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Abstract 
High-Throughput resin screening methodology was used with CaptoTM MMC, NuviaTM cPrimeTM, Fastline® MM Acid and 

Fastline® MM Basic mixed mode resins to investigate the purification of two aspartic proteases by Expanded Bed Adsorption (EBA). 
Batch kinetic experiments with enzyme 1 were performed at pH 4 and 5, 40 and 80mS/cm. Equilibrium for CaptoTM and NuviaTM 

was reached almost instantly. For EBA Fastline® resins the time needed to reach equilibrium was around 1 hour. Batch equilibrium 
experiments with enzyme 1 were developed to obtain the isotherm curves and fitted with the Langmuir model for different 
adsorption systems. At pH 5, the conductivities tested were 10, 20, 40 and 80mS/cm. The isotherms data revealed that with 
increasing feed conductivities both Fastline® resins exhibited higher binding capacities but less affinity towards the resin. MM Acid 
revealed promising conditions in terms of capacity at pH 5 and 80mS/cm while MM Basic revealed higher capacity at the same 
conductivity but higher affinity at 20mS/cm. DoE methodology was used to perform elution studies using MM Acid at pH 5 and 
80mS/cm as the adsorption system. The results showed a maximum enzyme recovery around 50% at pH 6.5 and 40mS/cm. From 
the surface response model it is suggested to proceed with further studies at higher salt concentrations. 

Enzyme 2 was only used to perform batch equilibrium studies at pH 5 and 80mS/cm using Fastline® MM Acid resin. This 
supports that more extensive resin selection studies should be performed as the isotherms revealed different equilibrium curves 
between the two enzymes. 

The current project was developed as the first stage of a methodological approach to the purification process development 
using expanded bed adsorption for the purification of industrial enzymes. 
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Introduction 
Recombinant DNA technology has enabled the expression 

of all kinds of valuable molecules in microorganisms (e.g., 
fungi, yeast and bacteria) and production at an industrial 
scale. These molecules are applied in a diversity of markets 
including: pharmaceutical, food and beverage, water 
treatment, and biofuels [1, 2]. Hereunder, the discussion will 
revolve on the specific subject of industrial fermentations and 
the production of industrially relevant enzymes. 

The conventional process for separation and purification 
of industrially produced enzymes consists typically of: (a) cell 
disruption, especially applicable to intracellular products, (b) 
solid-liquid separation, where biomass (i.e. cells, cell debris) 
and the target product dissolved in the liquid are separated, 
(c) clarification, where any remainder suspended solids are 
removed, (d) concentration, where the clarified liquid stream 
is concentrated, (e) purification, which englobes one or more 
steps specific to a given product and is dependent on the 
purity requirements of the final application and the 
impurities still present, and (f) formulation, where the 
product of interest can be blended with excipients that will 
stabilize it and prolong the shelf life. 

One of the most important aspects when purifying 
biomolecules is separating them from molecules that could 
potentially originate loss of product by exposure to oxidizing 
conditions or other broth components detrimental to its 
structural stability (e.g. proteases, glucosidases, etc.). It is 
important to remember that each additional purification step 
increases the likelihood of reducing the overall yield. The 
costs allocated to the different stages of the purification 

process can represent up to 80% of the total production cost, 
including the initial investment, operational time and overall 
yield, highlighting the necessity of reducing the number of 
sequential steps to a minimum [3]. Developing expanded bed 
adsorption based processes offers the possibility of 
performing multiple processing stages in one single step. 

Expanded bed adsorption (EBA) is a technology firstly 
reported around 1990 and was proposed as a single-unit 
operation able to integrate solid-liquid separation, target 
product capture, and concentration and purification, 
maintaining relatively high overall yields, and decreasing 
processing times [5, 6]. 

In the context of industrial fermentation processes, EBA 
will come to substitute the biomass removal steps 
conventionally done by either membrane filter press or 
centrifugation. EBA can be directly fed with the fermentation 
broth without the need for clarification. The target molecule 
will be captured effectively providing that the pH, ionic 
strength, and chromatographic resin have been properly 
selected. Depending on the chromatography mode (e.g., ion-
exchange, hydrophobic, etc.) the captured molecule will be 
eluted by either steps or gradients of the modifier agent(s) 
(e.g. salt concentration, pH). An EBA cycle follows the same 5 
steps of a packed bed chromatography: equilibrations, 
loading, wash, elution and regeneration [6, 7]. 

The main principles of expanded bed adsorption rely on 
the lower density of the feed particulates comparing to the 
adsorbent beads - creating the fluidized state and the 
consequent augmented voidage volume - and the strong 
interaction between the target molecules and the adsorbent 



Instituto Superior Técnico - DSM 

2 

ligands – ensuring the retention of the target molecule by 
adsorption. The main theoretical principle in EBA is the 
formation of a perfectly classified adsorbent bed with 
reduced axial mixing that englobes the adsorption power to 
retain the target protein while at the same time allowing the 
free flow of unwanted particulates through the void space 
between the adsorbent beads. It is from the profound 
understanding and thoughtful development of EBA processes, 
acknowledging the interdependence of fluidization quality, 
adsorption equilibrium and transport processes that a 
successful EBA-based process can be accomplished. 

Over the last two decades several EBA applications have 
been reported at academic level but almost none reached 
industrial scale. The only known large scale EBA based 
process is the purification of Chymosin expressed in 
Aspergillus niger by the company Chr. Hansen, which has 
been running for more than 15 years [8]. During the 1990’s 
and in recent years several research groups explored the 
potential of EBA to capture proteins from mammalian cells 
culture, namely monoclonal antibodies (mAb) [9-12]. 
Furthermore, EBA proved to be able to process shear stress 
sensitive cells such as hybridoma cells, guaranteeing 
extremely good levels of protein recovery and overall yield 
[10]. Another application for EBA was published by Xu, 
Hirpara and Epting where the suitability of EBA for processing 
high-concentration refold pools from E. coli cultures was 
explored [13]. 

The limitations identified that eventually delayed the 
development of EBA and its use on industrial purification 
processes were mainly related to engineering and resin 
property issues, namely hygienic design of the flow paths, 
stability of the expanded bed and the maintenance of an 
even flow distribution to achieve acceptable separation 
efficiency. These issues raised doubts regarding the 
robustness of the technology as well as its potential for 
industrial use [7, 13]. 

Aspartic proteases, also known as acid proteases, are 
commonly used in the cheese manufacturing industry due to 
its milk-clotting activity. In the presence of milk, they lead to 
the formation of curd and whey to subsequently produce 
cheese [2, 38]. They present a tertiary structure consisting of 
two symmetrical lobes to form the catalytic site that harbors 
two aspartic acid residues and through X-ray crystallography 
show mostly β-strands secondary structures [2]. They are 
most stable in a globular form. The family of aspartic 
proteases can be functionally classified as endopeptidases for 
they hydrolyze non-terminal peptide bonds. Some of the 
most well-known aspartic proteases include chymosin, 
cathexpsin and pepsin. The molecular weight of aspartic 
proteases ranges from 35 to 50kDa usually consisting of 320 
to 340 amino acid residues with an isoelectric point between 
3 and 4.5 and an optimal pH range of 2-7. [39, 40]. 

