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Abstract

A novel type of linear polyelectrolyte, namely poly-DADMAC [poly(diallyldimethylammonium chloride)], was prepared
and studied as a displacer for cation-exchange displacement chromatography of proteins. In contrast to the commercially
available polymers of that chemistry, the novel type of poly-DADMAC introduced here is characterized by a homogeneous
linear structure, a narrow distribution of the (adjustable) molar mass as well as by a defined and homogeneous affinity for the
stationary phase. Five poly-DADMAC:s of different size (17 900 to 88 000 g/mol) were prepared and compared with regard
to their stationary phase affinity and protein separation potential, taking a mixture of basic proteins, namely lysozyme,
cytochrome C, and ribonuclease A (from bovine pancreas), as an example. The steric mass action model was employed to
aid method development. Under the chosen conditions (low ionic strength of the mobile phase guaranteeing strong binding
of both the proteins and the displacer) the poly-DADMAC with the lowest molar masses proved to be the most efficient
displacers for the basic proteins with a stationary phase affinity constant of 5.3-10™ and a steric factor of 224. Using this
substance as displacer, a sample mixture containing up to three proteins was separated and the proteins recovered at high
yields (80—97%) and in high purity and concentration. O 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

Biotechnology is becoming a significant factor in
the economy of many highly industrialized countries.
Most products of modern biotechnology (e.g., recom-
binant proteins, peptides, antibodies, DNA) are pro-
duced in a rather complex environment. Particularly
when they are to be purified to the highest possible
degree (i.e. in the case of bio-pharmaceuticals),
chromatography tends to play a major role in the
downstream process [1].

*Corresponding author. Fax: +41-21-693-6030.
E-mail address: ruth.freitag@epfl.ch (R. Freitag).

The concept of displacement chromatography has
repeatedly been suggested in this context as a
powerful preparative technique (e.g., Ref. [2]). In
displacement chromatography the substances are
resolved into consecutive zones (‘‘displacement
train”) of the respective pure substances, which
leave the column in the order of their stationary
phase affinity, rather than into *‘peaks’ as in elution
chromatography. In the first phase of a displacement
separation, the feed components are loaded onto the
stationary phase (column) under conditions where
they are well retained. A major part of the stationary
phase's dynamic capacity can be exploited at this
stage. In the next step, a so-caled displacer is
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pumped through the column, under conditions where
this substance binds more strongly to the stationary
phase than the target substance(s). Hence the number
of available binding sites for the feed components
decreases steadily as the displacer front advances and
competition increases. At this stage the less well
bound substances are displaced from the stationary
phase by the more strongly binding ones and those
are in turn finally displaced by the displacer itself.

Various models have been proposed to simulate
nonlinear preparative chromatography, including dis-
placement chromatography [3-5]. In general, these
models are quite advanced in considering mass
transfer and kinetic limitations. They tend to use a
simple Langmuir algorithm to describe the respective
adsorption isotherms and hence the shape of the
resulting band profiles [6]. As an improvement —
originaly developed for ion-exchange chromatog-
raphy — the steric mass action (SMA) model was
proposed in 1992 [7]. This model takes into consid-
eration that the displacer will not only displace the
feed compounds, but also to some extent the layer of
adsorbed small counter-ions, which is found on the
stationary phase surface. This induces a salt step in
front of the displacer zone, which in turn influences
the micro-environment in the displacement train and
hence, in the end, also the shape and the con-
centration of the various substance zones.

For prediction of a displacement separation, the
SMA moded requires the determination of three
parameters. the characteristic charge v (the number
of interaction points between the surface and the
molecule), the steric factor o (the number of salt
counter-ions on the surface stericaly hindered from
free exchange with the mobile phase by the adsorbed
target molecule) and the equilibrium constant K (a
measure of the stationary phase affinity of the
molecule) of all substances, including the displacer.
To date, the SMA model has been used mainly to
simulate the separation of proteins using low-molar-
mass displacers [8,9], based on the so-caled dy-
namic affinity and operating regime plots. The
operating regime plot (salt concentration versus
displacer concentration) defines the boundaries be-
tween displacement/desorption and displacement/
elution, respectively [10]. The dynamic affinity plot
(log K versus v), on the other hand, can be used to

illustrate and to predict the elution order in a
displacement separation [11].

