumed voidage of 
the settled bed 0 = 0.4. 

= 18  2 

  

=
1
1  3 

  
The expansion factor n from equation 1, 

depends on the terminal Reynolds number Ret, 
which was determined according to equation 4. If 
Ret < 0.2, n has a fixed value of 4.65, in case 
0.2 < Ret < 1, n is calculated with equation 5. 

=  4 

  
n = 4.45 Ret

-0.03 5 
  

Density of the mobile phase was assumed to 
be 1 g mL-1. Viscosities were manipulated by 
addition of glycerol (VWR), respective viscosity 
values taken from (9).  

Residence time distribution analysis  

Residence time distribution was measured with 
a negative step of 167 mM acetone (VWR) as 
tracer in EWB as described by (10, 11). Glycerol 

addition to EWB in concentrations of 10%, 30% 
and 50% (w/w) induced different viscosities. Each 
buffer, including buffer without added glycerol, was 
expanded to expansion factors 1.5, 1.75 and 2 
and measured in triplicate. Mean residence time  
(s) is the time interval between switching to 
acetone free EWB and the UV 280 nm 
measurement at the column exit measuring 50% 
of the maximal value of adsorption. The standard 
deviation  (s) is calculated as half the time in 
between the signal falling from 84.2% to 15.8% of 
maximal adsorption. The number of theoretical 
plates was calculated according to the tanks in 
series model, by dividing 2 -2 (12). The height 
equivalent is the settled bed height H0 divided by 
the number of plates. A different descriptor of 
hydrodynamic behavior in the column is the 
Bodenstein number Bo, which correlates axial 
dispersion to linear velocity u0 and settled bed 
height. Bo was calculated according to equation 6, 
the axial dispersion coefficient Daxl numerically 
calculated according to equation 7, as described 
by Bruce & Chase (13). As axial dispersion 
decreases chromatographic conditions become 
more favorable. A Bodenstein number > 40 
indicates plug like flow and negligible dispersion 
(3). 

=  6 

  

=
2 + 3

1 + 2 +
 7 

  

Resin capacity 

Total ionic capacity of the resin determines its 
ability to quantitatively adsorb monovalent ions 
and was measured via titration with 10 mM HCl 
(Merck) of resin samples. Fresh resin was 
activated in 1 M KOH solution and rinsed in MilliQ 
water. Resin samples from the column were 
extracted after regeneration and subsequent 
washing in about 20 CVs MilliQ, following a 
purification cycle. After drying over a vacuum filter, 
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resin was weighed (about 1 g) and given into 
60 mL of 1 M KCl. Under magnetic stirring, the 
solution was allowed to equilibrate for 1 h, and 
then titrated with 0.1 mL per 15 s. The calculation 
of TIC is adapted from (14). The second 
parameter to monitor resin capacity behavior over 
several purification cycles was the dynamic 
binding capacity of BSA, calculated as described 
by Bruce & Chase (13). The column was loaded 
with BSA until the eluent stream showed 5% of the 
feed adsorption, measured with UV at 280 nm. 
Subtracted from the mass of BSA loaded were the 
mass of BSA in the void space and the mass that 
already left the column and the difference divided 
by the column volume as detailed in equation 8. 
Void volume was calculated with equation 9, 
subtracting the dead volume VD from the product 
of volumetric flow  and mean residence time  
and dividing the difference through the volume of 
the expanded bed V. 

=  8 

  

=  9 

  
Dynamic binding capacity for target enzyme 

was calculated in the same way, except for the 
utilization of ESU instead of mass.  

EBA operation 

EBA resin was equilibrated at expansion factor 
2 for at least 30 min before application of feed. 
Feed volume was varied according to its 
concentration and respective experimental 
designs. In lab scale resin was washed after 
loading with 8 CVs of EWB, in pilot with 23 CVs 
since it took longer until the liquid above the 
suspended resin appeared clear. The same was 
true for elution, whereas in lab scale 6 CVs 
sufficed whereas in pilot scale 17 CVs of elution 

buffer were necessary. The resin was regenerated 
directly after elution with 4 CVs of each 
regeneration buffer in lab scale and 6.7 CVs in 
pilot scale. Variations in bed expansion were 
continuously countered by manual flow adjustment, 
keeping the expansion factor at two at all times 
during all experiments. After successful 
implementation of the strategy at lab scale, the 
purification process was scaled up to pilot scale, 
keeping the expansion factor of resin constant at 
two. H0 = 16.5 cm, i.d. 10 cm. Scaling up a 
constant use of CVs for each buffer was aimed for. 