Materials 

Aspartic Proteases 

Two aspartic proteases were used in the current project. 
Enzyme 1 has a molecular weight of 35.6kDa and an 
isoelectric point of 4.2. Enzyme 2 has an isoelectric point of 
4.0 and a molecular weight of 38.7kDa. The samples of 
enzyme 1 and enzyme 2 were analyzed in UPLC and HPLC 
systems, respectively. The enzyme solutions were diafiltrated 
using Millipore Centrifugal Filters Amicon Ultra-15 (molecular 
weight cut-off 3kDa) with a buffer change to the desired 
conditions. The diafiltration step included 2 cycles of 

centrifugation for 45min at 4000rpm and re-suspension of 
the concentrate solution with the respective buffer. 

After the preparation of the initial samples, the solutions 
were analyzed through UPLC and HPLC. Both samples 
presented one clear sharp peak and low molecular weight 
components in the formulation. Enzyme 1 presented two 
peaks on the right side of the chromatogram. Given the area 
and shape of these secondary peaks, it suggested a high 
concentration of small components. The chromatogram for 
enzyme 1 also shows some minor peaks indicating the 
presence of bigger components as these are situated on the 
left of the enzyme peak. Enzyme 2 chromatogram only 
exhibits small secondary peaks, which indicates a higher 
purity given that the enzyme peak represents a bigger 
percentage of the total area. 

Chromatographic Resins 

The resins used in the experiments were all mixed mode 
adsorbents. Two of them are only commercialized for packed 
bed chromatography, CaptoTM

 MMC and NuviaTM cPrimeTM, 
while the other two are specifically designed for expanded 
bed adsorption applications, Rhobust Fastline® Basic and Acid. 

The CaptoTM MMC adsorbent (GE Lifesciences; Lot 
10228863) consists on beads with a highly cross-linked 
agarose base matrix with a mean diameter of 75μm and a 
ligand density of 80mmol/Lresin, according to the data sheet 
provided by the manufacturer. The ligand comprises several 
potential functional groups for adsorption of biomolecules 

mainly a phenyl structure (pKa  36.5) for hydrophobic 

interaction and a carboxyl group (COOH; pKa  4.0) that 
works as a weak cation exchange. On top of these ones, it 
also includes functional groups for hydrogen bonding and 
thiophilic interactions (sulfur atom). The adsorbent NuviaTM 

cPrimeTM (Bio-Rad; Cat #156-3402) presents the same 
functional groups except for the Sulphur atom associated 
with thiophilic interactions. Its beads are composed by a 
macroporous highly cross-linked polymer with a mean 
particle size of 70μm and a ligand density around 
65mmol/Lresin, according to the information made available 
by the manufacturer. Both these resins were stored on 20% 
v/v ethanol with MilliQ water. 

The Rhobust Fastline® adsorbents (UpFront 
Chromatography) integrate an ultrahigh-density (15.5g/cm3) 
tungsten carbide core that represents 10-15% of the total 
bead volume with a matrix composed of cross-linked agarose 
which results in a bead density of 2.5-3.0g/cm3

.  The 
adsorbent Rhobust Fastline® MM Acid ligand comprises a 
phenyl group and a carboxyl group that provide the function 
of hydrophobic and weak cation exchange adsorption mode. 
Additionally, it comprises a sulfur atom responsible for 
thiophilic interactions. The beads present a mean particle size 
of 170μm. The resin was stored in 14% NaCL 0.2M sodium 
acetate at 2-8°C. The Rhobust Fastline® MM Basic contains as 
functional groups a phenyl group responsible for hydrophobic 
interactions and a secondary amine that gives the anion 
exchange functionality. It presents a mean bead size of 
220μm and it was stored in a 14% NaCL 0.2M sodium acetate 
solution at pH 5 and 2-8°C. Both Rhobust Fastline® adsorbents 
present a ligand density of 57mmol/Lresin, according to the 
manufacturer. 

Buffer Solutions 

All the buffers were prepared using MilliQ water in plastic 
bottles of 2L determining the volume by weight (ρ=1g/mL). 
The buffers were prepared 2-3 days before the experiments 
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were performed. The salts were weighed with a 0.1% margin 
of error and dissolved in 80% of the final volume by 
mechanical stirring. To adjust the pH and conductivity of the 
buffers, KCl, NaOH and HCl were added based on 
measurements with a pH and conductivity meter with a 10% 
tolerance. 

Methods 

Kinetic Adsorption Experiments 

Kinetic adsorption tests were carried out to study the 
enzyme’s adsorption over time. The main goal of this set of 
experiments was to define the needed time to reach 
adsorption equilibrium. All the experiments were performed 
at 25⁰C and each point was taken in duplicate. The buffers 
used were formate buffer at 5mM and pH 4 complemented 
with potassium chloride to achieve conductivities of 5, 40 and 
80mS/cm. The experimental protocol was adapted from the 
Bio-Rad user guide and performed in 96-well microplates. 
Only one resin per plate was used to ensure minimal cross 
contamination and the duplicates were placed in the same 
plate to reduce plate-to-plate variability. The use of 
microtiter plates allowed for a high throughput screening and 
minimal variability between different tests. 

The kinetic studies were performed by adding 300µL of 
the enzyme solution into a given well in the microfilter plates 
(UNIFILTER WhatmanTM GF/F; 800μl polystyrene long drip; 
GE LifeSciences) and incubating for 10min at 1100rpm. After 
10min, a new sample was inserted in another well until the 
one-hour mark of incubation was reached for the first placed 
samples. If needed, additional intermediate points were 
taken by reducing the time between samples addition. All the 
samples were added to the plates almost simultaneously 
using multi-channel pipettes to minimize potential deviations 
on the incubation time. After the 60min mark, the 
microplates were centrifuged for 2min at 300g forcing the 
liquid to pass through the filter and allowing the flowthrough 
solution containing the unbound enzyme to be collected in a 
collection plate (UNIFILTER; 650µL polystyrene flat bottom; 
GE LifeSciences). This solution was then analyzed to measure 
the unbound enzyme’s concentration. Prior to the sampling 
stage, 7.8µL of resin was inserted into the microfilter wells 
and equilibrated with the respective buffer solution by adding 
300µL of the buffer, incubating for 2min at 1100rpm and 
removing the buffer by centrifugation for 2min at 300g. The 
equilibration step was repeated 3 times. 

The adsorbed protein activity was calculated by an 
activity balance (1): 

𝑪𝒊𝑽𝒊 = 𝒒𝑽𝑹 + 𝑪𝑽𝑭𝑻 (1) 
Where Ci is the initial enzyme activity before adsorption 

(IMCU/mL), Vi (mL) is the sample volume loaded (considered 
the same as the flowthrough volume VFT), meaning 
evaporation is considered negligible. C (IMCU/mL) is the 
enzyme activity in the flowthrough solution, VR (mL) is the 
resin volume and q (IMCU/mLresin) is the adsorbed enzyme. 

Batch Adsorption Experiments 

The batch adsorption experiments were conducted at pH 
4 and 10, 20 and 40mS/cm. At pH 5 the conductivities tested 
were 10, 20, 40 and 80mS/cm. The isotherms were developed 
with an initial solution 7.5x diluted from the stock solution. 
Complementary data was produced at pH 5 with a 2x diluted 
feed concentration from the stock solution. The buffering 
agent was sodium benzoate (pKa 4.2) at pH 4 and sodium 
citrate (pKa 4.76) at pH 5, both at 20mM. Potassium chloride 

was used to correct the conductivity with a conductivity 
meter (sensION+ EC71 GLP) and pH was corrected with the 
addition of hydrochloric acid (pH meter MeterLab PHM 240). 
The incubation time, determined from the kinetic data was 
fixed at 2h and the mixing was set at 1100 rpm. The 
isotherms experiments were developed by using 96wells 
microtiter plates where 7.8μL of the respective resin were 
inserted. The equilibration was performed as described in the 
previous section. All the samples were added to the plates 
almost simultaneously using multi-channel pipettes 
minimizing potential deviations on the incubation time. 