The displacer is of obvious importance in dis-
placement chromatography. This preferably non-
toxic substance should have a high but controllable
stationary phase affinity. The latter becomes im-
portant where column regeneration is concerned.
Especially for ion-exchange chromatography, various
polyelectrolytes have been suggested as protein
displacers. The rational design of an ion-exchange
displacement separation of proteins under the in-
fluence of a polyelectrolytic displacer requires a
good understanding of the interaction between the
charged displacers and the oppositely charged
stationary phase surface, which can be taken as one
pertinent example for the adsorption of polyelec-
trolytes at interfaces. Such processes play an im-
portant role in many industrial processes besides
chromatography, e.g. flocculation, colloidal stabiliza-
tion and emulsification.

A comprehensive overview of our current under-
standing of polymer adsorption theory and adsorp-
tion models is presented in Ref. [12]. In genera,
polymer adsorption occurs if the difference between
the free energy of the polymer segment/surface
contacts and that of the solvent/surface contacts is
sufficiently negative. Among the parameters that
govern the adsorption are the molar mass of the
polymer and the solvent quality. In the case of
polyelectrolyte adsorption/interaction, additional pa-
rameters need to be taken into consideration, includ-
ing the charge, the charge density (both of the
polyelectrolyte and the surface) as well as the ionic
strength of the solvent. In addition, we need to
distinguish between highly charged polyelectrolytes
(charge distance above the Bjerrum length) and
polyelectrolytes possessing a low charge density.
Only highly charged polyelectrolytes, for example,
undergo counter-ion condensation. For both types of
polyelectrolytes the charges can be permanent or
non-permanent, that is, nearly independent of the pH
of the solution or not. The terms strong and weak
polyelectrolytes should be avoided in this context,
since this classification sometimes causes confusion
between polyelectrolytes with low charge density
and those with a pH-dependent charge density,
which may both be classified as “‘weak’ .
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The ionic strength of the solution is an additional
factor to consider, since it determines largely the
solvent quality in agueous polyelectrolyte (PEL)
solutions. In polyelectrolyte solutions the ionic
strength results from the combined concentration of
the polyelectrolyte and whatever low-molar-mass
salts are also present. Only when the salt concen-
tration is much higher than the polyelectrolyte
concentration may the latter be neglected. Consider-
ing the above classification, various limiting cases
have been distinguished [12]:

(@ highly charged PEL at low ionic strength of the
solution;

(b) lowly charged PEL at low ionic strength of the
solution;

(©) highly charged PEL at high ionic strength of
the solution;

(d) lowly charged PEL at high ionic strength of
the solution.

Whereas the polyelectrolyte behavior of (8 and
(b) is determined by electrostatic interactions and
molar mass effects are nearly absent, the electrostatic
contributions are screened in cases (¢) and (d).
Therefore, ““physico-chemical” parameters such as
the molar mass become important. In all cases the
surface chemistry has an additional influence on the
adsorption process. If the electrostatic adsorption, for
example, is enhanced by a chemically mediated
surface affinity (m—m interaction, H-bridges), the
system becomes less sensitive to the ionic strength
[13,14]. This multitude of influencing factors may be
the reason for the frequently contradictory ex-
perimental findings.

The poly(dialyldimethylammonium  chloride)
(poly-DADMAC) proposed in this paper as protein
displacer in cation-exchange displacement chroma
tography may be classified as a highly and perma-
nently charged cationic PEL [15]. The charge dis-
tance (b= 0.5 nm) is less than the Bjerrum length
(Ig =0.712 nm in water at 20°C). The molecules are
characterized by a homogeneous structure, a narrow
distribution of the (adjustable) molar mass and a
defined affinity for the stationary phase. The in-
fluence of these parameters on the chromatographic
performance and hence, presumably, on the strength
and specificity of the stationary phase interaction
were investigated taking the separation of up to three

basic proteins on a conventional packed bed cation-
exchange column as an example.

2. Materials and methods

2.1. Materials

Sodium phosphate, sodium chloride, ammonium
sulfate, proteins and chemicals for buffer and eluent
preparation were from Sigma (Deisenhofen, Ger-
many). The strong cation-exchange column (Bio-
Scale S2, column dimensions, 3.5X52 mm; column
volume, 1.363 ml; column dead volume, V, = 0.671
ml; stationary phase volume, V,, = 0.692 ml; phase
ratio, B = 1.032; stationary phase, 10 wm porous
particles) was supplied by Bio-Rad (Munich, Ger-
many). For analysis of the displacement fractions by
reversed-phase liquid chromatography (RPC), a mi-
croparticulate 5 wm Agilent ZORBAX 300SB-C,,
column (4.6X150 mm) from Agilent Technologies
(USA) was used. Raw solutions of poly-DADMAC
were prepared by ACIMA /Rohm & Haas (Buchs,
Switzerland) following a synthesis protocol de-
scribed previously [16].

