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Abstract: Over the last decade, ion-exchange chromatography (IEC) has been extensively explored
for protein purification at both small and large scales. Despite several IEC columns are
commercialized, the physical phenomena underlying the adsorption of proteins on ion-exchange
columns performance has not been thoroughly investigated. In this work, the influence of operating
conditions on the adsorption of lactoperoxidase (LP) and lactoferrin (LF) on cation exchange
chromatography adsorbent is experimentally studied in order to understand fundamental pertaining
to underlying mechanism. Analysis was carried out in columns with different IDs (7.7 and 16 mm),
packed for 100 mm with 90 pm particle size polymer-grafted cation exchanger. The flow distribution
was measured using acetone as a non-binding tracer. An evaluation of van Deemter plots was done
as well as LP breakthrough curves at different flow rates and LP loading concentrations. The results
were compared with two columns in terms of efficiency and the LP binding capacity. The dynamic
binding capacity at 10% breakthrough was found to be independent of the applied flow rate.
Surprisingly for both systems, LP breakthrough takes place later at higher loading concentrations,
which is in contrast to IEC. The results propose a major presence of non-ideal effects as steric
shielding and charge repulsion of protein in the adsorption. In addition, the accessibility of binding
sites for protein at higher concentrations seems more available than sodium counter-ions in buffer.
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Nomenclature

A coefficient in van Deemter equation (7) (m)
B coefficient in van Deemter equation (7) (m?/s)
By Bed permeability (m%/s)

C coefficient in van Deemter equation (7) (s)

c protein concentration in the mobile phase (M)
d, Particle diameter (m)

D axial dispersion coefficient (m?/s)

Dy, molecular diffusivity in mobile phase (m?/s)
D. effective diffusivity (m%/s)

h reduced HETP (= H/d,)

H Height equivalent to plate number (HETP) (m)
L length of the column (m)

AP column pressure drop (Pa)

Uy Superficial velocity of the fluid (m/s)

Ve column volume (m?)

Greek symbols

€, column void fraction

& Intra-particle void fraction

&, total column void fraction

n mobile phase viscosity (Pa.s)

i, first moment of pulse response peak (s)

)5 second moment of pulse response peak

Dimensionless transport parameters

Pe Péclet number (= u;,; L/D,y)
Re Reynolds number (= pud,/n)
Sc Schmidt number (= n/pD,,)

1. Introduction

Ion-exchange chromatography was introduced in the mid-1940s as a separation technique based
on charge properties of molecular species [1]. Within the last few decades, there has been an
increasing interest in liquid chromatographic processes because of the developing biotechnology
scope and demands from the pharmaceutical and chemical industries for extremely particular and
productive separation methods. Today, IEC is being employed for purification of proteins, peptides,
nucleic acids and other charged biomolecules. IEC technique is well-suited for capture, intermediate
purification or polishing steps in a purification protocol. IEC columns are commercially available
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from several suppliers, ranging from microscale purification and analysis through to purification of
kilograms of product.

With increased commercial usage, in-depth understanding of different mechanisms within
chromatography columns is desirable in order to achieve optimum performance. Regardless of
intended application, operators seek a common set of performance characteristics such as high
capacity and recovery, reproducibility, purification factor and a high degree of process control.
Development of methods for protein purification processes is preferably done at small scale typically
to obtain a robust, scalable process with the highest possible performance at the minimal cost without
compromising with the product quality. This has stimulated much research to study the principles of
preparative chromatography and the important subject of scale-up.

The performance of a chromatography column rests on elements of design and operational
factors. Several studies have been focused on the determination of the experimental settings and
column design parameters of separations in preparative chromatography. Atamna et al. [2] studied
the effect of column diameter on resolution and efficiency with four different diameters using
constant length columns. Gritti and Guichon [3] explained the theoretical and experimental
investigations of the impact of the column diameter to the average particle size on the column
performance that manufacturers of narrow-bore and/or capillary columns with small bed aspect ratio
are facing.