The isotherms with enzyme 2 were performed at pH 5 
and 80mS, with the same buffers as for enzyme 1. The 
experimental procedure was as described in the paragraph 
above. The initial feed solution was 2x diluted from the stock 
solution. 

Langmuir Model 

The Langmuir model is a two parameter model developed 
with four basic assumptions underlying the fitting of the 
Langmuir model to an adsorption isotherm [34]: (1) all 
binding sites are equivalent, distinguishable and 
independent, (2) each solute molecule can only bind with one 
singular binding site, (3) the adsorbed solutes do not interact 
with one another in a manner that influences their 
adsorption behavior, and (4) the adsorption process must 
represent a dynamically reversible process. For a given 
system that fulfills these conditions, the model can be fitted 
to the experimental isotherms data according to the 
Langmuir equation (2) [36]. 

𝒒 = 𝒒𝒎á𝒙

𝑲𝒆𝒒𝑪

𝟏 + 𝑲𝒆𝒒𝑪
 (2) 

Where Keq is the equilibrium constant, C is the 
concentration of the product in equilibrium and qmáx is the 
maximum binding capacity. 

Elution Studies 

Surface Response Design-of-Experiments (DoE) 
methodology with a Central Composite design was employed 
in the elution studies using the software Design Expert® 9.0.3. 
The boundary conditions for the pH were 4.5 and 6.5. The 
upper and lower boundaries for the conductivity were 10 and 
40mS/cm. 13 runs permitted that all the combinations of pH 
and conductivity to be tested at least once and 5 center 
points were taken to assess variability.  The buffers were all 
prepared with sodium citrate (20mM) complemented with 
potassium chloride to correct the conductivity and 
hydrochloric acid to correct the pH. 

The adsorption stage was performed at pH 5 and 
80mS/cm. The experimental procedure until the adsorption 
stage was as described in the section above. After the 
adsorption stage and collection of the unbound enzyme 
solution, two wash cycles were performed by adding 300μL of 
wash buffer to the wells, incubating for 2 minutes at 1100rpm 
and centrifuging for 2 minutes and 300g. The wash buffer 
used was the same as the equilibration buffer. After each 
centrifugation, the solution was collected and stored for 
analysis. After the wash, three elution cycles were performed 
on each well that consisted on the addition of 300μL of the 
respective elution buffer, incubation at 1100rpm for 2 
minutes and centrifugation at 300g for 2 minutes. After each 
centrifugation step the flowthrough solution was collected in 
independent collection plates for further analysis. 
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Analytical Methods 

To quantify the enzymes activity two analytical methods 
were initially tested with enzyme 1 and compared in order to 
define the more appropriate one taken into account all the 
assumptions made in the method’s development. One was 
developed in-house and was based on the enzyme’s milk 
clotting activity and the other was ultra-high pressure size 
exclusion liquid chromatography (UPLC-SEC), a method 
developed taking into account the molecular weight of the 
enzyme. After comparing the results and taking into account 
each method’s limitations, further quantification of enzyme 
was performed using UPLC-SEC method. Although the activity 
assay provided a more direct measurement of the enzyme 
activity, the values comprised in the reference line were too 
narrow for proper analysis. Enzyme 2 activity was determined 
using HPLC-SEC. 

For the UPLC-SEC method, the samples were loaded to a 
Waters Acquity® ultrahigh pressure liquid chromatography 
system (UPLC) equipped with a 1.7μm pore diameter size 
exclusion chromatography (SEC) column and 2.5mL column 
volume (4.6x150mm). The mobile phase was vacuum filtered 
(NalgeneTM RapidFlowTM; 0.45μm polyethersulfone 
membrane; ThermoScientific) phosphate buffer 0.1M at pH 
6.8 and a sample loop volume was set at 2μL. A constant 
flowrate of 0.4mL/min was used that resulted in pressures 
around 300 bar. The samples were cooled to 8°C while the 
mobile phase and the column were at room temperature. 
The chromatograms had a time interval of 10min and were 
recorded by UV-absorption at 220, 260 and 280nm detecting 
peptide bonds, nucleotide bonds and aromatic amino acids 
respectively. All the samples and standards were prepared 
previously using Whatman® syringless filter vials 
(MiniUniprep; PTFE Filter Media) with 0.45μm pore size to 
remove any particulates in the samples. The weak needle 
wash buffer and the strong needle wash buffer were MilliQ 
water frequently renewed. The column was stored in 20% v/v 
methanol in MilliQ water. Gel filtration molecular weight 
standards (Bio-Rad) were used to determine enzyme 1 peak. 
It contained five different weight markers ranging from 1.35 
to 670 kDa. The standards were prepared by adding 0.5mL to 
each vial, mixing gently and being left on ice for 2-3 minutes. 
Afterwards the mixture was agitated again and 100µL were 
diluted in 300µL of MilliQ water, filtrated (MiniUniprep; PTFE 
Filter Media) and placed for analysis. 

In the HPLC-SEC method, the samples were loaded into 
an Ultimate® 3000 high performance liquid chromatography 
system (HPLC) equipped with a silica based column TOSOH 
TSKgel G3000SWxl (7.8x300mm). The column had a mean 
particle size of 5μm with a mean pore size 250Å. The mobile 
phase was vacuum filtered (NalgeneTM RapidFlowTM; 0.45μm 
polyethersulfone membrane; ThermoScientific) phosphate 
buffer 0.1M at pH 6.8 and a sample loop volume was set at 
10μL. The flow rate was set at 1.0mL/min resulting in system 
pressures around 45bar. The samples were placed at 10ᴼC 
while the column was incubated at 21ᴼC. The chromatograms 
had a time interval of 20min and were recorded by UV-
absorption at 220, 260 and 280nm detecting peptide bonds, 
nucleotide bonds and aromatic amino acids respectively. All 
the samples and standards were prepared previously using 
Whatman® syringless filter vials (MiniUniprep; PTFE Filter 
Media) with 0.45μm pore size to remove any particulates in 
the samples. The weak needle wash buffer was MilliQ water 
frequently renewed and the strong needle wash buffer was 
20% v/v ethanol frequently renewed. The column was stored 
in 20% v/v ethanol in MilliQ water. The gel filtration standard 
used was the same as the UPLC system. 

Results and Discussion 

Adsorption Uptake Curves 

The adsorption kinetics studies were performed at pH 4 
with conductivities of 5, 40 and 80mS/cm. During the 
diafiltration stage in the preparation of the samples at 
5mS/cm precipitation was observed. Precipitation resulted in 
a decrease of the target molecule liquid phase concentrations 
to values below the detection limit therefore no data at 
5mS/cm and pH 4 is shown. 

Figure 1 presents the adsorption uptake data obtained at 
pH 4 for four multimodal adsorbents at conductivities of 
40mS/cm (Fig 1A) and 80mS/cm (Fig 1B). The data shows 
adsorption equilibrium is reached almost instantaneously for 
the NuviaTM cPrimeTM and CaptoTM MMC resins, regardless of 
the feed conductivity. 