2.2. Polymer analysis, purification and
characterization

A Pelicon system (Millipore, Lausanne, Switzer-
land) was employed for polymer purification. Fol-
lowing purification, the polymers were freeze-dried
with a Beta 1-16 lyophilisator (Christ, Osterode,
Germany). Prior to the purification the monomer
conversion during synthesis was determined by gel
permeation chromatography (GPC) using a Shodex
Ohpak SB-806M HQ column (Showa-Denko,
Tokyo, Japan) at a mobile phase (0.2 M NaCl)
flow-rate of 0.5 ml/min. The pure monomer was
used for calibration. Using the same system and
conditions, the purity, the molar mass and the molar
mass distribution of the polymers were ascertained.
Additionally, the molar mass was determined by
dilution viscosimetry using a Vicologic TI1 instru-
ment (SEMATech, Nice, France).
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2.3. Column ion capacity

In order to determine the ion capacity of the
stationary phase, the cation-exchange column was
first equilibrated with a 75 mM sodium (monabasic)
phosphate buffer, pH 7.2, for approximately 10
column volumes, followed by a step to 1.0 M
ammonium sulfate. The sodium content of the col-
umn effluent was analyzed by atomic absorption
spectrometry (Model 1100A, Perkin-Elmer, Nor-
walk, CT, USA). Effluent fractions were diluted
1000 times in UHP water prior to measurements.
Na' standards (10, 20, 50, 100 uM) were used for
calibration. The ion capacity of the cation-exchange
column was determined to be 367 mM.

2.4. Determination of the SMA parameters

2.4.1. Displacer

The characteristic charge of the displacer, 1, was
determined from the induced salt gradient produced
during a frontal chromatography experiment, accord-
ing to:

1, =N/ng = AC,/C, (1

where n is the total amount of sodium ions displaced
during the frontal experiment, n is the amount of
displacer retained on the stationary phase, AC, is the
step increase in the mobile phase counter-ion con-
centration, and C, is the displacer concentration.

The steric factor, o,, was also determined by
frontal chromatography at low mobile-phase salt
concentration, i.e. when the displacer can be ex-
pected to completely saturate the stationary phase.
The steric factor can then be calculated directly from
the equation:

o = (A1Q5™) — 1 2

where A is the ion capacity of the column and Q5™
is the maximum stationary phase capacity for the
displacer.

The equilibrium constant of the displacer, K, was
determined from another frontal experiment. This
experiment was performed under conditions of ele-
vated mobile-phase salt concentrations. The equilib-
rium constant was calculated directly from the
breakthrough volume, V;, using the expression:

Ko = (UB)IHCs/[A = (1 + 0p)(Co /BT (3)

where B is the phase ratio of the column, I7 is equal
to (Vz/V,) — 1, Cg is the initial salt concentration in
the carrier and V; and V, are, respectively, the
breakthrough volume of the substance and the dead
volume of the column.

242 Proteins

Isocratic linear elution experiments were carried
out at various mobile-phase salt concentrations to
determined the characteristic charge, »,, and the
equilibrium constant, K, of the proteins using the
equation:

log k" = log( BKpA") — y, log Cg (4)

where k' is the dimensionless retention time of the
proteins.

A plot of logk’ vs. log Cg yields a straight line
with aslop of — 15, and an intercept of log( BK,A").