Rathore and Velayudhan [4,5] presented an overview of the fundamentals and practices of
scale-up in preparative chromatography. Modes of interaction and modes of operation are defined to
clarify the choices available in the course of scale-up. The scaling-up of ion-exchange processes for
protein separation has been reported in several studies. For example, Levison et al. [6] investigated
an ovalbumin separation from hen egg-white on the anion exchange with a 1000-fold scale-up.
Fibrous cellulose-based ion-exchangers were operated at high flow rates in a process-scale system
demonstrating no loss of capacity or binding efficiency for the target proteins. Gerberding and
Byers [7] described a preparative anion exchange processing of proteins from dairy whey scaling
from 5 cm to 140 cm column diameter to an economically optimized production level operation.
According to the theory, an effective scale-up can be achieved by holding the retention factor of the
components inside the column constant [8,9,10]. This means that the flow rate, loading and gradient
length are scaled to the column volume. Thus, one must decide on column dimension. The key point
in scale-up is the concept of time scales. The time scales involved are the time scales for flow, mass
transfer, and dispersion. When scaling up or scaling down, processes of similarity will be processes,
which have identical time scales [11].

It should be emphasized that many of the comparative issues and scale-up challenges are
associated with momentum and mass-transfer problems in a large-scale production process. The
combined effects of convection, axial dispersion, mass transfer within the particle pores, and sorption
rate limitations reduce the performance [12—15]. Column performance can also be affected by other
factors such as protein denaturation [16] and extra-column effects [17]. Depending on specific
conditions, one or more of these mechanisms may dominate contributions to band broadening and
peak asymmetry (fronting and tailing) or distortions [12,18], which can considerably affect
separation effectiveness [19]. Some process procedures can be difficult to control, may suffer from a
lack of reproducibility and involve significant losses of product. The feasibility and successful
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application of ion-exchange chromatography in the purification of proteins at pilot and process scale
remains to be demonstrated.

A preparative chromatography study was conducted to investigate the effect of operation
conditions on the dynamic adsorptive behavior of proteins in a commercialized strong cation ion-
exchange SP Sepharose Fast Flow (SP FF). As separation efficiency relies on the flow properties of
the column, the flow distribution was first observed under a non-binding condition loading an
acetone solution. Prior to carry out the scale-up calculations, it is essentially necessary to figure out
which mass transfer mechanism is controlling the ion-exchange process. The diffusion mechanism is
often dominated mass transfer resistance for protein chromatography. To check if this hypothesis
was the case for minor whey proteins and in particular lactoperoxidase, the height equivalent to plate
number (HETP) and breakthrough profiles were determined for two columns with different
diameters. The bed height was kept the same to maintain kinetic and dynamic equivalence. We
investigated HETP as a function of velocity for LP and LF under non-binding conditions. LP
breakthrough curves were then obtained at different flow rates and LP loading concentrations. The
dynamic binding capacity at 10% breakthrough was calculated and compared for the both columns.
Finally, the column efficiency in terms of HETP as well as dynamic binding capacity of the column
performance for two different scales was evaluated.

2. Materials and Experimental Methods
2.1. Materials

Lactoperoxidase and lactoferrin from bovine milk both > 90% purity were used. For elution
under non-retained conditions, the elution buffer was prepared from 20 mM solution of Na,HPO4
and NaH,PO4, by adding 1 M NaCl adjusted to pH 6.7. For breakthrough studies under retained
conditions, the running buffer was phosphate buffer saline (PBS), adjusted to pH 6.7. All chemical
reagents used in the present work were purchased from Sigma-Aldrich (Oakville, Canada), except
acetone and HCI from Caledon. Ultra-pure water was obtained using a Milli-Q system (Barnstead
easy-pure RODI equipped with 0.2 um filter, Fisher Scientific). Prior to use, all buffer solutions were
filtered through a hydrophilic polypropylene membrane filter with a 0.2 um pore size (PALL life
Sciences, Canada) and de-gassed.