In the case of the EBA resins the data shows that 
adsorption kinetics are faster for the MM Basic compared to 
the MM Acid independent of the conductivity of the feed, 
although at 80mS/cm that difference is smaller. Nonetheless, 
both EBA resins show a lower adsorption uptake rate 
compared to the packed bed resins. Adsorption kinetics 
depends on differences in the net mass transfer rates. These 
rates are influenced by the characteristic times of external 
mass transfer, pore diffusion, kinetic resistance to binding 
and adsorbed phase diffusion [43]. Assuming that mixing at 
1100rpm was sufficient to induce vortexes in the system, the 
transfer from the bulk liquid to the particle surface should be 
relatively fast, leaving diffusion based transport and 
resistance to binding as the rate limiting steps [43]. Pore 
diffusion occurs already inside the pores of the stationary 
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Figure 1 - Adsorption uptake curve at pH 4. (A) Conductivity 
40mS/cm. (B) Conductivity 80mS/cm. The initial activity was 
measured with each adsorbent and the average was used for all 
adsorbents. 
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Figure 2 - Adsorption isotherms for enzyme 1 and all adsorbents at 
pH 4 and conductivities 10mS/cm (A), 20mS/cm (B), and 40mS/cm 
(C) with the line fitted according to the Langmuir model. The model 
was adjusted using the Solver GRG Non-linear and the Evolutionary 
algorithm. 

phase without interaction with the pore walls (e.g. 
electrostatic interaction in ion exchange or van der Waals 
forces in hydrophobic adsorption). Diffusional transport is a 
function of the diffusion coefficient of a given component and 
the diffusion length, assuming the pores are sufficiently large 
for the walls interactions to be neglected. Diffusion length 
depends on the particle diameter which in the case of the 
EBA absorbents is a mean particle size of 170µm for MM Acid 
and 210µm for the MM Basic, which doesn’t explain the 
slower uptake rates of MM Acid compared to MM Basic. 
Accordingly, EBA resins are roughly 2-3 times larger than the 
average particle size of the NuviaTM cPrimeTM and CaptoTM 
MMC resins which will translate to slower net mass transport 
and transfer rate. By excluding the external mass transfer and 
the pore diffusion contributions in adsorption kinetics and 
assuming similar adsorbed phase ratios diffusion rates for 
both EBA resins, only pore wall interactions and binding 
resistance might explain the slower adsorption rate shown 
for MM Acid. The EBA MM Basic has a positive net charge at 
pH 4 while the MM Acid is negatively charged, since the pKa 
of the carboxyl attached the ring structure is around 4. Given 
that the isoelectric point of the enzyme 1 is around 4.7 it 
would have greater interactions with the MM Acid resin. 
Enzyme adsorption along the pore wall can reduce 
significantly the pore volume available for diffusion therefore 
slowing the pore diffusion rates. This statement is backed by 
the adsorption kinetics data for both EBA resins at 80mS/cm. 
At such a high conductivity, electrostatic interactions do not 
have any effect in the adsorption reaction which results in an 
almost similar adsorption rate for both resins. 

Finally, based on the kinetic data an incubation time of 2 
hours was deemed sufficient to reach equilibrium and thus 
was fixed as contact time for the batch adsorption isotherm 
experiments. 

Isotherm Analysis for Enzyme 1 at pH 4 using single 

component Langmuir model 

Figure 2A presents the results obtained at a load 
conductivity of 10mS/cm. Full saturation was not reached for 
any of the resins. Nonetheless, based on the overall trend of 
the data it is plausible to assume that neither resin will have a 
saturation adsorption capacity higher than 1000 mg/L resin. 
EBA resins data shows these to have a more favorable 
isotherm curve as the adsorbed activity (q) is higher for the 
liquid concentrations shown. 

Figure 2B presents the results obtained at a loading 
conductivity of 20mS/cm. The data shows that at this 
conductivity the adsorption behavior of enzyme 1 is 
comparable for all the adsorbents tested. The Fastline® MM 
Acid reveals a more concave curvature. At lower 
concentrations, the increase in adsorbed enzyme (q) as a 
function on Ceq is more accentuated. As the liquid 
concentration increases the data begins to exhibit a slight 
curvature, indicating that saturation is being reached. 
Although the data doesn’t show the plateau stage, MM Acid 
seems to be the one with inferior maximum binding capacity. 
For all the other resins the data shows linear isotherms with 
no saturation visible. A linear isotherm implies that higher 
enzyme feed concentrations are needed for the same amount 
of enzyme to be adsorbed. In contrast to a concave isotherm, 
a liner isotherm means lower affinity for a given adsorbate 
towards a given ligand. Compared to the adsorption at 
10mS/cm, loading at 20mS/cm results in an increase in the 
saturation capacity of all adsorbents tested. For the non-EBA 
resins, the increase conductivity allows them to exhibit 

results closer to the EBA resins. At 10mS/cm the theoretical 
dominant mechanism for adsorption is via electrostatic 
interactions. The changes in the isotherms as a result of an 
increase in ionic strength suggest that other adsorption 
mechanisms besides the ionic-exchange one are favored. 
These mechanisms might include hydrophobic interaction, 
hydrogen bonding, among others [32, 44]. 

Figure 2C shows the adsorption data obtained at a 
loading conductivity of 40mS/cm. The data shows that at this 
feed conductivity the affinity of enzyme 1 onto NuviaTM 
cPrimeTM, CaptoTM MMC and MM Acid significantly increased 
compared to the MM basic ligand, based on the slope of the 
adsorption data. The MM Basic data exhibits a sharp concave 
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isotherm with an apparent saturation capacity around 
2500mg/Lresin. All the other resins display higher affinity (i.e. 
sharper slope) and higher capacity, although exhibiting a 
linear isotherm. At this conductivity, the contribution to the 
overall adsorption rate of electrostatic interactions based 
mechanisms should be negligible while the contributions 
from mechanisms like hydrophobic interaction becomes 
more predominant. The balance between these mechanisms 
is a strong function of the ligand design [32]. The increase in 
the affinity of enzyme 1 for the NuviaTM cPrimeTM, CaptoTM 
MMC and MM Acid ligands suggests that adsorption at pH 4 
to these ligands and relatively high conductivity (high salt) 
likely occurs mostly by non-ionic exchange mechanisms. 
Interestingly, while the ligand design of CaptoTM, NuviaTM and 
MM Acid is quite different the adsorption affinity of enzyme 1 
to them at pH 4 and 40mS/cm is practically the same, since 
their corresponding adsorption data overlaps. It is important 
to mention though, that overlapping does not mean that the 
saturation capacity will be comparable. In this case 
comparing saturation capacities is not feasible since it was 
not achieved in the range of feed concentrations tested. Even 
though saturation was not attained, the data suggest the 
saturation capacity of CaptoTM, NuviaTM and MM Acid is 
higher at 40mS/cm compared to loading at 20 and 10mS/cm. 
Although revealing an inferior capacity and affinity to the 
enzyme compared to the other resins, MM Basic also 
increases its capacity and affinity as conductivity increases. 
Comparing to the results at 20mS/cm, a clear shift in 
adsorption mechanisms is visible given the change in the 
graphs. As the conductivity doubles to 40mS/cm, the balance 
between the several possible mechanisms affects negatively 
the MM Basic compared to others. 