SEC analysis 

Target enzyme and BSA concentration were 
analyzed via UPLC (Waters Acquity, USA) with a 
BEH200 SEC 1.7 µm column, 2 µL sample volume 
and Chromeleon Software (Actuate Corp., USA). 
Samples were centrifuged at 20814 rcf and 4°C for 
15 min. Retention time was analyzed using a Bio-
Rad Gel Chromatography standard containing 5 
different proteins (670 kDa, 158 kDa, 44 kDa, 
17 kDa and 1.35 kDa). The retention time of target 
enzyme was thus calculated at 3:57 min for the 
monomeric form, 3:35 min for the dimer and 
3:13 min for the tetramer, of which only the dimer 
was quantified and considered for yield calculation. 
All other peak areas were considered impurities. 
For the calculation of sample purity, the peak area 
of target enzyme was divided by the sum of all 
other peak areas.  

3. Results & Discussion 

Hydrodynamic behavior 

Resin expansion with increasing linear velocity 
showed a similar linear relationship as predicted 
with the Richardson-Zaki equation and described 
in literature (8, 15, 16). With an average density of 
3 g mL-1, as provided by the resin manufacturer, 
linear velocities calculated were in the range of 
four times the experimental values (17). 
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Figure 1 - Height of the equivalent theoretical plate 
(HETP) for different viscosities and linear velocities. 
Linear velocities corresponding EF 1.5, 1.75 & 2. 
167 mM acetone as tracer in EWB. n=3 

Figure 2 - Bodenstein number for different velocities and 
viscosities. Linear velocities corresponding EF 1.5, 1.75 
& 2. Measured with 167 mM acetone as tracer in EWB. 
n=3 

 

Resin density was experimentally determined 
by centrifuging a known mass of resin and 
measuring the volume of the dense pellet, a triple 
determination resulting in 1.57 g mL-1 ± 3%. 
Recalculating equation 1 with the experimentally 
determined particle density and respective 
adjustment of the expansion factor n, led to a 
model behavior similar to experimental data.  

As described by van Deemter, height 
equivalents of theoretical plates grew with 
increasing viscosity and decreasing linear velocity 
(18). Figure 1 demonstrates what appears to be a 
certain velocity threshold, above which HETP 
takes on constant values for buffer with 0% and 10% 
glycerol. The predicted increase in HETP with 
increasing linear velocity and thus increased mass 
transfer resistance and reduced molecular 
diffusion, was not evident in the data, suggesting 
that the eddy diffusion becomes the predominant 
influence on HETP (14, 18). The lower the linear 
viscosity, the more sensitive the change in HETP 
to reductions in linear velocities becomes, which is 
coherent with published theory (14, 18). The 
dimensionless Bodenstein number Bo was 

calculated from the same data (eq. 7). Bo 
calculated here ranged from around 40 to 200. As 
for the determination of HETP, it becomes 
apparent that above a certain linear velocity the 
decrease in axial dispersion becomes negligible. 
This becomes less pronounced as viscosity 
increases. Comparison to literature data reveals 
most authors calculated values for Bo in the range 
of 30 to 70 using either different resin or different 
column diameter or both (13, 15, 19). The ratio of 
particle to column diameter influences 
hydrodynamic performance as well, according to 
(16). With dp/i.d. = 0.0071, the system utilized here 
should not be experiencing wall effects, according 
to the same author. To exploit the most favorable 
hydrodynamic conditions measured here, an 
expansion factor of 2 was maintained for the 
following experiments.  