2.2. Columns and analytical instruments

The 90 pum SP Sepharose prepacked HiScreen™ and HiPrep™ columns (7.7 mm % 100 mm and
16 mm x 100 mm) were used from GE Healthcare (Mississauga, Canada). The experiments were
carried out on the AKTA purifier 100 system (GE Healthcare Life Sciences, Canada), which includes
two system pumps, a fraction collector and monitors for multi-wavelength UV absorption, pH, and
conductivity. UNICORN™ 5.31 software was used for data acquisition and system control. The flow
rate accuracy was checked by directly collecting the mobile phase in the absence of column at room
temperature and displayed the long-term accuracy. The dead volume of the experimental device and
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void volumes of two columns were estimated from the elution volumes of acetone and dextran
respectively corrected for the extra-column contribution.

Table 1. Characteristics of the columns used in experiments.

Parameter HiScreen™ SP FF HiPrep™ SP FF
Column length (mm) 100 100
Column i.d. (mm) 7.7 16
Median particle size (um) 90 90
Column voidage 0.296 0.273
Particle voidage 0.893 0.856
Total voidage 0.917 0.895

2.3. Breakthrough experiments under non-binding conditions

The system dispersion curve was measured using a phosphate buffer containing 3% (v/v)
acetone. The non-binding breakthrough data were fitted to Eq. 1 to determine the Péclet number (Pe)
using least squares regression [20]. For mass transfer, the dimensionless Pe number describes the
relative rate of convection and diffusion. In Eq. (1), c is the outlet effluent concentration, ¢y is the
solute loading concentration, Vieading 15 the volume of acetone solution loaded, and Vs is the loaded
volume when c/co = 0.50.

(1)

izl l+erf
¢, 2

Pel/z(Vvloading - I/50)
2V puingVs0)"

oading

2.4. Measurement of the HETP data under non-retained condition

A concentration of 0.2 mg/mL for each protein was used. The experimental protocol is as
follows: 1% CV of each protein solution is injected into the column through in which the buffer
solution is flowing through. Similar to non-binding breakthrough, the binding experiments were
monitored by recording the UV absorbance of protein at 280 nm at the column exit. Each experiment
was conducted at different flow rates between 0.8-3.5 mL/min and 1.68-5.8 mL/min corresponding

Table 2. Experimental conditions for height equivalent to theoretical plate measurement
in elution chromatography of proteins.

Protein LP and LF

Concentration (mg/mL) 0.2

Injection volume (pL) 47%,200%*

Flow velocity (cm/min) 1.74,2.50, 3.33, 4.50, 5.82, 6.67, 7.52*, 0.84, 1.00, 1.74, 2.00, 2.50, 2.88**
Buffer 20 mM NaH,SO,+ Na,HPO,, 1 M NaCl pH 6.7

Temperature (°C) 22-22.5

*HiScreen™ column, **HiPrep™ column
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to linear velocities of 1.74—7.52 cm/min for HiScreen™ and 1.74-2.90 cm/min HiPrep™ columns
respectively. All experiments were carried out at room temperature. Table 2 summarizes the
experimental conditions used. It should be noted that volumes of 47 pL and 200 pL of protein
samples (equivalent to 1% CV) were injected into the 7.7 mm x 100 mm and the 16 mm x 100 mm
column in order to maintain constant sample loading per unit of column cross-section area.

2.5. Breakthrough curves for protein adsorption on SP sepharose FF media

Only lactoperoxidase (LP) was used for these studies. The breakthrough curves were measured
at different LP concentrations (0.02, 0.06, 0.1, 0.5 and 1 mg/mL) and flow velocities (1.74, 2.00,
2.50, 2.90 cm/min). The loading step with the protein solution was stopped after the outlet
concentration of the column reached to the feed solution absorbance, afterwards the column was
washed using 20 mM sodium phosphate + 1 M NacCl solution for 5 CV, followed by phosphate
buffers for 5 CV of each. To compare the adsorption performance on two columns, the dynamic
binding capacity at 10% breakthrough (DBC,oy) was calculated using Eq. (2), where ¢ is the LP
outlet concentration, ¢y is the LP loading concentration, Vg is the loading volume of LP solution
when ¢/cy = 0.10 and V. is the volume of the column.