The steric factors, o, of the proteins were ob-
tained from frontal experiments carried out for a
single sat concentration. The steric factor was
calculated from points in the nonlinear range of the
respective adsorption isotherms according to the
equation:

ap = BI(CoIT{A — CoL 1T (BK) 1} — v, (5)
2.5. Operating regime and dynamic affinity plots

The displacement line (boundary between dis-
placement and desorption) of the operating regime
plot was calculated by selecting values for C, and
substituting them into the following expression in
order to obtain the corresponding salt concentration
Cqc:

Coc = (Kp/45)""°fA = [(1 + 01,)Co 4]} (6)

where A, corresponds to the partition coefficient of
the displacer, which is kept constant (stationary
phase concentration divided by mobile phase con-
centration). The elution line (boundary between
displacement and elution) of the operating regime
plot was calculated by modifying values for the
displacer’'s partition coefficient A and substituting
these into Egs. (7) and (8). The critica displacer
concentration for elution of the protein in the in-
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duced gradient is given by expression (7), while the
corresponding critical salt concentration is given by
expression (8):

Cp = {A[1— (Kp/4)"™(AIK ) P {(ATK) M
X[A=((p + op) A} (7)

Csc = (KD/A)UVD{/1 —[(% + 0p)CoAl} (8)

For the dynamic affinity plot (log K as a function of
vy, with A as the axia intercept), the A point of the
system was simply connected to the points defined
by the K/» values of the individual substances. The
A point was taken directly from the corresponding
displacer adsorption isotherm taking the chosen
displacer concentration in the mobile phase into
account.

2.6. Chromatography

The system for displacement chromatography was
assembled from a HPLC pump 422 (Bio-Tek Kon-
tron Instruments, Basel, Switzerland) and a Valco
10-port valve (Vaco, Houston, TX, USA). A 1-ml
loop was used for sample injection. The displacer
was introduced from a 5-ml preparative sample loop
(Knauer, Berlin, Germany). A flow-rate of 0.2 ml/
min was used unless mentioned otherwise. The
mobile phase was a 75 mM phosphate buffer, pH
7.2. |sotherms were measured as suggested in Ref.
[17] using the same chromatography system and two
5-ml preparative sample loops. The flow-rate was 0.5
ml/min in this case.

Displacement separations were monitored by col-
lecting fractions (100 wl) twice per minute. Fractions
were analyzed by reversed-phase HPLC. The ana-
lytical HPLC system was assembled from a degasser
(ERC-3112, Ercatech, Bern, Switzerland), a pump
422 and an HPLC gradient former 425 (Bio-Tek
Kontron Instruments) controlled by Chromatography
Station for Windows (Bio-Tek Kontron Instruments).
Detection (214 nm) was by a HPLC 535 UV detector
(Bio-Tek Kontron Instruments). The fractions were
diluted eight times in 75 mM phosphate buffer, pH
7.2. Sample injection (20 wl) was by autosampler
(HPLC 560, Bio-Tek Kontron Instruments). Data
collection and interpretation were carrier out with the
Kontron chromatography software. Buffer A was

deionized water with 0.1% (v/v) trifluoroacetic acid
(TFA) added and buffer B was acetonitrile also with
0.1% (v/v) TFA added. The gradient was run from
10% B to 90% B (10 min, 1.0 ml/min, 60°C). All
components of interest, including the displacer, were
quantified by this method.

3. Results and discussion

3.1. Adsorption of poly-DADMAC to charged
surfaces

Poly-DADMAC has a highly hydrophilic structure
with a permanently charged quaternary ammonium
group in each chain unit (Fig. 1). A priori, such a
molecule may congtitute a putative displacer for
ion-exchange displacement chromatography. It is
hence important to investigate how the molecular
properties of the substance, especialy its size, in-
fluence the performance (adsorption) under different
chromatographic conditions. In the pertinent litera-
ture, several studies can be found where the ad-
sorption of poly-DADMAC on charged surfaces was
studied, for example with the aim to optimize solid—
liquid separation processes, such as flocculation, in
which the adsorption of the flocculant on particle
surfaces is indispensable. Study of the adsorption of
poly-DADMAC, having molar masses in the range
5000 to 428 000 g/mol, on negatively charged
polystyrene latex gave isotherms of the high affinity
type. The adsorbed amount increased with increasing

|_— CH, CH,

e\

n

Fig. 1. Structure of poly-DADMAC [poly(dialyldimethylam-
monium chloride)].
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ionic strength of the liquid phase. At high ionic
strength the adsorbed amount increased with the
molar mass of the poly-DADMAC [18]. In another
related study the hydrodynamic layer thickness was
found to increase with the amount of added salt
(0.1-1.0 mol /1) and the molar mass of the dissolved
poly-DADMAC [19]. Similar results have been
reported for the adsorption of poly-DADMAC on
colloida silica particles [20].

