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Protein adsorption is usually regarded as the main reason for filter fouling in sterile filtration of protein formulations. To

achieve a better insight into this phenomenon, protein adsorption was studied during filtration of stabilized bovine serum

albumin (BSA) and y-globulin formulations through 0.2-pm microfilter membranes by inverse liquid chromatography

(ILC). Adsorption processes can be studied with this method by measurement of breakthrough curves. The change of the

concentration in the fluid phase is measured with high accuracy by an inline UV-detector.
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1 Introduction

Biopharmaceuticals are drugs produced from biological
sources. Usual drug products can be described as a colloidal
dispersion of a therapeutic active protein in an aqueous buf-
fered solution containing further excipients, e.g., surfactant,
sugars or amino acids. These excipients stabilize the pro-
tein, i.e., increase physical and chemical stability and pre-
vent aggregation, adsorption or denaturation. [1,2]

The biopharma process chain for drug production is a
long and complex multistep process for cultivation, harvest-
ing and purification of proteins. It contains many microfil-
tration steps for bioburden reduction and sterile filtration.
In course of the production process, protein solutions are
buffered only according to production requirements and
not to gain maximum stability. [3]

Interaction with the filter can cause filter fouling and
product loss. Therefore, low adsorptive filter properties are
a requirement for suitability of filter products for filtration
of protein formulations. Aim of this work is the establish-
ment of a reliable method to study adsorption during
microfiltration processes. An inverse liquid chromatogra-
phy system (ILC) was used to perform both, filtration and
adsorption measurement. Adsorption can be studied by UV
detection of the protein concentration in the filtrate.

Methods to study adsorption phenomena at surfaces by
measurement and analysis of breakthrough curves have
been frequently described in literature [4-6]. Those mea-
surements can be performed in principle with commercially
available Akta test equipment. However, the equipment and
experimental approach used in this study was optimized to
examine low and unspecific adsorption in course of micro-
filtration. The experimental procedures, data evaluation and

calculation basis are described. Furthermore, important
impact factors on protein adsorption during filtration were
studied, e.g., formulation ingredients, protein concentra-
tion, membrane type, and the filtration flow rate.

The study focuses on protein adsorption from stabilized
protein formulations, i.e., formulations with a low degree of
aggregation due to choice of pH value and addition of a sur-
factant (PS80). Adsorption was investigated for filtration
through cellulose nitrate membranes and cellulose mem-
branes (Hydrosart®). These membranes have been selected
to study membranes with contrary surface properties. Cel-
lulose nitrate membranes have hydrophobic surface proper-
ties and are known for their high protein binding capacity.
Contrary, Hydrosart membranes, i.e., crosslinked cellulose
membranes, are materials with low protein binding capacity
due to their hydrophilic surface properties.
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2 Theoretical Background

Adsorption processes are usually described by the Langmuir
theory, which was originally developed to describe the
adsorption of gases. The theory assumes that (I) only a
monomolecular layer adsorbs (II) reversible to a (III)
homogeneous smooth surface with equivalent binding sites
B. The molecules M do not interact with each other upon
adsorption: M + B = MB.

The surface coverage 6 can be described by the solute
concentration ¢, and a constant K.

K
g— ¢
1+ Kc

(1)

The constant K is defined by the rate constant k,4 for the
adsorption and the rate constant k4. for the desorption step:

kad
K f (2)

The Langmuir theory is quite frequently used for descrip-
tion of protein adsorption [7-12], although, the three basic
theoretical requirements mentioned above usually do not
fit. Adsorption sites are not uniform in size and energy and
protein aggregation can lead to the adsorption of multi-
layers. Furthermore, protein adsorption is a process with
multiple steps involving structural rearrangements at the
surface and a full surface coverage can be obtained with dif-
ferent protein loadings [13-15]. Finally, protein adsorption
can lead to irreversible coverage of the surface [16]. There-
fore, modifications of the Langmuir theory are necessary to
describe protein adsorption.

Another way to describe adsorption is the Brunauer,
Emmet and Teller (BET) theory. The concept is based on
the assumption that additional adsorption can occur at an
already adsorbed monolayer. Here, every adsorbed molecule
can be a possible adsorption site for the next. The adsorbed
amount of solute L for a monolayer L.y, the solute con-
centration ¢ and the constant z for a given concentration
are described by Eq. (3).

L _ cz 3)
Lmono (172){17(17‘:)2}

For the BET adsorption isotherm, the constant z is
defined by Eq. (4):

a== (4)

The concentration c¢* is the concentration needed to
achieve a surface coverage of more than a monolayer.