The Langmuir model is a two parameter model where 
qm;ax is related to the saturation stage and Keq models the 
curvature of the isotherm as well as the maximum binding 
capacity. The more the data approximates a linear trend, the 
bigger the uncertainty of the model due to the assumption 
that the system should reach a plateau, representing the 
saturation stage. Consequently, the data for the non-EBA 
resins at 20 and 40mS/cm presented a big uncertainty. 
Similarly, the estimation for MM Acid at 40mS/cm also 
revealed itself as unreliable, mainly regarding the parameter 
Keq. Taking this into account, the adsorbent exhibiting the 
highest binding capacity was the MM Acid at 40mS/cm 
(6070.17mg/mLresin). For all the adsorbents, except MM Basic 
resin, qmáx increased with higher conductivities. MM Basic 
revaled higher capacity at 20mS/cm. For a better estimation a 
complete isotherm curve, with higher equilibrium 
concentrations, would be required. 

Isotherm Analysis for Enzyme 1 at pH 5 using single 

component Langmuir model 

The initial results obtained at pH 5 for all the adsorbents 
did not allowed for an estimation of the maximum adsorption 
capacity for any of the adsorbents, excepting for the NuviaTM 
cPrimeTM, as the saturation stage was never reached. The 
Nuvia resin revealed a worse performance than all the rest at 
all the conductivities tested. In order to assess the maximum 
equilibrium adsorption capacity new isotherms experiments 
were performed at higher initial concentrations for the EBA 
resins. The scope of this project is to purify aspartic proteases 
by expanded bed adsorption. As the non-EBA resins 
performance was not significantly better than the EBA ones, 
the two Fastline® resins were selected for further work. The 
results are presented in figure 3. 

At first sight, the data reveals a curvature in all the 
graphs. At 10mS/cm the resin Fastline® MM Basic reveals a 
better isotherm curve than the MM Acid. From the slope at 
lower equilibrium concentrations it is possible to conclude 
that MM Acid has higher affinity towards the resin. 
Nonetheless, the data at higher concentrations reveals a 
higher equilibrium adsorption capacity for the MM Basic. 

The data presented in figure 3B suggests MM Acid as the 
resin with the highest binding capacity. The MM Basic 
exhibits the highest affinity towards the enzyme. It is possible 
to assume that the resin MM Basic presents a more favorable 
isotherm shape. Comparing with the data at 10mS/cm, the 
binding capacity appears to be slightly higher at lower 
conductivity for MM Basic. For MM Acid the data is not 
conclusive. 

The data presented in figures 3C and 3D exhibits the 
same trend as the ones before, as the MM Basic resin data 
reveals higher affinity for the enzyme (i.e. steeper initial 
slope) and higher equilibrium adsorption capacity. Despite 
the curvature, no definitive conclusions can be taken 
regarding the binding capacity. Both adsorbents exhibit a 
more favorable isotherm curve at lower conductivities 
although higher binding capacities seem to be achieved at 
higher conductivities. 

Looking at the results exhibited in figure 3, the data 
supports the theory [32, 44]. At low conductivities, where 
electrostatic interactions play an important role in adsorption 
reaction, the MM Basic reveals a more favorable equilibrium 
curve, probably due to its secondary amine positively 
charged. As the enzyme is negatively charged (IP ≈ 4.2), 
charge attraction increases the affinity for the resin. At 20 
and 40mS/cm, the possibility of adsorption through several 
mechanisms (i.e. electrostatic interactions, hydrophobic 
interactions, thiophilic interactions and hydrogen bonding, 
among others) dictates a less favorable isotherm curve but 
possible slightly higher capacity. In agreement with the 
results at pH 4 (figure 2), the data at pH 5 suggests higher 
adsorption capacity is observed at 80mS/cm, where the 
adsorption mechanism should be purely hydrophobic. In this 
case, the more exposed phenyl structure in MM Basic might 
allow better binding. 

The Langmuir model confirms the visible trend that with 
increasing conductivity it is observed an increase in binding 
capacity (qmáx). For MM Basic this trend is even more 
pronounced as the parameter qmáx at 80mS/cm (144.2g/Lresin) 
is 3.5 times higher that the estimation at 40mS/cm. MM Basic 
reveals a slight deep in binding capacity at 20mS/cm, unlike 
MM Acid, which might indicate the negative contribution of 
other mechanisms opposing to electrostatic interactions. For 
MM Acid the maximum binding capacity is also reached at 
80mS/cm with 67.9g/Lresin. Interestingly, the estimated 
parameter Keq presents the opposite behavior as it indicates 
higher affinity at lower conductivities. For MM Basic it peaks 
at 20mS/cm (0.0377mg/Lresin) while for MM Acid it peaked at 
10mS/cm but presented a high degree of uncertainty. It is 
important to note, by looking at figure 3, that the absence of 
intermediate points to support the model shaping the 
curvature may contribute for a higher uncertainty in the 
estimations.  

Enzymes 1 Isotherms Discussion 

At pH 4 and 10mS/cm, both Fastline® resins tested 
exhibited a much higher affinity for the enzyme. This means 
that lower enzyme concentrations in the liquid phase are 
required for the same amount of enzyme to bind. At this pH 
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enzyme 1 has a slightly positive net charge (PI ≈ 4.2). MM 
Acid contains a carboxyl group (pKa ≈ 4.0) while MM Basic 
englobes a secondary amine (pKa ≈ 36.5) in its ligand 
structure. Given the positive net charge of the enzyme and 
the amine, binding should not occur at 10mS/cm due to 
charge repulsion. Although the net charge is positive, the 
enzyme surface should have positive and negatively charged 
regions, depending on its amino-acid sequence. In fact, the 
distribution between positive and negatively charged regions 
should be fairly equal given how close the pH is to the 
isoelectric point. On the other hand, the pH is also close to 
the carboxyl group pKa, meaning, from the definition, only 
approximately 50% of the molecules are negatively charged. 
The combination of these effects might allow for both 
enzymes to present similar affinity. Both non-EBA resins 
present a lower affinity compared to the EBA ones but similar 
between them. As both contain a carboxyl group in their 
structure, the positive charges in the enzyme surfaces should 
be attracted to the negative charges in the carboxyl group. As 
this not happens, other interactions might decrease the 
affinity between the enzyme and the resins. As explained 
before, the proximity between the pH, the isoelectric point of 
the enzyme and the pKa of the carboxyl might affect 
electrostatic interactions. Additionally, the complexity of both 
non-EBA resins ligands, that present secondary amines in 
their structure, should create charge repulsion. As the pKa of 
the ligand molecules is unknown, the pKa of the carboxyl 

group is taken as an approximation that might not be true, 
therefore the net charge of the ligands could be positive. 
Interestingly, although presenting lower affinity for the resin, 
non-EBA resins reveal higher capacity. Enzymes are relatively 
big molecules. Depending on salt concentration, pH, amongst 
other factors, enzymes can change their conformation (e.g. 
globular, linear, etc.). As non-EBA resins present a bigger 
ligand structure, the “shielding effects”, consequence of the 
enzyme size and multi-point binding, might not be as 
extensive. Additionally, these resins have a higher ligand 
density that contributes to higher binding capacities. 
Although no information is known about the porosity of the 
resins, it is important to mention the effects of porosity on 
binding capacity. Given the large size of the enzyme, bigger 
pores allow for more penetration in the matrix, therefore 
allowing for the enzyme to reach more binding spots. To 
further understand the effects of porosity in binding 
capacities, especially to better comprehend the differences 
between non-EBA and EBA resins, further studies would have 
to be performed. 