Resin capacity 

Total ionic capacity of resin was determined 
after one, two, three and four adsorptions of BSA 
and subsequent regeneration, after five and ten 
purifications of target enzyme from unclarified 
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broth and for fresh resin. The aim was to 
determine the appropriate strength of the 
regeneration method. Being strong enough to 
quantitatively desorb all bound materials to the 
ligands, it must not be too strong to avoid ligand 
leaching and thus deterioration of binding capacity. 
Values for determined TIC showed large standard 
deviations. TIC for fresh resin (0.028 mmol g-1 
± 23.1%) matched roughly the data of the 
manufacturer (0.033 mmol g-1), if their volume 
based quantification was divided by the density 
supplied (3 g mL-1) (17). No influence of 
purification of either BSA or target enzyme on TIC 
was measured. Resin after BSA purification 
measured on average 0.026 mmol g-1 ± 18.6% 
and after target enzyme purification 0.033 mmol g-

1 ± 24.6%. To measure actual protein binding 
capacity as a function of regeneration cycles, the 
dynamic binding capacity of BSA was measured 
on fresh resin and after one and ten target enzyme 
purifications from unclarified broth. Average 
dynamic binding capacity at 5% breakthrough was 
16.5 mgBSA mL_media-1 ± 1.9% and no decrement 
was measured. This average dynamic binding 
capacity is about 66% of the value published by 
Bruce and Chase (25 mg mL_media-1), but fits in 
between the values published by Thömmes et al. 
(12-20 mg mL_media-1) (13, 19). 

Target enzyme purification from broth on lab scale 

Nomenclature: A total of 17 experiments were 
conducted at lab scale in two separate series. 
Experiments are identified as (i, j), with “i” for the 
series number and ”j” the cycle or experiment 
number 

At lab scale the column was refilled with fresh 
resin after the tenth purification of target enzyme 
from broth, marking the end of the first series 
(H0 = 25.5 cm). The second series, with 
experiments 2,1 to 2,7 was conducted on a 
different batch of broth (H0 = 26.8 cm). Target 
enzyme concentration in eluent fractions was 
measured with UPLC-SEC. Breakthrough 
concentrations varied from 0% to 120% with an 
average of 16% ± 30%. The normalized 
chromatogram for a singled out purification (2,6) is 

shown in Figure 3. The resin was loaded till 
c/c0 = 6%, losing 8.6% of total target enzyme 
loaded until the end of the wash phase, during 
which target enzyme continuously eluted with 
twice the purity of the feed at a concentration of 
roughly 19 ESU mL-1, compared to 528 ESU mL-1 
in the feed. The high purity at low concentration 
indicates that weakly bound molecules have 
nearly quantitatively left the column at the 
beginning of elution. During elution fractions with 
up to 5394 ESU mL-1 are eluted, roughly 10 times 
the feed concentration. Pooling the elution 
fractions with the highest product concentration 
and purity together leaves 220 mL of eluate 
containing 87.5% of total target enzyme loaded, in 
a purity of 5 times the feed purity, concentrated by 
a factor of 4.1.  

Dynamic binding capacity for target enzyme 
averaged 5249 ESU/mL_media ±17.5% in all 17 
lab scale purifications. The two series showed a 
difference in average dynamic binding capacity 
(1st series: 4644 ESU/mL_media ± 13.7% ; 
2nd series: 6112 ESU/mL_media ± 6.5%). No 
decline in dynamic binding capacity was detected 
for up to ten consecutive purifications from 
unclarified broth. Overnight storage in 0.01  M 
NaOH, led to an increase in dynamic binding 
capacity, whereas back to back purification 
generally led to a slight decrease in dynamic 
binding capacity. This was observed for the 1st 
series, purifying broth aged 32 to 40 days. The 2nd 
series was run on broth aged 6 to 12 days for the 
first five and 31/32 days for the last two 
experiments of the series and did not show an 
influence of storage time or back to back 
purifications.  

Change in linear velocity as a function of 
regeneration cycles 

Expansion to the same height H required an 
increase in u0 during equilibration from almost 
every purification to the next. The first experiment 
in the 1st series was conducted at 955 cm h-1 and 
the tenth at 1280 cm h-1. The 2nd series started 
with 516 cm h-1 and ended with 774 cm h-1.  
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Figure 3 - Normalized chromatogram of target 
enzyme purification from broth (purification 2,6) with 
expanded bed adsorption. Added relative recovery (x) 
and relative purity ( ) as measured by UPLC-SEC in 
the fractions of the eluent stream. Relativized by 
division through the maximum of the respective 
measured values. i.d. = 2 cm, H0 = 26.8 cm. 