VIO"/:';
C
Co j (1 _;)dnaading
DBC,, = s VO (2)

c

All experiments were carried out at room temperature, operating conditions of which are
reported in Table 3.

Table 3. Experimental conditions for breakthrough studies on SP FF.

Protein LP

Concentration (mg/mL) 0.02, 0.03, 0.06,0.1,0.5, 1

Flow velocity (cm/min) 1.74, 2, 2.50, 2.80

Buffer 20 mM NaH,SO,+ Na,HPO,, pH 6.7
Temperature (°C) 22-22.5

3. Results and Discussion
3.1. Analysis of flow distribution

Physical insights on the flow distribution are particularly important for understanding and
predicting the transport of molecules through the column particularly due to low Reynolds
number (Re) which is typical in protein chromatography. For each column, the acetone breakthrough
curve was measured under non-binding conditions. As can be seen in Figure 1, the typical
breakthrough curves obtained for both columns are identical. All following breakthrough profiles for
HiPrep™ SP FF takes place later due to its larger void volume. The Pe number values were estimated
from Eq. (1) and summarized in Table 4. The Pe values are comparatively identical for each column;
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the higher Pe numbers are preferred as they correspond to a uniform distribution of flow to the inlet
surface of the column as well as uniform distribution of the binding site properties. At higher Pe
values, the breakthrough curve tends to approach ideality and breakthrough corresponds to the
capacity of the media. Indeed, higher efficiency due to less back mixing and shorter required time for
diffusion can be achieved with higher flow rates.

HiScresn

naf ——— HPmep

0EF

CIC, )

04F

0z

0.0

Figure 1. Non-binding breakthrough curves for HiScreen™ and HiPrep'" columns at a
flow velocity of 2.5 cm/min and acetone loading concentration of 3% (v/v).

Table 4. Péclet numbers measured under a non-binding condition with 3% (v/v) of acetone.

Chromatography colum HiScreen™ SP FF HiPrep™ SP FF
Velocity (cm/min) 3.333 4.946 5.828 7.527 0.836 2.488 2.985 3.333
Pe (- 35.01£0.87 3859+091 3749+09 38.14+0.97 1903+52 2049+46 196.7+47 189+5.4

3.2. Operational pressure

In laminar flow, the pressure drop AP across a bed of length L packed with particles of diameter
d, 1s given by Darcy’s law:

AP = 77”0L/Bh (3)

where 7 is the dynamic viscosity and B, = dei / 150(1-¢,)* is the bed permeability, which depends
on bed structure properties. This parameter is closely associated to resistance to mass transfer. For

the HiScreen'™, bed permeability is calculated to be B, =2.83x10" and for HiPrep™

B, =3.01x10"° cm® / s . Using these permeability values, the pressure drop AP can be estimated as a

function of linear velocity uy (Figure 2). The large SP FF media pore size around 45-145 pum is a
possible cause of this low backpressure which is an advantage for the operation. Both geometries
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show similar pressure values specifically at lower velocities due to their identical column
height (10 cm). However, as can be seen in Figure 2, the pressure was slightly higher with
HiScreen™ column for the reason that it has smaller cross-section area. It should be noted that the
instrumentation employed in this study was not equipped with a pressure detector. Thus, the column
pressure drop was only estimated and compared for the two columns.

08
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AP(bar)

04

03

- —e— HiScreen

02 —#— HiPrap

o1 . . . . . .
1 2 3 4 5 6 7 3
Uy (crm/min)

Figure 2. Operational pressures at different superficatial velocities for the two scales of

coulumns.
3.3. Elution chromatography of proteins under non-retained conditions

The peak responses were recorded at a wavelength of 280 nm for both LP and LF. For each of
these flow rates and for each sample, the extra column contributions to the retention volume and to
the band broadening of probes were measured by replacing the chromatographic column with a ZDV
union connector. The experimental HETP data measured for the columns were corrected for the
contribution of the AKTA FPLC system. The extra-column and the total band variances were
measured according the numerical integration method. In this method, the data points (¢;, ¢;) were
considered and the true first and second central moments were calculated as follows:

jtc(t)tdt
=2 )
jo c(t)dt
Joe@ e —pydr
H, = : P Q)