When the conductivity doubles to 20mS/cm, the binding 
capacities increased for all the four adsorbents. Interestingly, 
MM Basic had a drastic change in the curve as it moves away 
from a favorable isotherm shape to a more linear data trend. 
This translates into a sharp decrease in Keq, hence showing 
lower affinity for the enzyme. Contrarily, MM Acid 
accentuates its favorable isotherm curve. From the 
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Figure 3 - Adsorption isotherms for enzyme 1 and all adsorbents at pH 5 and conductivities 10mS/cm (A), 20mS/cm (B), 
40mS/cm (C), and 80mS/cm (D) with the line fitted according to the Langmuir model. The model was adjusted using the 
Excel add-in Solver using the GRG Non-linear algorithm for the first fitting and the Evolutionary algorithm to improve the 
fitting. To monitor the fitting, the sum of squared errors (SSE) was used. 



Instituto Superior Técnico - DSM 

8 

parameters obtained by fitting the Langmuir model to the 
data, MM Acid reveals a much higher Keq that can be 
translated as showing higher affinity towards the enzyme. 
This difference between the EBA resins, result of the increase 
in conductivity to 20mS/cm, is extremely interesting but 
difficult to justify. At this conductivity, the prevalent 
mechanism of adsorption is hard to define. At 10mS/cm, 
electrostatic interactions are the main adsorption 
mechanism. At 20mS/cm, other mechanisms start to become 
more prevalent (e.g. thiophilic interactions, hydrogen 
bonding, among others) for the equilibrium between them 
and their effects is more difficult to analyze. Nonetheless, as 
the affinity drops for all the adsorbents, it is possible to 
assume that electrostatic interactions contribute to higher 
affinities. One important aspect is the uncertainty associated 
with the parameters obtained. As the data for the non-EBA 
resins and the MM Basic exhibits a linear trend, the Langmuir 
model is not able to fit the curve completely given that it is 
characterized by the assumption that the isotherms reach a 
saturation curve. As this does not happen, the uncertainty 
associated with the parameters obtained is quite elevated 
and higher concentrations would have to be tested until the 
saturation phase. 

At 40mS/cm, pure hydrophobic adsorption mechanisms 
should be the main factor. Here, CaptoTM MMC and NuviaTM 
cPrimeTM exhibited a linear trend, making it impossible to fit 
the data to the Langmuir model. Nonetheless, it’s possible to 
assume a higher binding capacity for both resins with an 
affinity, based on the slope, inferior to MM Acid. 
Interestingly, the MM Basic is again the resin showing the 
biggest differences with the conductivity. As the conductivity 
changes, also the conformation of the enzyme changes [44]. 
From the data, the extended ligand structure of non-EBA 
resins and the higher ligand density allows for higher 
capacities. These elongated structures also contribute to 
decreasing the diffusional distances that can translate into 
higher affinity. As stated before, these resins also present 
higher ligand density that surely contributes to higher 
capacities. The sharp curvature shown by MM Basic, 
indicating lower capacity and affinity towards the resin, 
presents a challenge to explain. As all the adsorbents have a 
phenyl group responsible for hydrophobic interactions, and 
MM Basic has a more exposed one, it was expected similar 
capacity to the MM Acid. Similarly, as the phenyl group is 
more available, the affinity should be higher. At this 
conductivity, any charge repulsion should not have any 
contribution towards adsorption equilibrium. In general, all 
adsorbents revealed higher adsorption capacities at high 
conductivities but lower affinities. This is possibly dependent 
in the adsorption reaction. 

At pH 5, enzyme 1 presents a negative net charge. Given 
that saturation was not reached at the first concentrations 
levels tested, higher concentrations data points were needed 
to better understand the adsorption equilibrium. Regardless, 
it is easy to conclude that the binding capacities were higher 
for all the adsorbents at pH 5 and all the conductivities 
tested. Inversely, the parameter Keq obtained was smaller. As 
the scope of this project is to purify aspartic proteases via 
expanded bed adsorption, further work was developed on 
the EBA resins in order to add the points needed for a good 
fitting by the Langmuir model for only the results of the EBA 
resins will be discussed hereunder. 

At 10mS/cm, electrostatic interactions are the main 
adsorption mechanism in charge of equilibrium. Here, the 
carboxyl group and secondary amines should function as the 
main contributors for enzyme adsorption. At pH 5, the 

carboxyl group should be negatively charged (pKa ≈ 4.0) while 
the amines will always be positively charged (pKa ≈ 36.5). At 
low conductivities, MM Basic reveals a higher capacity then 
MM Acid although the latter presents a higher Keq that can be 
translated into higher affinity given that the curve exhibited 
by MM Acid has a higher slope at lower concentrations. It is 
important to state the lack of fit of the model to properly 
shape the curve as some intermediate points would have to 
be taken for the model to better adjust. As a result, the 
degree of uncertainty is quite high. Nonetheless it is possible 
to observe a much more favorable adsorption isotherm curve 
at low conductivities. The presence of a secondary amine in 
the MM Basic ligand structure justifies the higher capacity 
although the reason why MM Acid appears to have higher 
affinity with the resin is unclear. The charge repulsion 
between the negatively charged carboxyl groups present in 
the MM Acid ligand structure and the enzyme should 
negatively affect the capacity as it happens, although that 
doesn’t translate into lower affinity. The contribution of 
thiophilic interactions into adsorption is a factor difficult to 
quantify but they should play a significant role, as the 
isotherms changes a lot when the conductivity doubles. 
These type of interactions usually occur at mild conditions in 
terms of salt concentrations and pH [45]. 

At 40 and 80mS/cm, purely hydrophobic interactions 
should be the prevalent adsorption mechanism. Looking at 
ligand structures, the much higher capacities shown for MM 
Basic at 80mS/cm are possibly related to the more exposed 
phenyl group. Interestingly, the same differences aren’t 
observed at 40mS/cm, where MM Acid still presents a higher 
capacity than MM Basic. This suggests that some mechanisms 
contributing for the adsorption at 40mS/cm do not have the 
same influence when the conductivity is doubled. As stated 
before, when hydrophobic adsorption occurs, the resins show 
higher capacities. This might be due to conformational 
changes in the enzyme given the high salt concentrations or 
the decrease in multipoint binding via hydrophobic 
interactions. 

Resin Selection 

The batch equilibrium experiments provide the isotherm 
curve from where it is possible to assess the equilibrium 
binding capacity and affinity of the resins towards the resin. 
Using the adsorption data, process, and product constraints 
the preferred adsorbent was selected for elution studies. 
Figure 4 exhibits the titration curve with the pH restrictions.  

Figure 4 - Enzyme 1 titration curve with the pH restrictions. 
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Enzyme 1 is stable from pH 2-3 and above pH 7 no activity 
is noticeable [38][46]. From this, the process should be 
developed at pH range between the isoelectric point and pH 
7. From the isotherms results obtained in the current project, 
the selection must be between both Fastline® adsorbents. 

In terms of equilibrium binding capacity, MM Basic 
presented the highest value at pH 5 and 80mS/cm with 
approximately 140g/Lresin. The highest capacity achieved for 
MM Acid was at 80mS/cm with 60g/Lresin. The highest Keq 
values obtained were similar for both Fastline® resins at pH 4 
and 10mS, with 0.25Lresin/mg. At ph 5 the highest levels of Keq 
were registered at 10mS/cm for MM Acid and 20mS/cm for 
MM Basic (0.04Lresin/mg). Looking at the shape of the 
isotherms, MM Basic presents a more favorable curve at pH 5 
and 20mS/cm, while MM Acid presents a better curve at pH 5 
at 10mS/cm. Interestingly, the data obtained goes in large 
part against the patented processes of purification of 
chymosins, where the purification of chymosins was achieved 
by hydrophobic adsorption. 