While such studies cannot be ignored, they focus-
sed on applications (i.e. mainly in flocculation)
which require polymers and conditions (large mass,
high salt) that may not be typical for applications of
the same substance as protein displacer in ion-ex-
change displacement chromatography. However, in
the pertinent literature on displacement chromato-
graphy and displacer design, the assumption is
sometimes also encountered that larger polyelec-
trolytes show stronger binding (i.e. are ‘‘better”
displacers) than corresponding smaller molecules of
similar chemistry, while the smaller molecules have
other advantages such as a higher flexibility in their
binding behavior, which may trandate in easier
column regeneration, or better mass transfer prop-
erties. In addition, the investigations cited above
were based on heterogeneous poly-DADMAC with
broad mass and structural diversity, which makes the
rigorous investigation of the influence of specific
parameters, such as the mass, on the adsorption
behavior difficult.

We have recently developed a method for the
efficient synthesis and purification of a novel type of
strictly linear poly-DADMAC [15], which leads to
molecules characterized by a comparatively narrow
molar mass distribution even a high monomer
conversion during polymerization. Concomitantly,
the average molar mass of a given preparation can be
fine-tuned within a wide range by the synthesis
conditions. A series of poly-DADMAC differing in
molar mass were prepared according to this protocol.
Synthesis conditions and molecular parameters are
summarized in Table 1. In particular, the initiator
concentration (0.002—-0.04 mol/kg) and the mono-
mer concentration (2—3 mol /kg) were used to adjust
the molar mass, while a reaction temperature of 50°C
was used throughout. Under these conditions, the
molar masses varied between ca. 18 000 and 88 000
g/mol. It should be noted that the product parame-

Table 1

Synthesis conditions of the poly-DADMACs

Sample Monomer Initiator Time Molar
conc. conc. (h) mass
(mol /kg) (mol /kg) (g/mal)

1 2 0.040 25 17 900

2 2 0.010 8 18 600

3 2 0.010 8 23 000

4 2 0.005 15 32 400

5 3 0.002 8 88 000

ters are influenced, to a certain extent, by the quality
of the monomer solution and the process stability.
Therefore, lab-grade quality of the monomer solution
as well as precise process control is recommended.

Fig. 2 demonstrates how the adsorption isotherms
of the poly-DADMACs in alow ionic strength buffer
change as a function of the average molar mass.
Table 2 summarizes the isotherm parameters (de-
rived from a fit of the experimental data to the
linearized Langmuir equation) and the column
capacity for a given poly-DADMAC. According to
these results, but contrarily to the above published

o

i
=g pdadmac 17900

weclfff pdadmac 18600
e pdadmac 23000

I

w

w=éme pdadmac 32400

n

=3i==pdadmac 88000

-

N

>

0 5 10 15 20
Mobile phase conc. g/l

Stationary phase conc. g/I

Fig. 2. Single component adsorption isotherms recorded for poly-
DADMACs with molar masses of 17 900, 18 600, 23 000, 32 400
and 88 000 g/mol on a Bio-Rad S2 column in 75 mM phosphate
buffer, pH 7.2.

Table 2
Isotherm parameters and column capacity of the polymers

Molar mass of Fitted Langmuir isotherm  Column displacer

poly-DADMAC g=aC/(1+ bC), capacity
(g/mol) a,b constants (g/1 stat. phase)
17 900 a=23.73, b=152 43

18 600 a=354,b=103 34

23 000 a=122, b=278 20

32 400 a=0.15 b=1.03 10

88 000 a=151, b=0.86 0.6
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results, it has to be concluded that, at least under the
chromatographic conditions used here, the smaller
poly-DADMAC molecules adsorb better to the po-
rous stationary phase than the larger molecules as
evidenced by a steeper initial slope (higher affinity)
and a higher maximum capacity of the respective
isotherms. Intuitively, it would follow from these
data that short-chain poly-DADMAC congtitutes a
more powerful displacer than the corresponding
molecules with high molar masses.

A putative displacer should bind more strongly to
the stationary phase than the substances (proteins) to
be displaced. Hence its isotherm should be above
that of the proteins. When compared to the isotherms
of three basic proteins, namely lysozyme, cyto-
chrome C and ribonuclease (see Table 3 for details of
the protein isotherms and adsorption capacities), this
was the case only for the isotherms of poly-DAD-
MAC with molar masses of 17900 and 18 600
g/mol, but not for the isotherms of higher molar
mass poly-DADMAC. Fig. 3 shows the results for
two selected polymers and the three proteins.