Langmuir and BET adsorption isotherms are presented in
Fig. 1. It can be seen that for the Langmuir isotherm, the
surface coverage approaches a limiting value. The BET
adsorption isotherm reaches a plateau at monolayer cover-
age and continues at an increasing slope.

surface coverage

equilibrium concentration

Figure 1. Comparison of Langmuir adsorption isotherm (black),
and BET adsorption isotherm (blue).

Further models were developed for the description of
protein adsorption kinetics. Most models expand the classi-
cal Langmuir model by one or more reactions that can
occur at the interface (conformational changes or floccula-
tion). The two-state model for example can be used to
describe adsorption processes including conformational
changes, dimerization processes or denaturation (Fig. 2).
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Figure 2. Schematic presentation of the two-state model for
reversible protein adsorption.

To describe the adsorption equilibrium at the interface for
two different states, the following equations are needed:

do,

5 = KeP(©) — K0y — K50, + K570, ()
dez ad de trans trans
T = Re®(0) — KO, — K0, + K50, (6)

The surface coverage of the respective states are calcu-
lated by the adsorption and desorption rate k24 and kd¢ of
state 1 and 2, the concentration in the bulk solution and the
respective surface coverages ®,, of state 1 and 2. The transi-
tion of state 1 and 2 and of state 2 to state 1 are included by
the rate constants k% and k505

®(0®) is called the available surface function (Eq. (7)) and
is part of the random sequential adsorption model. It
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accounts to the fact that proteins can only adsorb to surface
sites that are not occupied by another protein. If a protein
approaches a site that is (partially) occupied by another
protein, it is rejected and does not adsorb. Adsorption is
assumed to be an irreversible process, and the molecules
cannot diffuse on the surface. [17, 18]

3
(-5)
9]
D) = 3 3
1-0.812 (g) +0.2336 (g) +0.0845 (g)

As we expect at least partial adsorption, the random
sequential adsorption model might not work.

In this work, the adsorption of proteins during filtration
of bovine serum albumin (BSA) and y-globulin are exam-
ined. Both proteins are so-called soft proteins; soft proteins
adsorb on every surface and change in conformation
because of a conformational entropy gain. Desorbed pro-
teins tend to adsorb even better. [7]

For a complete mechanistic understanding, every single
elementary reaction should be considered. However, this
was not possible with the available equipment. Therefore, it
was decided that only the macroscopic effects are described
and not all the single elementary reactions. All the adsorp-
tion and desorption reactions are described by their total.
Furthermore, it is examined how much protein is irrevers-
ibly bound to the interface due to multiple site adsorption
or conformational changes. To achieve this goal, the two-
state model can be used. By turning state 2 to an irreversible
adsorbed protein, Egs. (5) and (6) are simplified:

7)

1111
do
5 = Kle®(0) — Ki0) — K50, ®)
do
5 = Rle®(®) + K50, ©)

2.1 Inverse Liquid Chromatography

The ILC is a chromatographic method used for the exami-
nation of the adsorption of molecules from a fluid phase to
a stationary phase by measurement of breakthrough curves.
In this work the ILC (setup shown in Fig. 3) is used to study
the adsorption of proteins on the surface of a membrane
during filtration of protein formulations (fluid phase)
through microfilter membranes with 0.2 um nominal pore
size (stationary phase).

With this method it is possible to investigate adsorption
thermodynamics and kinetics in an automated way. It can
be seen whether the adsorption is reversible or not and the
adsorption rate can be determined. Experimental details,
data evaluation and calculation basis are described in the
following section.

The ILC presented in Fig.3 was configured with 14 mea-
surement places in collaboration between Sartorius Stedim
Biotech GmbH and Knauer Wissenschaftliche Gerite
GmbH. All tubing of the chromatography setup is made of
stainless steel and with identical length for minimum
adsorption and prevention of contamination.

The filtration flow rate can be adjusted from 0.15 to
10mLmin™' (16 LMH-1097 LMH). In all experiments a
fixed volume of 40mL of test fluid was used for the
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Figure 3. Setup of inverse liquid chromatography (configured by Sartorius Stedim Biotech GmbH und Knauer; picture reprinted with

permission from Knauer Knauer Wissenschaftliche Gerate GmbH).
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measurement. This amount was determined in previous
experiments as necessary to ensure an adsorption equilibri-
um.

Adsorption and desorption processes can be studied by
pumping first test fluid then buffer solution through the
sample. For multiple measurement cycles consisting of an
adsorption and a desorption step the setup was flushed with
40 mL of test solution and 30 mL buffer solution each cycle.

Breakthrough curves were monitored by measurement of
the protein concentration of the filtrat by UV detection.
Four different UV wavelengths can be collected simulta-
neously every 0.001 min, independent of the filtration flow
rate. A wavelength of 280 nm was chosen for the data analy-
sis, as for this wavelength protein concentration was linear
with signal intensity in the concentration range of 1 gL™ to
5gL™" BSA, which was not the case for 195nm, 230 nm,
and 240 nm.