[e(t

0

The moments were calculated based on the decomposition of the peak area into a series of

elementary trapezes. The corrected reduced HETP, h = HETP/d ,,, was given by:
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L —_
h - = ILIZ /'l 2,ex - ( 6)
dp (lul - ﬂl,ex)
where u; .. and u; ., are the first and second central moments of the extra column band profiles.
Chromatographic peaks for the two proteins (LP and LF) obtained at various flow rates on SP

FF medium are shown respectively in Figure 3.

Figure 3. Elution chromatography of proteins on SP FF HiScreen'™ and HiPrep™
columns under non-retained conditions LP and LF.

3.4. HETP and efficiency of chromatographic columns

A useful approach for the empirical characterization of column efficiency is based on van
Deemter plot [21], which is used to assess the relative importance of dispersive and mass transfer
kinetics. The experimental peaks for each protein in elution chromatography (Figure 3) were used to
calculate HETP at various flow rates according to the numerical integration method described in
previous section. The modified van Deemter equation adapted from [22] describes the effects of

perfusion in a packed column:

H=4+24 Cf (A)u, (7)

U,
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In practical HPLC applications, 4=2d, and B=2D, ; since the order of molecular

diffusivity (D, )is of 107 cm2/ s for proteins, the second term in Eq. (7) becomes negligibly small.

The contribution of intra-particle convection becomes one at low flow rates. Thus, the slope of

HETP vs. uy is simply and in terms of reduced HETP, i.e. h=H /d ,» can be written as:

dh o L v %4,
du, 30 (1+v)* ¢, D,

(8)

where ¢, external porosity, £, internal porosity and v is ((1-¢,)/s,)s,, .

After initial rapid increase in HETP, the plot tends to a plateau at higher velocities expressed by
Eq. (9). As uy increases, the slope of HETP plot changes and mass transport becomes dominated by
intra-particle convection [23].

_4 3 v §&,B
plateau 5 (1+V)2 c B
c Tp

)

Figure 4 illustrates the reduced HETP as a function of the superficial velocity that increases
linearly with velocity for both proteins. The shape of HETP indicates the association with pore
diffusion as the controlling mechanism of mass transport. It is essentially true as protein transport is
restricted by diffusional hindrance due to large molecular configuration. This effect is even more
remarkable for the two proteins of interest in this study. Indeed, as in our previous study,
lactoperoxidase showed a high shielding factor indicating its hindrance impact on mass transport
mechanism.

60 25
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Figure 4. Reduced HETP vs. flow velocity uy in elution chromatography on HiScreen™™
A and HiPrep™ B Columns.
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To check reproducibility, two separate columns for each diameter were used and evaluated. For
analysis, a single modified van Deemter plot is fitted to the two separate column data sets for each
ILD. The data points collected for two columns at each column diameter were virtually
superimposable. Rather than averaging the end results of two separate columns, the data from each
column was combined for a single modified van Deemter fit. The fitted parameters of A and C were
calculated by using SigmaPlot from Systat Software Inc. The values for reduced A term were found
to be 0.016 and 0.023 for the studied columns. These values are in a good agreement with the
estimation of A which equals 0.018 for SP FF. The reduced plate height for the test columns slightly
increased with the slope (C term) of 6.02 and 6.90 for 7.7 and 16 mm L.D. column, respectively. A
similar trend was observed by Patel et al. [24]. They reported that the van Deemter A term and C
term coefficient exhibited an increase with increasing column diameter. The results clearly show that
both columns offer a similar chromatographic performance for studied proteins.

For our experiments, the maximum linear velocity never exceeded 8 cm/min primarily due to
pressure limitation of the columns. Thus, for the applied range of study no plateau was observed.