The elution stage is the moment where the loading 
solution allows for the enzyme to detach from the adsorbent, 
moving back to the mobile phase, and to be recovered 
through the outlet. It has to be developed based on the 
adsorption mechanism given that, in a simplistic manner, it 
works by inverting the adsorption reaction. The mobile phase 
should present higher affinity with the enzyme for mass 
transfer to occur. 

Using the Fastline® MM Basic or Acid at 80mS/cm to 
maximize capacity, the adsorption mechanism to counteract 
should be hydrophobic interactions. Usually, the elution in 
this cases is done by decreasing the salt concentration in feed 
solution. The hydrophilic enzymes will then have higher 
affinity for the mobile phase and subsequently detach from 
the resin. If the adsorption is done at low conductivities, MM 
Basic at 10 or 20mS/cm presents itself as the best option. At 
10mS/cm the binding capacity is slightly higher although at 
20mS/cm the affinity and overall isotherm curve looks more 
favorable. At these range of conductivities, electrostatic 
interactions should be the main mechanism, disregarding 
secondary mechanisms. The elution can be done by altering 
the components net charges. This can be achieved by 
changing the pH and/or increasing the loading solution salt 
concentration which would decrease the strength of 
electrostatic interactions. The flow rate can also be 
manipulated to maximize the recovery if using a column [47]. 

Starting from an adsorption stage performed at pH 5 and 
80mS, the elution by decreasing the pH is not feasible given 
the constraints exhibited in figure 4. Taking into account the 
ligand chemistry, this would mean that the charge attraction 
between the secondary amine in the MM Basic and the 
enzyme could only be counteracted by increasing the salt 
concentration, weakening the electrostatic interactions. If pH 
changes to higher than 5 would be performed, it would be 
expected an increase in the electrostatic interactions as the 
surface of the enzyme becomes more negatively charged and 
therefore more attracted to the amine. If only the salt 
concentration in the feed stream is decreased, the positively 
charged amine would still allow for the enzyme to bind which 
would possibly decrease the efficiency of the desorption 
reaction. Looking at MM Acid in the same conditions, an 
increase in pH would probably increase the charge repulsion 
as the negatively charged regions in the enzyme surface 
increase and a bigger percentage of the carboxyl groups get 
deprotonated. This effect by pH could be coupled with a 
decrease in salt concentration which would put higher 
emphasis on electrostatic interactions. The charge repulsion 

between the enzyme and the carboxyl groups at high pH (< 7) 
and the weakening of hydrophobic interactions could lead to 
transfer of the enzyme to the mobile phase. 

Analyzing now an elution stage with a starting adsorption 
point at pH 5 and 20mS/cm using the MM Basic, the pH 
constraints would still limit the range of possibilities. At this 
conductivities, electrostatic interactions are the prominent 
mechanism. By increasing the salt concentration (it can go as 
high as 2M NaCl ≈ 170mS/cm), the mechanism would shift for 
hydrophobic interactions. Although the affinity would 
decrease, the adsorbent presents a higher binding capacity, 
meaning the risk for inefficient elution would still be there. 
This applies similarly to the MM Acid given that this resin also 
presents higher capacities when hydrophobic interaction 
becomes the main adsorption mechanism. A pH increase to 
higher values (< 7) coupled with the increase of feed 
conductivity could result in higher elution yields although the 
effects of charge repulsion at high conductivities should be 
negligible. 

Concluding, in order to be able to assess the effects of pH 
and conductivity in the elution, the adsorbent Fastline® MM 
Acid was chosen to perform the elution studies. Nonetheless, 
it is important to fact that the MM Basic would still be a 
perfectly viable option and further work could be developed 
to assess the overall yield of the process with other 
conditions. 

Elution 

Using Design Expert® 9.0.3 software, 13 experiments were 
set to generate a surface response of the yield of elution in 
terms of the pH and conductivity. 5 central points were taken 
to calculate the standard variation of the model. The results 
are presented in figure 5. It is important to mention that the 
spread of the central points is small, suggesting that the 
experimental uncertainty of the measured and calculated 
amounts is small. The data shows that a recovery yield higher 
than 50% was not achieved at any of the conditions 
experimentally tested. 

Looking at the pH effects, the data shows that better 
elution is achieved at higher pH (6.5) for all the conductivities 
tested. This might be due to an increase in charge repulsion 
between the carboxyl group and the enzyme. As the pH 
moves further from the carboxyl group pKa (4.0), more 
molecules become negatively charged therefore decreasing 
the number of available binding points with the positively 
charged enzyme surface regions. At the lowest pH tested 
(4.5), no recovery was achieved. At this pH, more carboxyl 
group molecules are protonated, being unable to repulse the 
enzyme. As the pH also gets closer to the isoelectric point of 
the enzyme, the surface regions positively charged become 
available to interact with the negatively charged carboxyl 
groups, which may also affect the desorption process by 
increasing the affinity. 

In terms of conductivity effects, at pH 4.5 it does not 
appear to have any effects on elution yield given that at all 
the conductivities tested no recovery is achieved. Until the pH 
reaches values around 5.5, the conductivity doesn’t appear to 
have any effects on the recovery as the same yield is 
observed inside the conductivity range tested. A change in 
the recovery yield starts to be seen at pH higher than 5.5. In 
fact, at pH 6.5, the maximum is achieved at 40mS/cm. 
Interestingly a local maximum is achieved at 10mS/cm. 
According to the results in the isotherms, although the resin 
appears to have greater capacity at higher conductivities 
(hydrophobic interactions), the lower affinity registered as 
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the conductivity increases allows for a better desorption, 
hence increasing the recovery yield. When the conductivity is 
at 10mS/cm, electrostatic interactions become the main 
mechanism for adsorption. As explained in the section above, 
the charge repulsion between the carboxyl groups and the 
negatively charged enzyme surface would decrease the 
affinity and allow for better desorption. At 25mS/cm, the 
yield obtained corresponds to a minimum at pH 6.5. As 
discussed in the isotherms analysis, intermediate conditions 
might allow for several mechanisms to contribute for 
adsorption. Although difficult to quantify and/or qualify, the 
possibility that elution performed close to 25mS/cm allows 
for thiophilic interactions, hydrogen bonding, or other type of 
interactions to become the prevalent adsorption mechanism 
could explain the inferior recovery yield. 

Analyzing the results in a more general way, the 
conductivity boundary conditions were set with the goal of 
weakening hydrophobic interactions, given that the 
adsorption was performed at 80mS/cm. The pH boundaries 
values covered the range of pH where milk-clotting activity is 
preserved. It is important to note, by looking at figure 5, that 
the best elution conditions are observed in the limit 
conditions tested, namely at the highest pH limit and 
conductivity. To make the most out of the power of DoE and 
the surface response model, higher conductivities should be 
tested to avoid for the favorable conditions to be in the 
boundaries.  

From the results exhibited in figure 3, it is possible to 
make a bridge with the isotherms results. It is possible to 
conclude that desorption is promoted by an increase in pH to 
6.5. The isotherms indicated a decrease in affinity from the 
isotherms at pH 4 to pH 5. As it was also observed in the 
isotherms results, when hydrophobic interactions become 
the prevalent adsorption mechanism (higher conductivities) 
the affinity between the resin and enzyme decreases. This is 
supported by the maximum in recovery yield having been 
obtained at pH 6.5 and 40mS/cm. Possibly, an increase in the 
elution buffer to 80mS/cm or even higher would allow for a 
better recovery yield. In the light of these results it is possible 
to relate the parameter Keq, obtained from the Langmuir 
model, to the strength of adsorption. In fact, the elution 
studies seem to support that higher Keq might promote for 
better adsorption while the elution stage should present 

better results when this value is minimum, even though, as 
seen in the isotherms results, the binding capacity of the 
resins is independent from the affinity. 