Measurements were performed in filter holders made from
low adsorptive Cyrolite® (Fig.4). Single layer 30-mm mem-
brane discs with 5.52cm” of effective membrane area were
used for the measurements. The resulting breakthrough
curve for a membrane in the filter holder contains informa-
tion about adsorption of the system, the filter holder and the
membrane. Therefore, separate breakthrough curves of the
system blank, the empty filter holder and the filter holder
with membrane (sample measurements) are required for cal-
culation of protein adsorption on the membrane surface. The
adsorption of the filter holder is substantial. It was
determined by measurement of a high number of break-
through curves for the empty filter holder for every protein
formulation, and the adsorbed amount of protein to the
membrane housing was calculated by averaging the results of
at least six measurements.

Figure 4. Cyrolite® membrane housing for ILC measurements.

2.1.1 Assembly and Operation of the ILC

At first the membranes are installed in the membrane hous-
ings. The Hydrosart membrane is wetted spontaneously
and swells upon water contact, therefore, this membrane is
installed dry. The cellulose nitrate membrane is prewetted
with the respective buffer solution.

All measurements were performed in an automated way.
After setup assembly, air is removed out of the system by

flushing with water, then the ILC is preconditioned with
protein buffer. After the respective measurement position
the ILC is flushed with buffer, the sample valve switches to
the test solution. 40 mL test solution are applied with the
predefined flow rate (usually 0.9mL min"'em™) under
monitoring of the change of the UV signal. Then the sample
valve is switched to the buffer solution once again, and
desorption process can be monitored. Between measure-
ment trials the setup is flushed with a cleaning solution (1 %
sodium dodecyl sulfate and 0.1 M sodium hydroxide) for
complete protein removal.

Furthermore, repeated measurement cycles of alternating
sample and buffer injection are performed in order to see
the influence of pre-adsorbed protein layers on protein
adsorption. The influence of this pre-adsorbed layer on fur-
ther adsorption measurements is examined by measuring a
total of five adsorption-desorption cycles.

2.1.2 Data Analysis

Every 0.001 min a data point was recorded, consequently
the amount of data points depends on the filtration flow
rate. Fig. 5 shows a typical ILC measurement curve. For data
evaluation, first data reduction to 13000 data points was
performed. Afterwards, the breakthrough point of the buffer
solution at the end of the breakthrough curve (Fig.5) was
determined manually. The starting point of each measure-
ment was calculated based on this breakthrough point with
the sample volume and the filtration flow rate (Fig. 5). This
method was established in order to eliminate errors that
occur in case of a theoretically possible complete protein
adsorption at the beginning of a measurement. In literature,
usually the first initial rise of the UV signal is taken. [6]

With a distance of -10 data points to the determined
breakthrough point the UV intensity values of 10 data
points were averaged and taken as equal to the initial sam-
ple concentration. Based on this, the concentration of the
protein formulation can be calculated from the measure-
ment curves according to Beer’s law and the linear relation-
ship between the intensity signal and the protein concentra-
tion.

The adsorbed amount of protein is calculated by integra-
tion of the breakthrough curves of blank, empty membrane
housing and measurement run and subtraction of the
resulting values as summarized schematically in Fig. 5b
(green area).

A further complication arises from the different fluid flow
of empty filter holders and filter holders filled with a mem-
brane. This leads to a deformation of the adsorption curve
of the empty filter holder. To solve this problem, first the
adsorbed amount of protein to the empty filter holder is
calculated. For this the area between the system blank con-
centration curve and the concentration curve of the empty
filter holder is integrated and the adsorbed amount of pro-
tein at 40 mL sample solution is calculated. For the adsorp-
tion to the membranes, the area between the system blank

www.cit-journal.com  © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  Chem. Ing. Tech. 2020, 92, No. 8, 1109-1121
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Figure 5. Data analysis of an ILC experiment. Measurement curve (a) and calculated concentra-

3 Results

tion curve (b) for system blank (black) and membrane sample (red). Indicated are the break-

through point of buffer solution (V) and the calculated onset of protein sample (V). The
adsorbed amount of protein is calculated by integrating the area between the two concentra-

tion curves (green).

concentration curve and the membrane concentration curve
is calculated again. Afterwards the adsorption curve is
expanded by a correction factor CF to eliminate the amount
of protein adsorbed to the membrane housing. The refer-
ence point for the expansion of the curve is at 40 mL test
solution for the adsorbed amount of protein to the mem-
brane material #,4s@40mL membrane and the membrane hous-

ing mads@40mL,h0using~

Mads@40mL,membrane — Mads@40mL, housing

CF = (10)

mads@40mL,membrane

With the adsorbed amounts of protein m,4, the adsorp-
tion rate was calculated by the following equation:

dmads
dt

adsorption rate = (11)
In this context desorption can be observed as a negative
adsorption rate.