Mobile phases with low ionic strength are com-
monly used in ion-exchange chromatography when
strong binding of charged compounds is desired.
From previous experiments [16], 75 mM phosphate
buffer, pH 7.2, was assumed to be suitable for the
intended protein separations by displacement chro-
matography. This buffer was therefore also used
during the isotherm measurements. The ionic
strength of this buffer is relatively low and probably
not sufficient to screen the electrostatic interactions
in the case of the smaller poly-DADMAC molecules,
as lower molar masses require higher ionic strengths
for efficient charge screening. It follows that, at a
given low to moderate total ionic strength of the
mobile phase and a given displacer concentration,
the effective charge density would be higher in the
shorter molecules than in the longer ones. This

Table 3
Characteristic parameters of the proteins

6]

E) —e— pdadmac 17900
§ 4 =iy SOZYyME
o
% 3 e Cy tOChrome C
5 -3 [iDONUCIEASE A
2 2 i pdadmac 32000
f
S 1 = 3
I
® 0 : :

0 2 4 6 8

Mobile phase conc. g/l

Fig. 3. Single component adsorption isotherms recorded for poly-
DADMACs with molar masses of 17 900 and 32 000 g/mol in
comparison with three basic proteins (lysozyme, cytochrome C
and ribonuclease A) on a Bio-Rad S2 column in 75 mM phosphate
buffer, pH 7.2.

would explain the observed stronger binding of the
smaller poly-DADMAC molecules to the stationary
phase.

Even at low salt concentration, however, literature
data concerning the possible influence of the molar
mass of polyelectrolytes on their adsorption behavior
are somewhat diverse. Corroborating our results, it
was observed, for example, that in the case of the
adsorption of a variety of natural polyelectrolytes on
activated carbon, components with small molecular
size are adsorbed preferentially [21]. Since this
behavior was found for a number of polyelectrolytes,
it was suggested by the authors that it might be a
rather general feature of the adsorption of polyelec-
trolyte mixtures from solution onto a porous materi-
a. Others have reported that the high molar mass
fraction of polyelectrolytes is preferentially adsorbed
in surface exclusion chromatography [22]. In yet
another publication, a narrow fraction of polyelec-
trolytes with intermediate molar mass was found to
be preferred in the particular case of adsorption on
calcite particles [23]. Moreover, most models of
polyelectrolyte adsorption on charged surfaces have

Protein Fitted Langmuir isotherm Isoelectric Column Relative
g=aC/(1+ bC), point capacity molar mass
a,b constants (g/1 stat. phase) (g/moal)
Lysozyme a=0.65, b=1.07 10.0 23 14 300
Cytochrome C a=0.58, b=0.20 9.3-10.1 20 11 700
Ribonuclease A a=1.86, b=0.49 9.3 12 14 200
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been developed for flat surfaces and do not take the
curvature of the surface into consideration, i.e. the
geometry of the pores, which contain a major part of
the adsorptive surface in our case. Under such
conditions and especialy when the ionic strength is
relatively low, electrostatic exclusion could aso
become important.

3.2 Application of the SMA model

In a second attempt to characterize and predeter-
mine the displacer potential of poly-DADMAC, the
steric mass action model was employed. Again using
the strong cation-exchange Bio-Scale S2 column as
stationary phase and the conditions outlined in
Materials and methods, the SMA parameters com-
piled in Table 4 were determined for two poly-
DADMAC samples (molar masses 17900 and
32400 g/moal, respectively) and the three basic
proteins, cytochrome C, lysozyme, and ribonuclease
A. The SMA model was subsequently employed to
search for the optimal conditions for a future dis-
placement separation of the proteins and to investi-
gate the effect of the operating conditions in these
systems.