3.5. LP breakthrough curves at different operating conditions

Chromatography columns are often characterized by the shape of their breakthrough curves.
The breakthrough curve shape is governed by transport processes, heat effects, and adsorption
kinetics within the functionalized adsorbent and by fluid hydrodynamics in the hold-up volumes of
the columns. Commercial chromatography columns are optimized such as to obtain breakthrough
curves that are as sharp as possible, in order to minimize buffer consumption and to maximize the
utilized adsorbent capacity.

As the operating conditions having major influence on the performance of the adsorbent are the
flow rate of the mobile phase and the protein loading concentration in the feed, the effect of these
two operating conditions is experimentally studied. The obtained breakthrough curves for LP
exhibited sharp breakthrough curves in most cases with both columns. The shape of the LP
breakthrough curves was not rectangular, as seen for an ideal adsorbent [25]; yet symmetric in terms
of the stoichiometric breakthrough time. One explanation for such a behavior could be the
contribution of non-ideal effects such as dispersion effects due to pore size and length distribution.
Another explanation could be the protein adsorption kinetic on the sulphopropyl (SP) strong cation
exchange groups on the adsorbent surface. At high protein loadings, accessibility to the binding sites
are further reduced and therefore diffusive transport limitations will be increased.

3.6. LP adsorption at different flow rates

To study the impact of flow rate on the adsorption of LP on SP FF columns with two different
diameters, dynamic adsorption experiments were carried out at flow rate between 1.74 cm/min and
2.80 cm/min. The flow rate was adjusted in order to obtain about the same linear velocity. The LP
loading concentration was held constant at 0.03 mg/mL. The experimental breakthrough curves were
plotted against the corrected LP loading volume (Vipuging - Vo) divided by CV (Figure 5). For both
geometries, the breakthrough curves were unchanged at the operating range of flow rate. This
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confirms that it is likely to maintain the quality of the separation and to avoid any product stability
issues at small scale and directly apply to the larger column with no flow rate effect. The obtained
residence time of the loading acetone solution as a non-interacting tracer in the void volume was
similar for both columns, i.e. at the flow velocity of 4.9 cm/min was equal to 1.88 and 1.80 min for
HiScreen™ and HiPrep™ columns respectively. This generally indicates that the mass transfer
mechanism is limited to diffusive transport.
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Figure 5. LP breakthrough curves of column HiScreen™ A and HiPrep' ™ B at different
flow rates mL/min.

3.7. LP adsorption at different loading concentrations

The influence of feed loading concentration on breakthrough behaviour of LP was investigated
at 0.02, 0.06, 0.1, 0.5 and 1 mg/mL LP for a flow velocity of 2.5 cm/min. The breakthrough curves
were compared by plotting c/cy as a function of the corrected loading volume of LP solution
multiplied by the inlet concentration (co) and divided by CV. Figure 6 illustrates the LP breakthrough
curves at different LP loading concentrations for HiScreen™ and HiPrep™ columns respectively. For
both columns, the profile of the breakthrough curves was uninfluenced by the feed concentration.
However, the breakthrough occurs unexpectedly earlier at lower loading concentrations. This non-
traditional behavior may be due to high amount of phosphate buffer (200 mM) present; the SP
functional group of cation exchange has a great preference for sodium ions. With increasing LP
concentration, the preference for LP over sodium ions takes turn resulting in a later breakthrough and
higher dynamic capacity. van Beijeren et al. [25] also reported an increasing in binding capacity with
increasing protein loading concentration for cation exchange membrane chromatography.

Dynamic binding capacity (DBC) clarifies the impact of mass transfer limitations that may
occur as flow rate is increased; it is much more useful in predicting real process performance. DBC
is measured under operating conditions to obtain information on what the maximum load of the
target protein to the column should be in order to prevent additional loss. For each column, the
dynamic binding capacities at 10% breakthrough (DBCj¢,) were determined from the breakthrough
curves attained at different flow rates. DBCj(, was plotted as a function of superficial velocity in
Figure 7. A negligible decrease with increased feed flow velocity can be observed, i.e. the dynamic

AIMS Bioengineering Volume 4, Issue 2, 223-238.