2.1.3 Membrane Materials

A cross-linked membrane of regenerated cellulose (Hydro-
sart) and a cellulose nitrate membrane were used for mea-
surements, both with 0.2 um nominal pore size. The prop-
erties of the membranes are presented in Tab. 1.

2.1.4 Preparation of the Test Solution

Reverse osmosis water is used for preparation of the buffer
solution. For preparation of the test solution lyophilized
proteins are added slowly to the buffer solution under stir-
ring. BSA was obtained by Kraeber & Co KG (order number
04180 10900) and y-globulin by Merck KGaA (order num-
ber G5009).

Chem. Ing. Tech. 2020, 92, No. 8, 1109-1121
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3.1 System and Membrane
Adsorption

Protein adsorption on the filter
holder material was found to be substantial. Reliable results
could only be obtained using filter housings with 4.5 cm®
membrane area made from low adsorptive Cyrolyte®. Even
then, protein adsorption is in the range of 420 + 50 pug for
the filter housing and 15 + 10 ugcm ™ for membrane mate-
rial (conditions: flow rate of 0.9 mL min'cm ™) and protein
concentration of 1 gL, formulation containing more than
0.01 % PS80). Protein adsorption to the filter holder grows
proportional to the protein concentration in the formula-
tion but was quite independent of the type of protein stud-
ied, the presence of surfactant in the protein formulation,
and the filtration flow rate.

It was tried to improve the ratio between membrane and
housing adsorption by using several layers of membrane in

Table 1. Properties of Hydrosart and cellulose nitrate mem-
branes.

Membrane Hydrosart  Cellulose
nitrate
Material properties hydrophilic  hydrophobic
Water flow rate [mL cm?min‘'bar']?  18.4 20.4
Bubble point [bar] @ 3.40 4.40
Mean flow pore size [um]® 0.52 0.44
BET surface [ng’l]b) 4.20 11.10
Porosity [%] 64 75
Weight [gm™]" 82.4 54.8
Thickness [pm]® 154 131
BET - Weight [m’m™] 346 608

a) Measurement with RO water; b) measurement with dried
membranes; ¢) Measurement under ambient conditions; other
values calculated.

www.cit-journal.com
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Table 2. Compositions of the different BSA test formulations and filtration conditions for ILC

surfactant concentration. The

measurements. surfactant has a low influence.
Trial BSA concentration PS80 concentration Flow rate Buffer & additives However, prloteln adsorption
(gL %] [mL min~"cm™] on hydrophobic CN membranes

depends strongly on the surfac-

Standard 1 0.01 0.50 100 mM NaH,PO,, tant concentration. For formula-
composition A ;?;)?%I;fﬁ/sow tions with a PS80 concentration
i 1074 o ° 0 0

PS80 test series 1 3,51.6 107, 0.01, NaCl. 0.002 % above the CMC (0.01 % and 0.5 %

Variation of protein 0.1, 0.5, 1.0, 2.0, 5.0 0.01
concentration

Multiple cycles 1 0,0.01

PS80), a behavior comparable
with that described for protein
adsorption on hydrophilic sur-
faces was observed.

For formulations with a PS80

NaN3, pH adjusted
with NaOH

Table 3. Compositions of the different y-globulin test formulations and filtration conditions for

ILC measurements.

concentration below the CMC a
distinctly higher protein adsorp-
tion was measured. For BSA, val-
ues around 100-150 pg cm™ were

Trial y-globulin concen- PS80 concentration Flow rate
[mL min~'cm™]

tration [g L [%]

Buffer & additives measured and in case of y-globu-

lin 160-200 g cm 2, respectively.

Standard 1 0.01 0.90
composition B

PS80 test series 1 0,0.01 0.90

Interestingly, less adsorption was
obtained for the surfactant-
free BSA formulation compared

75 mM histidine,
pH 6.4, 0.002%
NaN3, pH adjusted

with HCI with a formulation containing

Variation of protein 0.1, 0.5, 1.0, 2.0, 5.0 0.01 0.90 0.00016 % PS80. Maybe the pres-
concentration ence of the surfactant enables the
Flow rate series 1 0.01 0.18, 0.45, 0.90, protein to pack more closely on
1.41 the surface. In literature it is

Multiple cycles 0 0.90 described as well that the pre-

the filter holder. Surprisingly, it was found that protein
adsorption is proportional to the active filter area only and
not to the total area of membrane placed in the membrane
housing. It gives first impression of the complex nature of
protein adsorption. Furthermore, it can be concluded that
protein adsorption is focused on the contact area between
membrane surface and fluid phase and that proteins are not
homogeneously covered over the membrane surface area.