The SMA model parameters were employed to
generate the dynamic affinity plots shown in Fig. 4
for the two poly-DADMACs (Fig. 4a, poly-DAD-
MAC 17900 g/mol; Fig. 4b, poly-DADMAC
32 000 g/mol). The A points in Fig. 4a and b were
selected from the adsorption isotherms of the two
polyelectrolytes. The A point of 0.65 (Fig. 49
corresponds to a concentration of 0.4 mM of the
poly-DADAMAC with a molar mass of 17 900 g/
mol and the A point of 0.9 (Fig. 4b) to a con-
centration of 0.035 mM of a poly-DADAMAC with

Table 4
SMA parameters for the proteins and two selected displacers
Substance Characteristic Steric Equilibrium
charge, v factor, o constant, K

Cytochrome C 1.67 4.75 0.67
Lysozyme 3.61 52.93 2.66
Ribonuclease A 0.24 5.19 0.62
Poly-DADMAC

17900 g/mol 82 224 5.3-10"
Poly-DADMAC

32400 g/mol 14 365 0.10

a) 100
g cytochrome C
= e ly SOZY M
S - [oonuclease A PDADMAC 17900
@ 10
[=
o
o
1S
2
S 1/
= & 2 3
o
i
0.1
Characteristic Charge ,v
b) 10 4 =file=pdadmac 32000
. ——¢—Ccytochrome C
€ e [y SOZY ME
% —@- ribonuclease A.
e ! |
5 2 4
£
o
w
0.1

Characteristic Charge ,v

Fig. 4. Dynamic affinity plots for cytochrome C, lysozyme, and
ribonuclease A and two poly-DADMA Cs with molar masses of (a)
17900 g/mol (K =5.3-10", »=82) and (b) 32000 g/mol
(K=0.10, »=1.4).

a molar mass of 32 000 g/mol. As seen from Fig. 4a
and b, the dynamic affinity plots predict that the
poly-DADMAC with a molar mass of 17 900 g/mol
should indeed be able to displace lysozyme, cyto-
chrome C and ribonuclease A under the chosen
conditions (namely 75 mM phosphate buffer, pH
7.2), since its dynamic affinity line is in a region
above the protein lines. On the contrary, the poly-
DADMAC with a molar mass of 32000 g/mol
would most likely not be able to displace the
proteins, since its dynamic affinity line is below the
dynamic affinity lines of the proteins. Moreover, the
dynamic affinity plot shown in Fig. 4a indicates that
the elution order in a putative displacement sepa-
ration would be ribonuclease A, cytochrome C,
lysozyme and, finally, the displacer.

The operating regime plot for a system consisting
of the three proteins and poly-DADMAC with a
molar mass of 17 900 g/moal is shown in Fig. 5. In
the case of the poly-DADMAC with a molar mass of
32 000 g/mal, even the construction of the operating
regime plot proved to be impossible (no region of
displacement existed between elution and the dis-
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Fig. 5. Operating regime plots for lysozyme, cytochrome C, and
ribonuclease A for poly-DADMAC (17 900 g/mol) as displacer
and a mobile phase containing the indicated concentrations of
phosphate buffer (pH 7.2).

placement line, or otherwise a negative displacer
concentration in the mobile phase would be re-
quired). A closer examination of the operating plot
shown in Fig. 5 indicates that a displacement sepa-
ration of the three proteins should be possible with a
displacer concentration between 0.35 and 1.35 mM
depending on the salt concentration of the mobile
phase. This result corresponds well with the recom-
mendations for the dynamic affinity plot for the
poly-DADMAC with the lower molar mass.
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3.3 Protein separation in the displacement mode
using oligomeric poly-DADMAC as displacer

To verify the predictions of the dynamic affinity
and operating regime plots, several displacement
experiments were performed. Separations of two of
the model proteins, namely cytochrome C (isoelec-
tric point between 9.3 and 10.1) and lysozyme
(isoelectric point 10.0), were carried out to investi-
gate the effect of the displacer concentration on the
resolution. The results are compiled in Fig. 6a—d. In
al experiments the displacer concentration and con-
ditions in general were chosen in such a way that a
satisfactory separation was to be expected from the
prediction of the SMA model. In particular, 75 mM
sodium phosphate buffer (pH 7.2) was chosen as
mobile phase and the displacer concentration was
varied between 0.35 and 1.35 mM, i.e. in the range
suggested by the operating regime plot. All sepa-
rations were repeated at least twice in order to ensure
the overall reproducibility, although individual sepa-
rations are shown.