Process Analysis 

The feed activity in the elution studies was 338.99 
IMCU/mL solution. A yield of 57.69% was achieved in the 
adsorption stage. The two wash stages resulted in yields of 
81.76% and 66.36% for wash steps 1 and 2, respectively, 
presenting a combined yield of 54.26%. The wash stage aims 
at eliminating traces of loading solution and removing weakly 
bounded components. Given the high enzyme levels 
recovered in the wash stage, it is possible to assume that a 
great part of the enzyme initially adsorbed is weakly bounded 
to the adsorbent. This supports the statement that low 
affinity between the enzyme 1 and MM Acid results in a 
worst adsorption performance. Similarly, although the 
adsorbent reveals high capacity at high conductivities, that 
does not translate into a good adsorption yield for different 
adsorption conditions should be tested. Ultimately, the data 
suggests that affinity between the enzyme and the adsorbent 
might have a bigger effect for an optimal adsorption, 
therefore this should be the parameter to prioritize in 
adsorbent selection. 

Enzyme 2 Isotherms Analysis 

The results obtained from the equilibrium batch 
experiments for with enzyme 1 and enzyme 2 at pH 5 and 
80mS with the Fastline® MM Acid adsorbent are displayed in 
figure 6 for comparison. 

The data shows that enzyme 2 has a very different 
isotherm curve from enzyme 1 at the conditions tested. 
Enzyme 1 reveals a linear trend with no saturation clearly 
visible. It registers its highest q value at an equilibrium 
concentration (Ceq) of 124.1 IMCU/mLsolution with 5569.4 
IMCU/mLresin. Enzyme 2 reveals an isotherm curve much less 
favorable as it never reaches values over 2000 IMCU/mLresin, 
even at Ceq values of 600 IMCU/mLsolution. The data indicates 
that enzyme 1 has much better affinity towards MM Acid 
than enzyme 2. Similarly, the binding capacity for the 
adsorbent is not comparable. From the enzyme 1 data fitting 
to the Langmuir model (figure 3), the maximum binding 

Figure 5 - Surface response (3D and 2D) of elution yield for the system MM Acid/Enzyme 1 in terms of pH and conductivity. The 
adsorption was made at pH 5 and 80mS/cm with an incubation time of 2 hours. 2 cycles of wash and 3 cycles of elution were 
performed. The yield was calculated with the total activity obtained in three elutes as a percentage of the enzyme adsorbed after 
the wash cycles. Red points represent the actual measurements. The contour lines and surface represent the estimations 
calculated with the best model. Yield = 234.34 - 127.66 × pH - 46.19 × pH × [Salt] + 14.81 × pH2 + 0.825 × [Salt]2 - 1.91 × pH2 × [Salt] - 
0.34 × pH × [Salt]2 + 0.03 × pH2 × [Salt]2 
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capacity for MM Acid at 80mS/cm was estimated at 11160.8 
IMCU/mLresin. Even though it is an optimistic estimation, the 
data clearly shows a big difference between the binding 
capacities of MM Acid for the two enzymes. 

As the adsorption was performed at 80mS/cm, charge 
repulsion between enzyme 2 and the adsorbent, although 
theoretically higher than with enzyme 1, should have 
negligent effects. At such higher conductivities, hydrophobic 
interactions should be the main mechanism of adsorption. A 
hypothesis can be formulated that the hydrophobicity of 
enzyme 2 is lower than enzyme 1, which would result in a 
decrease in affinity, as shown is figure 6. This would be 
dependent on the aromatic structures in the amino-acids 
sequence. Enzyme 1 has around 14% of aromatic amino acids 
in its sequence while enzyme 2 has around 10%. The 
difference in terms of numbers does not explain such a big 
difference in the data, although it is important to note that 
no data regarding the spatial arrangement of the aromatic 
amino acids in the enzymes structures was available. This 
factor might have a big influence if in enzyme 1 most of the 
aromatic structures are close or at the exterior surface of the 
enzyme.  

Concluding, although the two enzymes tested are both 
aspartic proteases, with approximate molecular weights and 
isoelectric points, similar adsorption isotherms would be 
expected. Contrarily, the data shows a very different 
equilibrium behavior. Besides the hydrophobicity related to 
each enzyme already mentioned above, the fact the enzyme 
1 is expressed in a different type of microorganism than 
enzyme 2 might help to explain some of the differences in 
their isotherms, as these were not developed with pure 
enzyme solutions (enzyme 1 ≈ 32%; enzyme 2 ≈ 83%). The 
data supports that more complete isotherms studies with 
enzyme 2 would be of interest. 

Conclusion 
This project can be seen as the first stage of a 

methodological approach to expanded bed adsorption 
process development. After resin selection, further work 
should be developed using unclarified feedstock in order to 
assess biomass-adsorbent interaction that could decrease the 
process efficiency. DoE methodology can be applied to both 
adsorption and elution stages in order to optimize them. 
High-throughput resin screening allowed the gathering of 
large quantity of data in a less materials and time consuming 

way. Until the in-column tests, where the hydrodynamics of 
EBA can present additional challenges, high-throughput 
technology can be employed to increase the throughput of 
information at different experimental conditions. 

In the current project the batch kinetic experiments 
proved that approximately one hour is the time required for 
the adsorption to reach an equilibrium stage. It was 
interesting to observe how the average diameter of the beads 
resulted in a much slower adsorption process for EBA resins. 

From the isotherms, first and foremost, non-EBA resins 
did not exhibited a much better performance compared to 
the EBA ones for the possibility of combining non-EBA ligands 
with the EBA beads technology was removed from the 
discussion. In this stage, working at pH 5 proved to be the 
best adsorption conditions. A common trend was observed 
for both EBA resins where the maximum binding capacity 
increased with the salt concentrations (associated with 
hydrophobic interactions) while the affinity proved to be 
better at lower conductivities (electrostatic interactions). The 
Langmuir model was used as a simplistic tool to perform a 
more quantitative analysis of the isotherms results although 
its limitations unqualified it in some cases as the isotherms 
did not reached a typical favorable isotherm curve. 

For the elution stage, Fastline® MM Acid adsorbent was 
chosen as the best resin for further work as it showed good 
binding capacity at pH 5 and 80mS/cm and allowed for both 
the pH and conductivity effects in the elution to be studied. 
The pH effects were quite marked as no elution at all was 
observed at pH 4. The best elution conditions were observed 
at pH 6.5 and 40mS/cm, although the yield never surpassed 
50%. The wash stage data supported that a substantial part of 
the enzyme initially adsorbed was weakly bounded to the 
resin. From these results it was possible to re-analyze the 
isotherms data from where the affinity was determined as 
possibly the main parameter controlling a good adsorption 
process. 

Batch equilibrium experiments with enzyme 2 were 
performed at pH 5 and 80mS/cm. Although the work with this 
enzyme wasn’t as extensive, it proved that the equilibrium 
behavior for the two enzymes is different, therefore further 
resin screening work with enzyme 2 is required to optimally 
develop an EBA process. 
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