3.2 Influence of Surfactant (PS80) on Protein
Adsorption

Filtration trials were performed with formulations with
protein concentration of 1gL™ at a flow rate of
0.9 mL min~'em™) to assess the influence of the surfactant
PS80 on protein adsorption to the membrane surface. The
surfactant concentration was varied between 0 and 0.5%
PS80. PS80 has a critical micelle concentration (CMC) of
0.001 %. [19] The measured adsorption curves are presented
in Fig. 6.

As already discussed, equilibration state was reached for
all measurements under the chosen experimental condi-
tions.

Protein adsorption on Hydrosart membranes was always
minimal, in the range of 25ugcm™, independent of the

exposure of hydrophobic surfaces
with PS80 can reduce protein
adsorption significantly [2, 16].

3.3 Protein Adsorption and Desorption — Multiple
Measurement Cycles

Multiple adsorption and desorption cycles were measured
in order to examine the reversibility of adsorption and
desorption and the influence of pre-adsorbed protein mole-
cules on the membrane surface on adsorption of further
protein. Measurements were performed with surfactant-free
protein formulations and formulations containing 0.01 %
PS80, always with a protein concentration of 1 gL ™" and at a
filtration flow rate of 0.9mLmin'cm™). Fig.7 presents
results for the surfactant containing BSA formulations. In
accordance with the results described above, adsorption is
always in the range of 10-25 ugcm™, independent of mea-
surement cycle and type of membrane material. Adsorption
is reversible.

Fig. 8 presents the results for the surfactant-free BSA and
y-globulin formulations. Additionally, adsorption and
desorption rates for the multiple measurement cycles for
BSA and y-globulin are shown in Fig.9. Adsorption and
desorption rates for the multiple measurement cycles pre-
sented in Fig. 8 for PS80-free BSA (a and c) and 7y-globulin
(b and d) formulations. Adsorption and desorption rates

www.cit-journal.com  © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  Chem. Ing. Tech. 2020, 92, No. 8, 1109-1121
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Figure 6. Adsorption of BSA (a and ¢) and y-globulin (b and d) during filtration of protein formulations
containing a different amount of PS80 through Hydrosart (a and b) and CN membranes (c and d). For-
mulation and process conditions are given in Tabs. 2 and 3. 0 % PS80 (blue and red, straight lines),
1.6-10™ % PS80 (cyan and rose, dashed lines), 0.01 % PS80 (olive and lilac, dotted lines) and 0.5 % PS80
(green and orange, dotted and dashed lines).
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Figure 7. Adsorption of BSA during filtration of BSA formulations containing 0.01 % PS80 (formulation
and process conditions in Tab. 2) in course of multiple adsorption and desorption cycles. a) Hydrosart
and b) CN membrane; 1st measurement cycle (blue and red, straight lines), 2nd measurement cycle (cyan
and rose, dashed lines), 3rd measurement cycle (olive and lilac, dotted lines), 4th measurement cycle
(green and orange, dotted and dashed lines) and 5th measurement cycle (lilac and yellow, short dashed
lines).

are calculated according to Eq.(11). Protein adsorption on A different behavior is observed for adsorption on hydro-
hydrophilic Hydrosart membranes is again in the range of phobic CN membranes. Very strong adsorption was mea-
10-25 pug cm™ and reversible. sured for the first measurement cycle for BSA (up to

100 pg cm™) and for y-globulin (up to 200 pgcm ™). In the

Chem. Ing. Tech. 2020, 92, No. 8,1109-1121  © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  www.cit-journal.com
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Figure 8. Adsorption of BSA (a and ¢) and y-globulin (b and d) during filtration of PS80-free protein for-
mulations (formulation and process conditions in Tabs. 2 and 3) in course of multiple adsorption and
desorption cycles. a,b) Hydrosart and ¢,d) CN membrane; 1st measurement cycle (blue and red, straight
lines), 2nd measurement cycle (cyan and rose, dashed lines), 3rd measurement cycle (olive and lilac,
dotted lines), 4th measurement cycle (green and orange, dotted and dashed lines) and 5th measure-

ment cycle (lilac and yellow, short dashed lines).

following desorption process only parts of the adsorbed
protein can be removed by flushing with the buffer solution,
which clearly indicates that protein adsorption was partly
irreversible. For all following adsorption and desorption
processes again reversible behavior was observed with
adsorption in the range of 10-25 ugcm™.