A comparison of the resultsin Fig. 6 demonstrates
that the performance improved when the displacer
concentration increased from 0.559 to 1.12 mM.
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Fig. 6. Influence of the displacer concentration on the separation of lysozyme and cytochrome C under otherwise identical chromatographic
conditions. Feed volume, 0.75 ml containing 0.343 mM lysozyme and 0.363 mM cytochrome C; flow-rate, 0.2 ml/min; mobile phase, 75
mM phosphate buffer, pH 7.2; fraction size, 100 wl; displacer, poly-DADMAC 17 900 g/mol; displacer concentration: (a) 0.559 mM, (b)

0.838 mM, (c) 0.978 mM, and (d) and 1.12 mM.
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Shock layers tend to be narrower, while the con-
centration and the purity of the collected fractions
improve. Apparently, even such comparatively small
changes in displacer concentration have a significant
influence on the separation. At the highest displacer
concentration (i.e. 1.12 mM poly-DADMAC, Fig.
6d), both proteins are collected in a nearly pure and
highly concentrated form. The latter effect is espe-
cialy pronounced in the case of lysozyme, which is
concentrated by almost a factor of 5. The recovery
yield for cytochrome C was 87% and for lysozyme
88% under these conditions. When the displacer
concentration was increased beyond 1.12 mM, how-
ever, the protein concentration in the fractions in-
creased further until the protein zones became so
narrow that recovery of the pure substances became
impossible. This effect was especially pronounced in
the case of lysozyme. For displacer concentrations
higher than 1.5 mM the separation in terms of
recovery and purity hence became worse, and a
displacer concentration of approximately 1.2 mM
must be considered as optimal for this particular
separation of lysozyme and cytochrome C.

From the SMA modél it also became evident that
the separation of all three proteins, lysozyme, cyto-
chrome C and ribonuclease A, in a single run should,
in principle, be possible using poly-DADMAC
(17 900 g/moal) as displacer. That this is indeed the
case is shown in Fig. 7. The chosen mobile phase
was again the 75 mM phosphate buffer, pH 7.2. In
this case, 0.75 ml of a mixture containing 0.359 mM
lysozyme, 0.363 mM cytochrome C and 0.282 mM

40
£ 201[ mribonuclease 1 -l 35 €
S cytochrome C >
g 16 @ lysozyme 30 E
S 12 [1pdadmac17900 25 ¢
8 20 §
c 8 15 g
2 1]
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o 1 I 5 g
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7 9 11 13 15 17 19 21 23 25 27
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Fig. 7. Displacement separation of three proteins (lysozyme,
cytochrome C and ribonuclease A) using poly-DADMAC (17 900
g/mol) as displacer. Feed volume, 0.75 ml containing 0.359 mM
lysozyme, 0.363 mM cytochrome C and 0.282 mM ribonuclease
A; flow-rate, 0.2 ml/min; mobile phase, 75 mM phosphate buffer,
pH 7.2; fraction size, 100 p.l; displacer concentration, 1.42 mM.

ribonuclease A was loaded on the column at a
flow-rate of 0.2 ml/min. The displacer concentration
was adjusted to 1.42 mM poly-DADMAC (17 900
g/mol). The recovery yield for ribonuclease A was
80%, for cytochrome C 88% and for lysozyme 97%
by weight. Cytochrome C was concomitantly con-
centrated by a factor of 2.5 and lysozyme by a factor
of 4.

4. Conclusions

In view of the results presented in this paper,
oligomeric poly-DADMAC can be considered an
efficient displacer in the cation-exchange displace-
ment chromatography of proteins. The stationary
phase affinity, and hence the ability to displace more
strongly bound substances, increases with decreasing
molar mass of the polyelectrolyte. It is hence pos-
sible to choose a suitable displacer for a given
separation. The steric mass action model was found
to be a rapid and suitable way to aid process
development.

5. Nomenclature

Co concentration of displacer in the mobile
phase (mM)

Co concentration of a given protein in the
mobile phase (mM)

Cq initial salt concentration in the mobile
phase (mM)

AC, step increase in the mobile phase coun-
ter-ion concentration (mM)

k' dimensionless retention factor of a given
protein

Ko equilibrium constant of the displacer

Kp equilibrium constant of a given protein

n total amount of sodium displaced by the
displacer (mM)

N displacer adsorbed on the stationary
phase (mM)

Qp stationary phase concentration of the
displacer (mM)

Qy* maximum stationary phase capacity of

the displacer (mM)
V, dead volume of the column (ml)
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\A breakthrough volume of a given sub-
stance front (ml)

B column phase ratio

Yy characteristic charge of the displacer

Ve characteristic charge of a given protein

0p steric factor of the displacer

Op steric factor of a given protein

A ion capacity of the column (mM)

A, partition coefficient of the displacer

A variable partition coefficient of the dis-
placer
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