In literature an increase in u0 has been 
attributed to the physical interlinking of resin beads 
by macromolecules such as DNA and RNA e.g. (7, 
20). However this behavior was not only seen for 
resin that had contact to unclarified broth. When 
the resin used for BSA dynamic binding capacity 
measurement was first expanded, 650 cm h-1 led 
to EF = 2. After six BSA cycles, 917 cm h-1 were 
necessary for the same expansion, without the 
resin coming into contact with broth. 

Scale up to pilot scale 

Two purifications of target enzyme from broth 
were conducted at pilot scale (H0 = 16.5 cm, i.d. 
10 cm), as in lab scale expanded to twice the 
settled bed height. Dynamic binding capacities of 
the two experiments differed around 50%, as the 
first did not show any breakthrough and the 
second a breakthrough concentration of 30%, 
when the load volume was doubled to 9 CVs. Main 
differences in the results of lab vs. pilot scale EBA 
were the low product concentration in the elution 
pool (56% and 85% of feed concentration) and 
their high purity (1.3 and 1.2 times the purity of 
pilot scale). The target enzyme yield in the elution 

pool of the 2nd pilot run is only half of the yield in 
the first due to the massive overloading. The 1st 
pilot’s yield is marginally higher, than the average 
lab scale yield. Product concentration in the 
elution pool of the 2nd pilot is roughly twice as high 
as in the 1st, but only half that of the average lab 
scale purification. 

4. Conclusion 

The target enzyme was successfully purified 
from unclarified broth by anion exchange 
expanded bed adsorption in a single step 
operation. The process strategy was evaluated for 
hydrodynamic performance and the effect of 
consecutive purification and regeneration cycles 
as well as broth age on process performance 
measured on lab scale. Performance of target 
enzyme purification from broth, evaluated by 
observing the dynamic binding capacity, yield and 
purity of the elution pool in consecutive cycles did 
not change. Up to 88% of total target enzyme 
loaded was recovered in the elution pool with a 
purity of more than 4 times broth purity. On 
average the elution pool contained the target 
enzyme in twice the feed concentration. Broth age 
between 6 and 40 days did not influence 
separation performance, but consecutive 
purifications led to a change in hydrodynamic 
behavior. Higher linear velocities of the mobile 
phase were necessary with each run to expand 
the resin bed to the same height. Literature data 
shows a decrease in dynamic binding capacity 
with increasing u0, which was not found in data 
recorded here (14, 19, 21-23). 

A reduction in linear velocity of the mobile 
phase was demonstrated to increase zone 
broadening, expressed by the height equivalent to 
a theoretical plate and axial dispersion expressed 
in the Bodenstein number. Residence time 
distribution analysis showed best separation 
conditions at high linear velocities and suspended 
resin expanded to twice its settled height.  No 
decrease on the total ionic capacity of the resin 
was measured after up to ten consecutive 
purification and regeneration cycles, indicating that: 
(a) no ligand leaches out and (b) the cleaning 
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method was effective in removing strongly bound 
components. This was also supported by a 
consistent dynamic binding capacity of bovine 
serum albumin at five percent breakthrough. Over 
the course of the experiments conducted no 
adverse effects on purification performance due to 
repetitive protein purification from broth have been 
observed. The process was scaled up to pilot 
scale and produced consistent results for 
purification efficiency. 

5. Symbols and abbreviations 

c (g/L or ESU/mL) Concentration measured at 
column outlet 

c0 (g/L or ESU/mL) Concentration of feed 
Daxl (m2/s) Axial dispersion coefficient  
dp (m) Particle diameter 
H (m) Height of expanded bed 
H0 (m) Height of settled bed 
i.d. (cm) Column inner diameter 
rcf relative centrifugal force 
TIC (mmol/g) Total ionic capacity 
u0 (cm/h) Linear velocity of mobile phase 
ut (cm/h) Terminal settling velocity 
 Voidage 
0 Voidage of settled bed 
 (g/mL) Density 
 (s) Standard deviation 
 (s) Mean residence time 

µ (cm2/s) Viscosity 
  
CV Column volume 
BSA Bovine serum albumin 
AEx Anion exchange 
EBA Expanded bed adsorption 
EF Expansion Factor 
EWB Elution and Wash Buffer 
ESU Enzyme specific units 
UPLC Ultra pressure liquid 

chromatography 
SEC Size exclusion chromatography 
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