Fig.9 illustrates that protein adsorption on Hydrosart is
reversible (hysteresis can be observed). Adsorption and
desorption rates are comparable for all measurement cycles.
Maximum adsorption and desorption rates are in the range
of 150 ug cm™*min”".

For the CN membrane it can be seen that the adsorption
rate for the first cycle is highly increased. For BSA the ad-
sorption rate declines rather fast, whereas it stays on a high
level for y-globulin before the decline. The adsorption rates
in the following measurement cycles are distinctly lower
and on the same level as for the Hydrosart membrane mate-
rial (150 pg cmmin™). Desorption rates for the CN mem-
brane are in the first cycle elevated compared to the follow-
ing cycles, but the difference is not as distinct as for the
adsorption rate. Another effect that can be seen quite well is
that the protein desorption is not complete on CN in the
first measurement cycle.

www.cit-journal.com
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The results show that protein adsorption on hydrophobic
membranes in the absence of PS80 is very strong and mech-
anistically complex. It is concluded that in the first mea-
surement cycle protein sticks to the hydrophobic CN mate-
rial irreversibly and turns the surface hydrophilic. Further
protein adsorption in following measurement cycles is
reversible and can be compared with adsorption on hydro-
philic Hydrosart membranes concerning adsorption level
and adsorption rate.

The results here are in agreement with literature. Here it
is described as well that pre-exposure of surfaces with BSA
can significantly reduce protein adsorption [20].

3.4 Influence of Filtration Flow Rate on Protein
Adsorption

Measurements were performed for stabilized BSA and
y-globulin formulations containing 0.01 % PS80. Flow rates
were varied between 0.5mLmin™' and 7.5mLmin"". Pro-
tein adsorption was always in the range of 20-30 ugcm™
independent of the flow rate. No significant differences can
be observed for protein adsorption in the measurement

Chem. Ing. Tech. 2020, 92, No. 8, 1109-1121
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Figure 9. Adsorption and desorption rates for the multiple measurement cycles presented in Fig. 8 for
PS80-free BSA (a and ¢) and y-globulin (b and d) formulations. Description as in Fig. 8.

range of 1 mLmin™' to 7.5 mLmin™". Therefore, it was con-
cluded that protein adsorption does not depend on flow
rate under the experimental conditions. This result is in
accordance with the Langmuir theory, in which protein
adsorption depends on the protein concentration and the
type of substrate only.

3.5 Adsorption Isotherm and Calculation
of Monolayer Coverage

The adsorption isotherm for adsorption of BSA and y-globu-
lin on Hydrosart and CN membranes was measured for stabi-
lized protein formulations containing 0.01 % PS80. With this
surfactant concentration, protein adsorption was reversible as
discussed above. The protein concentration was varied in the
range of 0.1gL™" up to 5gL™". For y-globulin the UV-signal
was linear only for a protein concentration up to 2gL™".
Therefore, no higher concentration could be measured. Mea-
surements were performed at a flow rate of 0.9 mL min'cm ™.
The degree of adsorption was similar for both proteins and
membranes due to the presence of the surfactant.

The resulting adsorption isotherm for BSA and y-globu-
lin is presented in Fig.10. A Langmuir regression was
included in the figure in the measured concentration range
up to 5gL". Only a slight deviation from a linear plot can
be observed at 5gL™" for BSA. Results are nearly indepen-
dent of type of protein and type of membrane.

Chem. Ing. Tech. 2020, 92, No. 8, 1109-1121
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The coverage of the membrane surface is calculated first
based on the given membrane properties. In literature the
weight of a monolayer BSA on a surface is given with
150 ng cm™-200 ng cm™ [21]. The y-globulin monolayer is
given at saturation with 1.1 + 0.1 pmolcm™ surface area
[22], assuming a protein weight of 150kDa, this equals
150-180 ngcm > The surface of a membrane material can
be calculated by measurement of the BET surface with
nitrogen and the mass per unit area of a specific material
(Tab. 1).

Resulting coverage values are summarized in Tab. 4. The
values are quite comparable concerning the different pro-
teins. According to the calculation a monolayer coverage in
the range of 91-112ugcm™ can be expected for protein
adsorption on CN membranes compared with values
between 52-69 jig cm ™ for protein adsorption on Hydrosart
membranes. The BET surface and the mass per unit area
are both measured for the dry material. Therefore, it can be
assumed that in the wet state the surface of the Hydrosart
membrane is significantly enlarged due to the swelling
properties of cellulose and more protein is needed to obtain
a monolayer coverage.

Calculation of the monolayer coverage based on a fit of
the adsorption isotherm (Fig. 10) using the Langmuir equa-
tion leads to unrealistic high values of 4.8 - 10’ ugcm™ for
BSA and 6.7 - 10° ug cm ™ for y-globulin with standard devi-
ations exceeding the actual calculated value.

www.cit-journal.com
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CN (red) with theoretically calculated Langmuir regression (black, dashed lines).