235

binding capacity at 2.5 cm/min feed flow velocity being only 1.5% lower than that at 1.74 cm/min.
In fact, less dependency of DBC on velocity is in agreement with results of HETP implying that
protein uptake is controlled by pore diffusion. A decrease in dynamic binding capacity at increased
flowrate for the adsorption of proteins on cation exchange was also observed for LF by Billakanti
et al. [27], who found 15% decrease in DBC upon an increase of flow rate by a factor of five.
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Figure 6. Experimental breakthrough -curves
concentrations HiScreen'™ column A and HiPrep™ column B.
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Figure 7. Dynamic binding capacity at 10% of breakthrough as a function of

superficatial flow velocity.

In this study, the highest DBC, ¢, was obtained for the column with the larger column. For the
20 mL column, the LP binding capacity per unit of adsorbent volume was found around 20% higher
than the one obtained with the 4.7 mL column. It is likely due to better flow distribution leading to
deeper penetration of protein into the particles throughout the HiPrep™ column, which ultimately

results in increasing binding capacity.
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The dynamic binding capacity was also determined as a function of LP loading concentration.
Figure 8 shows the concentration effect for both columns. Each column shows comparable results in
the DBC, v, with increasing the LP loading concentration. The DBCj e, at 0.02 mg/mL was 1.96 and
2.40 mg/mL for HiScreen™ and HiPrep™ columns, respectively. As the inlet concentration increased
to 1 mg/mL, these values increased to 5.04 and 6.12 mg/mL, corresponding to 1.57 and 1.55 fold
increase in binding capacity. As previously described, this phenomenon might be due to the charge
repulsion between proteins in the mobile phase and proteins adsorbed on the adsorbent and/or higher
LP concentration. In addition, the obtained breakthrough curve beforehand at a concentration of
0.03 mg/mL and 2.5 cm/min is consistent with the result observed at the loading concentration range
between 0.02 and 1 mg/mL. At these various loading concentrations, the binding capacities were
lower with the HiScreen™ column, due to its smaller column diameter.

DBC,g, (mg/ml)
]

—&— HiScreen
>+ HiPrep

L L I 1 L
0.0 0.2 04 06 0.8 1.0 1.2

concentration (mg/ml)

Figure 8. Effect of LP loading concentration on the dynamic binding capacity at 10% of
breakthrough (DBCjy).

4. Conclusions

In this study, the influence of operating conditions on the adsorption of LP and LF on cation
exchange adsorbent was experimentally investigated. In theory, the profiles should be similar due to
the fact that the bed height, i.e. the flow path length through the column was kept equal. It was
observed that under the same bed height at both scales comparable results of back pressure and
breakthrough profiles can be obtained. The process efficiency in terms of the height equivalent to a
theoretical plate (HETP) as well as the dynamic binding capacity was evaluated. Trends of HETP as
a function of reduced velocity were consistent with two columns representing almost a constant
efficiency for the increased column dimension. This indicates that efficiency could be expected to
remain unchanged in scale-up step. The LP breakthrough curves were measured at various flow rates
and loading concentrations. It was observed that the LP dynamic binding capacity at 10%
breakthrough capacity was independent of the applied flow rate for two geometries. This proves the
advantage of column chromatography, for which high flow rates can be used without decreasing the
dynamic binding capacity in larger scales. Moreover, the dynamic binding capacity decreased at
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higher LP concentrations, which may be as a result of competitive adsorption between sodium ions
and protein. A profound understanding of the impact of non-ideal effects particularly at high protein
loadings on the rate of mass transport and adsorption is required for further optimization of ion-
exchange adsorbent materials.

Overall, according to reproducibility and comparable results at larger scale in this study, scale-
up of minor whey proteins separation can be accomplished by increasing column diameter while
maintaining a constant column bed length and linear velocity. Although it leads to lower flow
velocities, this approach has the advantage of reduced non-ideal flow distribution compared to small
scale.
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