Table 4. Comparison of calculated monolayer coverage based
on literature and BET-measurements and measured equilibrium
coverage meq as calculated according to Eq. (14) for adsorption
of BSA and y-globulin during filtration of protein formulations
(Tabs. 2 and 3 containing 0.01 % PS80 through Hydrosart and
CN membranes (0.2 um nominal pore size).

Membrane Hydrosart CN
BSA monolayer calculated [pig cm™] 52-69 91-122
BSA m.q measured by ILC [ug cm™ 52+6 36+ 6
y-globulin monolayer calculated [pgem™]  52-62 91-109

y-globulin m,, measured by ILC [ugem™] 28 £ 4 34+5

Finally, the following approach was used to calculate the
coverage of the membrane surface on the basis of the mea-
sured adsorption values in Fig.10. It cannot be assumed
that the adsorption process leads to a homogeneous cover-
age of the membrane surface. Therefore, an equilibrium
coverage, Mg, is calculated instead of a monolayer, but still
based on the Langmuir equation (Eq. (1)). The surface cov-
erage 0 of the Langmuir equation is replaced by the ratio of
the adsorbed amount of protein m,q, (measured after filtra-
tion of 40 mL of protein solution) and the equilibrium cov-
erage Meq:

K
Mads _ _R€ (12)
meq 1+ Kc

The adsorbed amount of protein m,4, can be measured,
the protein concentration in the test solution is known, and
the constant K can be calculated according to Eq. (13) using
the kinetic information of the experimental results:

kad

K= e (13)

The parameters k,q and k4. are the adsorption and the
desorption rate. Both can be determined by calculation of
the first derivative of the adsorption measurements and
determination of the maximum of the adsorption rate (k,q)
and the minimum of the desorption rate (kg4.). The adsorp-
tion and desorption rates are presented in Fig. 11.

Maximum adsorption and desorption rates in depen-
dence on protein concentration are summarized in Fig. 12
for formulations containing 0.01 % PS80. At the beginning
of the filtration of protein solution through the membrane,
the whole surface is still available, and no desorption occurs.
Therefore, it can be assumed that the measured adsorption
rate is here equal to the adsorption rate constant. For calcu-
lation of the desorption rate a similar approach can be used
for the desorption process: the maximum of the absolute
value of the desorption rate at the beginning of the desorp-
tion process is equal to the desorption rate constant. With
k.q and kg, first the constant K, and with this the equilibri-
um mass #1eq are calculated using Egs. (12) and (13).

It can be seen from Fig. 12 that for both membranes
adsorption and desorption rate are quite similar. Therefore,
the constant K is averaged for both membrane types. For
y-globulin a constant K, gsbuin of 1.02 and for BSA a con-
stant Kgga of 0.98 is obtained.

Mags(1 + Kc
Meq = % (14)

Now the equilibrium coverage can be calculated accord-
ing to Eq. (14). Fig. 13 summarizes the results for the stud-
ied protein formulations. The resulting .4 values are quite
comparable for both proteins studied and quite indepen-
dent of the protein concentration.

The obtained equilibrium coverage, m.q (according to
Eq. (14)), are compared with the coverage of the membrane
surface as calculated above based on the measured mem-
brane properties. The results are summarized in Tab. 4.
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A good agreement was obtained for the calculated mono-
layer and the equilibrium mass .4 for protein adsorption on
hydrophilic Hydrosart membrane surface. Comparable values
meq were obtained for protein adsorption on hydrophobic
CN membranes, which are smaller than the calculated mono-
layer. This can be explained with the presence of the surfac-
tant in the protein formulations. Surfactants cover all surfaces
and turn them hydrophilic. Therefore, m.q values are well
comparable and independent of the type of substrate.

Chem. Ing. Tech. 2020, 92, No. 8, 1109-1121
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Compared with the determined m.q values, the adsorp-
tion isotherm in Fig. 10 reaches higher adsorbed amounts of
BSA for protein concentration > 2gL™'. This can be
explained by either the extent of the covered surface is
enlarged, or multilayers are formed. Comprehensive study
of filtration of stabilized (by PS80) protein formulation was
performed in parallel (results not shown). [23]

Protein concentration was varied between 2 and 200 g L.
Even high concentrated protein formulations could be

www.cit-journal.com
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to Eq. (14) for adsorption of
BSA and y-globulin during
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filtered without significant filter fouling through hydrophilic
and hydrophobic microfilter membranes. Therefore, it can
be assumed that adsorption of proteins during filtration
from stabilized protein formulations is limited to the magni-
tudes measured in this study.

Finally, the impact of protein adsorption on product loss
during filtration of a protein formulation is assessed using a
production example that can be found in the literature [3].
According to this, a redundant sterile filtration setup was
described with in total five separate filtration processes.
About 10 cm? filtration area were needed per liter filtrate.
The final product concentration is given with 75gL™".
Assuming an adsorption of 50 ugcm™ (Tab.4) for each of
those five filtration steps, 0.003 % of the protein would be
retained by adsorption to the membrane.

Manufacturing of a less stable protein formulation with-
out a surfactant would lead to a significantly higher product
loss as can be seen in Sect. 3.2. This has to be considered
during the manufacturing of protein formulations, as here
the formulation is not stabilized and numerous filtration
steps are made.

No further modeling of protein adsorption with the two-
state model was undertaken because of the limited amount
of data. Based on our results, we assume that the transition
of the reversibly to the irreversibly bound protein depends
on the hydrophobicity of the substrate. The transition hap-
pens fast and the protein turns the surface hydrophilic in
the process.

4 Summary

Protein adsorption during microfiltration processes was suc-
cessfully studied by inverse liquid chromatography (ILC).
According to the results, protein adsorption during filtration
of protein formulations through microfilter membranes can
be controlled by surfactants. A surfactant covers the mem-
brane surface and changes its surface properties. For formu-
lations containing a nonionic surfactant (PS80) in a concen-
tration above the CMC, protein adsorption is reversible and
occurs to a minimum degree independent of the surface

www.cit-journal.com
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properties of the studied membrane. Adsorption in the range
of 15pugcm™ was measured for a protein concentration of
1gL™" BSA ory-globulin at a flow rate of 0.9 mL min~'cm™.

Adsorption during filtration of surfactant-free protein
formulations depends on the surface properties of the
microfilter membrane. Low and reversible protein adsorp-
tion was found for filtration through hydrophilic Hydrosart
membranes.

Strong and irreversible adsorption processes occur in case
of filtration of protein formulations through hydrophobic
microfilter membranes. This irreversible adsorbed protein
layer can be thicker than a monolayer. Remaining protein
covers the surface and renders it hydrophilic, afterwards
adsorption is minimized again and at the same level as in
case of a surfactant-containing formulation.

The adsorption isotherm was measured in case of revers-
ible protein adsorption for protein formulations containing
0.01 % PS80. Modeling an equilibrium coverage, #1.q, for
protein adsorption was performed on the basis of a modi-
fied Langmuir equation using the quotient between the
adsorbed amounts of protein m,qs and an equilibrium cov-
erage meq to describe the surface coverage 6 and using
experimental determined adsorption and desorption rates
to describe K. Resulting values were in the range of
30 < meq < 50 g cm™ for both proteins studied indepen-
dent on type of substrate, which is in good agreement with
the expected monolayer coverage in case of protein adsorp-
tion on Hydrosart membranes.

Validation guides for qualification of filter products for fil-
tration in biopharma production usually recommend per-
forming adsorption studies to assess the adsorptive proper-
ties of the membrane. According to our results, those studies
should be performed related to the respective application
conditions, especially the composition and concentration
of the formulation. Furthermore, those studies should be
extended to the adsorptive properties of the housing material
of the filter and all the other single-use plastic materials. All
these materials are hydrophobic and often have a very rough
surface, which facilitates protein adsorption.

Chem. Ing. Tech. 2020, 92, No. 8, 1109-1121
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I Symbols used

c (g LY solute concentration

c* (g L] minimum solute concentration needed
to exceed monolayer coverage (BET
theory)

kaa [s7!] adsorption rate constant

k*lld [s7] adsorption rate for molecule in state 1

kgd [s7] adsorption rate for molecule in state 2

kge [s7] desorption rate constant

kf"' [s7] desorption rate for molecule in state 1

kge [s7'] desorption rate for molecule in state 2

kirans - [s7] transition rate for molecule in state 1

changing into state 2
transition rate for molecule in state 2
changing into state 1

-1
LY

K (-] constant according to Langmuir theory

L [g] adsorbed amount of solute according to
the BET theory

Lmono (8] adsorbed amount of solute to achieve a

monolayer coverage according to the
BET theory
constant for BET theory

I Greek letters

0 (-]
6, (-]

surface coverage

surface coverage due to molecules in
state 1

surface coverage due to molecules in
state 2

saturation coverage according to the
random sequential adsorption model
available surface function according to
the random sequential adsorption
model

6, (-]

I Abbreviations

BET Brunauer, Emmet and Teller
BSA bovine serum albumin

CN cellulose nitrate
ILC inverse liquid chromatography
PS80  polysorbat 80
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